
2.2.. Heat Structure Models 

Heat structures provided in RELAP5/MOD2-B&W permit calculation of 

the heat transferred across solid boundaries of hydrodynamic 

volumes. Modeling capabilities of heat structures include fuel 

pins or plates with nuclear of electrical heating, heat transfer 

across steam generator tubes, and heat transfer from pipe or 

vessel walls. The general conduction solution for the 

structures, heat transfer coupling, and source and boundary 

condition treatment are discussed in this section. The special 

treatment of the reactor core including kinetics, decay heat, gap 

conductance, clad rupture, metal water reaction and the core heat 

transfer correlations are contained in section 2.3.  

2.2.1. Heat Conduction Model 

Heat structures are assumed to be represented by one-dimensional 

heat conduction in rectangular, cylindrical, or spherical 

geometry. Surface multipliers are used to convert the unit 

surface of the one-dimensional calculation to the actual surface 

of the heat structure. Temperature-dependent thermal 

conductivities and volumetric heat capacities are provided in 

tabular or functional form either from built-in or user-supplied 

data.  

Finite differences are used to advance the heat conduction 

solutions. Each mesh interval may contain a different mesh 

spacing, a different material, or both. The spatial dependence 

of the internal heat source may vary over each mesh interval.  

The time-dependence of the heat source can be obtained from 

reactor kinetics, one of several tables of power versus time, or 

a control system variable. Symmetry or insulated conditions and 

tables of surface temperature versus time, heat transfer rate 

versus time, heat transfer coefficient versus time, or surface 

temperature are allowed for boundary conditions. For heat 

structure surfaces connected to hydrodynamic volumes, a heat
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transfer package containing correlations for convective, nucleate\" 

boiling, transition boiling, and film heat transfer from the wall 

to water and reverse transfer from water to wall is provided.  

The following describes the numerical techniques for heat 

conduction. The integral form of the heat conduction equation is 

JJJVp(TR) (,t)dV S k(TR)VT(xt)ds + JJS(,t)dV 
2.2.1-1 

where k is the thermal conductivity, s is the surface, S is the 

internal heat source, t is time, T is temperature, V is volume, x 

represents the space coordinates, and p is the volumetric heat 

capacity. The boundary condition applied to the exterior surface 

has the form 

A(T)T(t) + B(T) Tft)- . D(T) 2.2.1-2 • 
anR 

The R denotes the unit normal vector away from the boundary 

surface. The desired boundary condition is that the heat 

transferred out of the surface equals a heat transfer 

coefficient, h, times the difference between the surface 

temperature, Tw, and the sink temperature, T5

-k =T . h(Tw- Ts) . 2.2.1-3 aii 

The correspondence between the above expression and Equation 

2.2.1-2 yields 

A = h, B = k and D = h Ts. 2.2.1-4
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K> In one dimensional problems, boundary conditions are applied on 

the left and right surfaces. In steady state problems, a valid 

physical problem requires that A be nonzero on at least one of 

the two, boundary surfaces. If a transient or steady state 

problem has cylindrical or spherical geometry and a zero radius 

for the left surface (i.e., a solid cylinder or sphere), the left 

boundary condition is normally the symmetry condition, 

= = 0. Under these conditions, if B is nonzero, the numerical cln 
technique forces the symmetry boundary condition, even if it is 

not specified.  

2.2.1.1. Mesh Point and Thermal Property Layout 

Figure 2.2.1-1 illustrates the placement of mesh points at 

temperatures to be calculated. The mesh point spacing for a 

rectangular problem is taken in the positive x-direction. For 

cylindrical and spherical problems, the mesh point spacing is in 

the positive radial direction. Mesh points are placed on the 

external boundaries of the problem, at the interfaces between 

different materials,, and at desired intervals between the 

interfaces, boundaries, or both.  

Boundary Composition 
interfaces -,*-Boundary 

..............-............ Mesh points 

1 2 3 4 etc. .. ,-Mesh point 
numbering 

Figure 2.2.1-1. Mesh Point Layout.
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Figure 2.2.1-2 represents three typical mesh points. The,,, 

subscripts are space indexes indicating the mesh point number, 

and I and r (if present) designate quantities to the* left and 

right, respectively, of the mesh point. The 6's indicate mesh 

point spacings that are not necessarily equal. Between mesh 

points, the thermal properties, k and p and the source term, S, 

are assumed spatially constant, but k is not necessarily equal 

to krm and similarly for p and S.  

To obtain the spatial-difference approximation for the mth 

interior mesh point, Equation 2.2.1-1 is applied to the volume 

and surfaces indicated by the dashed line shown in Figure 2.2.1

2. For the spatial-difference approximation at the boundaries, 

Equations 2.2.1-1 and 2.2.1-2 are used to define the gradient 

along the exterior surfaces and applied to the volumes and 

surfaces indicated by the dashed lines shown in Figure 2.2.1-3.  

If the coefficient of the gradient in the boundary equation is 

zero, the surface temperature is given directly from Equation 

ktm krm 
PIm Prm 
Sim Srm 
i-- .........-. 12 
I I 

I I 
SI I 

61dim rm 

m-1 m r+1 

Figure 2.2.1-2. Typical Mesh Points.
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Figure 2.2.1-3. Boundary Mesh Points.  

2.2.1-2. Since the code is one-dimensional, the dimensions of 

the volume for other than the x or r coordinate are set to one.  

For rectangular geometry, the volume is a rectangular solid. For 

cylindrical geometry, the volume is a cylindrical annulus, and 

for spherical geometry, the volume is a spherical shell.  

The spatial finite-difference approximations use exact 

expressions for the space and volume factors and simple 

differences for the gradient terms.  

To condense the expressions defining the numerical approximations 

and to avoid writing expressions unique to each geometry, the 

following quantities are defined.  

For rectangular geometry

.s 1 
6 = and s _I_ 

rm Sr
2.2.1-5
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46r , 
rv _ rm 2

2.2. 1-6'•-.,

8b =1.  
m

For cylindrical geometry 

2x x 2I M]m an v 27r - xm +!F 
Im 2 Xm 4- rM 2 +

Im 6Am 1 2]
s and 6 s 
rm

2rw + 
8 Lm I m

b 6m = 2w Xln

For spherical geometry

8v _ 4w1. x3 
Im - 3 m XM

2.2.1-11

V 4,_x.  
8 rm 3 [(Xm + _"# ~XM f

s 4w 
I6 m 6Am Sxm -2IM 2and

s A 4w 
6 rm 6 rm

x + I 
m 2 2.2.1-12
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K/ and

6 b . 41X 2 .  
m m 

For all geometries

2.2.1-13

G = 6mv + 6 v Gm Im IM Prm rm" 2.2.1-14

The superscripts, v and s, refer to volume and surface-gradient 

weights. The 6k is a surface weight used at exterior boundaries 

and in heat transfer rate equations.  

2.2.1.2. Difference Approximation at Internal Mesh Points 

Using a forward difference for the time derivative, the first 

term of Equation 2.2.1-1 for the volume of Figure 2.2.1-2 is 

approximated by

K>
Tn. Gm At " 2.2.1-15Jif BT (xTtn+1 p (T, X) at(xt)d

The superscript n refers to time; thus, T•n indicates the 

temperature at mesh point m at time tn, and Tn+I indicates the 

temperature at mesh point m at time tn+l = tn + At. The second 

term of Equation 2.2.1-1 for the surfaces of Figure 2.2.1-2 is 

approximately by

Jif k(T,x)VT(x,t).ds - (Tm 1

- T) km 6s +(T.+ 1  T.) krm 6s 

2.2.1-16

Note that the above expression includes the standard interface 

conditions of continuity of temperature and heat flow. The 

surface integral of Equation 2.2.1-1 is usually evaluated by
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integrating only along the exterior surfaces of the volume,\.  

indicated by the dashed line in Figure 2.2.1-2. If, however, the 

volume is divided into two sub-volumes by the interface line and 

the surface integrals of these sub-volumes are added, the surface 

integrals along the common interface cancel because of the 

continuity of heat flow. The continuity of temperature is 

implied by use of a single-valued temperature at the interface.  

A contact-resistance interface condition cannot be specified 

directly since the temperature, instead of being continuous at 

the interface, is given by q =hcAT, where q is the heat transfer 

rate across the interface, hc is the contact conductivity, and AT 

is the temperature change across the interface. This condition 

can be specified by defining a small mesh interval with thermal 

properties of k = hc and p = 0. The size of the mesh interval, 

6, is arbitrary except in cylindrical or spherical geometry, 

where the surface and volume weights are dependent on the radius.  

This mesh interval is usually chosen very small with respect to 

the dimensions of the problem.  

The space and time-dependence of the source term in Equation 

2.2.1-1 are assumed to be separable functions, that is, 

S(x,t) = PfP(t)Q(x) , 2.2.1-17 

where Pf is the factor that relates the reactor power (or power 

from a table) to the heat generation rate for a particular heat 

structure, P(t) is the time varying function and may be reactor 

power, power from a table, or a control variable, and Q(x) is the 

space-dependent function. The value of Q(x) is assumed constant 

over a mesh interval, but each interval can have a different
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K value.  
as

The third term of Equation 2.2.1-1 is then approximated

2.2.1-18
S S(Rt)dV {Qm 6 + 6m P(t) 

2mI v

Gathering the approximations of terms in Equation 2.2.1-1, the 

basic difference equation for the mth mesh point is

At - (Tm - Tin-l) kum6m + (Tm+i 

2m Imm Qrm Vrm) PfP(t)"

in) rm rm 

2.2.1-19

Using the symbol ým to represent the right side, Equation 2.2.1

19 can be writteh as

f> T+ - T Gm 
bt

2.2.1-20

Thus far, the time superscripts for Gm and ým have been omitted 

and the procedure for approximating the temperature-dependence of 

the thermal properties has not been mentioned. The procedures 

for temperature-dependent thermal properties are discussed later.  

However, superscripts for thermal properties are written here 

even though their significance is not explained until later. For 

steady state, the difference approximation becomes 

ýYn = 0 2.2.1-21
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and no. time superscripts are needed.  

case, an equation of the type

For the - .

7 Gm n+ + (1 - w) 

,&t n
2.2.1-22

is an explicit formula if w is zero, and is an implicit formula 

when w is nonzero. RELAP5 uses the implicit formulation with w = 

1/2.  

Writing Equation 2.2.1-22, in full, the difference approximation 

for the mth interior mesh point for transient and steady state 

cases is

n n+l n n+l n n+1 
am T-I +bm Tm +cm + =d 2 .2. 1-23

n s at 
n k2m I2m 

am -1 

brn aG n _an _ c n 

kn 6 s 6t 
n rmM rm 

CM a +

2.2.I-2"•/

2.2.1-25

2.2.1-26

dmr a n T-i * G + an T -c n Tm+1 
dm a -I a( ~ m a m + M m+1

+ AtP n+l } + Qim6im + Qrm 6 2.2.21-27

and Q is I for transient cases and 0 for steady state cases.  

Rev.  
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2.2.1.3. Difference Approximation at Boundaries 

To obtain the difference approximations for the mesh points at 

the boundaries, Equation 2.2.1-1 is applied to the volumes of 

Figure 2.2.2-3 with Equation 2.2.1-2 used to define the gradient 

at the surface. The second term of Equation 2.2.1-1 at x = x, is 

-approximated by 

rik(Tx) VT(x,t) . ds ý- (AITI- D ) 6 + k (T -TI)6rl 

s (1 T11  1) 1 ri T2 - 1  rl 

2.2.1-28 

The complete basic expression for the left boundary mesh point 

becomes 

n+1 n 
(T - T) kr b 

tt rl rl=-B (B 1TI-1 1  1 

+ kri (T 2 -TI) Irl + Ql PfP(t). 2.2.1-29 

If B in the boundary condition equation is zero, the above 

equation is not used since the boundary- condition determines the 

temperature. Also in that case, a division by zero- would be 

indicated if Equation 2.2.1-29 were used. Approximations for the 

boundary at x = xm are derived in a similar fashion. These 

equations for the boundary mesh points are converted to the 

implicit formulas in the same manner as for the interior mesh 

points, except that the surface temperature appearing in the 

boundary condition is evaluated completely at the n+1 time level.  

Thus, for the left boundary 

bnTn+1 + cn T n+l = d 2.2.1-30 1 1 1 Cl2 1

2.2-11



Cnl I Cn n v 
b= ouPrl 6 ri +Bn 

kn 6s A n ri , and 
Cl a + 1

dI- CnTn+ n16 + cr T1 +

+ Pf

n pn+l) Q 6V At 

+ 1

2.2.1-3

2.2.1-32 1

k~ n b Dn At 

n B1

2.2.1-33

n n n n 
In the coding, a variable, HTBCCO, is defined as C1 = A - D1

Substituting this relation into Equation 2.2.1-33 gives

dl= -ac IT 2 + lp 

k bc Ct • I I + 
B n 
B1

n n 1 
B1

2.2.1-34

pf(O(pn + pn+l1 Q 6v at

For the right boundary

n n+1 n n+l aMTM_ + bMTM = dM, 2.2.1-35

-k n M6st 
aM= o + 1 2.2.1-36

bn n v bM = opM6

n nb 

+ Ikmit- an , and 
n M BM

2.2.1-37
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n b n 

n. naTM - nPS + a ) TM + krIl MD jA t nI aTn +a.5v + a M t +, 

- BM 
2.2.1-38 

(,pn + pn+l) v At 
(P IP IM&1 

n o+ 1 

In the coding, a variable, HTBCCN, is defined as = N TM DM 

Substituting this relation into Equation 2.2.1-38 gives 

I n b n 

n n n+ v + M6 nt n d Ca - Ta M-1 + IPMM 2+ aM + B nM 

2.2.21-39 
n b n f(°n + n+l) v 
k 1 6 C At Pf (C' + P Q M6 .- t 

n + + 
BM 

2.2.1.4. Solution of Simultaneous Ecruations 

The difference approximations for the mesh points (Equations 

2.2.1-27, 2.2.1-38, and 2.2.1-39) lead to a tri-diagonal set of M 

equations. The coefficient matrix is symmetric unless the 

boundary condition specifies the surface temperature. In that 

case, the elements, cI and a., are 0, and destroy the symmetry.  

The solution to the above equations is obtained by: 

1. Form E =-1b and F1 = :I • 2.2.1-40 

2. Form -Ea. an_ 
r j bj - a ) Ej_1 b j Ej-1 

for j = 2, 3, . . ., M-i . 2.2.1-41 

Rev. 1 
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n+l d- aM F-• 
3. Form T bM - aM Em_1 

4. Form T7+ _n+l 
3 = j+1 j 

for j = M-I, M-2, . . *, 3, 2, 1.

2.2.1-47

2.2.1-43

These procedures can be derived by applying the rules for 

Gaussian elimination. This method of solution introduces little 

roundoff error if the off-diagonal elements are negative and the 

diagonal is greater than the sum of the magnitudes of the 

off-diagonal elements. From the form of the difference 

equations, these conditions are satisfied for any values of the 

mesh point spacing, time step, and thermal properties.

2.2.1.5. Thermal Properties, Boundary Condition Parameters, and 
Iteration Procedures

The thermal conductivity, k, and the volumetric heat capacity, p, 

are considered functions of temperature and space. These therma 

properties are obtained for each interval by using the average of 

the mesh point temperatures bounding the interval

2.2.1-44k 2= k 1 2  T r,m-1 

krm = T 2 =k2m+l" 2.2.1-45

The quantity, p, is treated in the same manner. The boundary 

condition parameters, A, B, and D, are considered functions of 

temperature and time. In steady state problems, no superscripts 

would be required for the thermal parameters, k, p, A, B, and D.  

Accordingly in Equations 2.2.1-23, 2.2.1-30, and 2.2.1-35, those

2.2-14
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quantities written with superscript n are ignored since they are 

multiplied by a = 0, and only quantities with superscript n + 1 

are used. If these quantities are not temperature-dependent, the 

solution of Equations 2.2.1-23, 2.2.1-30, and 2.2.1-35 will 

immediately give steady state temperatures. When these 

parameters are temperature-dependent, iterations are used to 

resolve the difficulty of obtaining thermal parameters as a 

function of temperature when the temperatures are unknown.  

In transient problems, the thermal properties, k, p, A, B, and D, 

with superscript n are evaluated as a function of the 

temperatures, Tn, at the beginning of a time step. Since these 

are either initial temperatures or results of the last 

time-advancement, the corresponding thermal parameters can be 

determined. Those thermal parameters with superscript n + 1 are 

evaluated as a function of the temperatures, Tn+l, at the end of 

the time step. Since these temperatures are not available, the 

initial estimate of the thermal parameters is obtained using 

kn+l - kn and similarly for p, A, B, and D. The superscript n + 

1/2 indicates an average of the quantities with superscript n and 

n + 1, or 

n+l n 
n+1/2 n 2 + n 2.2.1-46 

P ~2 " 

If thermal parameters and boundary conditions are constant, or do 

not vary greatly during a time step, the temperatures obtained 

from the solution of Equations 2.2.1-27, 2.2.1-30, and 2.2.1-31 

with kn+l=kn, etc., are satisfactory. This is presently assumed 

in RELAP5.
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2.2.1.6. Difference Approximation for Boundary Conditions 
t 

The development of the difference equations uses a general form 

for the boundary conditions, but RELAP5 uses only the following 

conditions.

-k =2 0 
ax

2.2.1-47

,k a = LT(t) 2.2.1-48

-k Ix = h(T - TB) , or 2.2.1-49 

2.2.1-50
T = TT(t) I

where T and TT. are tabular functions of time. For the 

convective boundary condition Equation 2.2.1-49, the heat 

transfer coefficient, h, can either be input or calculated 

initially by the code. For the first three conditions, the heat 

transfer rate is given directly by the boundary conditions once 

the surface temperature has been calculated. For the temperature 

boundary condition, the heat transfer rate is obtained from the 

difference equation. The general expression, shown here, for the 

right boundary is 

qn IT 
qn+1 6 b=T n+l. T n+1l Ss 

M X a+ 1 M H IM +I M- e

+ Pf (Pn + pn+l) v f a + 1 QIM IM

2.2.1-51
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k/• 2.2.2. Heat Structure Convective Boundary Conditions and Heat 

Transfer Models 

When the internal convective boundary condition is specified, the 

wall to fluid volumetric heat transfer, Qwf and Qwg, and the mass 

transfer rate due to wall heat transfer, rw, are calculated as 

described in this section. A boiling curve is used to govern the 

selection of heat transfer correlations. The following two 

options are available to calculate the wall heat transfer: 

Option 1: System Heat Transfer 

option 2: Core Heat Transfer 

Although both can be applied throughout the simulation, Option 1 

is intended primarily for use outside the core, that is, the 

steam generator or component or piping walls. Option 2 is 

intended for the fuel rod heat transfer and has specific logic 

based on Appendix K. Only Option 1 will be described in this 

section of the report. Option 2, core heat transfer; is 

presented in the section on the reactor core, section 2.3.3.  

In Option 1, the system heat transfer model, the heat transfer 

regimes modeled are classified as pre-CHF, CHF, and post-CHF 

regimes. Condensation heat transfer and the heat transfer to 

air-water mixtures are also modeled. Figure 2.2.2-1 -gives a 

chart of the logic scheme for selecting the heat transfer models.  

Qwf, Qwg, the total heat flux, q, and the total heat transfer 

coefficient, h are calculated as follows 

Qwf = qwf Aw / V, 2.2.2-1 

Qwg = qwg Aw / V, 2.2.2-2 

q = qwf + qwg, 2.2.2-3
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and

h = hwf +*hwg , 2.2.2-4 

where qwf and qwg are the effective wall to liquid and vapor heat 

flux, respectively, based on the total heat slab area, Aw. The

calculation of qwf, qwg, and rw for each heat transfer regime are 

summarized below.  

2.2.2.1. Pre-CHF Heat Transfer Correlations 

The pre-CHF regime consists of models for single-phase liquid 

convection, subcooled nucleate boiling, and saturated nucleate 

boiling. In this regime, the model assumes that the wall is 

totally wetted by liquid. Therefore, the heat transfer from the 

wall to the vapor, Qwg, is equal to zero.  

Single-Phase Li-uid Convection 

In single-phase liquid convection, the heat transfer coefficienK> 

is the maximum of the Dittus-Boelter or Rohsenow-Choi 

correlations under forced convection conditions or the maximum of 

the Dittus-Boelter 4 0 , Rohsenow-Choi, or the natural convection 

correlation for natural convection conditions.  

h = hwf = MAX (ClDBI hDB, CIRCI hRC, CINci hNC). 2.2.2-5 

The Dittus-Boelter correlation is 

h DB = 0 023 kD pr8'4 Reo"8 2.2.2-6 
Der 4 e
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and Rohsenow-Choi is given by 

k 
= 4.36 De 

The natural convection correlation,

2.2.2-7

2.2.2-8hNC =a . (Gr . Pr )b = De

is dependent on the flow regime as follows.  

Laminar flow, (Gr < 109) 

a= 0.59 

b = 0.25 

CINCi = CINCI 

Transition flow, (109 < Gr :S 1013) 

a = 0.021 

b = 0.4 

CINci = CINctrn 

Turbulent flow, (Gr > 1013) 

a = 0.1 

b = 0.3333 

ClNci = CiNctur" 2.2.2-9 

qwg and rw are zero throughout this heat transfer regime and qwf 

is given by 

qwf = h(Tw - Tf). 2.2.2-10

2.2-19
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Subcooled and Saturated Nucleate Boilina 

The subcooled and saturated nucleate boiling heat transfer",

coefficients are calculated. using the modified Chen 4 4 and the 

Chen 4 1 correlation, respectively. Because of the nonequilibrium 

nature of RELAP5, the subcooled-to-saturated nucleate boiling 

boundary cannot be defined precisely. In addition, the vapor 

generation in the subcooled boiling regime has to be included.  

Hence, the Chen correlation is modified as follows.  

The heat transfer coefficient in nucleate boiling is given by the 

sum of the two effects: microscopic (boiling) and macroscopic 

(convection) 

* * 2.2.2-11 
h = hmic + hmac .  

In RELAP5, it is assumed that the wall-to-fluid heat transfer is 

by convection only, until the subcooled vapor generation criteria-.  

-is satisfied. This is achieved by using a subcooled vapo,<

generation factor, fsubvap, as follows 

h. =Cl. h -f ,2.2.2-12 mic mic mic subvap 

where hmic is the Chen microscopic heat transfer coefficient 

hf of Pf 0.24 075 
mic = 0.29 0.24 0.24 sat 

0 "5 f h fg Pg S 

2.2.2-13 

The subcooled vapor generation factor, fsubvap, a measure of the 

first appearance of bubbles on the heat slab surface, is 

calculated based on the onset of nucleate boiling criteria given 

by Bergels and Rohsenow5 2 and the net vapor generatibn criteria 

Rev. .- ' 
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121 
given by Saha and Zuber.  

discussed later in this section.

The calculation of fsubvap is

The convection part, hae* is taken as the maximum of the 

Rohsenow-Choi correlation and Chen's macroscopic heat transfer 

coefficient, hmac . Thus,

= MAX(Clmac hmac' ClRCt 4.36 kf/De) 2.2.2-14

0 . 4 [ ( - ) e/ ] 0 "8 F . 2 . -1 hmac = 0.023 (kf/De) (Prf) [G(1-X) Pe/pf. F. 2.2.2-15 

The modified Chen correlation is obtained by setting F = 1 in the 

Chen correlation. Because of the nonequilibrium nature of 

RELAP5, F is calculated as follows.  

F = 1.0, 

if the liquid flow is negative (acf Pf vf S 0.0) or liquid 

subcooling is greater than or equal to 5K or the Martinelli 

parameter

0. 0.5 P 0.  
t f oo vf P9 Io 

xtt = --• Pf vj * g F•f5 {i* < 0.1. 2.2.2-16

Otherwise

F = F' - 0.2(F' - 1) MAX(0.0, Tsat - Tf), 2.2.2-17

2.2-21
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where F' is a fit to Chen's F-factor

F =- 0.736 
Ft + 0.213) 2.2.2-18

The suppression factor, S, is calculated based on the void 

fraction as

S 1 

s = we a i - 2(1 - s,) (a g - 0.3) 

Se

a < 0.3 

0.3 < a 9 0.8 g 
S> 0.8 
g 2.2.•2-19

The. W multiplicative factor is a weighting factor that was added a 
to force the S factor, and consequently hmic, to zero as the 

steam void fraction approaches unity. The factor is defined as 

follows

g1.0 
We 

a C 9 - g)/C1 - agr)

ag a gr 

agr< eg

2.2.2-19.1 

agr is a user specified void fraction at which to begin the S 

ramp. Its value must be less than 0.991 to activate the ramp.  

The default value of this parameter is 1.0 (i.e. the ramp is not 

used). For once-through steam generator applications, a value 

less than 0.991 is needed to preclude observed sharp increases in 

S that results in disproportionally high overall heat transfer as 

the void fraction approaches unity.

Rev. 3 
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S' is a fit to Chen's suppression factor given by the following 

expression 

(I + 0.12(ReTP) 1.14-1 Re TP < 32.5 

[1+0.*78 -1 
S' [1 + 0.42(ReTP) 0 32.5 < ReTP < 70.0 

0.0797 Re > 70, 
2.2.2-20 

where 

ReTp 0-4 f Pf v Jf De FI.25 TP f 

ATsat =T - Tsat ,and 2.2.2-21 

AP = difference in vapor pressure corresponding to ATsat

The subcooled vapor generation factor, fsubvap' is calculated as 

follows. The onset of boiling occurs when Tw Z Tw , where Tw 
WONB WONB 

is the wall temperature at the onset of nucleate boiling.  

However, the net vapor generation will not occur until the liquid 

subcooling, AThsub' is less than the subcooling for net vapor 

generation, AThNVG. RELAPS uses both criteria, and allows vapor 

generation when either of the two conditions are satisfied. The 

onset of nucleate boiling is calculated using the Bergels and 

Rohsenow correlation and ATNVG is calculated using the Saha-Zuber 

correlation. fsubvap is calculated based on these two 

conditions.  
52 

The Bergels and Rohsenow correlation is 

ATwoNB - 0.5556 (556.7 q P--.156] [0.35355 P0.0 2 3 4 ], 

2.2.2-22 
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where

ATW oNB Tw oB - Tsat 

The bubble formation on the wall occurs when Tw = TW oNB. In 

order to make it continuous, no vapor formation occurs when 

Tw < TWoNB - 2 and increases linearly based on Tw - TWoNB, 

such that when Tw = TwoNB , all the qvap is allowed to form 

vapors. This is achieved by defining a function,

f = 1 MAX [-2, MIN (AT -AT fONB =2 -MATCs oNB

The Saha Zuber 1 2 1

, 0.0)] + 1. 2.2.2-23

correlation for ATNvG is

'TNVG = {0.002198 q D / kf 153.85 q / (G Cpf)

Pe < 70,000 

Pe > 70,000

2.2.2-24

Pe = Peclet number, G D Cpf / k.  

In order to make the net vapor generation continuous, vapor 

generation is allowed to begin at Tf = (Tf - 2.0) and increase 
NVG 

linearly, based on Tf - TfNVG , such that all qvap is allowed to 

form vapor at Tf = TfG. This is achieved by defining a 
NVG 

function

fVG I MAX C -2, MIN (ATv - (Tsat fNVG 2 V sa

2.2-24

- Tf), 0.0)] + 1.  

2.2.2-25 
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RELAP5/MOD2 allows the vapor to form when either fNVG or fONB 

becomes greater than zero, and thus,

fsubvap = MAX (fONB' fNVG} " 2.2.2-26

In subcooled and saturated nucleate boiling, hug 
zero. Then 

hwf = h,

q s=ht Ma ATsat + h*a(T - Tf)

qvap Aw / IV hfg 1 +

and qwg are

2.2.2-27

(PCp)f- MAX(O.0, Tsat - T) 2] 

Pg hfg 

2.2.2-28

where qvap is the portion of qwf available for vapor generation.  

It is calculated by 

qvap= (qwf - qconv)' 2.2.2-29 

where

* T conv = mac( f n

1

2.2.2-30

Tf > TW

0.5 MINI2.0, MAX(O.0, Tsat - Tf)J

2.2-24.1

otherwise.  
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2.2.2.2. Critical Heat Flux (CHF) Correlations

Two options are available for best-estimate computation of the 

critical heat flux, qcrit" An option is provided to use the 

Biasi and modified Zuber correlations or the Becker 1 4 9 rod bundle 

correlation. Analyses have shown that the previous best-estimate 

default CHF correlation in RELAP5/MOD2, Biasi-Zuber, inadequately 

predicts once-through steam generator (OTSG) CHF at lower power 

levels. Consequently, Biasi-Zuber causes poor prediction of 

shell-side heat transfer regimes and dryout behavior at power 

levels less than 80 percent. The Becker CHF correlation provides 

a substantially improved prediction of dryout location and dryout 

quality and overall better response of OTSG steady-state and 

transient phenomena. Therefore, the Becker correlation is added 

to RELAP5 and is recommended for OTSG secondary shell-side heat 

structures. The Becker CHF correlation is limited by pressure 

and is only used up to 90 bar, which is more than ample for any 

OTSG transient. A linear interpolation scheme activates at 80 

bar to 90 bar and interpolates between the two CHF correlations 

to ensure a smooth and continuous transition from Becker to 

Biasi-Zuber at 90 bar. The Biasi-Zuber correlation is considered 

to be applicable for all other geometries, without any 

restriction of input conditions. The Becker correlation is 

restricted by pressure and can only be used up to 90 bar. For 

pressures above 90 bar, the Biasi-Zuber correlation will be used 

with either option.  

Biasi-Zuber 

This correlation is primarily flow dependent, that is, when the 
2 

mass flux , G, is greater than or equal to 300 Kg/m -s, qcrit is 

calculated as the maximum of the Biasi correlation for the low 

quality region 

B 1.883 - Xe] 2.2.2-31 qcrit = CBA (100De ) n (0.1IG)I1/6 (0.1IG) 1/ 
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K..> and for the high quality region

r CIBB 3.78 • 10 7 h(P) 
c' BB (100De)n (0.1G) 0.6 [1 Xe]

2.2.2-32

D k 0. 01 m 

De < 0.01 m,

= 0.4 

0.6

f(P) = 0.7249 + 0.099 P' exp(-0.032P'), 

h(P) = -1.159 + 0.149 P' exp(-0.019P')

+ 8.99P'/[i0 + p 2), and

-5 
PI = MAX(10 P, 2.7) bar.  

When G is between 200 and 300 Kg/m2-s, qcrit is calculated using 

the Biasi correlation for the high quality region. When G is 

between 100 and 200 Kg/m2-s, qcrit is calculated using a linear 

interpolation, with respect to G, between the maximum value of 

the two Biasi correlations (using G = 200 Kg/m2-s) and the 

modified Zuber correlation, that is, 

10.5 

0.131 0.5 [ag(Pf ,g)]0.25. Pf'l crt=ClZB h.3 fgPg (apf f+

a (1.0 - a 9) 2.2.2-35

When G < 100 Kg/m2-s, qcrit is given by the modified Zuber 

correlation.  

Rev. 3 
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Becker 

The Becker correlation is separated into two major components 

based upon equilibrium quality. For each quality regime, each 

component is further subdivided based upon pressure. For the 

Becker correlation, the mass flux, G, is limited to a minimum 

value of 30.0 Kg/mr2-sec by G = Max (30.0, G).  

For the low quality region, where the equilibrium quality is 

between 0.0 and 0.25, qcrit is computed by

1°it 10 8  Xe+ a ii 
a 

where, 

ao = f2pbar) / hfg 

a1  f l(Pbar) / f2(Pbar) 
-5 

Pbar = MAX(IO P, 2.7) = Pressure, (bar) 

h*= enthalpy of vaporization, (KJ/Kg) fg

2.2.2-35.1 

2.2.2-35.2 

2.2.2-35.3

and where,

fl(Pbar) = 27.8763 • Pbar 

f2(Pbar) = 73.5845. Pbar

2.2.2-35.4 

2.2.2-35.5

for low pressures between 2.70 and 20 bar. For higher pressures 

within the range of 20 to 90 bar, the f-parameter is computed by 

fl(PI) = 182.79 - P 1 (114.99 - P1 [2766.6 + P 1 (14457 

+ P 1 [40523 + P1 (48283 + P1 19608)]) 

2.2.2-35.6 
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f2 (P 1= 432.07 - P 1 {244.75 - Pl [5751.7 + P 1 (21745 

+ P1 [64025 + P1 (83304 + P 1 35767)]) 

2.2.2-35.7 

and where, 

P1= (Pbar - 100.5) / 100.0 

For the high quality region, where Xe is greater than 0.25, 

several logarithmic equations are used to calculate the critical 

heat flux, qcrit" The equations are transcendental, requiring an 

iterative solution method. The logarithmic nature of the 

equations, however, is an asset and allows the solution method to 

be simple and quick, usually converging within three to four 

iterations. The high quality qcrit is given by: 

10 3 b hfc qcrit 1/=c 

G (BO) (Vg - vf) 2.2.2-35.8 

where 

BO = (B1 + B2 + B3) / B4 2.2.2-35.9 

BI = -In ( 1.0 - Xe ) 2.2.2-35.10 

B2 = in { Max [I.OE-5, 1  0.98 - v 4 B O 1 .02 ) 

2.2.2-35.11 

B3 -In (Max C1.OE-5 1l.1 0 - E) (Xea + v) BO01/2 

(I - e) Xe 1 / 4 (BO + 1.0 

2.2.2-35.12 
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B4 = ln Xe + V ) 2.2.2-35.13

V = Vf / ( Vg - Vf 

The coefficients E and b are functions of pressure: 

E (P = 0.25354 + P1 ( 0.9575 + P1 [ 0.7287 

P 1 ( 0.56389 )]) . 2.2.2-35.14 

For very low pressures, between 2.7 and 5.0 bar, 

b (Pl) 65.841 + P1 [ 143.336 + P1 ( 79.213 )J 

2.2.2-35.15 

For intermediate pressures, between 5.0 and 20.0 bar, 

b (Pl) = 7.3694 + P1 [ 17.536 + P1 ( 11.60 )] .  

2.2.2-35.16 

For high pressures, between 20.0 and 90.0 bar, 

b (Pl) = 0.23884 - P1 ( 0.15999 - P1 [ 0.14662 

P1 ( 0.59071 )]) 2.2.2-35.17 
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-2.2.2.3. Post-CHF Correlation 

The post-CHF heat transfer regime includes the transition 

boiling, film boiling, and single-phase vapor heat transfer. The 

heat transfer in each of the regimes is described below.  

Transition Boiling 

in the transition boiling, the heat transfer is calculated based 

on the approach given by Chem. 4 3  In this regime, it is assumed 

that a portion of the heat slab surface given by the Chen factor, 

FL (modified to make its value equal 1 at Tw = TwCHF), is wetted 

by the liquid. The wall-to-liquid heat transfer is calculated as 

follows 

qwf = qcrit . FL 2.2.2-36 

and 

hwf = qwf/ATsat. 2.2.2-37 

The modified Chen's liquid contact area weighting fraction, FL, 

is calculated by 

F -L eXAT 2.2.2-38 

where 

AT 1.34164 MIN(ITw - TwCHFI, JA-Tsat), 

X = MAX(AI, X2 ), 

A1 = C1 - 7.373381 • 10- 3 C2 G, 

12 = 7.373381 • 10-3 C3 G, 

C2 = 0.05/[1 - .*40] + 0.075 g

2.2-27



C1 = 2.4 C2 ,

g= MIN(a , 0.999) *, and 

C3 = 0.2 C2 .  

The vapor heat transfer is calculated as

hwg = hvc(l - FL) 2.2.2-39

qwg = hwg(Tw - Tg). 2.2.2-40

The vapor heat transfer coefficient, hvc, is calculated using the 

Dittus-Boelter (Equation 2.2.2-6) Rohsenow-Choi (Equation 2.2.2

7) and natural convection (Equation 2.2.2-8) correlations, based 

on vapor properties as follows 

hvc = MAX([g . MAX(ClDBV hDB, CIRCV hRC), CINCi hNC]. 2.2.2-41 

The constants a = 0.23, b = 1/3, and CINci = C1NCV are used in 

the natural convection correlation (Equation 2.2.2-8).  

The vapor generation rate, rw, is calculated using the following 

equation 

rw , qwf Aw /(V(hfg + 0.5 Cp MAX(0.0, Tg - Tsat) 2.2.2-42 

FilmBoiling 

In the film boiling regime, the vapor void fraction, ag, is used 

to partition the wall-to-fluid energy between the liquid and the 

vapor phases. Inaddition, wall-to-droplet radiation is added to

2..2-28

and

1--/



the liquid heat transfer. The total wall-to-liquid heat transfer 

is calculated as follows 

qwf 2 hwf ATsat

where

2.2.2-43
hwf = (1 - a g) hfB + ClRD qwd,rad/&Tsat •

The film heat transfer coefficient, hfB, is calculated using the 

modified Bromley correlation

hfB = C BR 0.620
S~0.25 S3 Pa(Pf - p)hfa 

A~ cpg A~Tsat ~rg02
2.2.2-44

h1g = hfg + 0.5 Cpg ATsat I and 

c= 27r [(Pf 
Pg 0.5 

The wall-to-liquid droplet radiation qwd,rad is calculated using' 

a model developed by Sun 6 0 (the wall-to-vapor and vapor-to-liquid 

radiation terms of the Sun correlation are neglected).

qwd,rad Fwf GSB(Tw
sa4 - sat),

where

OSB = Stephen-Boltzman constant (5.67 • 10-8 w/m 2 -k 4 ), 

Fwf = I/[R2(l + R3 /R1 + R3/R2)],

Rev. I 
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RI = (1 - cg)/[cg{l - eg (f)), 

R2 = (1 - ef)/[cf(l - (gef)), and 

R3 = 1/(I - cgcf) + (1 - tw)/(W 

for which the emissivities are given as 

Eg = 0.02, 

ef = MINCI - exp(-afLm), 0.75], and 

Cw = 0.9, 

where Lm is a mean length and af is the liquid absorption 
coefficient, respectively. The mean length Lm is roughly equal 
to 0.9 Dhy, where Dhy is the hydraulic diameter of the fluid 
channel. The absorption coefficient, af, for droplets is given 

by 

af = 1.1i. f /dd

The droplet diameter, dd, is calculated based on a critical 

droplet Weber number 

We = dd pg (V - vf)2/0 = 7.5 , 2.2.2-46 

and limited to 

d 0.5D 

d < Of hy" 

The wall-to-vapor heat transfer, qwg, is calculated using 
Equation 2.2.2-40, and hwg is equal to hvc (Equation 2.2.2-41).  
The vapor generation rate, rw, is given by Equation. 2.2.2-36.  

Rev.  
2.2-30 "10/88



SinQle-Phase Vapor Heat Transfer 

The heat transfer coefficient in this regime is. calculated using 

the Dittus-Boelter (Equation 2.2.2-6) Rohsenow-Choi (Equation 

2.2.2-7) and natural convection (Equation 2.2.2-8) correlations, 

based on the vapor properties as given below.

h = MAX(ClDBV hDB, CIRcv hRC, CINci hNc) •
2.2.2-47

The constants a = 0.23, b = 1/3, and CINci = CINCV are used in 

Equation 2.2.2-8.  

For single-phase vapor, hwf, qwf, and rw are zero, and 

hwg = h 2.2.2-48 

and

Iwg = h(Tw - Tg). 2.2.2-49

2.2.2.4. Condensation Heat Transfer

When two-phase or single-phase vapor passes over a heat structure 

whose surface temperature is below the saturation temperature of 

the mixture or vapor, heat transfer occurs from the fluid to the 

structure by a condensation process. The condensation heat 

transfer coefficient 4 4 is calculated as the maximum of the 

Nusselt laminar film correlation and the Carpenter and Colburn 

turbulent film correlation.

hcon = MAX(hnlf, hcctf) . 2.2.2-50

2.2-31
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The Nusselt laminar film correlation44 used in RELAP5/MOD2-B&W 

depends on the orientation of the condensing surface. For a 

condensation on a horizontal surface, laminar film condensation 

in. a horizontal tube with stratified flow is assumed and a 

modified form of the Nusselt equation is used:

hnlf = 0.296 I pf(pf - pp)g h f k f 

De f(T sat- Tw) ] 2.2.2-51

For a vertical surface, the Nusselt laminar film condensation 

correlation is used

= 0.943 [ pf(pf - p,)g sine hfp k3 10.25 
gf Lv(Tsat- T) • 2.2.2-51.1

where 

0 = angle of inclination to the horizontal 

and 

Lv = volume length.  

When the average liquid velocity is less than or equal to 0.001 

m/s, only laminar film condensation is used.  

The Carpenter and Colburn turbulent film correlation is

0.5 

hcctf 0.065 f 5Pr) 0.°9- kf0.  
cctf (PrZ ?A f

2.2.2-52

2.2.2-53Ti 0.0792 P V 

(Re) 0.25 
g

<Q
2.2-32
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The heat transfer coefficient from the gas is determined by 

proportioning the pure condensation coefficient with the gas void 

fraction 

h wg a g hcon. MIN(I.O, 10a ) t 2.2.2-54 

and the heat flux is determined in the usual way 

qwg = hwgAT sat* 
2.2.2-55 

Heat transfer to or from the liquid is also likely under these 

conditions. This process is modeled similar to heat transfer to 

subcooled liquid, section 2.2.2.1, using the maximum of the 

Dittus-Boelter or the Rohsenow-Choi correlations proportioned to 

the liquid void fraction 

U = ý •YIA l Ih 1 2.2.2-56
wLwf DB' "RC-* 

Both correlations are evaluated at the liquid conditions.  

heat flux is again straightforward

The

qwf = hwf(TW - Tf).
2. 2. 2-57

The volumetric vapor condensation rate, rw, is given by 

rw = qwgAw/(V[hfg+ 0.375 Cp MAX(O.O, Tg- T sat)]). 2. 2.2-58

Rev. 2 8/92
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Figure 2.2.2-1. Logic Chart for System Wall Heat Transfer 
Regime Selection.  
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2.2.2.5. Auxiliary Feedwgter Model 

An auxiliary feedwater (AFW) model developed by B&W is incor

porated in RELAPS/MOD2 to calculate the B&W once-through steam 

generator (OTSG) heat transfer correctly during auxiliary 

feedwater AFW injection from high elevation locations. The model 

consists of two parts: 

1. A heat transfer surface area change model to calculate the 

number of tubes wetted by auxiliary feedwater at a given 

location.  

2. Heat and mass transfer models to calculate energy transfer 

from the tube walls to the falling liquid film and to the 

steam.  

The surface area change model and the heat transfer models are 

taken directly from REDBL5 code manual. In the RELAP5/MOD2 

formulation the total energy transfer from the tubes to the fluid 

is partitioned between the phases. A mass transfer model is 

added to calculate the mass transfer between the phases.  

In most B&W plants the subcooled auxiliary feedwater is injected 

near the top of the steam generator. As the water cascades down 

through the broached tube support plates, the number of tubes 

wetted by the falling film increases. This is modeled using a 

heat transfer area change model, and the falling film heat and 

mass transfer correlations described in this section. The AFW 

model selection logic is also described in this section.
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Heat Transfer Area Change Model

At the point of injection of AFW, the fraction of the tubes 

wetted is a function of the injection rate. The total fraction 

of the tubes wetted by AFW at the injection location is given by

* N 0 CWAF 
N=Cl Ptg 

where

2.2.2-59

N0 = number of tubes wetted at the injection location, 

Nt = total number of tubes in a steam generator (input), 

WAFW = AFW flow rate into a steam generator (kg/s), 

P. = density of AFW (kg/m3 ), and 

C1 = user input constant (default = 0.5278).  

As the liquid drains downward it spreads out, thereby increasing 

the fraction of tubes wetted. The number of tubes wetted by AFW 

at a distance Z from the injection location is given by

NW = MIN[l.0 + C2 Z, C], 
No 2.2.2-60

where C2 and C3 are user input constants. (The default values 
are C2 = 1.788 and C3 = 10.0.) 

Combining Equations 2.2.2-59 and 2.2.2-60

NZt= C WA • MIN[l.0 + C2 Z, C3 ] N t 1 P2
2.2.2-61
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2.2.2-63Awet = NAFW slab 

Adry Aslab - Awet ,
2.2.2-64

where Aslab is the total right side heat structure surface area.  

It should be noted that N(Z)/NAFW is limited between zero and one 

to prevent unrealistic calculations.  

Heat and Mass Transfer Calculations 

The wetted and dry heat transfer coefficients of the individual 

tube bundle regions will be associated with the wetted and dry 

areas determined in Equations 2.2.2-63 and 2.2.2-64. The wall to 

steam heat transfer to the dry area is determined by the Dittus

Boelter forced convection correlation with the steam properties.

kg 0.4 0.8 
g DB De rg 2.2.2-65

2.2-37

Multiple radial channels may be used to model the wetted and dry 

tube bundles. If the steam generator is modeled using multiple 

radial regions, the maximum number of tubes wetted by AFW will be 

equal to the number of tubes (NAFW) in the radial region which is 

connected to AFW source. Thus, 

N N AFW = Nt for- one radial region model).  
t t 2.2.2-62 

The tube heat structure heat transfer areas connected to the 

secondary control volume are partitioned by

and



The liquid heat transfer coefficient for the wetted region is 

determined by a combination of models. It is assumed that the 

AFW falls down the outside of the tubes as a thin film which 

spreads according to the wetted heat transfer area correlations.  

The heat transfer coefficient is based on the liquid conditions.  

If the liquid is subcooled, (Tg. < Tsat - 4K), then the wall to 

subcooled liquid film heat transfer is defined by the Drew 

falling film correlation.  
[3 2 1/3 1/3 2 

h = hDrew = CDrew 1 1 (•2 Pr. Re , e).2[ ~ 22.2.2-66 

where 

CDrew = Drew correlation constant (input), default = 0.01, 

Pr = Prandtl number (pCp/k) f, 

Re = Reynolds number (4 r/p), 

r = flow/wetted perimeter (WAUX/N(Z)lrDo), 

k, = therm6al conductivity (w/m-K), 

= density of the liquid film (kg/m3 ), 

g = gravitational constant (m/s 2 

N(Z) = number of wetted tubes given by Equations 2.2.2-61 
or 2.2.2-62, 

Do - outside tube diameter (m), 

WAUX- average AFW flow rate in a control volume (kg/s), 

and 

1 -liquid viscosity (kg/m-s).
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If the liquid is saturated (Ty Ž Tsat), then the liquid heat 

transfer coefficient is defined by the Chen nucleate bQiling 

correlation (see section 2.2.2.1).  

h = hchen =h.mic + hMac• 2.2.2-67 

If the liquid temperature is (Tsat - 4) < Ty < Tsat, then an 

interpolation between the two correlations is used.

- [(h Chen - h rew)](T sat - TIj 4.0] .. 2.2.2-68

The mass transfer, rw, is determined separately depending on the 

liquid condition.  

For T1 < (Tsat -4.0), 

rwg = rwf = 0.0. 2.2.2-69 

For Ty > Tsat,

rwf = wChen

and

rw = 0.0 , wg

[qChen - hmac (ITsat T i]] A wet 

Vh fg[jl0 + CP t(ITsat - T f] - (Pg hfg)]2 

2.2.2-70 

2.2.2-71

where

2.2.2-72

2.2-39

ht = hChen

qgChr-- =- h Mac (T W - T 2) + h Mic (T w - T sat) .



For (Tsat - 4.0) < Tj < Tsat, 

rwf =r wchen - [(rwChen - 0.0)(Tsat - T2)/4.0] 2.2.2-73

and

2.2.2-74rwg = 0.0 .

In the cases where (Tsat - 4.0) > Tj, there is an additional 

limit applied to rwf. If rwf calculated by Equations 2.2.2-70 or 

2.2.2-72 exceeds 80% of the liquid available for boiling within a 

control volume, then the wetted area is reduced accordingly to 

give a value which can only equal 80%. This limit avoids the 

possibility of introducing an artificial mass error by vaporizing 

more liquid than is available.  

Average Heat Flux and Heat Transfer Coefficients 

The average values of heat flux and heat transfer coefficients 

are calculated as follows 

h =h 2 Awet/Aslab , 2.2.2-75 
f f f Iwa

hffg = hg (1 - Awet/Aslab ),

hff = hfff + hffg

2.2.2-76 

2. 2. 2-77 

2.2.2-78 

2.2.2-79

qfff = hfff(Tw - TI) , 

qffg = h ffC(Tw - T) , and 
ffg g

qff = qfff + qffg 2.2.2-80

2.2-40
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AFW Model Selection Logic 

The falling film heat transfer is calculated only when the liquid 

velocity in the user-specified junction representing the AFW 

inlet is greater than or equal to 0.0, that is, the AFW is on.  

When the AFW is on the falling film and/or the regular RELAP5 

heat transfer logic is selected based on the following condi

tions: 

1. It is assumed that the falling film heat transfer correlation 

is applicable only above the slug flow regime. Hence, RELAP5 

heat transfer logic is used in all the secondary nodes 

associated with AFW below a secondary control volume where ag 

> 0.65.  

2. It is assumed that the falling film heat transfer correlation 

is applicable only when the volume average liquid flow is 

downwards. Hence, the default RELAPS heat transfer logic 

requires the volume average liquid velocity to be greater 

than or equal to -0.001 m/s. A user over-ride option does 

exist to remove this criteria. Use of the default criteria 

can result in a significant heat transfer change if the 

volume average liquid velocity fluctuates due to a valve 

opening, STGR, pool heat transfer coupling, etc.  

3. Use falling heat transfer logic in all the secondary control 

volumes above a lowermost volume where ag a 0.85, provided 

that the void fraction ag in a given volume is less than or 

equal to 0.9999. In this region of the steam generator 

model, even if the void fraction is below 0.85 due to 

artificial liquid holdup, falling film heat transfer logic is 

used (MODE = 13). In this case, set 

hf = hfff , 2.2.2-81
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hg= hffg I 

hf =hg + h, 

qf = qfff 

qg qffg and 

qf q qg + q .

2.2.2-82 

2.2.2-83 

2.2.2-84 

2.2.2-85 

2.2.2-86

4. In the volumes between the lowermost control volume where 

ag 2 0.65 and the lowermost volume where ag > 0.85, the heat 

transfer is calculated by linear interpolation (MODE = 14).

hf = ((0.85 - a ) hgfR + ( - 0.65) hfff]/0.2 

hg = ((0.85 - a ) hgR + ( - 0.65) hffg]/0.2

hf = h + h ,

qf = hf(Tw - T1 ) , and 

= hg(Tw - Tg)

2.2.2-87

2.2.2-88

2.2.2-89 

2.2.2-90 

2.2.2-91

where hfR and hgR are liquid and vapor heat transfer 

coefficients, respectively, calculated by the normal RELAPS 

heat transfer logic.  

5. When the equilibrium quality is greater than or equal to 1, 

it is assumed that AFW has not reached to that control 

volume. This might be due to evaporation or artificial 

holdup of the falling liquid in the region above the node.
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2.3. Reactor Core 

Simulation of the ieactor core requires several special models 

not used in the rest of the reactor coolant system.. The core 

"thermo- and hydrodynamics are identical to any other region of 

the simulation excepting that the possibility of fuel cladding 

rupture during a LOCA may require the addition of resistance to 

some of the flow junctions. The heat structure modeling is 

similar to the rest of the simulation excepting the heat source, 

a nuclear reaction, the fuel-to-clad gap model, the potential of 

zirconium oxidation, and the use of a different heat transfer 

package. These features are described in the following sections.  

The section on the fuel pin model describes both the thermal 

behavior modeling and the hydraulic effects of the occurrence of 

rupture.  

2.3.1. Reactor Kinetics 

The reactor kinetics capability can be used to compute the power 

"behavior in a nuclear reactor. The power is computed using the 

space-independent or point kinetics approximation that assumes 

that power can be separated into space and time functions. This 

approximation is adequate for cases in which .the space 

distribution remains nearly constant.  

The reactor kinetics model of RELAP5/MOD2 computes both the 

immediate fission power and the power from decay or fission 

fragments. The immediate power is that released at the time of 

fission and includes power from fission fragment kinetic energy 

and neutron moderation. Decay power is generated as the fission 

products undergo radioactive decay. The user can select the 

decay power model based on either an ANS Stafidard1 0 2 proposed in 

1973 or on the 1979 ANS Standard for Decay Heat Power in Light 

Water Reactors.103 
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2.3.1.1. Reactor Kinetics Equatiohs 

The point kinetics equations are 

N 

dt= t -ABl r(t) + Ai Ci(t) + S , 2.3.1-1 
dt i1 

dC.(t) fi 

dt M t)- Ai Ci(t) i = 1, 2, . .p N , 2.3.1-2 

OM= Z (t) , 2.3.1-3 

and 

Pf(t) = Qf O(t) , 2.3.1-4 

where 

t = time, 

= neutron flux, 

Ci = number of delayed neutron precursors of group i, 

S= effective delayed neutron fraction, 

A = prompt neutron generation time, 

p = reactivity (only the time dependence has been 
indicated; however, the reactivity is dependent on 
other variables), 

fi = fraction of delayed neutrons of group 1, 

Ai = decay constant of group i, 

S = source, 

0 = fission rate in #/s, 

Ef = fission cross section,
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Pf = immediate fission power in MeV/s, and

Qf = immediate fission energy per fission in MeV.  

2.3.1.2. Fission Fragment Decay Model.  

The 1979 standard expresses the power P. (t) in MeV/s as a 

function of time t resulting from one fission of isotope a at 

t= 0as 

N 

PO(t) = aj exp (-A jt) . 2.3.1-5 
j =1 

Data are presented for three isotopes, U2 3 5 , U2 3 8 , and Pu 2 3 9 .  

The parameters a and A were obtained by fitting to fission decay 

power data. .The fitting for each isotope used 23 groups (N. = 

23). The above expression is an impulse response to one fission 

and can be extended to an arbitrary fission rate @b(t) through 

the convolution integral 

N 

P (t) a j exp(- .jt)j(t) 2.3.1-6 

where the convolution operation is defined by 

A(t)B(t) = A(t - r) B(r) dr = f A(r) B(t - r) d• 
0 0 2.3.1-7 

Since numerical evaluation of convolution integrals is 

cumbersome, a set of differential equations equivalent to the 

convolution integral is derived.

2.3-3
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Assume that the power from each group is from radioactive decay 

of a fission fragment i. Then

2.3.1-8 1
P j(t) - A j 7aj = a j exp (-lAjt).

For simplification in the following derivation, the a and j 

subscripts are dropped and the following expressions represent an 

equation for one group for one isotope. From Equation 2.3.1-8 we 

have

2.3.1-9y(t) =-a exp (-At) -V

Laplace transforming Equation 2.3.1-8 gives

a ()= A (s + A) " 2.3.1-10

Rearranging gives

sy(s) = - AY (s) 2.3.1-11

Transforming to real time yields

2.3.1-12_ a d t=- a 6(0) - A-M(t) dt A

where 6 (0) is the impulse function. Applying a time dependent 

fission rate 0 (t) in place of the single fission (impulse 

response), Equations 2.3.1-11 and 2.3.1-12 become

s - y(S) = T ~(S) -A-(S) 2.3.1-13

Rev.  10/88'-"
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and

d(t) A a (t) 2.3.1-14 
dt A~()-A 7 t 

The solution of Equations 2.3.1-13 or 2.3.1-14 (remembering 

that P = A7) for an impulse yields Equation 2.3.1-5 and a similar 

expression in the standard. Solution of Equations 2.3.1-13 or 

2.3.1-14 for an arbitrary fission source yields Equation 2.3.1-7.  

When specifying 

0(t) = 1 for 0 < t < T and 0(t) = 0 for t > T . 2.3.1-15 

Equations 2.3.1-13 and 2.3.1-14 yield another solution given in 

the standard (note that the standard defines t as starting at 0 

after fissioning for T seconds).  

A physical model can be attached to the terms in Equation 2.3.1

14. The first term on the right represents production of the 

isotope during fission; the last term is the loss of the isotope 

due to decay. A more mechanistic model would provide for 

production of one isotope due to the decay of another (see 

actinide model).  

As shown above, the 1979 ANS standard for decay power can be 

implemented by advancing the differential equations, which become 

d7 .j (t) F a. F (t) - A F .(t) 
dt A j 

j 1j, 2, a • -, N 

a = 1, 2, 3 2.3.1-16
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and

N P7 (t) = •A j 7 j(t) , 2.3.1-17 

a=l j=l 

where 0 is the fission rate from all isotopes, F. is the fraction 

of fissions from isotope a, and P7 is the decay power. Summation 

of F. over a is 1.0. The value F7 is an input factor to allow 

easy specification of a conservative calculation. It is usually 

1.0 for best estimate calculations and 1.2 was recommended for a 

conservative calculation with the 1973 data. The 1979 data 

should allow consistent use of 1.0 for F1,.  

The 1973 proposed standard as implemented in RELAPS/MODl used one 

isotope and prescribed data for 11 groups. The 1979 standard 

lists data for three isotopes, U2 3 5 , U2 3 8 , and PU2 3 9 , and uses 23 

groups for each isotope. A user option also allows only the 1979 

standard data for U2 3 5 to be used. The data for both standards 

are built into the code as default data, but the user may enter 

different data.  

2.3.1.3. Actinide Decay Model 

In RELAP5/MOD1, the actinide model was simply the optional 

selection of another isotope and would be identical to using two 

isotopes. The MOD1 actinide default data used two groups. The 

RELAP5/MOD2 model uses 

d-yu(t) dt - Fu 0(t) - xu 7u(t) , 2.3.1-18 

d-YN(t) 
dt - lu u(t) - AN 'N(t) , 2.3.1-19
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and

P0  •dAu A u + N XN7NX " 2.3.1-20 

The quantity Fu is user input and is the number of atoms of U2 3 9 

produced by neutron capture in U2 3 8 per fission from all 

isotopes. A conservative factor if desired should be factored 

into Fu. The A and q values can be user input or default values 

equal to those stated in the standard can be used.  

The first equation describes the rate of change of atoms of U2 3 9 .  

The first term on the right represents the production of U2 3 9 ; 

the last term is the loss of U2 3 9 due to beta decay. The second 

equation describes the rate of change of Np2 3 9 . The production 

of NP from the beta decay of U2 3 9 and Pu 2 3 9 is formed from the 

decay of Np 2 3 9 . Solution of the actinide equations, Equations 

2.3.1-18 and 2.3.1-19, for the fission source given in Equation 

2.3.1-15 yields the result quoted in the 1979 standard.  

2.3.1.4. Transformation of Eauations for Solution 

The differential equations to be advanced in time are Equations 

2.3.1-1, 2.3.1-2, 2.3.1-16, 2.3.1-18, and 2.3.1-19. (The 

equations are ordered in storage as listed for programming 

convenience and to enhance vectorization.) Multiplying by Ef and 

X, the conversion from MeV/s to watts, as needed, the equations 

become 

N 
d (o(t) - BiX 'b(t) + xi t 
d[x + IA + xf Ci(t) 

i=l 2.3.1-21
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d [f X x #(t) [Xzf Ci(t)] = A 1i E f jit 
d-t( f 1 fAX Ct 

i = 1, 2, • • ., N 

2.3.1-22 

F a•F X dtX-(t,] 7 j (t) - ).j X -Yj (t) 

j2 .

cc= 1, 2, 3 2.3.1-23

d 
dt([X -yu(t)J Fu X 0 (t) - Au X .yf(tM

and

2.3.1-24

The total power PT is the sum of immediate fission power, fission 

product decay, and actinide decay, and now in units of watts is

3 

PT(t) = QF X 0(t) + 

a=l

"Na 

SAaj X Aaj(t) u gu X qu(t) 

j=1

+ -N YN X AN(t) 2.3.1-25

For solution convenience, the following substitutions are made

p(t) = p r(t) , 

X 0 (t) = 0' (t),

2.3.1-26 

2.3.1-27

2.3-8

dTt [X -YN (t)] X AU X -1U (t) - NX B(t).



2.3.1-28

x E Yt) f. W.(t) 
fit) A A.i 

F a•' .F 
X 7fj(t) = Fa2. I ZFajz(t), 

a) 2 a) 
a)

2.3.1-29

2.3.1-30

2.3.1-31
Fu 

X U(t) =A u (t)

X qN(t) = ZN(t) .
2.3.1-32

The equations to be advanced are now

dt

N 

A cr(t) - 1) 0'(t) + f i Wi(t) + S', 

i=1

2.3.1-33

!f t(t) 
dt 1 t

d T- Zu (t) 

d dit ZN(t)

= A.i 0'(t) = A. Wi(t)

SAU ' (t) 

SFu Zu (t)

i = 1, 2, . . N ,

2.3.1-34 

2.3.1-35- Au Zu(t) , 

A AN z N(t), 2.3.1-36

2.3-9
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PT(t) = Qf O'(t) +

3 

a=1

Na F I a F aZ (aj t) 

j=1

2.3.1-37+ F u Zu(t) + 37N AN ZN(t) "

These equations are advanced using the modified Runge-Kutta 

method 1 0 5 described in section 2.3.1.7.  

2.3.1.5. Initialization 

Two initialization options are provided. In both options, the 

fission rate and delayed neutrons are in steady state or 

equilibrium conditions, that is, their time derivatives are zero.  

With r(O) as an input quantity

Wi(0) = 0(0) i = 1, 2, . . ., N 2.3.1-38

s' = -r(0) 0(0) . 2.3.1-39

The first option assumes that the fission product decay and 

actinides are also in equilibrium. This is equivalent to 

assuming that the reactor has been operating at a constant total 

power for an infinite period of time. The initial conditions are

j = 1, 2, 3, • • . Na 

a = 1, 2, 3 2.3.1-40 

2.3.1-41

2.3-10
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ZN(° = U #o 2.3.1-42" 

PT(O) = Q (o) , 2.3.1-43 

and 

N 

Q=Qf + Q l Fu+ + Fu 7N 2.3.1-44 f~ X~ aj u U 

The quantity Q, which is the total energy in MeV generated per 

fission, is either an input value or can be defaulted to 200 MeV.  

The quantity Qf is defined from Equation 2.3.1-44 and the user 

input or defaulted data even if the second initialization option 

is used. The total power is an input quantity, and the source 

is computed from Equation 2.3.1-43.  

The second option uses a power history to determine the initial 

values of the fission product and actinide quantities. The power 

history consists of one or more periods of constant total power.  

For each period, the input consists of the total power, the time 

duration at that power, and in the case of three isotopes, the 

fraction of power from each isotope. The fission product and 

actinide differential equations, Equations 2.3.1-34, 2.3.1-35, 

and 2.3.1-36 are advanced in time starting with initial values of 

zero. The fission rate 0 is defined from Equation 2.3.1-37. The 

fission rate is reset to zero whenever a negative value is 

computed. This would occur whenever the user entered total power 

is less than the current fission product and actinide decay 

power. Thus for shutdown periods, the user may conveniently 

enter zero total power even though significant decay power 

remains. The fission product and actinide values at the end of 

the power history become the initial values for the transient.
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The initial fission rate is computed from Equation 2.3.1-37 using 

the total reactor power at the start of the transient (which may be 

different from the last power history value). If this fission rate 

is negative or zero, it is reset such that the immediate fission 

power is 10- 1 2 times the decay power.  

The differential equations for the power history calculation are 

advanced using the same numerical technique as for the transient 

advancement except for a simplified time step control. Time step 

control consists of. starting the advancement of each history 

period with a time step of 1 second. The time step is doubled 

after each advancement. When the next advancement would exceed 

the time duration, the last advancement is with the remaining 

time. This scheme was selected since with each different power 

value, the solution moves toward a new equilibrium condition 

asymptotically and the most rapid change is at the beginning of a 

power change.  

2.3.1.6. Reactivity Feedback 

One of two models can be selected for reactivity feedback. The 

separable model is defined by 

n nc nP 

r(t) = ro- rB + E rsi(t) + E Vci + E [WPi Rp Pi(t) + aWi Twi(t)] 
i i i 

nF 

+ F [W~iR 9 TFi(t) + aFiTFi(t)] 2.3.1-45 
i 

The quantity, ro, is an input quantity and represents the 

reactivity corresponding to the assumed steady state reactor 

power at time equal zero. The quantity, rB, is calculated during 

input processing such that r(O) = r0

Rev. 2 
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The quantities, rsi, are obtained from input tables defining ns5 

reactivity curves as a function of time. The quantities, VCi, 

are Nc control variables that can be user defined as reactivity 

contributions. Rp is a table defining reactivity as a function 

of the current density of water, pi(t), in the hydrodynamic 

volume i; Wpi is the density weighting factor for volume i; TWi 

is the equilibrium temperature of volume i; awi is the 

temperature coefficient (not including density changes) for 

volume i; and n. is the number of hydrodynamic volumes in the 

reactor core. The value RF is a table defining reactivity as a 

function of the average fuel temperature TFi in a heat structure; 

WFi and OFi are the fuel temperature weighting factor and the 

fuel temperature coefficient, respectively; and nF is the number 

of heat structures in the reactor core.  

This model assumes nonlinear feedback effects from moderator 

density and fuel temperature changes and linear feedback from 

moderator temperature changes. The name, separable, is attached 

to this model since each effect is assumed to be independent of 

the other effects. Boron feedback is not provided, but a user 

defined boron feedback can be implemented with the control 

system.  

The separable model can be used if boron changes are quite small 

and the reactor is near critical about only one state point.  

A postulated BWR ATWS accident is an example where the reactor 

could be nearly critical for two different state points. One 

point is at normal power operating conditions: high moderator 

and fuel temperatures, highly voided, and no boron. During 

accident recovery, the reactor might approach a critical 

condition with relatively cold moderator and fuel temperatures, 

with no voids, but with some boron concentration. The reactivity 

could be nearly critical for both states, but the contribution 

from the different feedback effects is vastly different. The
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assumptions of no interactions among the different feedback 

mechanisms, especially boron, cannot be justified. The tabular 

model defines reactivity as 

N s nc 

r(t) = r0 + rB + r5s + + R P(t) , TF(t). B(t) 

i 2 
2.3.1-46

n P 
P(t) - i Pi (t) 

i 

n 
p 

Tw(t) = w i Twi(t) 

i 

n 
p 

(t) = . Wi Bi(t) 
1

2.3.1-47

2.3.1-48

2.3.1-49

2.3.1-50

n F 

TF(t) = WFi Tri(t) 
i

where B is boron density. The average quantities are obtained 

with the use of one weighting factor for each hydrodynamic volume 

and each heat structure contributing to reactivity feedback. The 

reactivity function R is defined by a table input by the user.  

In the Table 4 option, the table is four-dimensional; the Table 3

2.3-14
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option assumes no boron dependence and the table is then three

dimensional.  

The tabular model overcomes the objections of the separable model 

since all feedback mechanisms can be nonlinear and interactions 

among the mechanisms are included. The penalty for the expanded 

modeling capability greatly increases the input data 

requirements.  

The reactivity function R is evaluated by a direct extension of 

the one-dimensional table lookup and linear interpolation scheme 

to multiple dimensions. One-dimensional table lookup and 

interpolation of the function V = F(W) uses an ordered set of Nw 

independent variable values Wi with the corresponding values of 

the dependent variable Vi to determine the value of V 

corresponding to -a search argument W. The independent variable 

is searched such that Wi and Wi+l bracket W; an equation for a 

straight line is fitted to the points Wi, Vi, and Wi+., Vi+l; and 

the straight line equation is evaluated for the given W.  

Using subscripts 0 and 1 for bracketing independent values and 

corresponding dependent values, and defining w = (W - WO)/(W1

Wo) so that w varies from 0 through 1 as W varies from WO through 

Wl, the interpolation equations are 

aO = V0  and a1 = V1 - VO. 2.3.1-51 

For two-dimensional interpolation of V - F(W,X), two sets of 

independent variables are used: Nw values of Wi, and Nx values 

of Xj. A total of NwNx dependent values of Vij are entered, one 

for each combination of variables from the two sets of indepen

dent variables. Graphically, the two sets of independent 

variables form a rectangular grid when the Wi and Xj variables 

are plotted on horizontal and vertical coordinates, respectively.  

The dependent variables are entered corresponding to the
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intersections of the mesh lines. The search for bracketing 

values in each independent set locates a mesh rectangle and the 

dependent values at the four corners are used to form an 

interpolation equation which is the product of two straight line 

functions, one for each independent variable. Using 0 and 1 

subscripts for the bracketing values 

1 2.  

V aij wi xj 2.3.1-52 

i=0 j=0 

x X -X 0 
X 1 0X 

a., = V0 0 , a0 l = Vol - VO0, alO= V1 - VOO 

and 

a11 =vi - vl -Vo + Vo• 
a 1 V11 V01 V10 +V00 

This process, is simply extended to three- and four-dimensions.  

Three sets of independent variables define a three-dimensional 

rectangular grid and eight dependent quantities corresponding to 

the corners of a rectangular solid are used to define the 

interpolation equation which is the product of three straight 

line functions. In four-dimensions, four sets of independent 

variables are defined and 16 dependent values are used to define 

the interpolation equations, which is the product of four 

straight line functions.  

For three-dimensional interpolation 

V = F(W, X, Y) , 2.3.1-53
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Y -YO 
Y 1 Y0

1 1 

j=0 k=0
2.3.1-54

For four-dimensional interpolation

V = F(W, X, Y, Z) I

z - z0 

Z -Z1 Z0

2.3.1-55

2.3.1-56

1 

i=0 j--0 k=O

a ijkl W i xj yk Z1 .
2.3.1-57

The interpolating equations define a continuous function, that 

is, there is no discontinuity in the dependent quantity as any 

one or combination of dependent variables pass to the next 

bracketing pair of values.  

Using NW, NX, Ny, and NZ as the number of values in the four sets 

of independent variables, the number of data points for a three

dimensional table is NW NX Ny and is NW NX Ny Nz for a four

dimensional table. Using only four values for each independent 

variable, a four-dimensional table requires 256 data points.

2.3-17
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2.3.1.7. Reactor Kinetics -Numerical Procedures

The reactor kinetics equations are advanced in time using the 

modified Runge-Kutta Method of Cohen. 1 0 4  A first-order 

differential equation is written as

h(t) = a n(t) + R(n,t) , 2.3.1-58

where a is constant over the time step, and R(n,t) contains the 

remaining terms of the differential equation, including the 

nonconstant portion of any coefficient of n(t). If the 

coefficient of n(t) is 8(n,t), a would be p(n(O),O], and R(n,t) 

would contain a term of the form, P(n(t),t] - a n(t).  

Multiplying Equation 2.3.1-58 by an integrating factor and 

integrating gives

n(t) = n(O) eat + ft ea(t - ) R(n,A)dX 2.3.1-59

at n (o) e = n(0) + an(O) e(t - A)dA, 2.3.1-60

n(t) = n(O) + ft [an(O) + R(n,)]e'( t - g)dX . 2.3.1-61

Letting A = ut, then dA = tdu, and

n(t) = nO) + t jo ([an O) + R(n,u)]eat(l - U)du 
o

2.3.1-62
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The numerical technique for advancing the solution over the time, 

step consists of making approximations to the behavior of R(n,u) 

over the time step- For convenience in the following 

expressions, the following function is defined

C1mu)l eX(I - U)du Cm (X) = o '- ,d 2.3.1-63

Stage 1: 

Assume R(n,A) = R[n(O),O] = Ro and write n(O) as no; then 

compute n[2)

n n(1) =no + h (.n R0) 1 (C' 1-) 2.3.1-64

Stage 2: 

Assume a straight-line variation of R(n,A) between RO and R1 = 

R(nl' h) and compute n(hJ 
2~,~ 0 ( 2( )A

R(n,A) = Ro + 2(h ' 

0 =h 

R(n,X) = R0+ (R1 - R0 ) u (using X = u 2h)

2.3.1-65 

2.3.1-66

n n( h = n1 + h (R1 R R) C2 [z 2.3.1-67
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Stage 3:

Assume a straight-line variation of R(n,A) between Ro and R2 
R(.n2 , 2h and compute n(h).  

2 (R 2 - Ro) g 
R(n,A) = R0 + - h * ') 2.3.1-68

R(n,u) = R + 2 (R2 - R0 ) (using g = uh) , 2.3.1-69

n3= n(h) = n 2 + h(an 0 + Ro) Cl(ah) + 2h(R 2 - Ro) C2 (ah) .  

2.3.1-70 

Stage 4: 

Assume a quadratic through the points Ro, R2 , and R3 = R(n 3 , h) 
and compute n(h).  

R(n,u) = (2R + 4R2 + 2R3) 2u + (-3R + 4R2 - R3) u + R0 

2.3.1-71

and

n4 = n(h) = n 3 + h (R 4 - R3 ) [2C3 (zh) - C2(ah)] . 2.3.1-72

Stage 5: 

Assume a quadratic through the points Ro, R2 , and R4 = R(n 4 ,h) 
and compute n(h).  

n= 5n(h) = n 4 + h (R4 - R3 ) [2C3 (ah) - C2 (ah)]. 2.3.1-73
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•K Third-, fourth-, and fifth-order approximations are obtained by 
terminating the process at the end of the third, fourth, and 

fifth stages, respectively. RELAPS uses only the fifth-order 

approximation.  

By direct integration, the function, Cl(x), is given by 

C1 (x) = ex - 1 2.3.1-74 

Using integration by parts, a recursion relation for Cm(x) is 

CM l(x) m(X) 2.3.1-75 

During machine calculations of the Cm(x) functions for X < I, 

excessive loss of significance occurs. For this range, C3 (x) is 

computed from its MacClaurin series expansion 

C•(x) = 2 1 + + X + + _x- + + X+ o " 2.3.1-76 

C2 and Cl are evaluated by solving Equation 2.3.1-75 for Cm(x).  

During the advancement in time of the solution, the time 

increment is automatically increased or decreased to maintain a 

specified degree of accuracy. After the calculations for a 

reactor kinetics time-advancement, an empirical formula is used 

to estimate the error. If the error is excessive, the time 

increment is halved, and the advancement calculation is redone.  

If the error is sufficiently small, the time interval is doubled 

for the next time step. If the estimated error is between 

limits, the same interval is used for the next time-advancement.
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These procedures for time step control, taken from the AIREKI 0 5 
code, are as follows 

;(0) 
0(0)

and

2.3.1-77•3 o (h) " 
"- '- 

is defined by 0(h) = 4(O)e 

_ h 2 C (ah) [+ ] 

1 + C1 (ah) 3W- 2 J + w3 2.3.1-78

The a in Equation 2.3.1-78 is that of the neutron flux equation, 
Equation 2.3.1-23. The quantity, 6, is defined as the maximum 
(taken over all differential equations) of the quantity 

nI - nO 
n1 

The QL and QR appearing below are 0.0001 and 0.001, respectively.  

1. If 6 < 2-15 and Q Z QL, the program continues with the same 

time step.  

2. If 6 < 2-15 and Q < QL, the program doubles the time step 
for the next advancement.  

3. If 6 > 2-15 and 

a. Q < QL, the time step is doubled for the next 

advancement.
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b. Q • Qj, the same time step is used for the next 

advancement.  

c. Q > QH, the time advancement is recalculated with half 

the time step.  

4. The time advancement is also recomputed with the time step 

halved if 

a. ah (of any equation) > 88.0.  

b. Negative or zero power is computed.  

If the coefficient of the neutron flux in Equation 2.3.1-23 is 

negative, a subtraction is involved in determination of the 

derivative and a loss of significant figures can occur. If this 

coefficient is negative, a check is made of the number of bits 

lost in the subtraction. If more than nine bits are lost, the 

value of neutron flux computed by the current stage of the 

advancement procedure is discarded; instead, neutron flux is 

determined from the expression obtained by setting the neutron 

flux derivative to zero 

- fi Wi(t) - b 

D(t) r(t) - 1 2.3.1-79 

The transfer of information between the reactor kinetics 

calculation and the other RELAP5 calculations is explicit.  

Hydrodynamic and heat conduction/transfer calculations precede 

reactor kinetics, and the control system calculation follows 

reactor kinetics. The reactor power used in hydrodynamics and 

heat conduction is the value at the beginning of the time step.  

The reactivity used as an end-of-time step value in the kinetics 
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advancement uses end-of-time step values from hydrodynamics an 

heat conduction and beginning-of-time step values from the 
control system.  

The reactor kinetics equations are advanced at the same time step 

rate as the hydrodynamics and reactivity is assumed to vary 

linearly between time step values. The maximum time step for the 

reactor kinetics advancement is the hydrodynamic time step. That 

time step is reduced if necessary as described above.
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2.3.2. Core Heat Structure Model

The ordinary RELAPS heat structures are general in nature and can 

be used for modeling core fuel pins; however, licensing 

calculations require special treatment of the fuel pin heat 

transfer. To accommodate these requirements, two additional 

models, commonly referred to as the EM (Evaluation Model) pin and 

core surface heat transfer models, were added to the code. The 

EM pin model calculates dynamic fuel-clad gap conductance, fuel 

rod swell and rupture using either NUREG-0630 117 or user input 

options (for modeling M5 cladding or other zirconium-based alloy 

cladding material types), and cladding metal-water reaction. The 

core fuel pin surface heat transfer is calculated with a flow 

regime-dependent set of correlations that include restrictions on 

which correlations can be selected per NRC licensing 

requirements. These new models are independent and mutually 

exclusive of the original system heat transfer model (described 

in section 2.2.2) and the existing simple gap conductance 

model 1 1 8  (referenced in Appendix A). The new models are 

explicitly coupled to the solution scheme through the 

modification of the gap conductance term, addition of fluid 

hydraulic resistance upon rupture, deposition of metal-water 

reaction energy in the clad, and determination of fuel pin 

surface heat transfer. The new EM pin model calculations are 

described in this section, while the EM heat transfer description 

is contained in section 2.3.3.  

The EM pin model consists of three basic parts: 

1. Dynamic fuel-clad gap conductance, 

2. Fuel rod swell and rupture using NUREG-0630 or user 

specified swell and rupture options, and 

3. Clad metal-water reaction, 
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which couple explicitly to the heat structure solution scheme or 

add fluid hydraulic resistance upon rupture. The model may be 

executed either in a steady-state initialization or transient 

mode determined by user input.  

The pin calculations are performed on single fuel rod which 

represent the. average behavior of a large number of rods. Each 

rod (also termed channel) can be broken into up to ninety heat 

structures, each having an associated pin segment. The gap 

conductance, deformation mode, and metal-water reaction are 

determined for each individual segment based on the channel 

specific pin pressure.  

The changes to the EM pin model included in Version 21 and later 

code versions are: 

I. User options to model zircaloy and/or MS cladding (or 

other zirconium-based alloy material types) in the same 

problem, 

2. User options to specify the pin channel as a primary or 

supplemental channel for additive form loss and BEACH 

droplet breakup calculations upon pin rupture, and 

3. Integration of the NRC SER limitation (BEACH code-BAW

10166, Rev. 2 dated 8/13/90) for use of a maximum flow 

blockage of 60 percent in the ruptured cladding droplet 

breakup calculations.  

The option to allow zirconium-based alloy cladding types requires 

user input to identify which pin channels are zircaloy and which 

are not. The zirconium-based alloy cladding also requires 

additional user input to specify the material properties 

necessary to calculate the transient cladding swell and rupture 

behavior.  
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The supplemental pin capability was added to improve the 

calculational methods that require modeling of multiple EM pin 

channels within a single hydrodynamic fluid channel (i.e., an 

assembly or a group of assemblies) for LOCA applications. The 

relationship between the supplemental pin and the remainder of 

the pins in a common fluid channel is one in which the 

supplemental pin swell and rupture will not define the rupture 

flow blockage for the entire channel. Rather it will define a 

local effect that should not be used in determination of the 

channel droplet breakup parameters and the additive form loss due 

to rupture. These parameters should be controlled by the larger 

group of pins (i.e. primary channel) and not the smaller grouping 

(i.e. supplemental channel). The supplemental rod modeling is 

particularly useful for gadolinia or lead test pin (M5) analyses.  

It may also be used in future EM revisions for hot pin 

applications, in which the hot pin has a higher radial peak or a 

different initial fuel temperature.  

2.3.2.1. Transient Dynamic Fuel-Clad Gap Conductance 

The RELAPS heat structure conduction scheme uses cold, unstressed 

geometrical dimensions for its solution technique. The dynamic 

gap conductance, hgap, is calculated from hot stressed conditions 

from which an effective gap thermal conductivity, Kgap' based on 

cold gap size, Tgcold , is determined for each pin segment.  

Kgap = hhgap T gcold 2.3.2-1 

The gap conductance is determined by calculating the gap gas 

conductivity, temperature jump gap distance, radiation component, 

and dynamic fuel-clad gap from the deformation models. An 
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additive fuel-clad contact conductance term has also been 

included as an option to simulate the closed gap contribution for 

high fuel rod burn-up applications. Two options are provided to 

calculate the conductance. The first option assumes that the 

fuel pellet is concentric within the clad, while the second 

option assumes the fuel pellet is non-concentric within the clad 

as illustrated in Figure 2.3.2-1.

-r 2Tg

Inside Clad 
Surface

Option 1 Option 2

Figure 2.3.2-1. Gap Conductance Options.
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Eight half-symmetrical azimuthal sections are used for 

determining the overall conductance for the second option without 

calculating an azimuthal temperature gradient. The total gap 

conductance is determined by 

h M- h - + h + h 2.3.2-2 
gap *g gap rad fcc 

gas 

with 

hgap - conductance through gap gas (w/m2-K), 

M = user input multiplier used to acquire correct 
initial temperature within fuel, 

hgap = gap gas conductance contribution (w/m 2-K), 
gas 

hrad = conductance due to radiation contribution from 

fuel to clad (w/m2 -K), and 

hfcc = gap contact conductance contribution due to fuel
cladding mechanical interaction (w/m2 -K).  
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The radiation gap conductance contribution is calculated by

h a -Tfs4 - Tics ] 
rad + fL. I-. [ f -Tics 
rd ef r (e ) T 5 f ic ec 

a(T 2  + T ) (Ts + Tis) 2.3.2-2.1 

ef r. e 1 f ric ec 

where 

a - Stefan-Boltzmann constant, 

= 5.6697 x 10-8 (w/m 2 -K 4 ), 

ef = emissivity of fuel surface, 

ec = emissivity of clad-inside surface, 

Tfs .. fuel outside surface temperature (K), and 

Tics = clad-inside surface temperature (K).  
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The optional fuel-cladding 
contribution is calculated by150

contact conductance,

0.1565 (kh/Reff) * M2 h • (Pfcc/Hm)0.5 

max [ 1 , [Pfcc/(6.89x10 6 )]0 0

hfcc,. :

2. 3.2-2.2

where 

kh = harmonic mean conductivity, (w/m-K), 

Reff = effective surface roughness, ((m), 

42h = ratio of RHR fuel surface roughness to wavelength 

(RHR is defined as Relative-Height-Rating), 

Pfcc interface contact pressure, (Pa),. and 

Hm M Meyer hardness for the cladding, (Pa).  

The harmonic mean conductivity is defined as

2 kf kc 
h (kf + kc) 2.3.2-2.3

where kf is the fuel surface thermal conductivity, (w/m-K), 

evaluated at the average temperature of the outer two fuel mesh 

points. kc is the cladding conductivity, (w/m-K), .evaluated at 

the average temperature of the inner two ciadding mesh points.  

The effective surface roughness is given by

Reff = t RF2 + RC2 )0'5 2.3.2-2.4
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The fuel surface roughness to wavelength ratio150' 1 4 7 is given b•_

M2h = 29.28 • RF 0 . 5 2 8
2.3.2-2.5

the

Meyer hardness for the cladding is defined as a function 

inside cladding surface temperature, Tics, as

3 2 
H = Max (exp CC Ti + C Ti + C T. + C 105 
in 1 ics 2 ics 3 ics C4 3,1 

2.3.2-2.6 

The constants C1 , C2 ' C3, and C4 are user input or defaults119 to

C1 = -2.5621xI0-8 

C2 = 4.3502xi0-
5 

C3.- = -2.6394xi0-
2 

C4 = 26.034

-3 , (K ), 

(K-
2) 

(K-l) and 

(dimensionless).

The contact pressure between the fuel and cladding is 1 5 1

E ( +v + C( - f) 
C - f

2.3.2-2.7

U fcc = cladding radial displacement due to contact 
Equation 2.3.2-41.9 through 2.3.2-41.12), (m),

(from

Ec = Young's modulus for the cladding (see Equation 2.3.2
29), (Pa), 
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rir = hot, stressed inside cladding radius (m), 

rcc = hot, stressed outside cladding radius (m), 

Vc = Poisson's ratio for the cladding (dimensio 
(default value is 0.3), 

Vf = Poisson's ratio for the fuel (dimensio 
(default value is 0.314), and 

Ef = Young's modulus for the fuel given ei 
code for UO2 fuel (Pa) as,

nless input), 

,nless input), 

ther by the

f1.8863X1011 

7. OxlO

- 9.0627xi07 Tf Tf S 2000 K 

Tf > 2000 K 

2.3.2-2.8

or by a user specified cubic equation

SlT f3 + C2 Tf2 + C3 Tf + C4 2.3.2-2.9

The gap gas conductance is calculated by

N 

h M-Ica gap 
gas=1

C [(n + 3.6(RF ¥ Rc) + (g1+ g2)]

2.3%.2-3

where

n = number of the azimuthal segment, 

N = user controlled total number of azimuthal segments; 

1 1, for option 1 or concentric fuel pellets, 

8, for option 2 or non-concentric fuel pellets, 

Rev. 3 
2.3-28.3 10/92



Kgas = thermal conductivity of gap gases (w/m-K), 

7n = width of fuel-clad gap at the midpoint of the n-th 

azimuthal segment (m), 

RF = user input surface roughness of the fuel (m), 

Rc = user input surface roughness of the clad (m), 

gl + g2 = temperature jump distance terms for fuel and 
cladding (m), with 

n= 2n- N TgI ' 2.3 2-4 

where 

rg = hot fuel-clad gap size (m) 

r.ic -rf 

r. = hot, stressed inside clad radius (m), and 

rf = hot fuel outside radius (m).  

The temperature jump distance terms account for the temperature 
discontinuity caused by incomplete thermal accommodation of gas 
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molecules to surface temperatures. The terms also account for 

the inability of gas molecules leaving the fuel and cladding 

surfaces to completely exchange their energy with neighboring gas 

molecules, which produces a nonlinear temperature gradient near 

the fuel and cladding surfaces. The terms are calculated by the 

equation

gl + g2 = 0.024688 Kg T 1 / 2 /Pg Eifi ai Mi- 1 /2 2.3.2-5

where

Tg temperature of gas in fuel-cladding gap (K), 

(Tics + Tfs )/2, 

Pg = channel gas pressure (Pa), 

f. mole fractions of i-th component-of gas, 

a. =accommodation coefficient of the i-th component of 
gas, and 

M= molecular weight of i-th component of gas.  

The accommodation coefficients for helium and xenon are obtained 

by using curve fits to the data. 1 0 0

a He = 0.425 - 2.3 • 10-4 Tg

-4 
a e = 0.749 - 2.5 -- 10 Tg

and

(Helium) 2.3.2-6

(Xenon) . 2.3.2-7

2.3-29
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If T is greater than 1000 K, T is set to 1000K. The 

accommodation coefficients for other gases are determined by 

interpolation.

(Mi - MHe) 

j He (Mxe _ MHe) (axe-aHe)
2.3.2-8

The volumetric heat capacity and thermal conductivity of the fuel 

rod materials, except the thermal conductivity of the.gap gas, 

must be supplied by the user. For the computation of gas thermal 

conductivity, the user is required to provide the gas composition 

in terms of mole fractions of seven common gases included in the 

model.  

The conductivity as a function of temperature for a pure noble or 

diatomic gas is calculated using the following correlation

K ~ATB 
Kgas = A T 2.3.2-9

The constants A and B for seven common gases are given in Table 

2.3.2-1. The thermal conductivity of a gas mixture is calculated 

from the expression

N r N 

X gas i1 (K iXi) / i + Exjj ji 2.3.2-10

where 

r 1+ (K./K.) 1 /2 (M./K.) 1/412.8 (1 + Mi/M.)]- 1 /2 

2.3.2-11
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and

Ng = number of components in the mixture, 

m. = molecular weight of component i, 

Xi = mole fraction of component i, and 

K = thermal conductivity of component i (w/mK).

Table 2.3.2-1. Constants Used in Gas Thermal Conductivity 
Correlation.

Constant

Gas

He 

Ar 

Kr 

Xe 

H2 

N2 

02

2.639 

2.986 

8.247 

4.351 

1.097 

5.314 

1.853

A

0 10- 3 • 10-4 

10-5 
0-5 
10-3 

•10- 4 

•10- 4

B 

0.7085 

0.7224 
0.8363 

0.8616 

0.8785 

0.6898 

0.8729

Fuel Rod Swell and Rupture

The hot fuel-clad gap distance used to compute the total gap 

conductance for each pin segment is defined as before.  

rg 7ric - rf 2.3.2-12 

The thermally expanded fuel outside radius, rf, is determined 

from

2.3.2-13 1
rf =r +0 +0 rcold UT Uc,
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where

rfcold = cold unstressed fuel outside radius (M),

UTF = radial displacement due to fuel thermal expansion 
(m), and 

uFC = fuel radius over-specification factor determined 
during pin transient initiation (m).  

The thermal expansion of the fuel is determined by summing the 

diametrical expansion of each fuel mesh interval input on the 

general heat structure card series.

(rn+l - rn) CTF I 2.3.2-14

total number of fuel mesh intervals, 

heat structure radius at the inside of mesh interval 
n (m),

CTF radial strain function defining the fuel thermal 
expansion as a function of fuel temperature,

CTF = C1 Tf + C2 + C3 [exp(C4 /Tf)] , 2.3.2-15

with

2.3.2-16Tf =(Tfn +T )/2 , n Tfn+l

average mesh interval temperature, (K), and 
constants Cl, C2, C3 and C4 are user input or 

defaulted to (from MATPRO 11 Rev. 2 119),

2.3-32

u -TF n=

where

Nf = 

rn =



C = 1.0 0 I0-5 (K-) 

C 2- -3.0 - 10-2' 

C3 = 4.0 - 10 , and 

C4 ' -5.0 0 I0 (K)3 .  

The fuel is defined by the first material type specified in the 

heat structure input, with the next material type being the gap 

and the third the clad as shown in Figure 2.3.2-2. Any deviation 

from the geometry will result in an error or misinterpretation of 

the information by the pin model. The gap can 2n1y be Dne mesh 

interval wide, while fuel or clad must be greater than or equal 

to one mesh interval. Currently no provisions are made for 

annular fuel pellets.  

The calculation of the inside clad radius is not as 

straightforward as the fuel outside radius. Seven different 

calculational modes are required to cover the possible clad 

conditions. They are defined as: 

1. Elastic and thermal expansion within an unruptured channel, 

2. Elastic and thermal expansion within 166.7K (300"F) of the 

clad rupture temperature within an unruptured channel, 

3. Plastic deformation within an unruptured channel, 

4. Elastic thermal expansion within a ruptured channel, 

5. Plastic deformation in a ruptured channel, 

6. Ruptured segment, and 

7. Fuel-cladding mechanical iteration (closed gap).  

Each mode is related to the NUREG-0630 calculated rupture 

temperature for zircaloy cladding by the equation: 

20.47h (8.51 a 106 )Ch 
Trupt = 4233 I+ H i 2.3.2-17 
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rNHS Clad 

r~f +2 
r+ Gap 

rrNf+1 

SrNf 

32Fuel 

--- --• ,r1=0.0 
cmL 

2 

N +1 Mesh Intervals 

Mesh Intervals 

Figure 2.3.2-2. Fuel Pin Representation.
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where 
rupt = cladding rupture temperature (K), 

ch - clad hoop stress (kpsi), and 

H = dimensionless clad heating ramp rate, 0 H e 1.  

The rupture temperature for other zirconium-based alloys is 

calculated by the following equation: I

a2 (oh-a 7 ) a3 (ah-a7) 
Trupt . al - a4 + H - aS (a4 + H) + aG(oh-a 7 )

I 2.3.2-17a

where al through a7 are user-specified input constants. The clad 

hoop stress for any pin segment in either equation is given by

S=p (P c cold Pf roccold )/(roccold - ric cold), 2.3.2-18

with
= cold unstressed inside clad radius (m),

rocco - cold unstressed outside clad radius %mi 

Pg = internal fuel rod pin pressure for that 
channel (Pa), and

Pf external fluid pressure of the right-hand 
side heat structure associated volume (Pa).  

C = I / 6.894757 x 106 

The heating rate can be either. a user input constant or one of 

three additional transient-dependent algorithms discussed in 

detail later in this section.  

At the beginning of each new time step following a successful 

RELAPs time step advancement, the hoop stress and normalized 

heating ramp rate are computed for each pin segment. The clad 

average temperature is also known at this time. If the clad 
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average temperature is greater than the rupture temperature, then 

rupture occurs. Should the segment still be elastic and the 

rupture minus the clad temperature is less than 166.7K (300 F), 

then the segment stays elastic. Between these two temperatures 

the clad can be either elastic or plastic depending upon this 

temperature difference and the burst -strain as described in the 

following paragraphs for ruptured or unruptured channels.  

Mode I- Uinruptured Elastic and Thermal Deformation 

Within an unruptured channel, the clad is considered purely 

elastic if it has never gone plastic, ruptured, or the 

temperature difference between rupture and clad average 

temperatures is less than 166.7 K (300 F). The inside clad 

radius for this pure elastic mode is determined by 

ric =r Ccold + uTC + ucc+ ue 2.3.2-19 

where 
UTC = clad radial displacement due to thermal expansion (m), 

(m), 

= clad radius over-specification factor (m), determined 
during pin transient initiation, and 

ue = clad radial displacement due to elastic deformation (m).  

The clad thermal expansion is determined similarly to that for 

the fuel.  

uTC= (rN s+1 + rNf+2 ) eTC / 2 , 2.3.2-20 

with NHS = total number of mesh intervals in the heat structure, 

rn= heat structure radius at the inside of mesh interval 
n or outside of n-I (m), and 

TC = radial strain function defining fuel thermal 
expansion as a function of clad average temperature.  
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The radial strain function is defined by either a user input 

table as a function of cladding temperature for zirconium-based 

material types other than zircaloy or a built in code correlation 

set for zircaloy cladding119 consisting of

2.3.2-22C TC ' -2.0731 s 10-3 + 6.721 * 106 .TC 

for Tc _ 1073.15 K (a phase), and 

CTC ' -9.4495 * 10"3 + 9.7 - 10-6 TC

for TC z 1273.15 K (0 phase), where TC is the average cladding I 
temperature (K). In the a phase to P phase transition zone, 

1073.15 K < TC < 1273.15 K, a table lookup is used. Some I 
selected values are listed in Table 2.3.2-2.

Table 2.3.2-2. Thermal Strain of Zircaloy for 
1073.15 K < T < 1273.15 K.

2.3.2-23

Radial Strain 
e 
TC

5.14 0 

5.25 * 

5.28 e 

5.24 * 

5.15 6 

4.45 6 

2.97 S 

2.90 *

0- 3 
10 

0- 3 

103 

0-3 0- 3 
10

0- 3

Axial Strain 

ATC 

3.53 e 10 

3.50 * 10 

3.46 * 10 

3.33 9 10-3 

3.07 a 10 

1.50 a 10 -3 

1.10 6 10 

1.40 - 103

2.3-37

K�.

I (K) 

1073.15 

1093.15 

1103.15 

1123.15 

1143.15 

1183.15 

1223.15 

1273.15
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The average clad temperature is calculated via a volume weighted, 

average.

NHS (rn+ r 2 ) 2 [(Tn+1 + Tn).  

TC = E (r + 2 r 2) 2 
n=NNf+2 rN H+S - rNf+2

2.3.2-24

The maximum clad average temperature is calculated for each EM 

pin channel and written at each major edit and at the end of each 

case. The segment number and time of the peak cladding 

temperature is also specified. The fuel volume weighted average 

temperature, Tf, is calculated similarly to the cladding.

Nf 

n= 1

(rn+2 -r n2) 

(rNf - r1 2

(Tn+ 1 + Tn
2.3.2-25

The elastic deformation, Ue, is calculated by

ue = [r, +, + N+2] [h U E ] 2.3.2-26

E = Young's modulus for clad (Pa),

ah = segment clad hoop stress (Pa), 

az = channel clad axial stress (Pa), and 

U = Poisson's ratio for clad (dimensionless).  

The channel axial stress is the same for. all segments in the 

channel and is determined by

Pgr. 2 g iCgold 

rOccold

P f r oc cold 

-ric cold2

2

2.3.2-27 
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Young's modulus is given either by the code for zircaloy cladding 
'--as 

( 1.088 1011 - 5.475 10 T ; for 1090K a T 

1.017 • 1011 - 4.827 • c; for 1240K Tc > 1090K 
E =C 

9.21 10 - 4.05 10• TC; for 2027K Z-Tc > 1240K 

1.0 1010 ; for TC > 2027K, 

2.3.2-28 

or by a user-specified cubic equation that can be used for 

zirconium-based alloy cladding 

E - C1 Tc3 + C2 Tc2 + C3 Tc + C4 . 2.3.2-29 

Poisson's ratio is a constant which is defined as 0.30 for zircaloy 

by the code, however, the user can over-ride this value for 

zirconium-based alloy cladding types.  

The normalized heating ramp rate for the elastic mode is determined 

by one of two methods. The code calculates an instantaneous 

heating rate for one method, while the other method sets the rate 

to a normalized user-input value between 0 and 1. The calculated 

heating rate is normalized via a constant value, Ho1 , of 28 K/s 

for zircaloy cladding or a user input for other zirconium-based 

alloy cladding materials.  

H {d} Hpj 0 = dt HRnorm 

Tcn - nl 

t 2.3.2-30 

The normalized heating rate is always limited to values between 0 

and 1 or( 0 K/s / Hpr) _. H j ( 28 K/s / HpOr - 1 ) for zircaloy 

\ ladding and between ( H51 , ipt / Hn .a H s, ( HMat inu / mor) for 
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other zirconium-based alloy cladding types. This limit is applied 

to H prior to using it in any subsequent checking or calculations.  

The superscripts reflect the current time, n, and old time, n-1, 

values. The zirconium-based alloy slow or fast ramp rate divided 

by the normalized rate is still limited between 0 and 1, but they 

do not have to be equal to 0 or 1. Values greater than 0 or less 

than 1 activate the slow or fast ramp curves at different 

normalized heating rates.  

Mode 2: Unruptured Elastic and Thermal Deformation Within 166.7K 
(300 F) of the Rupture Tremperature 

When the clad average temperature is within 166.7K (300 F) of the 

rupture temperature, the elastic inside clad radius is calculated 

as shown in Mode 1. This radius is compared against the plastic 

inside clad radius calculated in Mode 3. If the elastic radius is 

greater than the plastic radius, then Mode 2 is retained and the 

inside clad radius is set to the elastic radius. If not, the clad 

'becomes plastic (Mode 3) and the plastic clad calculations are 

used. An informative message is printed when a segment first 

becomes plastic. No return to elastic Modes (U or 2) is permitted 

once the clad becomes plastic.  

nic = MAX(ricelastic' ric plastic) . 2.3..2-31 

If riCelastic ? ricplastic' Mode p 2 .  

riCelastic cplastic 

Ifricelastic < c plastic' Mode =3.  

Mode 3: Unruptured Plastic Defornrmation 

The unruptured plastic deformation is determined by the plastic 

strain, ep.  

Ic src + 2.3.2-32 tic iccold e) 
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with 

ep p = ecpsexp[(0.02754(Trupt - Tc)], 2.3.2-33 

where e£, is 0.2 * es (e9 is the burst strain) based on NUREG-0630 

for maximum cladding plastic strain and on user input tables for 

zirconium-based alloy cladding. The plastic strain or burst strain 

is determined by a double interpolation, relative to H and T,.. in 

the user input or default NUREG-0630 burst strain Tables 2.3.2-3 

and 2.3.2-4. The plastic strain behaves as a ratchet. Once a 

given plastic strain is reached, no decrease in its value is 

allowed. In other words, for plastic mode calculations 

ric MAX(ricn, ricn-l), 2.3.2-34 

where the superscripts refer to the current and old time values.  

If the plastic mode is selected, the normalized heating ramp rate 

is calculated from any of three user options: user input constant, 

average ramp rate, or plastic weighted ramp rate. The normalized 

average ramp rate is calculated from 

e, , 2.3.2-35 

where 
t - time (s), 

n = superscript defining the current time, and 

p = superscript defining the time in which the clad first 
went plastic.  

The normalized plastic weighted ramp is calculated by 

f tn .W (T) dT dt 1 
f= nd jIo 2.3.2-36 

tpW(T) dt 
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Table 2.3.2-3. NUREG-0630 Slow-Ramp Correlations for 
Burst Strain and Flow Blockage.

Rupture 
temperature, 

C 

600 

625 

650 

675 

700 

725 

750 

775 

800 

825 

850 

875 

900 

925 

950 

975 

1000 

1025 

1050 

1075 

1100 

1125 

1150 

1175 

1200

<Io C/S 
burst 

strain, 

10 

11 

13 

20 

45 

67 

82 

89 

90 

89 

82 

67 

48 

28 

25 

28 

33 

35 

33 

25 

14 

11 

10 

10 

10

_<10 C/S 
flow 

blockage, 

6.5 

7.0 

8.4 

13.8 

33.5 

52.5 

65.8 

71.0 

71.5 

71.0 

65.8 

52.5 

35.7 

20.0 

18.0 

20.0 

24.1 

25.7 

24.1 

18.0 

9.2 

7.0 

6.5 

6.5 

6.5
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Table 2.3.2-4. NUREG-0630 Fast-Ramp Correlations 
for Burst Strain and Flow Blockage.

Rupture 
temperature, 

C 

600 

625 

650 

675 

700 

725 

750 

775 

800 

825 

850 

875 

900 

925 

950 

975 

1000 

1025 

1050 

1075 

1100 

1125 

1150 

1175 

1200

>25 C/s 
burst 

strain, 
- -1 
10 

10 

12 

15 

20 

28 

38 

48 

57 

60 

60 

57 

45 

28 

25 

28 

35 

48 

77 

80 

77 

39 

26 

26 

36

Z25 C/S flow 
blockage, 

6.  

6.5 
6.5 
7.5 

10.0 

13.8 

20.0 

27.5 

35.7 

43.3 

46.0 

46.0 

43.3 

33.5 

20.0 

18.0 

20.0 

25.7 

35.7 

61.6 

64.5 

61.6 

28.5 

18.3 

18.3 

26.2
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with

W(T) - expC-0.0 2 7 5 4(Trupt - Tc)]- 2.3.2-37 

All three options have H limited to between 0 and 1.  

Mode 4: Elastic Thermal Exnansion in Ruptured Channel 

When a segment within the channel ruptures, the remaining 

segments in that channel are effected. Following rupture all 

external mechanical forces are removed from the clad. For any 

elastic segments (Mode I or 2) the clad can shrink back to a 

thermally expanded state marked by Mode 4. The inside clad 

radius is calculated by 

r. r. + UT + U 2.3.2-38 ric rccold TC CC 

for segments in this mode.  

Mode 5: Plastic Deformation in a Ruptured Channel 

Any segment which was plastic in a channel when another segment 

ruptured has its mode redefined from 3 to 5. The clad inside 

radius remains frozen from that time forth. The gap size can 

change, however, due to thermal expansion or contraction of the 

fuel pellet.  

Mode 6: Ruptured Secment 

A segment ruptures when the clad temperature exceeds the 

calculated rupture temperature. An edit is provided at the time 

of rupture for clearly identifying the rupture segment and time.  

Mode 6 is associated with a ruptured segment.  

Upon rupture various calculations and changes occur. All other 

segments in that channel have redefined modes. The clad rupturi 

radius is calculated by one of two methods (fine or coarse mesh

2.3-44



•oding options) chosen by the user. The fine mesh noding option 

K-_,omputes the inside radius as 

ric = riC cold(1 + eB) • 2.3.2-39 

With this option, the gap conductance is, calculated as though there 

is steam in the gap. The steam thermal conductivity is evaluated 

at the gap temperature and used with the hot gap size to compute 

the conductance. This option also calculates inside metal-water 

reaction for the ruptured segment.  

The coarse mesh noding option computes the inside clad radius as 

ric ' riCcold (I + e cps) . 2.3.2-40 

\ his option uses the regular gap gas conductance and does not 

consider inside metal-water reaction. It is intended for use 

nominally when the expected rupture length is small when compared 

to the total segment length. The microscopic effects at the 

rupture site considered with the fine mesh option are expected to 

be negligible when compared to the longer segment behavior. With 

the coarse mesh option, the overall behavior will be more closely 

controlled by the entire segment rather than just the rupture site 

conditions.  

Within the ruptured channel various calculations are modified at 

the time of rupture. Each segment within that channel undergoes a 

mode change. The pin pressure becomes that of the hydrodynamic 

volume associated with the ruptured segment. An additive form loss 

coefficient is calculated at rupture based on the clad flow 

blockage by a simple expression for an abrupt contraction

axpansion.  
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K 0 (1 - 82) + (1 82)2 2.3.2-41 
Kadd W 2)2 

where 
2= fraction of the channel flow area unblocked, I t 

= (1.0 - Ablocked/Achannel).  

The flow blockage is obtained via a double table interpolation 

relative to the normalized heating ramp rate and rupture 

temperature similarly to the clad burst strain. The table is 

either user supplied or default NUREG-0630 values listed in Tables 

2.3.2-3 and 2.3.2-4. The additive value of the loss coefficient is 

edited at the time of rupture. The flow blockage loss coefficient 

is added automatically to the problem for a primary pin channel 

unless the user overrides via a new optional input. If added, the 

form loss is applied to the forward flow direction for the inlet 

(bottom) junction and the reverse flow direction for the exit (top) 

junction attached to the volume in which the clad ruptured. The 

user option to exclude this form loss addition from the junctions 

has- been included for supplemental pin channels or for certain non

licensing sensitivity studies with multiple cross-connected 

channels.  

Another option has been added to the EM Pin model to help minimize 

user burden when running EM reflooding heat transfer analyses with 

BEACH (BAW-10166 Section 2.1.3.8.4). This user-controlled option 

automatically includes code-calculated pin rupture, droplet break

up (up to 60 percent blockage) for primary pin channels and 

convective enhahcement adjustments for primary or supplemental pin 

channels. The input grid parameters are modified with the ruptured 

values and will be retained for use in the reflooding heat transfer 

calculations. This model is optional and requires input' to 

activate the calculations. If no input is specified the default is 

that no rupture enhancements will be calculated and no droplet 

Rev. 4 
2.3-46 9/9-9



breakup calculations will be performed for any supplemental pin 

channels.  

When this option is activated, Equations 2.3.2-41.1 through 2.3.2

41.4 will be calculated following cladding rupture for primary pin 

channels, only. The first calculation performed determines the 

midpoint elevation of ruptured segment, referenced from the bottom 

of the pin channel (which coincides with the bottom of the heat 

structure geometry or reflood stack). This midpoint elevation, 

Zgrid' is the location where the new "grid" is inserted. This 

elevation is used to determine the droplet break-up effects for the 

ruptured segment.  

rupt seg-i 

Zgrid - 0 5 Z rZ Pt + g &Z seg 2.3.2-41.1 " rU~tseg J =1 

where 
AZseg - elevation change of pin segment.  

The second set of calculations is to calculate rupture droplet 

breakup efficiency. These calculations are identical to those 

described in Sections 2.1.3.7. and 2.1.3.8. of Reference 123. The 

rupture atomization factor, netamax' is calculated as 

eamx1 , 2.3.2-41.2.  
ietamax" [ 1 + {(n1/3 - 1) e min(0.60 , efb )2 4 

where 

n = number of equal size droplets resulting from the split
up of the larger droplets, 

- 2.7, from a droplet distribution flux, and 

e f= flow blockage fraction (limited to a maximum of 0.60).  

The increase in the droplet surface area from that used for 

interface heat transfer is defined in Equation 2.1.3-105123 as 
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agf CmaxDB 9 agf

The proportionality constant, CmaxDB, is determined from the 

Iconstant, C1, the rupture flow blockage fraction (limited to a 

maximum of 0.60), and the length of the ruptured segment.  

- C1 * min(0.6 ,efb ) 2.3.2-41.3 
CmaxB=

ZruPtseg 

The recommended value of C1 is 1.22 meters (4.0 feet).  

The velocity of the fluid at the ruptured location increases 

because of the flow area reduction. The physical area in the code 

calculations is not modified, but a velocity- multiplier, used for 

determining the droplet Weber number, is calculated from 

VELMULT - 2.3.2-41.4 
1 - min(O.6 ,efb) ,> 

The cladding rupture results in an increase in the pin outside heat 

transfer surface area. The increase in area is not directly 

included in the conduction solution in the code calculations. It 

is accounted for by using the rupture convective enhancement factor 

and applying it to the grid wall heat transfer enhancement factor, 

Fgq, for primary or supplemental channels. The rupture 

enhancement, MRA, is an multiplicative contribution determined by 

MRAR -Rupture Area Ratio 

2n r L rrp ruptL rup 

= 2n r L r I 2.3.2-41.5 
oc cold OCcold 

where K> 
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rruPtoc = outside clad radius of the ruptured node given by 

ric + rOCcold - riccol ric cold/ric ] 2.3.2-41.6 

The total wall heat transfer convective factor then becomes

F = F 
gq tot ggrid

M RAR • 2.3.2-41.7

These droplet break-up and convective enhancement terms are 

optionally calculated and edited at rupture by the EM pin model.  
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K>

2.3.2-41.8
rf + Ucg > r!

then this is a mechanically deformed, closed gap condition with

Ufcc = rf + ucg - ric and

ric , rf + ucg

2.3.2-41.9 

2.3.2-41.10 

2.3.2-41.11= ri Ic+ Uf cc

Otherwise, the gap is open and

Uf cc = 0.0 

ric = ric

and 2.3.2-41.12 

2.3.2-41.13

tic = hot'stressed inside clad radius (m),
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They are stored for use when the reflooding heat transfer option 

(BEACH) is activated.  

Mode 7: Fuel Claddina Mechanical Interaction (Closed Gar 

Conductancej 

The inside cladding radius obtained from any of the previous six 

modes is checked for further displacement due to fuel cladding 

mechanical interaction if the closed gap option is active. If 

the fuel radius plus the residual gap adjustment term is greater 

than the cladding radius without the mechanical interaction, then 

the cladding radius is adjusted for the overlap assuming the fuel 

is an incompressible rigid body. That is, if

where



r*. = inside cladding radius, rj., without gap contact 
iC ='determined by calculationalI modes 1 through 6 (m), 

rf = thermally expanded fuel outside radius (M), 

Ucg = residual gap size during contact, determined 
during pin transient initiation (m), and 

Ufcc = clad radius displacement due to contact (M).  

The closed gap option, if selected, is turned off once reflood 

(BEACH) is initiated.  

All Calculational Modes 

once the inside clad radius is calculated, the clad thickness, 

c' ,can be determined by the thin shell approximation

riccold 
=c ic Ccold

= iCcold 

rir
- riccold)

2.3.2-42 

regardless of the deformation mode. This value is used to 

compute the hot stressed clad outside radius, roc.  

roc = ric + T . 2.3.2-43 

The logic block diagram and calculational order for the fuel rod 

swell and rupture is shown in Figure 2.3.2-3. The selection 

logic and calculational details were included in this section.

K>
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Transieflt�Xflterfla1 Pin Pressure CalculattoTis

The channel internal pin pressure is determined by the perfect 

gas relationship

P V = g 2.3.2-44

where the relationship is broken into parts by pin segments or 

end plena components.

Pg = Pgi

RT g 

gi V g
2.3.2-45

with 

P = internal pin gas pressure (Pa), 

ng = number of moles of gas (Kg mole), 

Tg = gas temperature (K), 

Vg = gas volume (m 3), 

R = universal gas constant (J/Kg mole K), and 

i = pin segment or plenum designation.  

The number of pin segments may include all segments or exclude a 

top and/or bottom unheated segment as specified by the user. The 

option to exclude these unheated segments was added to allow 

modeling of the upper and lower end fittings.  

The total gas moles, ng , inside the clad pressure boundary is 

ng T n ngi' 2.3.2-46 
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Figure 2.3.2-3. Fuel Pin Swell and Rupture 
Logic and Calculation Diagram.  
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K> which is assumed constant during the transient until rupture 
o' occurs. Therefore,

n gT
gi •PV . : .  

= RT L. ~ji 
gii

2.3-2-47

Since the number of moles is constant

N° 0o Vo /To gTPg i gi /gi

reduces to

* 0 /T 0 
P* =P g gi gi

2.3.2-48

2.3.2-49
f

where the superscript * denotes the transient and o denotes final 

steady-state values.  

The summation can be broken up further by

0

* O U U =bot 

Pg g [VPu top 
u j=bot

T ]i* ' 

"•" V+ TI gF.PjT

= dynamic gas volume in upper pin plenum (m3), 

2.3-49

K>'

where

VPu

2.3.2-50
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T = upper pin plenum temperature (K), 
U 

= Tic of the top pin segment, 

V = constant gas volume in lower pin plenum (m3), 

T = lower pin plenum temperature (K), 

= Tic of the bottom pin segment, 

3 Vgj = hot dynamic gap volume for segment j (m3), 

=2 2 
= L(ri - rf 2.3.2-51 

T = gap average temperature for segment j (K), 

1i; without unheated bottom segment, 
S= 2; with bottom unheated segment, and 

STop seg; without unheated top segment, 
top T t (Top seg - 1); with top unheated segment.  

The dynamic gas volume in the upper pin plenum is calculated by 

Vu = V° + AVP , 2.3.2-51.1 
PU PU U 

if an axial expansion option is selected by the user. Otherwise, 

-the code defaults to 

VP VO , 2.3.2-51.2 
PU Pu

where

VO = initial hot gas volume in upper pin plenum (m3), PU (user input), 

AVPu change in gas volume in upper pin plenum (m3) 
PU 

- r? ALp: 2.3.2-51.3 
ICu P, 
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K>

= ALc - ALf , 2.3.2-51.4

where

ALc = total axial thermal expansion of clad from cold 
condition (m),

i seg 

E (Lj 6ATCj) , and 

j=1

2.3.2-51.5

ALf = total axial thermal expansion of fuel *from cold 
condition (m) ,

seg 

= E (Lj "ATFj) " 
J=l

2.3.2-51.6

Then

ALP.= change in gas plenum length from hot initial 
condition (in),

ALcf - ALf, 2.3.2-51.7

where

ALcf initial over-specification in gas plenum length (m), determined during pin transient initiation, 
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= inside clad radius of the top pin segment (m), and 

ALp = change in gas plenum length (m).  

The change in gas plenum length is calculated from the net change 

in the fuel and clad stack lengths due to axial thermal 

expansions as follows. Let 

ALcf = change in gas plenum length from cold condition (m),



Lj = axial length of the jth segment (m),

eATF - fuel strain function of Equation 2.3.2-15, evaluated 
at fuel volume weighted average temperature Tf of 
Equation 2.3.2-25, (dimensionless), and 

eATC = axial strain function defining clad axial thermal 
expansion as a function of clad volume average 
temperature, (dimensionless)..  

The axial strain for the cladding is defined by either a user-input 

table versus cladding temperature for zirconium-based alloy 
cladding (Note: This table replaces the cubic fit from Rev. 3 Eqn 

2.3.2-51.8.) or a built in code correlation set for zircaloy 
cladding1 1 9 

£ATC - -2.506 x 10-5 + (TC - 273.15) 4.441 x 10-6 
- -1.2381'X 10-3 + 4.441 x 10-6 TC 2.3.2-51.9 

I for TC . 1073.15 K (a phase), or 

eATC = -8.3 x 10-3 + (TC - 273.15) 9.7 x 10-6 

= -1.0950 X 10-2 + 9.7 x 10-6 TC 2.3.2-51.10 

I for TC , 1273.15 K (0 phase), where Tc is the volume average 

cladding temperature (K) of Equation 2.3.2-24. In the a phase to 
I phase transition zone, 1073.15 K < TC < 1273.15 K, a table lookup 

is used. Some selected values are listed in Table 2.3.2-2.  
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2.3.2.3. Steady-State and Initialization Calculations for the EM 
Pin Gao Conductance Model' 

The pin model gap conductance calculations are divided into two 

separate periods, steady-state and transient. The transient 

calculations were discussed in the preceding subsection with some 

references to the initialization values set up at the end of the 

pin steady-state calculations. These values are related to over

specification of the initial boundary values and conditions 

obtained from a steady-state fuel code. The set-up and details 

of these* initialization calculations are contained in the 

following paragraphs.  

The steady-state pin calculations are performed when any one of 

the following conditions apply: 

I. RELAP5 is being executed in its steady-state mode.  
! 

2. RELAP5 is being executed in its transient mode and the pin 

model transient initiation trip was input .and has always 

been false.  

3. RELAP5 is being executed in its transient mode without a pin 

model trip prior to the second time step after the transient 

calculations begin.  

During the steady-state pin calculations, the gap conductance is 

computed as described earlier in the transient dynamic gap 

section; however, the user supplied steady-state hot stressed 

outside fuel and inside clad radii as well as the initial pin 

pressure remain at the input values. The gap conductcance is 

calculated across the constant gap thickness as a combination of 

gap gas, fuel-cladding " mechanical contact, and radiation 

conductances by 
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h+ h + h , 2.3.2-52 hgap =g hgap hrad hfcc 

gas 

The multiplier, Mg, is provided to allow user adjustment of the 

initial stored fuel energy for each individual pin segment 

determined by the steady-state fuel code. The multiplier is 

intended as a compensation for neglected terms or difference.s 

between RELAP5 and the steady-state fuel code. Its value may be 

user input or calculated by the code during initialization via an 

iteration to match a user supplied volume average fuel 

temperature. The input or calculated value remains constant 

throughout the initialization and trinsient calculatio.ns. The 

method for determining the gap multiplier is based on a gap 

multiplier input for each pin segment. Input of a posit:.ve value 

sets the gap multiplier to the input value. Input of a negative 

value equal to the fuel volume average temperature selects the 

iterative code calculation for the gap multiplier,. The iteration 

uses the input mesh point temperature distribution and a 

multiplier of one to calculate the gap conductance. That value 

is used to advance the conduction solution one iteration. The 

calculated fuel volume average temperature (Equation 2.3.2-25) is 

subtracted from the absolute value of the input value.  

ATf = () f npu l - 2.3.2-52.1 

The gap temperature differential at the end of the iteration is 

calculated from the fuel outside surface to the claddinq inside 

surface.  

AT a= ( Tfs - T ). 2.'.2-52.2 
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Using the assumption that both the slope of the fuel mesh point 

ý_Jtemperatures and the overall gap conductance will not change 

significantly, "the last gap multiplier (1.0 for the first 

iteration) can be adjusted via a ratio to give a new multiplier, 

M = ATgaP M1 . 2.3.2-52.3 
g (ATgap + Tf) g 

After calculation of the new gap multiplier, another conduction 

solution iteration step is taken. The fuel volume average 

temperature differential is recalculated via Equation 2.3.2-52.1.  

If the absolute value is greater than 2 K, then another iteration 

step is taken after recalculating a new multiplier via Equations 

2.3.2-52.2 and 2.3.2-52.3. If the absolute value is less than 2 K, 

then the iteration has converged and the last multiplier calculated 

is edited and used during the steady-state and transient EM pin 

calculations. Up to twenty-one iterations are allowed. If 

convergence is not obtained in twenty-one iterations, then the code 

will stop at the end of the initialization process and appropriate 

failure messages will be edited. Failure of the iteration to 

converge is generally related to poor estimates given for the 

initial mesh point temperature distribution. An improved estimate 

will normally allow the iteration to converge properly. If 

convergence is still a problem, user specification of the 

multiplier is also available.  

At the completion of the EM pin steady-state calculations (i.e., 

after EM pin steady-state trip becomes true or during the first 

time step if there is no trip) several calculations are required to 

initiate the pin transient calculations. The user-supplied cold 

unstressed pin geometry input via the heat structure cards is 

elastically expanded using the final code calculated temperature 

and mechanical stresses.  
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rfo = rfcold + UTF 2.3.2-53

r.0, =ric cold + +ue rico = cold uTC e Ufcc, 2.3.2-54

rfo = thermally expanded outside fuel radius (m), 
f0 

= thermally and mechanically expanded inside clad 
o radius (m), 

ue = elastic deformation due to mechanical stresses (m), 
and 

Ufcc = elastic deformation from gap mechanical contact (m).  

This term is calculated from the user supplied input 

contact pressure and cladding radii during the 

initialization.  

r2 + rc 2 
U fcc Prcc " ic rc ic +Vc i+ g f1 

Coc - c 

2.3.2-54.1 

The calculated radii are compared against the input values by 

uFC =rfinput - r 2.3.2-55 

cc rCinput -r o , 2.3.2-56

and

U 0.0 

U cg ri, input - f input'

for Pfcc 

for Pfcc input

0.0 

> 0.0

2.3.2-56.1 
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where

= difference in the outside fuel final steady-state 
calculated and input radius termed fuel radius over
specification factor (m), 

= difference in the inside cladding final steady-state 
calculated and input radius termed clad radius over
specification factor, and 

u = final steady-state residual gap during mechanical 
cg contact.  

These three terms compensate for differences between the steady

*state fuel code and RELAP5 for effects such as cladding 

creepdown, fission gas induced fuel swelling,! or gap contact.  

They are retained at these initial values and used as described 

in the transient calculations.  

Terms for the transient pin pressure advancement are also 

calculated at the end of the pin steady-state calculations.- The 

_ steady-state terms 

"nVg top V Vg- 10 

T T 2.3.2-57 
ng up j=bot gj P 

and 

ALcf= (ALc - ALf) 2.3.2-57.1 

are computed for each channel within the pin model and used 

during transient pin pressure calculations.  
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2.3.2.4. Metal-Water Reaction Model

When zircaloy cladding is raised to an elevated temperature in a 

steam atmosphere, an exothermic reaction will occur. The steam 

reacts with the zircaloy cladding causing oxidation of the 

cladding and liberation of. hydrogen gas based on the following 

chemical reaction equation 

Zr + 2 H2 0 -- ZrO2 + 2 H2 . 2.3.2-57.2 

Baker and Just 1 2 0 derived a parabolic relationship to describe 
the rate of metal reacted 

W2 = KM t exp (-AE /(R T)] 2.3.2-57.3 

where 

W = weight of metal reacted per unit area (g/cm2), 

=ý rate constant ~ 

t = time (seconds), 

AE = activation energy ale ) , 

R = gas constant = 1.987 (gcal K and 

T = cladding surface temperature (K).  

The method of solution for determining the energy addition from 

the Zr - H 20 reaction or metal-water reaction (MWR) has two 

options available -within the code. The original or default 

method uses an explicit formulation to calculate the velocity of 
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K/ the oxide boundary. The second, user-selected option uses an 

implicit method for determining the thickness of the oxide layer.  

Both solutions are acceptable for licensing applications since 

they are based on the parabolic rate relationship derived by 

Baker and Just120 as required for 10 CFR 50 Appendix K 

applications.  

For applications that use relatively coarse time step sizes, it 

has been noted that under certain conditions the explicit method 

can produce a large spike in the MWR energy generation rate 

calculated just after cladding rupture. The thin inside oxide 

thickness calculated over large time steps can lead to excessive 

MWR energy on the first few time steps after rupture, especially 

if little cladding surface heat transfer is predicted. If the 

inside cladding temperature is near 1800 OF or above, the energy 

addition can quickly lead to an increase in cladding temperature, 

that further enhances the MWR energy addition rate. These 

conditions may be encountered following cladding ruptures during 

SBLOCA events that uncover the core for extended time periods.  

They may also occur during the later portions of the adiabatic 

heatup phase of an LBLOCA. The implicit formulation calculates a 

smoother, but still conservatively high, energy addition rate and 

correspondingly more realistic cladding temperature response than 

that from the original implementation of the explicit model 

during this period. The energy additions from the two 

formulations will approach each other after a short time 

interval.  

The details of the two implementations will be discussed in this 

section. The explicit model formulation is the default model 

that, will be used if not specifically requested by the user for 

any application. The specified method will be used for both 

inside and outside MWR calculations to determine the MWR energy 

addition, hydrogen gas liberations, and oxide growth rates.  
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Explicit Metal-Water Reaction Option

The explicit implementation of the cladding outside metal-water 

reaction rate in. cylindrical coordinates is determined by the 

parabolic rate relationship derived by Baker and Just for 

describing the clad metal-oxide interface velocity drox/ dt.  

-rx.IM exp[
dtl out 4 2r 7-1 - n RT 

(o2. 10) p r o1 
ot r out. 2.3.2-58 

where 
Toc = clad outside surface temperature (K), 

Pc = cladding density 

ro 1- = old outside oxide radius (m), and o I out 

ro -= outside clad radius (M).  

The reaction calculation begins after the clad surface 
temperature exceeds the specified initiation temperature and 

assumes the process to be isothermal with an unlimited steam 

supply. The initiation temperature is not a true threshold for 

the reaction to begin; however, it should correspond to a 
temperature below which the reaction has a negligible effect on 

the oxide thickness or energy generation rate during the 

transient. The rate equation can be simplified by considering 
the actual clad dimensions. The entire clad thickness is small 

with respect to the actual cladding outside radius. The rorox 
term therefore will be close to but greater than one, and may be 

approximated by 
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rI c xj r: c 1 

Simplifying, given that, To7- 1 r o - r o7-i 
ox oc ox

2.3.2-59

, one gets

dr x MN exrp -
T (2.-10) 4~ ( x0 l]P RTOCJ 

2.3.2-60 

If the clad is oxidized up to its limited maximum of 17% of the 

total clad thickness, the 'error due to the approximation for a 

typical PWR fuel pin is only one to two percent.  

The explicit implementation of the inside-metal water reaction is 

calculated for the ruptured segments only when the fine noding 

-option is selected. The equations solved are nearly identical to 

the outside calculations; however, the geometry terms are 

described with inside radii.  

Given that

7 0"_ in =rox i
-r 1 ric

2.3-58.3

2.3.2-60.1

exp1  T 
L T ici 

2.3.2-61.2 
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Implicit Metal-Water Reaction Option 

The implicit formulation of the Baker-Just equation implemented 

into RELAP5/MOD2 takes its formulation from the NRC-approved, 
148 

FRAP-T6-B&W computer code (BAW-10165). The outside' oxide 

thickness finite difference form is given by: 

[ oqiu =[ -lout] + 104 2 exp [R Toc 

2.3.2-62.3 

and the rate of oxide thickness change is then calculated by 

d (r 1) 1* 17 - T -7 dr *2326.  
I ox ox , 2.3.2-62.4 

dt out At out dt lout 

The inside oxide thickness finite difference form is given by: 

2 [10 2 p exp RK> 

[oxjjI in [o;x in] + .K104 tc 2 ] [R T ] 

2.3.2-62.5 

and the rate of oxide thickness change is then calculated by 

od . = ox drox . 2.3.2-62.6 

dt in At jin dt in 

Metal-Water Energy Addition and Hydrogen Evolution 

Once" the oxide interface velocity (or oxide thickness change) is 

calculated with either method, the metal-water heat generation 

rate can be computed. First, the old oxide interface radius, 

"11t , is calculated.  r°x out.  

r n-1u= ro - out 2.3.2-61 ox ou ox out-k_ 
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Then'the energy generation rate is computed.

dror] Of olx lout 4184 ot SHTJ r o t c AH 

2.3.2-62 

where 
QIW = energy generation rate (w), 

= outside heat structure surface area for heat 
SHT transfer (m2 ), 

AH = heat of reaction 'gmole) 

Zc = atomic weight of clad (g/gmole), and 

4184 = conversion factor (w-s/kcal).  

The molar rate of hydrogen gas production, [dN J and/or 
Theeerie fo h 

steam consumption, dNt 2 ] can be determined from the 

chemical reaction equation (Equation 2.3.2-57.2). The molar 

production rate is 

dN dN 1[c N H H ro u 
H1o 1• d c H2  S o- 11ool l 

dt out dt out dt oL ot z J 

H g moles g mole 

J or S 2 2.3.2-63 

The hydrogen gas mass production rate- is 

dMH I dNU N I dN H 2ZH2 Z- 0,0 21,' 2.3.2-64 

dt out dt out H 0 dt out L J 
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and the corresponding water mass reacted is

d~u [HO dN dNH rV " 
2z H=0 1 2 0a.  

dt lout RH2 dt lout H 2  dt= out I d 

2.3.2-65 

for zircaloy cladding.  

For an isothermal process, the steam required for reaction must 

be brought up to the surface temperature with the following 

energy

dMH 2 d 

6steam - dt l out p (Toc - Tsteam) f 2.3.2-66

Cp = specific heat capacity (J/Kg - K) 

T =(Toc + Tsteam)/2 , 

= associated heat structure outside temperature (K), 

Tsteam = associated right hand side volume 
temperature (K),

evaluated at 

surface 

steam

steam. = energy needed to bring the steam to reaction 
temperature (w), and 

Qsteam = MIN (Qsteam' "QM 1out 

The energy added into the clad is

2.3.2-676clad = out (w)
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) (Note: Equations 2.3.2-68 and 2.3.2-69 from revisions 2 and 

before have been deleted.) 

The inside metal water reaction is calculated for the ruptured 

segments only when the fine noding option is selected. The 

equations solved are nearly identical to the outside 

calculations, however, the geometry terms are described with 

inside radii.  

Given 

7' r1~ r7I r 2.3.2-7D x in rx 1 cin 

the inside MWR energy addition can be calculated. The inside 

energy addition can be computed based on either the entire heat 

/ structure or on a ratio of a three inch segment to the total 

length of the heat structure segment. The user has the option to 

override the default option of the entire heat structure area 

with the ratio option. The area for inside metal-water energy 

addition is defined as either 

1. Entire heat structure surface area (default option) 

A Ao ASHT outside heat structure or 

2. A three inch ratio to the length of the heat structure 
pin segment 

SHT AZ seg2 Aoutside heat structure ' 

where 
0.0762 = a converted three inch length (m), and 

AZ = heat structure channel length if input 
seg or the control volume elevation change 

if no input was supplied (m).  
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This surface area is used for the associated hydrogen production 

rate calculations as well.  

. . .. .? -li '1
4WIin = 4184 dt at (ASHT) J ZCc (

2.3.2-71

The molar production or consumption rates are

H2  dNH dro, 
dt in dt in dt Iin

2.3.2-72

0.002 dNH 
dt

S• J
2.3.2-73

H 2°0 
dt I in

dNH 

S0.018" 2dt 2.3.2-74

The inside metal-water reaction should occur with steam that is 

hotter than the clad inside surface temperature. Therefore, all 

the reaction energy should be deposited in the clad.  

The last step in the metal-water calculations is advancement of 

the energies, radii, and production masses. The total energy 

added to the clad for a time step of At is 
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M [MIout MWjj 6steam] At[(w).  

The oxide thicknesses are also updated

~ox77out

and

ox i

7-1 + At Tox I ou t Ji

The hydrogen mass evolved is summed.

11-71 + dtu I + 2 ] u &t 
2 L in + d

(kg H2 ). 1

2.3.2-78 

The metal-water oxide layer thicknesses are adjusted during 

certain periods in the pin swell and rupture calculations. Since 

the metal-water reaction rate is inversely proportional to the 

oxide thickness, it is nonconservative to neglect thinning due to 

clad swelling. The swelling is insignificant while the clad is 

elastic; however, during plastic deformation and at rupture the 

thinning may be significant. Therefore, during plastic 

calculations (Mode 3) or at rupture (Mode 6), the oxide 

thicknesses are adjusted by

Tox Iout 7 1ox out
I

2.3.2-79

ric-1 
r.  

ic

ýý and
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fin in -ic 2.3.2-80 

where 1 and 17-1 are the current and last time step values, 

respectively. Recall that the inside clad radius cannot shrink 

during these identified periods; therefore, the ratio (riy- 1 

/rir) will always be less than or equal to one.  

2.3.2.5. EM Pin Model Additional Edit Variables 

Several new parameters have been added to the EM pin model edit 

to aid the user in confirming that all Appendix K requirements 

have been met. These parameters include the channel peak 

cladding temperature (PCT), TC, time of PCT, and the maximum 

metal-water oxidation fraction. The pin segment within each 

channel in which the PCT and maximum oxidation are found are also 

specified in the output.  

The volumetric fraction of the cladding that is oxidized is 

computed for each pin segment or heat structure by 

2 2 ~ ~ o.. ..  
r o ToxIou2 TOX~IT - r i 

roc t 
Fracox2 2" 

1 seg roc2 ri2 0 2 

2.3.2-81 

The channel average oxidation fraction is computed for the heated 

segments by 

top 
AZ s gFrac xI e -~bot seg sg 

Frac cxI chan = top 
Z A 7 e 

j=bot seg 
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where 

top = the index of the uppermost heated segment, and.  

bot = the index of the lowermost heated segment.  

The channel oxidation fraction was added to provide a quick 

evaluation of the whole-core metal-water hydrogen generation.  

This is not a whole-core value, however.  

2.3.3. Core Heat Transfer Models 

The system heat transfer regime classifications are used in the 

core heat transfer model except that the pre-CHF regime includes 

condensation heat transfer. As indicated in section 2.2.2 (Heat 

Transfer Model, Heat Sources and Boundary Conditions), the core 

heat transfer option can be used throughout the. simulation but 

has been developed specifically for application within the core 

region. The following sections present first the heat transfer 

-switching logic and then the heat transfer and CHF correlations 

used in the core model.  

A filtered flow option has been included specifically for use 

with the core heat transfer package. This option was added to 

address the Appendix K requirement to eliminate any calculated 

rapid flow oscillations of a periods less than 0.1 seconds during 

the LBLOCA blowdown phase. The general non-homogeneous, non

equilibrium code formulation dictates that the flow should be 

tracked in two separate phasic components. Therefore, the 

individual phasic mass fluxes, G and G will be filtered 

separately. They will be filtered by passing the instantaneous 

flux value through the equation for a low pass filter.  

= -P (Z-G ) 

dt 

where 
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Z = filtered mass flux, 

P =-.filter break frequency, and 

G = instantaneous mass flux, Gg or Gf 

with 

Gg Pg g Vg 

and 

Gf= Pf af Vf 

The filter break frequency is set to remove perturbations in the 

mass fluxes of periods less than 0.1 seconds. The break 

frequency is user specified, through the value of an individual 

control variable. The user also designates core heat structure 

geometries in which the flow filtering is applied. Each phase is 

filtered independently at time step, q, and summed to give a 

total. These three filtered mass fluxes are used in the core 

heat transfer and CHF calculations when this option is selected. K> 

Z' = (Z1- 1 + At P g)/ (# + At P) 

Zf = ( At * P * Gf) 1 + At * P 

Tot z g + Z 

The individual filtered mass fluxes were added as a parameter 

which may be plotted or used in control system applications.  

2.3.3.1. Core Heat Transfer Selection Logic 

This section presents the SBLOCA and LBLOCA logic to select the 

heat transfer regimes and correlations applied under the core 
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heat transfer option. The switching logic for LBLOCA is 

responsive to two main goals: (1) once departure from nucleate 

boiling (DNB) has occurred, it does not allow the use of nucleate 

boiling or other pre-CHF heat transfer correlations for the rest 

of the simulation, and (2) after DNB, it locks into film boiling 

or convection to steam once the wall superheat (AT sat) is greater 

than or equal to 166.667K (300 F). Liquid convection (single

phase) or condensation (two-phase) is allowed when T is less 

than T even though the DNB or film boiling lock-in has 

occurred.  

The no return to nucleate boiling and the lock into film boiling 

restrictions of Appendix K are not applicable to SBLOCA.  

Therefore, an SBLOCA option was added to the LBLOCA logic by 

removing these restrictions. All other LBLOCA logic and 

correlations are equally applicable for SBLOCA.  

- The core heat transfer switching logic is diagrammed in Figure 

2.3.3-1. The pre-CHF correlations are used if anyone of the 

following conditions are satisfied: 

I. The surface temperature of a heat slab, T , is less 

than the saturation temperature, Tsat' based on the 

total pressure, P.  

2. The total pressure, P, is greater than or equal to the 

critical pressure, Pcrit (3208.2 psia).  

3. Tw 2 Tsat' P < Pcrit' and the critical heat flux has 

not been exceeded at this time or before.  

A result of the third criteria is that in the unlikely event that 

the wall experiences dryout without passing through CHF, there is 
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no prohibition against a return to pre-CHF heat transfer 

correlations.  

The post-CHF correlations are used when Tw.> Tsat' P < crit' and 

the critical heat flux has been exceeded at the present time or 

before.  

Once CHF has been exceeded, a lock-in to film boiling 

occurs if the wall superheat (Tw - Tsat) equals or exceeds 300 F.  

A film boiling heat transfer coefficient is also used if a 

transition boiling value is calculated such that its value 

exceeds a pre-CHF value, a 

Pre-CUF Heat Transfer Correlation Selection 

When the wall temperature. is less than the fluid saturation 

temperature, the heat transfer is calculated using the maximum of 

the Rohsenow-Choi or the Dittus-Boelter correlations.  

h = MAX(hRC, h DB) Tw < T sat 2.3.3-1 

Under these conditions-, the fluid would normally be subcooled 

single-phase water. There is no prohibition, and the same 

correlations apply, to heat transfer from steam or a two-phase 

mixture to the heat slab.  

a A permanent'lock-in to film boiling option may be specified by 

user input.-If this option is chosen and film boiling is ever 
predicted, then a return to transition boiling is prohibited.  
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b,c,d,e

Figure 2.3.3-1. Core Model Heat Transfer Selection Logic.  
a) Main Drive Routine for EM Heat Transfer.
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Figure 2.3.3-1. Core Model Heat Transfer Selection Logic.  
b) Driver Routine for Pre-CHF and CHF 

Correlations.
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G • =271.2459798 kg/m 2 -s (O.Z x 10' Ibm/hr-ft 2) 
G., 678.1149495 kg/m 2 -s 

(0.5 x 106 Ibm/hr-ft) 
P = Low U.mit of High Pressure Cort.  

(IS500cc 1600 psia) 
P, a 8.963 MPa (1300 pia) 

P1,W a 6.895 MPa (1000 psia) 

PL m 4.999 MPa (72S psia) 

q .O 2.839 x 10s w/m 2 

(90,000 Btu/hr-ft )

Figure 2.3.3-1. Core Model Heat Transfer Selection Logic.  
C) Driver Routines for CHF Correlations.  
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Figure 2.3.3-1. Core Model Heat Transfer Selection Logic.  ,cd) Driver Routine for Post-CF Correlations.
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When the wall temperature is equal to or greater than the fluid KJ 
saturation temperature and the equilibrium quality is less than 
or equal to zero, the maximum of the single-phase liquid and the 
nucleate boiling heat transfer correlations is. used. However, 
when the quality is greater than zero, only the nucleate boiling 
correlation is used.

MAX~hDB, hRc, hNB) 
h =-0 

.hNB

Tw • Tsat and Xe < 0.0 

Tw Tsat and Xe > 0

A combination of the Chen, Thomr, and Schrock-Grossman 
correlations are used for the nucleate boiling and the forced 
convection vaporization regimes. Switching between the 
correlations is dependent on pressure and void fraction and in 
accordance with the ranges of the correlations. Linear 
interpolation between the ranges of application of the 
correlation is employed to eliminate discontinuities in the value\, 
of heat transfer. Specifically,

hChen 

hThom 

hSG 

Linear on = 
(hThom, hSGY 

Linear on P 
{hChen, hThom - hsG(Og))

if P :S P750 

if P a P1000 and ag S 0.8, 

if P k P1 0 0 0 and ag k 0.9, 

if P Z PI000 
and 0.8 < ag < 0.9, 

if P7 5 0 < P < P1 0 0 0 ,

2.3.3-3

where

P7 5 0*= 5.171 * 106 Pa (750 psia), and

2.3-66

2.3.3-2

hNB =



Y) 1P0 0 0 = 6.895 x 106 Pa (1000 psia) 
I 

"For very high quality, X k 0.95, the total heat flux is 

calculated by a linear interpolation on quality between the 

nucleate boiling value and the value for single-phase vapor heat 

transfer.  

CHF Correlation Selection 

The appropriate CHF correlation can be dependent on the fuel 

design being evaluated. RELAP5/MOD2-B&W allows four options in 

the core heat transfer logic for high flow-high pressure CHF in 

order to accommodate this design dependence. For lower pressure 

and lower flow conditions, a single set of correlations, 

dependent on flow and pressure, have been selected. The high 

flow regime is defined as the mass flux, G, greater than or equal 

to GHI(500,000 lbm/hr-ft 2 ). In this area, the user may specify 

the high pressure CHF correlations, CHFHP, as: 

1. B&W-2 applied at P > PHI =P500' G > GHI, 

2. BWC applied at P k PHI =P600' G > GHI, 

3. BWCMV applied at P > PHI PIS00' G 2 GHI, or 

4. BWUMV applied at P PHI = P150 0, G Ž GHI, 

where 

P 1 5 0 0 = 10.342 x 106 Pa (1500 psia), 

P1600 ' 11.032 x 10 Pa (1600 psia), and 

GHI 678.115 kg/m2 -sec (500,000 lbm/hr-ft 2 ).  

Under each selection the value of the pressure above which the 

correlation will be'applied, PHI" is specified. Lower pressures 

for the high flow regime are covered by a combination of the 

Barnett and modified Barnett correlations and interpolation.  
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'Linear on pressure 
(CHFHp, Barnett)

Barnett

Linear on pressure 
(Barnett, Modified Barnett) 

Modified Barnett

P1 3 0 0 S P < PHI, 

P1 0 0 0 : P < P1 3 0 0,

P7 2 5 < P < P1 0 0 0 psia, 

P < P 7 2 5 , 

2.3.3-5

P1 3 00 - 8.963 - 106 Pa (1300 psia), and 

L P725 = 4.999 - 106 Pa (725 psia).  

For the low flow regime, G < GLO, the CHF value is the maximum of 

the low flow MacBeth correlation or the Griffith correlation for 

all pressures.

CHF = MAX(MacBeth, Griffith), 2.3.3_6•'-

where

GLO = 271.246 kg/m 2 -s (200,000 lbm/hr-ft 2 ).  

In the middle flow regime, GLO < G < GHI, the CHF value is 

determined by the linear interpolation on mass flux between the 

high flow CHF at its low flow limit and the low flow CHF at its 

high flow limit.  

In all regimes, two additional constraints are applied: 

1. An absolute lower limit of CHF is set at 2.839 105 

w/m2 (90,000 Btu/hr-ft 2 ).

2.3-68
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2. For vapor fractions greater than 0.8, (ag > 0.8), the 

value of CHF is taken as the value of the heat flux 

calculated using the transition boiling heat transfer 

correlation.  

Post-CHF Heat Transfer Correlation Selection 

Three post-CHF heat transfer regimes: transition boiling, film 

boiling, and single-phase vapor are considered. For wall 

temperatures before the film boiling lock-in (,Tsat < 300 F), the 

heat flux is taken as the maximum of the transition or film 

boiling correlations. An exception to this occurs if transition 

is selected and the heat flux value would be larger than that 

calculated using the pre-CHF heat flux correlation at the current 

surface temperature and fluid conditions. For such a case, the 

film boiling heat flux (identified as temporary film boiling) is 

used. This exception is needed to prevent post-CHF heat transfer 

values higher than or equal to pre-CHF nucleate boiling heat 

transfer.  

q = MAX(qTB, qFB) ATsat < 166.667 K (300 F), 

unless 

qTB > qpre-CHF, 2.3.3-7 

then 

q = qFB

Once the wall temperature is 166.667 K (300 F) greater than or 

equal to the fluid saturation temperature, the heat transfer is 

locked into film boiling or single-phase vapor. Film boiling is 

used up to a quality of 0.95, and single-phase forced convection 

is applied above-0.999 with a linear interpolation between 0.95 

and 0.999.
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X < 0.95,qFB or qTB

on X ((9FB or qTB), qSPV) 0.95 <S X < 0.999,

*qsPvc 0.999 S X.  
2.3.3-8 

A permanent film boiling lock-in option is also available through 

user control which will only allow film boiling or single-phase 

vapor heat transfer once film boiling is calculated. This option 

may prevent oscillations caused by film boiling to transition 

boiling switching prior to reaching the permanent film boiling 

lock,-in temperature criteria.

2.3.3.2. Pre-CHF Heat Transfer Correlations (Core Model) 

As in the system heat transfer model, the core heat transfer 

regimes included are classified as pre-CHF and post-CHF regimes.  

Condensation heat transfer is also included. Figure 2.3.3-1 

gives a chart of the logic scheme for selecting the heat 

transfer models. The volumetric heat transfer rates for each 

phase are calculated as

Qwf = qwf Aw/V 2.3.3-9

and

Qwg = qwg Aw/V"

The total heat flux from the heat structure is

q, qwf + qwg,

and the corresponding heat transfer coefficient is

h = hwf + hwg i 2.3.3-12

\'-> I
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where qwf and qwg are the effective wall-to-liquid and vapor heat 

flux, respectively, based on the total heat slab area, Aw. The 

pre-CHF heat transfer regime consists of convection to subcooled 

or a two-phase fluid and nucleate boiling.  

Convection 

For convection from the wall to the fluid, the maximum of 

Rohsenow-Choi 5 9 .or the Dittus-Boelter 4 0 correlation is used. j 

h = MAX(CIDBhDB, ClRChRC) 2.3.3-13 

The Dittus-Boelter correlation is 

hDB 0.023 Da (Prf) 04 (e0.8 2.3.3-14 

and Rohsenow-Choi is given by 

h 4Dkf 2.3.3-15 
RC De 

ClDB and CIRC are user input constants (default 1). Qwg and rw 

are zero throughout this heat transfer regime and qwf is given by 

qwf h(Tw - Tf).  

Condensation 

Since condensation is not expected to occur on the fuel rod 

surface during LOCA, a simple heat transfer model is added. The 

vapor and liquid heat transfer coefficients, hg and 

are calculated using Equation 2.3.3-13 and using the total mass 

flux, G, and the appropriate (liquid or vapor) fluid properties.  

The heat transfer is partitioned based on the void fraction as 

follows 
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hwf f f

and 

hw = Og h .  
wg gg 

The condensation parameters, qwf, qwg, and rw, are calculated as 

given below 

zwf = hwf (Tw Tf) 

qwg = hwg(Tw Tg 

and 

rw " qwg Aw/(Vhfg 

Nucleate Boiling 

For nucleate boiling, the heat transfer logic, section 2.3.3.1, 

makes use of the Chen, Thom, and the Schrock-Grossman 

correlations.  

Chen and Modified Chen 

The implementation of the Chen 4 1  and modified Chen 4 4 

correlations, is slightly altered by the core model switching 

logic. It is the same as the system heat transfer model, section 

2.2.2.1, except for the use of the subcooled vapor generation 

factor, fsubvap. Again, because of the nonequil.brium nature of 

RELAPS, the subcooled-to-saturated nucleate boiling boundary 

cannot be defined precisely. In addition, the vapor generation 

in the subcooled boiling regime has to be included. Hence, the 

Chen correlation is modified as follows.
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The heat transfer coefficient in nucleate boiling is given by the 

sum of the two effects: microscopic (boiling) and macroscopic 

(convection)

hChen ' Cmic hmic + Clmac hmac
2.3.3-16

q=Cl michmic sat + Clmic hmac(Tw - Tf) 

where 

Clmic and Clmac are user input constants (default = 1).  

In the system model, the Chen microscopic component is altered by 

the subcooled vapor generation factor, fsubvap, to give the 

contribution above.

hmic =hmic fsubvap 2.3.3-17

In the core model, the modification takes place in the 

development of the vapor generation rate, rw, and no direct 

alteration of hmic is made. Thus,

2.3.3-18
mic = mic

where hmic is Chen's microscopic heat transfer coefficient,

0. * 0. 4 5  0.49 h 00022 k 0f7 C Rf f 
hmic = 0.00122 0.5 0.29 0.24 0.24 

0' • hfg Pg
_0.24 
sat

AP0.75 S .

2.3.3-19
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The subcooled vapor generation factor, which is a measure of thc> 

first appearance of bubbles in the channel, is calculated based 

on the onset of nucleate boiling criteria given by Bergels and 

Rohsenow5 2 and the net vapor generation criteria given by saha 

and Zuber. 1 3 0 The calculation of fsubvap is discussed in section 

2.2.2.1.  

The convection part, h is taken as the maximum of the 

Rohsenow-Choi correlation and the Chen macroscopic heat transfer 

coefficient, hmac. Thus,

hma* = MAX(h , 4kf/D 2.3.3-20

hmac = 0.023 (kf/De)(Prf) 0 . 4 ["cfpfvflDe/,f]0.8 F. 2.3.3-21

The modified Chen correlation is obtained by setting F = 1 in the 

Chen correlation. Because of the nonequilibrium nature of 

RELAPS, F is calculated as follows.  

F= 1.0 

if the liquid flow is zero or liquid subcooling is greater than 
or equal to 5K. Otherwise, 

F = F' - 0.2(F' - 1) MAX(O, Tsat - Tf), 2.3.3-22 

where F' is equal to 1.0 if the inverse of the Martinelli 

parameter

tt- I < 0.1 . 2. 3.3-2?
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Otherwise, F' is a fit to the Chen F-factor 

-1 0.736 
F1 = 2.35(Xt + 0.213) 

The suppression factor, S, is calculated based on the void 

fraction as

S { - 2(1 - S') (ag - 0.3)

0.3 

0.3 < ag < 0.8 

ag > 0.8,

2.3.3-24 

where S" is a fit to the Chen suppression factor given by, the 

following expression.

[1 + 0.12 (ReTP) 1 -1 

S= [1 + 0. 4 2 (ReTP) 0.78] -1 

0.l0797

ReTP < 32.5 

32.5 S Re < 70.0 

ReTp Ž 70

2.3.3-25

ReTP = 10-4 [If f rle F1 25  2.3.3-26 

6Tsat Tw T sat' and 2.3.3-27 

AP is the difference in vapor pressure corresponding to 
ATsat.
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The Thom nucleate boiling correlation is given by

2.3.3-28 

2.3.3-29

AT sat exp(P/(1260 ClP) }2 q = Cl ClEF 0.04 

hThom q/ATsat

where

ClT is a user input constant (default = 1) and the 
conversion factors ClEF and Cip are given in Table 2.3.3-1.  

Schrock and Grossman

The Schrock and Grossman 1 3 1 correlation is

hSG = 2.5 CIsG 0.023 Df 
De

0.8

(Prf)0.4 ([ti] 0.75 
XttJ 

2. 3.3-30

q = hSG ATsat, 2.3.3-31

where the inverse of the Martinelli parameter, Xtl, is given by 

Equation 2.3.3-22 and ClSG is a user input constant (default 
1).
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u hBeat Flux Calculation 

When X S 0.95 and qwg and hwg are zero 

qwf = q, 2.3.3-32 

and 

hwf = h. 2.3.3-33 

When X > 0.95, it is assumed that the liquid heat flux, qwf, 

decreases linearly based on X from the value calculated by the 

nucleate boiling correlation to zero at X = I. similarly, the 

vapor heat flux, qwg, increases linearly from zero at X = 0.95 to 

the value calculated using the single-phase vapor heat transfer 

correlations described in section 2.3.3.4 at X = 1. Thus, 

q = qwf + qwg 2.3.3-34 

and 

h = hwf + hwg , 2.3.3-35 

where 

qwf = qNB • 

qwg = qv(l 

hwf = qwf/ATsat, 

hwg = qwg/(Tw - Tg), 

f = 20(1 - X), 

qNB = heat flux, q, calculated using nucleate boiling 
correlations, and 

qv = total heat flux calculated using the vapor heat 
transfer correlation described in section 2.3.3-4 
(Equation 2.3.3-64).

2.3-77.



Table 2.3.3-1. English - SI Conversion Factors

CIIN = 0.0254 m/in 

CIL = 0.3048 M/ft 

C1M = 0.45359237 kg/lbm 

CIp = 6894.757293 Pa/psia 

CIE = 1055.05585 J/Btu 

CISE = 2326.0 J/kg 

CIEF = 3.154590745 (w/m 2 )/(Btu/hr-ft 2 ) 

ClMF = 1.356229899 10-3 (kg/m2 -s)/(lbm/hr-ft 2 )

Parameter 

length 

.length.  

mass 

pressure 

energy 

specific energy 

heat flux 

mass flux

2.3-78



In order to make the transition from single-phase liquid heat 

transfer to nucleate boiling continuous, the heat flux in the 

subcooled boiling regime, where Tw > Tsat and Xe : 0.0, is taken 

as the maximum of the values calculated using single-phase liquid 

and nucleate boiling correlations. That is, 

q = MAX(qliq, qNB) , 2.3.3-36 

where 

qliq = single-phase liquid heat flux calculated using the 
convection correlations given in section 2.2.2.1 and 

qNB heat flux, calculated using nucleate boiling 
correlations.  

When q =iiq, all the additional heat transfer parameters are 

calculated using the equations for convection given in section 

2.2.2.1. When q = qNB, the additional parameters are calculated 

using the equations for nucleate boiling.  

Calculation of rw 

In nucleate boiling, rw is calculated using Equation 2.2.2-28.  

The qvap in this equation is slightly different than that used in 

system heat transfer. This is because the subcooled vapor 

generation function, fsubvap, calculated in section 2.2.2.1, is 

used differently here than that used in the system model. In the 

system model, the microscopic heat transfer portion (hmic) of the 

Chen correlation remained zero when fsubvap S 0-0 (when Tw or Tf 

does not satisfy the vapor generation criteria). In the core 

model, the macroscopic portion of the heat is added to liquid 

until fsubvap > 0.0.
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In the core model, qvap is .calculated as follows.

2.3.3-37

where

with

1.0 

MIN(2.O, MAX(O.0, Tsat- Tf)] 

0 is a linear interpolation function to 

Tf = Tsat,

Tf > Tw 

Tm f cn Tw 

make qconv = 0 at

hconv = MAX(C1DB hDB, ClRC 4 kf/De).  

The Reynolds number, Ref , in hDB is calculated using

Ref = IQf Pf Vfl De/zf- 2.3.3-38

2.3.3.3. Critical Heat Flux Correlations

The CHF correlations used in the core heat transfer model are 
B&W-2, BWC, BWCMV, Barnett, modified Barnett for high flow, and 
MacBeth and Griffith low flow. The first three were developed by 
B&W specifically for B&W fuel and serve as the high flow-high 
pressure correlations depending on the fuel type. The later four 
are public domain and serve in the low flow regime for low 
pressures. The switching logic is described in section 2.3.3.1.

2.3-80
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B&W-2 

The B&W-2 1 0 6 correlation was developed by B&W in the early 1970's 

for application to B&W's 15 by 15 fuel assembly design. It is 

given by 

1.15509 - 0.40703 (D /CljIN 

qcrit = BW2 ClEF e -6 A 12.710(3.0545(G 0 10/}'F 

* [0.3702 . 10 8 {0.59137(G * 10-6/C MF) B 

- 0.15208 Xeth (hfg/CiSE)(G/CIMF)] , 2.3.3-39 

where 

CIBW2 = user input constant (default = 1), 

A = 0.71186 + (0.20729 10-3) [(P/Cl,) - 2000.0] 

B = 0.8304 + (0.68479.. 10-3) [(P/Clp)-- 2000.0] , 

X Xe if h > hf,sat or Xa > 0.0 

=(h - hf,sat)/(hg,sat - hf,sat) < 1 otherwise, 

h = XUg + (I - X) Uf + P/p ,and 

hf,sat and hg,sat are liquid and vapor saturation 

enthalpies.  

The conversion factors CLEF, ClIN, ClMF, Cip and CISE are given 

in Table 2.3.3-1.  

pwcl0
7 

The BWC correlation was developed by B&W in the late 1970's for 

application to the B&W 17 by 17 fuel assembly and zirconium grid

2.3-81



15 by 15 assembly. The correlation is held proprietary by B&VK)• 

and given by 

(A3 + A4 (P/Clp - 2000)) 

qcrit= ClBWC ClEF A5 [AIG/CIMFI - A8Xethfh fClsE' (G/ClMF) S(A2G/CIFI (A6 + A7 (P/Clp - 2000)) 

2.3.3-40

where

Cl BWC user input 

A1 = 0.309191 • 

A2 = 0.388223 • 

A3 = 0.964882, 

A4 = 0.301423 • 

A5 = 0.554836 • 

A6 = 0.727729, 

A7 = 0.189646 * 

A8 = 0.175233 •

constant (default = 1), 

10-6, 

10-5, 

10-3, 

10 7 , 

10- 4 , and 

10-8.

BWCMV1 08 

The BWCMV correlation was developed in the mid 1980's for 

application to the 17 by 17 fuel assembly with mixing vane, MV, 
grids. The correlation is held proprietary by B&W and given by 

q =crit = BWV ClEFFLS A5 

L qG (A3 + A4 (P/Clp- 2000)) 

LA G/CIMFI - AaXeth(hfg/CISE) (G/GlMF) 

(A6 + A7 (P/Clp - 2000)) 

tA2 G/CIMF) 2.3.3-41 

2G/C'MF)
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K> where
ClBwv = user input constant (default 1 1), 

FLS= + C2L + C3 S + C4is + C5L2 + c 6 s 2 (input) 

dimensionless, 

L = heated (active) length of the core (inches), 

S =,spacer grid spacing (inches), 

bcd,e 

The BWUMV correlation was developed from the same database as 
139 

*.BWCMV , but with additional data in the mid-range flow regime.  

it is applicable to 17 x 17 fuel assemblies with mixing vanes for 

wide pressure, mass flux, and quality ranges. Derivation of the 

BWUMV correlation is given in Appendix I of this report. The 

correlation, as implemented in RELAP5/MOD2-B&W, is given by: 

crit Bwu EF (a 0 +ax 1 + 2x 2 +a 3x 3 + 

a x2 + a6 x3 1x3  + a7 xlx2 + a8 xlx3+ a x 2 x 3+ al 0 x3 + a5 2 6 13 13 923 1 

3 3 + 233-411 
a11x2 +a 1 2x 3+ a1 3x1 x 2x 3 ), 0.-.  

where 

ClBw = user input constant (default - 1) and 

FLS = the spacer grid spacing factor used in BWCMV.  

BWUMV is dependent on the variables: 

Rev. 2 
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x = exp [P /. (1O0*CIp)], 

x 2 =G / (10 6 * CF)p, and 

x3 = eth* 

where P is the system pressure in PA, G is the mass flux in 
kg/s/M2, Xeth is the quality at CHF, and C1p and C1i, are the 

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

respectively.  

The empirical coefficients are: 

bctd,e 

109.  
Barnett 

The Barnett correlation is a widely accepted and applied within 

the industry for high flow medium pressure CAF. The correlation 

is giyen by

qcrit = 106 ClBR ClEF

A + B(hf - hin)/ClSE 

C + L/Cl n 2.3.3-42

C1BR = user input constant.(default - i),

2.3-83.1

K>
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where
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A = 67.45 (Dhe/ClIN) 068(G • 10-6 /ClM)0192 

(1.0 - 0.744 exp[-6. 5 1 2 (Dhy/ClIN) (G • 10- 6 /ClMF)]}, 

0.817 
B 0. 2 5 8 7 (Dhe/ClIN)1261 (G - 10-6/ClMF) "

C- 18s.0(DhCl1IN)
1.415 -6 0.212 (G - 10-6/CIM).

I

L = segment length (input) (m), 

Dhe = heated equivalent diameter (input) (m),

Dhy = [Dr(Dr + Dhe)]1/2 r Dr (m) , and

Dr = rod diameter calculated using the heat slab input (in).  

Modified BarnettI 1 0 

As with the Barnett correlation, the modified Barnett has been 

widely accepted and is applied in the high flow, low pressure 

regime. The correlation is given by

crit= 6 ClMBR ClEF
A + B(hf - hin) /CIsE 

C + L/ClIIN 2.3.3-43

ClMBR = user input constant (default - 1),

A = 73.71Dhe 
0.052 

1 CIIN.

. 0.663 
(G . 10 6 /C1MF) 888.6 

h fg/ClSEj

* (I - 0.315 exp(-ll.34(Dhy/CIN) (G • 10-6/C1MF)}],

2.3--84

where



1.445 

B 0.104 e 

Ch5.5 0.0817 
C =45.55Cl

(G 10 6 /ClMF)

and the other variables are the same as in Barnett.  

Macbeth Correlation1 1 1 

The MacBeth low-flow correlation is applied in combination with the 

Griffith correlation over the entire pressure range. The 

correlation is given by 

cF]6 0.51 
qCcrit E CIMAC 15 Cl F] (h fg/ClsE) (G - 10-6/ClMF)

(De/CIIN)-0.1 (i - Xeth) , 2.3.3-44

ClMAC = user input constant (default - 1).  

The Griffith correlation applied in converse with MacBeth low flow 

is given by 

= CIGRF•0 cos[ir(49 ag + 1)/100] hfg

0.5
[cg(pf - Pg)] 0 . 2 5 0 2.3.3-45
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r
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where

Cl GRF= user input constant (default = 1).  

2.3.3.4. Post-CHF Heat Transfer Correlations

As in the system model, the post-CHF heat transfer regimes in the 

core model include the transition, film boiling, and single-phase 

steam heat transfer.  

Transition Boiling 

The total heat flux from wall-to-fluid is calculated using the 

McDonough, Milich, and King correlation. 1 3 2

q = qTR = C'TR[qorit - CITRIC(Tw - TWCHF)] ' 2.3.3-46

ClTR and Cl TR = user input constants (default - 1), and k_ý 

qcrit = critical heat flux calculated using the correlations 
given in section 2.3.3.3.  

The slope of the heat flux C is calculated by the linear 

interpolation between the values given below

Pressure, MPa (Psiga 

13.7895149 (2000) 

8.273708752 (1200) 

5.515805834 (800)

C, w/m 2 -k (Btu/hr-ft 2-F) 

5560.155464 (979.2) 

6704.893353 (1180.8) 

8524.208928 (1501.2)

The wall temperature corresponding to qcrit' TwCHF' is calculated 
using the Thom correlation given by Equation 2.3.3-28, by setting 

q = qcrit" 

Rev. 3 
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When the quality X > 0.95, the heat flux is calculated by linear 

interpolation, based on quality, between qTR and the value 

calculated using the single-phase vapor correlation given later 

in this section.

2.3.3-47q = qTB + (I - 0) qv,

where

1 I20 (1 - X)

X < 0.95 

X>0.95

qv = single-phase vapor heat flux (q of Equation. 2.3.3-64).  

The partitioning of the energy between the phases, qwf and qwg, 

is done slightly differently than that in the system model 

transition boiling. This is because in the core model the total 

heat flux has to satisfy the value calculated using Equations 

2.3.3-46 or 2.2.2-47. qwf and qwg are calculated as follows.  

qFf - FL q crit < q 2.3.3-48 

and 

•g = (1 - OF L)qv < q , 2.3.3-49

where

FL = the Chen factor given by Equation 2.2.2-38.

2.3-87
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If •f > g , 

and 

if- %f < , 

and 

qwg =, q - 4f 

The other heat transfer parameters are calculated as follows.  

hwf = qwf/ATsat, 2.3.3-50 

hwg = qwg/(Tw - Tg), 2.3.3-51 

h = hwf + hwg, 2.3.3-52 

and 

Fw is calculated using Equation 2.2.2-42.
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Eiim Boiling

The total wall-to-fluid heat flux in the film boiling heat 

transfer regime is calculated using either the CSO

correlation125-129 or the Condie-Bengston IV134 correlation. The 

choice of correlations is determined by the user through the.use 

of the heat transfer multipliers.  

9 = 9FB = h(Tw - TV)- 2.3.3-53 

This heat flux is calculated based on the cold heat transfer 

surface area. This area is used in all heat structures with only 

one exception. A user option has been added to allow adjustment 

of the surface heat transfer coefficient following clad rupture.  

When this option has been requested, the heat flux in a ruptured 

segment single heat structure is multiplied by the ratio of the 

ruptured-to-cold outside cladding radius to approximate the 

enhanced pin surface area. The heat flux* for any of the core 

heat transfer film boiling correlations under these conditions is 

computed by 

q = [FB r h(TW TV) 2.3.3-53.1 
roCcold 

CSO Correlation 

The vapor temperature, Tv, calculation is determined by a user 

input option. It is the RELAP5 volume steam temperature, T , or 
9 

it is obtained by solving the following two equations 

simultaneously for a given system pressure, P, and wall 

temperature, T 
w 

Xac/Xe = hfg/(hv - hf,sat) 2.3.3-54 

Rev. 3 
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x a/Xe = 1 - '(P) (Tv - Tsat)/(Tw - Tv , 2.3.3-55

B(P) = 0.26/[1.15 - (P/Pc)0.6 , and 

Pr = critical pressure, 2.2.12 MPa'(3208.2 psia).  

The solution of Equations 2.3.3-54 and 2.3.3-55 also gives the 
actual quality X ac From physical considerations, the following 
limits apply

Tsat < [ T + B(P) Tsat]/(l + B(P)] 

0.0 <_ XacXe :S 1 , and 

0 < XacS J.  

The total heat transfer coefficient, h, is calculated by 

h = MAX[ClFX hvc(I + Fs), CltR 4 k,/De

2.3.3-56 

2.3.3-57 

2.3.3-58 

2.3.3-59

where

CFL FM = user input constant (default = 1).  

The Chen CSO heat transfer coefficient, hv, is given by 

h = f/2 G Xac CPvf (Pr)-2/3 vc acC~vf vf

2.3-90

2.3.3-60 
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K)• where 

f 0.037 Re-0. 1 7 

Subscript vf refers to properties evaluated at (Tw + Tv )/2.  

Re = De Pv <J>/A v

and

<j> = G[Xac/Pv + (1 - Xac)/Pf]-
2;3.3-61

F is the heat transfer enhancement factor to account for the 
S 

effect of the entrained liquid droplets, and it is calculated 

using the following equation

Fs = 2 5 0 (P/Pc) 0.6[(1 - Xac)/Xac)0.49 (Rev)-0.55 , 2.3.3-62

Rev = G Xac De/Av.

When X is less than or equal to zero, T is set equal to Tsat 

and h is set equal to zero.  
vc 

When the quality X > 0.95, the heat flux is calculated as 

q q + (I -
2.3.3-63 

where

{ 2
X < .0.95 

X > 0.950(1 - X)
Rev . 3 10/92
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and

S = single-phase vapor heat flux given by Equation 2.3.3-64.  

The partitioning of the energy between the phases is done as 

described below.  

wf = Oaf qFB' 

qwg = g qFB + (1 -)qv' 

hwf - %f/Asat' 

hwg g/(T -Tg), 

and 

rw is calculated using Equation 2.2.2-42.  

Condie-Bengston IV Correlation1 3 4 

The vapor temperature, T , is the saturation temperature, Tsat.  

The heat transfer coefficient, h, is calculated by: 

Y0.4593 Pr2.2598 Re [0.6249 + 0.2043 ln (x +i)) 

h=a 
08095 (x + 2.0514 
e 

where 
0.5407 0.1905 

a =0.05345; 

[[0 7,] 

m K 
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Yg = thermal conductivity at Tsat, 

Pr = Prandtl number evaluated at Twall, 

Re. = Reynold's number = Gtot De /tg I 

x - equilibrium quality 

De = hydraulic diameter.  

The total heat transfer coefficient, h, is calculated by 

h = MAX[ C CFM hCB` ClRC 4K /De J 

.where 

C2M = user input constant (default = 1).  

The partitioning of the energy between the phases is done as 

described in the previous section on the CSO correlation.  

Single-Phase Vapor Heat Transfer 

In single-phase vapor convection hwf, qf, andr w are zero, 

q = qwg. qconv + qrad" 2.3.3-64 

This heat flux is calculated based on the cold heat transfer 

surface area. This area is used in all heat structures with only 

one exception. A user option has been added to allow adjustment 

of the surface heat coefficient following clad rupture. When 

this option has been requested, the heat flux in a ruptured 

segment heat structure is multiplied by the ratio of the 

ruptured-to-,cold outside cladding radius to approximate the 

enhanced pin surface area. The heat flux for the steam heat 

transfer under these conditions is computed by 

Rev. 3 
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r ocrunt 
r ffi qwg 
rocold 

The heat transfer coefficient is computed from q as

2.3.3-64.1

2.3.3-65h = h wg . q/(Tw - Tg) •

The convection heat flux, qconv' is calculated as the maximum of 

the McEligot and Rohsenow-Choi correlations.

qconv =MAX[CIMc hMC' ClRC 4.0 kg/De)(Tw 7 Tg) 

where 

h MC 0.021 kJg/De (Reg) 0 "8 (Prg) 0 4 (Tg/Tw)0.5

2.3.3-66 

2.3.3-67

(McEligot correlation),

and

C). and Cl RC are user input constants (default = 1).  

The radiation heat flux, q is calculated using the 
60 rad' 

correlation by Sun provided T is greater than 650 K and T is 
w w 

greater than T 

= Fwg aSB T -T 4.) 2.3.3-68 

where 

a SB = Stefan-Boltzman constant (5.67 10-8 w/m-2 K4 ), and

wg ((1- £w)/Cw + l/g "

Rev. 3 
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The emissivity of water vapor, •g, is given by 

1g= I - exp(-a L ), 

where 

L is the mean beam length, 0.85 D . The absorption 
m 61 e 

coefficient, ag, for vapor is given by 

ag= 1.813244 O-4 p 5 5 1- 0.05357 E[ '']21 

2.3.3-69 

For the wall emissivity, cw , the user has the following options.  

= user input (default = 0.67), 2.3.3-70 

or if the core heat transfer model is coupled with the core pin 

model, c can be calculated using the MATPRO-Version 10 
w 133 

correlation as given below.  

If Tw < 1500 K ,

0.325 + 0.1246 - 1066 

{w = 
5 

0.808642 - 50 6

6 _> 3.88 • 10-6m 2.3.3-71 

6 < 3.88 i 156 m, 2.3.3-72

6 is the oxide thickness.

Rev. 3 10/92
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If:Tw > 1500 K

2.3.3-73W= MAX(0.325, C' exp[(1500 - Tw)/300]J,

where ew' is the wall emissivity calculated using the Equation 

2.3.3-71 or Equation 2.3.3-72.
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K 2.4. Initial Conditions, Boundary Conditions, and Steady-State 
,'•i ,.ii1l •d- •nr•_________________________

All transient analysis problems require initial conditions from 

which to begin the transient simulation. Usually the initial 

conditions will correspond to a steady-state with the transient 

initiated from a change at some boundary condition. In generali 

the initial conditions required are a determinate set of the 

dependent variables of the problem. The hydrodynamic model 

requires four thermodynamic state variables at each hydrodynamic 

volume and the two velocities at each junction. Heat structures 

require the initial temperature at each node, control systems 

require the initial value of all control variables, and the 

kinetics, calculations require the initial power and reactivity.  

All of these parameters are established through the code input 

and initialization process for a new problem. For a restarted 

problem, the values are established from the previous 

calculation. For restart with renodalization or some problem 

changes, the initialization will result from a combination of the 

two processes.  

Typically, detailed problems require a period of code execution 

with constant boundary conditions in order to acquire consistent 

steady-state values of the hydrodynamic variables. The code may 

be executed in either the normal transient mode or a special 

steady-state mode determined by user control. The transient mode 

requires the user to determine if steady-state exists, while the 

code evaluates the convergence with the steady-state option. A 

discussion of the special steady-state calculation treatment is 

included in this section.  

Boundary conditions may be required for hydrodynamic models, heat 

structures, or control components if there are parameters 

governed by conditions outside of the problem boundaries. These 

could be mass and energy in flows or an externally specified 

control parameter. A description of the generalized boundary 

conditions is included in this section.
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2.4.1. Initial Conditions

All variables of the problem which are established by integration 
require initial values in order to begin a calculation or 

simulation. Problem variables which are related through quasi

steady relationships to the integration variables do not require 

initial conditions since they can be established from the initial 

values required in integration variables. An example is the pump 
head which is related to the pump flow and speed, both of which 

are obtained by integration and thus require initial conditions.  

Input initial values are required in order to begin a new problem 
whether a steady-state or transient run is selected. These 
initial values are supplied by the user through card input for 
each component (heat structure is an exception and can be 

initialized by input or by a steady-state initialization using 
the heat structure boundary conditions at time zero).  

The hydrodynamic volume components have seven options- for 
specifying the volume initial conditions. Four options are 
provided for pure steam/water systems. The remaining three 
options allow noncondensibles. Boron concentration can be 
specified with all seven options. Regardless of what option is 
used, the initialization computes initial values for all primary 

and secondary dependent variables. The primary variables are the 
pressure, void fractions, the two phase energies, the 
noncondensible quality, and the boron concentration. Secondary 
variables are quality, density, temperature, etc.  

Heat structure initial temperatures must be input. Depending 
upon the initialization option selected these temperatures are 
either used as initial temperatures or as an initial guess for an 
iterative solution to the steady-state temperature profile. The 

iteration solution option will attempt to satisfy the boundary 
conditions and heat sources/sinks that have been specified 
through input.
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Initial conditions must be specified for each control component 

which is used, even if the option to compute the initial 

condition is selected. Theoretically only the integral functions 

should require initial conditions; however, a sequential single 

pass solution scheme is used for control components and unless 

the control variables are input in an order so that no control 

variables appear as arguments until after they are defined will 

the input initial condition not be needed for non-integral 

functions. The specified initial value for a control variable 

defined by integration is always needed.  

The reactor kinetics model requires specification of an initial 

power and reactivity, and previous power history data may be 

entered.  

2,4.2. Steady-State Initialization 

RELAPS/MOD2 contains an option for steady-state calculations.  

This option uses' the transient hydrodynamic, kinetics, and 

controls algorithms and a modified thermal transient algorithm to 

converge to a steady-state. The differences between the steady

state and transient options are that a lowered thermal inertia is 

used to accelerate the response of the thermal transient and a 

testing scheme is used to check if a steady-state has been 

achieved. When steady-state is achieved, the run is terminated, 

thus, saving computer time. The results of the steady-state 

calculation are saved so that a restart can be made in the 

transient mode. In this case, all initial conditions for the 

transient are supplied from the steady-state calculation. It is 

possible to restart in either the transient or steady-state mode 

from either a steady-state or transient prior run. The following 

subsections describe the fundamental concepts of steady-state 

during transient calculations.
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2'.4.2.1. Fundamental Concepts for Detecting Hydrodynamic Steady-\k> 
State During Transient Calculations 

The fundamental concept of steady-state is that the state of a 

system being modeled does not change with respect to time. In 

the hydrodynamic solution scheme three terms can be monitored 

whose variation in time include the variation of all-of the other 

terms. These three terms are the thermodynamic density, internal 

energy, and pressure. Furthermore, these three terms can be 

combined into a single term, enthalpy. Hence, monitoring the 

time variation of enthalpy is equivalent to monitoring the time 

variation of all of the other variables in the solution scheme.  

For each volume cell in the system model the enthalpy can be 

written as 

V ipi h? = V , i 2.4-1 

where subscript i denotes the ith volume element, superscript n 

denotes the solution time, tn, hi is the volume element enthalpyKJ 

in units of energy per unit mass, Vi is the element volume that 

is constant, and Pi, Ui, and Pi are the thermodynamic density, 

internal energy and pressure, respectively, of the substance 

within the volume. Since volume is constant, Equation 2.4-1 can 

be simplified as 

phý =nU + pn? 2.4-2 

The rate of variation with respect to time can be expressed 

numerically as 

[n p+l Un+l + P n+1) ? .  dgh ). p,4r ... 2.4-3 
(dt , tn 

where superscripts n and n+l denote the old and new time values,, 

respectively. Absolute hydrodynamic steady-state occurs when\•
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Equation 2.4-3 is zero for each of the volume elements in the 

modeled system.  

In order to simplify the'task of detecting steady-state a system 

mean enthalpy can be expressed as

pn ph =

NVOLS
Vi(P~U +n

NVOLS 

i=1

2 . 4-4

Vi

A system mean rate of change can also be formulated as

n 
d- =I 
dt Atn

NVOLS[V n+n1 +I n.n+p 

2~~ [ U (nlf+ + P~l - (Pti+P) 
:3.

NVOLS 

2~ Vi
2.4-5

However, since the rate of change in any volume element can be 

positive or negative these terms would tend to cancel. Hence, a 

better formulation for the mean rate of change is as a mean 

square summation that can be written as

n 

dh2 
dt

=_ 

Atn2

NVOLS 

i=1

i • +2 
[P nýlu~l+l + pn+l.) - , + ý

NVOLS 

i=l 2.4-6

During the course of the problem solution, Equation 2.4-6 can be 

used to monitor the system approach to steady-state because, as 

each volume element approaches steady-state, its rate of change

2.4-5
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goes to zero hnd drops out of theý summation, The detection of~j 

absolute steady-state is therefore relatively simple, since the 

calculations need only be monitored until Equation 2.4-6 becomes 

`zero. However, another property of Equation 2.4-6 is that it 

will fluctuate wildly, varying between small and large 

magnitudes. These fluctuations decrease in magnitude as the 

calculations proceed toward steady-state. Hence, Equation 2.4-6 

is not a well behaved function and it is therefore difficult to 
monitor its behavior. However, a well behaved function can be 

curve fitted to the results of this equation over reasonable time 

intervals. An exponential function is of this type and if 

nn 
N =h y -e (a+tn+Y tn1 to < tn t ,2.4-7 

the coefficients a, p, , and # may be computed by the method of 

least squares over any reasonable time interval greater than four 
time steps. Equation 2.4-7 has the property that it can increaseK-> 
to large values at small values of time and then decrease to 
small values as time increases and the system approaches steady 
state. Equation 2.4-7 represents the time smoothed root mean 
square (RMS) rate of change in system enthalpy.  

Because the user must provide boundary conditions, controls, or 
trips to guide the transient solution to steady-state, it may not 
be possible to achieve an absolute steady-state. For example, a 
steam generator water level control may be modeled'so that the 
water level oscillates between high and low setpoints. In 
addition, since numerical schemes are inexact, it may only be 
possible to calculate absolute steady-state within a small limit 
of precision. For this kind of fluctuating average steady-state, 
the RMS (dph/dt) will approach a constant positive non-zero 
value. As a result, an additional method must be used to detect 

an average steady state over limited time intervals.  
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2.4-7

n 
If the system ph is varying with time over the interval 

t1 <, tn < t 2  , 2.4-8 

its variation can be expressed approximately in the form of a 

straight line such that 

_n 

H' = b + atn = Th . 2.4-9 

If the system is approaching an absolute steady state, then the 

line rate of change will be zero and Equation 2.4-9 will give the 

system time average ph such that 

tI t2 
1- b tl <tn _ t 2 , 2.4-10 

where the superscript tl t denotes a time average over the 

interval tI _ tn _< t 2 .  

n 

The second testing method consists of monitoring the system ph 

at the completion of each successful time step and at reasonable 

time intervals solving for the straight line coefficients a and b 

using the method of least squares.  

In performing the method, of least squares, the mean system 

enthalpy is computed at the successful completion of each time 

step in the interval 

t< tn < t2



and an equation expressing the sum of the squaires of the 

differences between pha and Equation 2.4-9 can be written as 

t 2 n22 
Cph m- b - atn)2  2.4-11 

t n=nl I 

The coefficients a and b can then be calculated by the method of 

least squares.  

A measure of the RMS fluctuation of phn with respect to the line 

of Equation 2.4-9 can also be computed using the mean square form 

of Equation 2.4-11 where 

S-t 2t-I t 2' / 2  
2.-1 

S(n2 - ni) ph 4-12 

The RMS fluctuation then represents a measure of the typical 

difference between the mean system enthalpy and the line of 

Equation 2.4-9. However, the coefficients a and b cannot be 

calculated. with any better precision than the overall precision 

of the solution scheme for the entire system.  

2.4.2.2. Calculational Precision and the Steady-State 
Convergence Criteria 

In the . RELAP5/MOD2 solution scheme, after. the successful 

completion of calculations over a time step, three fundamental 

variables are computed for each volume element in the system 

modeled. These variables are: 

1. n+l the thermodynamic density of the volume substance, 

mi, 

where subscript m denotes the solution by conservation 

of mass.
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2.1 n, the thermodynamic internal energy of the volume 
substance resulting from conservation of energy.  

3 Pn+1 the thermodynamic pressure of the volume substance 

resulting from the combined solution. conserving 

momentum, mass and energy.  

The superscript n+l denotes the new time solution at time tn+l1 

tn + Atn. only three of these variables are required to define 

the thermodynamic state of the volume substance.  

In RELAP5/MOD2, the thermodynamic pressure, phasic internal 

energies, and vapor volume fraction are used to compute the state 

utilizing a set of properties tables. In the resulting 

calculations, a thermodynamic density pn+l is calculated 

corresponding to the solution results. If the pressure and 

overall internal energy are preserved then the precision of the 

calculations can be defined as 

n+l n+l n+l 2.4-13 
'p,i = Pi - i 

for each volume element in the system. If the calculations were 

exact then Equation 2.4-13 would be zero. However the properties 

tables are limited in precision to a tolerance of ±1 in the fifth 

significant figure and in statistical terminology the mean 

expected precision would be approximately ±5 in the sixth 

significant figure. If the mean expected precision is considered 

to be a standard precision, an approximate expression can be 

written in terms of the property table density 

n+1 +(5. 1,-6) n+l 2.4-14 
std,p,i , 
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which is approximately ±5 in the density sixth significant figure k) 

and which represents the best expected precision for the 

calculational scheme.  

In the steady-state testing scheme, the precision of the volume 

enthalpy can be written as

n+l n+n +_I-J. n+1 n+1 U+l n+ 0+1 
'ph, i Pi Ui + 

n+l [n+ n+I 0+1 
'ph, P -- Pmi )

2.4-15 

2.4-16

Similarly, the precision of the rate of change in volume enthalpy 
can be written as 

L dt1. + i]n (n

in+lUf+l + i n+l n + n 
LI 1P J Ui + J)jJ

, 2.4-17

which simplifies to

n+l 

Cdtj'
1-_L. n+l 

=tn Cph,i

\-/,r

2.4-10

or
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For the entire system at the current time step, a statistical 

precision can be defined, where 

"NVOLS 
2 1/2 

V2 n+1 -n+1 U3?+ 

n4-1 i~l 2i 1 24-19 
Sph NVOLS 

v 2 

for the system mean enthalpy, and where 

Sn+1 1/2 

n+1 12 ph 2.4-20 

for the system rate of change in enthalpy.  

Simple mean differences for the entire system can also be written 

as 

NVOLS 
SV + n+l p n+.) Un4+1 

I mn 
6n+1 . 1=j 2.4-21 ph =' NVOLS 

S vi 
i'-1 

for the system mean enthalpy, and as 

•n+l -= _- n+l 242 

6 Lhs rate op 2.4-22 

for the system rate of change in enthalpy.
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The relationship between the mean difference and, precision terms 
defines the uncertainty characteristics of the overall solution 
scheme. From Equations 2.4-19 through 2.4-22, it is obvious that 

-n< 6 n n2.4-23 

where subscript n denotes the particular term, ph or d(ph/dt), 
being considered. In particular, if en is small it can be 
concluded that calculations are made with a high degree of 
precision throughout the entire system modeled. If the mean 
difference term is such that 

6n = 0, 2.4-24 

then the overall system solution is said to be unbiased. This 
means that the overall system mass, energy, and momentum are 
precisely conserved. However, if 

6n n 2.4-25 

then the overall system solution is said to be biased. This 
means that if Equation 2.4-23 is true and 

5 n < 0 2.4-26 

then the overall system solution behaves as if it were losing 
mass, energy, or momentum. If 

6n > , 2.4-27 

then the system solution behaves as if it were gaining mass, 
energy, or momentum. In RELAP5 the size of the calculational 
time steps are controlled to maintain a high degree of precision 
which in turn limits the system bias. However, the\->
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characteristics just described can have an effect in determining 

time average steady-state.  

Since the time average straight line test defined by Equation 

2.4-9 is conducted over a time interval, time average precision 

and. mean difference terms must be calculated over the same time 

interval using the relationships

t 1- -tL2 tl -t2 
'ph 

t 2t 

dt
KU

n2 

t(ph)2 
n=nl 

n2 
SAtn 

n=nl 

n2 

n=nl n n22 
2tn 

n=nl

n2 

tl---t2 =nl - h____p 

,nh =n2 • tn 

nýnl

t __t2 

C dtD h)

n2 

, Atn 

n=nl

2.4-13
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where superscript tl_____t2 denotes a time" average over the time 

interval and the summation terms nl and n2 denote the number of 

time steps taken over the interval from t1 to t2, respectively.  

Equations 2.4-28 through 2.4-31 represent the precision of the 

actual calculations relative to the thermodynamic state 

algorithm. These equations have the characteristic that if the 

system approaches absolute steady-state both Equations 2.4-28 and 

2.4-29 will become very small. Since the properties tables are 

limited in precision, it is useless in a practical sense to 

continue calculations if absolute steady-state is" achieved with a 

precision better than that for the properties tables. This 

criteria can be defined by considering equations similar to 

Equations 2.4-28 and 2.4-29 but written in terms of the 

properties tables standard precision. These equations can be 

derived by simply substituting Equation 2.4-14 for the density 

difference term in the equations leading to Equations 2.4-28 and 

2.4-29.  

The steady-state convergence criteria can then be defined by 

combining the calculational and standard precisions such that 

2tl+ 6pht2 2 2.4-32 Sc, ph 2 std~ph eph" 

for the system mean enthalpy, and 

ti 21 ofc 2 + (te i 1 t2] 2'h1 

for the system rate of change in enthalpy.
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K) These equations represent the steady-state convergence criteria 

and it can be said that within the limits of calculational and 

properties precision, time average steady-state is achieved when 

the mean rate of change in system enthalpy is within the limits 

of 

t1t 2 I 2 tt2 tI_ t 

-czh _< a + 'cjdah 2.4-34 

dt dt 

where a is the mean rate of change in system enthalpy given by 

Equation 2.4-9. If Equation 2.4-34 is true and if Equation 2.4-7 

is such that 

ti lcdoh t 2.4-35 

dt 

then absolute steady-state is achieved. If Equation 2.4-34 is 

true and 

1 >2 2.4-36 

dt 

then the system is fluctuating and time average steady-state is 

achieved.  

2.4.2.3. Steady-State Testing Scheme, Time Interval Control and 
output 

In the steady-state testing scheme, 'the concepts discussed for 

detecting steady-state are used and calculations are performed 

over time intervals composed of a number of time steps. Because 

the nature of each problem is different a systematic method of 

varying the test time intervals is performed.
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These tests are perforided in two parts. First the system modeli, 

overall state, and rate of change in state are monitored by 

evaluating Equations 2.4-1 through 2.4-6 and including these.  

results in the least square terms for Equation 2.4-7. At time 

intervals computed internally, Equation 2.4-7 is evaluated and 

the current system rate of change is determined. If the rate of 
change in state is increasing, then. a divergent condition is 

indicated. If the rate of change in state is decreasing or zero, 

then a convergent condition is indicated. Second, if a 

convergent condition is indicated, then calculations are 

performed to determine the system average, state and average rate 
of change in state over the internally computed time intervals.  

These time averages are formed by obtaining successive 

overlapping least square solutions for Equation 2.4-8. These 
successive time average values are compared and the achievement 

or nonachievement of a time average steady-state is determined.  
In performing these tests the calculational precision is 

accounted for by using Equations 2.4-13 through 2.4-36.  

In the steady-state scheme, each time a solution for Equation 
2.4-7 is obtained, the overall state and steady-state convergence 
test results are printed. This printout is composed of current 

time results and time smoothed results integrated over the test 

time interval. The current time results are (a) the state and 

rates of change in state resulting from Equations 2.4-4, 2.4-5, 

and 2.4-6, (b) the current time uncertainties resulting from 
Equations 2.4-19 through 2.4-22, and (c) the current time mean 

and root mean square (RMS) mass errors. The time smoothed 

results that are printed are the current time evaluation of 

Equation 2.4-7 and the resultant coefficients of Equation 2.4-7 

determined by the least squares solution over the time interval 

from tI to the current time TIMERY. The time, tI, 'corresponds to 

the time at the successful completion of calculations for the

2.4-16



first time step after problem initiation. For example, if the 

problem is a NEW problem then tj, corresponds to 

t = 0 + At1 , 2.4-37 

where AtI is the first successful time step. If the problem is a 

RESTART problem, then tI corresponds to 

t 1  TREST + at , 2.4-38 

where TREST is the time of restart and &t is the first successful 

time step after restart. If the results of the overall state 

tests indicate a convergent condition, then time average tests 

are initiated.  

The time average tests consist of approximating the overall state 

with a set of three straight lines where each test line is fitted 

*to the calculational results over successive test intervals. The 

time rates of change of these test lines are then monitored to 

determine time average steady-state. In the testing scheme, when 

the time average tests are initiated, calculations continue until 

the successive test time interval is exceeded. At this time the 

first test line, Line A, is defined and its results are printed.  

Calculations then continue until the next successive test time 

interval is -exceeded. At this time, the second test line, Line 

B, is defined for the second test interval and the third test 

line, Line C, is defined for the combined first and second test 

intervals. The results for the three test lines are then printed 

and tests are performed to determine, the achievement of time 

average steady-state. If steady-state has not been achieved, 

then test Line A is reset to Line B and the process is repeated 

until steady-state is achieved.  

In the printed edit for time average steady-state tests the 

results for each of the three test lines are printed. The test 

line results are obtained by curve fitting Equation 2.4-7 o~er
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each of the line test intervals. The results printed are thel_> 

endpoints of Equation 2.4-9 evaluated at the test interval start 

and end times and the time rate of change of Equation 2.4-7.  

Also printed are the time average uncertainties from Equations 

2.4-28 through 2.4-31, the RMS fluctuation of system mean ph 

about the line from Equation 2.4-12, and the- mass error 

integrated over the line test, interval.  

In performing both the overall and the time average sets of 

tests, calculations proceed through a logic scheme to perform 

tests that monitor the solution scheme's approach to steady

state. After completing the logic scheme calcuiations, the 

steady-state conclusions and next course of action are printed.  

This printout is composed of statements of the mode of 

convergence and the state of the system in alphanumeric terms.  

These statements are defined as the calculations proceed through 

the logic scheme. To prevent excessive printout during the 

overall state convergence tests, the first test for overal1lý 

convergence is not performed until the completion of ten 

successful time steps. At this time a current test time interval 

is initialized as Atc = TIMEHY - tI. If this test indicates a 

divergent condition, then the test time interval is increased and 

the test procedure is repeated. To increase the test time 

interval, three tests are performed. First, the current test 

time interval is halved and the time t 2 is estimated as 

t 2 = TIMEHY + Atc . 2.4-39 

Then Equation 2.4-7 is evaluated as Y(t 2 ). If y(t 2 ) is greater 

than'the current value of y, then the time t 2 is reset to 

t2 = TIMEHY + Atc 2.4-40
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) and Equation 2.4-7 is reevaluated, which results in resetting 

y(t 2 ). If Y(t2) is again greater than y, then the time t 2 is 

again reset to 

t2 = TIMEHY + 2Atc• 2.4-41 

In any case, the test time interval is expanded by either 

maintaining, halving, or doubling the current test time interval 

based on a projected estimate of the current time smoothed 

convergence function. This test procedure is then successively 

repeated until a convergent condition is calculated.  

To provide efficiency for the time average testing scheme, upon 

the first occurrence of an overall state convergent condition the 

time average testing scheme is activated and the test time 

interval is redefined by estimating the time interval over which 

a 10% change in state will occur. This time interval is 

approximately 

At c O.l(nh )/y . 2.4-42 

However, to prevent excessively small or large intervals, the 

time interval is limited such that 

10 dt < At ; 100 dt 2.4-43 

where* dt is the current calculational time step. The 

calculations for the time average scheme then proceed with each 

successive test time interval"specified 10% larger than the time 

interval just completed. As the calculations progress and 

approach steady-state, the line segments approach a constant 

value within the steady-state' convergence criteria. When this 

condition is met-, the test time interval is doubled. If this 

condition is recursively maintained for two more successive test 

intervals then a final steady-state has been achieved and the
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calculations are terminated. If the line segment tests indicate 

that the solution is diverging from steady-state the results ofK) 

the time average tests are discarded. When the conditions of 

Equation 2.4-7 again become true, the time average tests are 

reinitiated and the procedure is continued until steady-state is 

achieved.  

2.4.2.4. Heat Structure Heat Conductance Scheme for Steady-State 

In both the steady-state and transient solution schemes the same 

transient heat transfer algorithm is utilized. However, in the 

steady-state scheme the heat structure heat capacity data input 

by the user are ignored. Instead, this term is evaluated as an 

artificially small number such that 

pCO (Ax)2 

kAtht '.2 
2.4-44 

where pCp is the heat capacity term, ax is the heat structure&-' 

mesh interval, k is the heat structure thermal conductivity and 

Atht is the heat transfer scheme calculational time step.  

Equation 2.4-44 corresponds to the explicit stability criteria 

for a transient numerical heat conduction scheme.  

In a transient solution scheme, the heat capacity term is treated 

analogously to a thermal inertia and its magnitude determines the 

characteristic response time of the conduction solution. For 

example, pCp is typically quite large and on the order of 105 or 

larger. Hence, a large value of pCp results in a characteristic 

response time much greater than the hydrodynamic response time.  

Indeed, hydrodynamic steady-state can be approximately achieved 

in reasonably short calculational times before large heat 

structures have even begun to respond.
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2:4.3. Boundary Conditions 

Boundary conditions are required in most transient calculations.  

In reality, boundary conditions take the form of the containment 

atmosphere, operator actions, or mass and energy sources which 

are not explicitly modeled as part of the system. Such boundary 

conditions are simulated by means of a time dependent volume, a 

time dependent junction, a specified heat flux on a heat 

structure surface, an energy source, or a specified variation of 

parameters in control components to simulate an operator action.  

The time variation of the boundary conditions are specified by 

input tables or can be varied dynamically by use of trips and 

control variables which effect step changes based on time or any 

other dependent variable of the simulation: A few of the 

possible boundary conditions and suggested ways of modeling them 

will be described.  

2.4.3.1. Mass Sources or Sinks 

Hydrodynamic mass sources or sinks are simulated by the use of a 

time dependent volume with a time dependent junction. The 

thermodynamic state of the fluid is specified as a function of 

time by input or by a control variable. The time dependent 

junction flows or velocities are also specified. This approach 

can be used to model either an inflow or an outflow.  

Typical pressurized water reactor applications require-simulation 

of high pressure injection, low pressure injection, main 

feedwater, and auxiliary feedwater. These inflow conditions are 

specified for these sources' with time dependent junctions which 

use the flow rate contained within a control variable. Other 

control variables, trips, functions, or general tables may be 

used in defining the value of the control variable used for flow 

control.
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2.4.3.2. Pressure Boundary

A pressure boundary condition is modeled using a time dependent 

volume in which the pressure and thermodynamic state variables 

are specified as a function of time through input by tables or by 

a control variable. The time dependent volume. is connected to 

the system through a normal junction, thus, inflow or outflow 

will result depending upon the pressure difference. For inflow 

conditions, time dependent volume conditions represent the state 

of fluid which enters the system. Only the static energy of an 

incoming flow is fixed by a time dependent volume. The total 

energy will depend upon the inflow velocity and increases with 

increasing velocity due to kinetic energy.  

The additional boundary conditions represented by a time 

dependent volume concern the viscous damping terms inherent in 

the momentum formulation. For this purpose the derivative of 

velocity across the time dependent volume is zero and the length 

and volume are assumed to be zero (regardless of the required KU 
input). The fact that the .energy of inflow increases with 

velocity can lead to a nonphysical result since the stagnation 

pressure also increases and for a fixed system pressure an 

unmitigated increase in inflow velocity can result. This effect 

can be avoided by making the cross sectional area of the time 

dependent volume large compared to the junction so that the 

volume velocity of the time dependent volume is small and thus, 

the total energy of the inflow is constant. When a large area 

ratio exists between the time dependent volume and the junction 
connecting it to the system, a reservoir or plenum is simulated.  

As a general rule, all pressure boundary conditions having either 

inflow or outflow should be modeled as plenums for stability and 

realism. In particular, when an outflow is choked the critical 

flow models more closely approximate the conditions at large 

expansions (i.e., little or no diffusion occurs). Thus, this 

assumption is consistent with the choked flow models and is 

recommended. <2
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2.5. Control System 

The control system provides the capability to evaluate 

simultaneous algebraic and ordinary differential equations. The 

capability is primarily intended to simulate control systems 

typically used in hydrodynamic systems but it. can also model 

other phenomena described-by algebraic and ordinary differential 

equations. Another use is to define auxiliary output quantities 

such as differential pressures so they can be printed in major 

and minor edits and be plotted.  

The control system consists of both control variables and trip 

functions. Each component is defined by a specific function of 

time-advanced quantities. The time advanced quantities include: 

hydrodynamic volumes, junctions, pumps, valves, heat structures, 

reactor kinetics, trip quantities, and the control variables 

themselves (including the control variable being defined). This 

permits a multitude of control components to be developed that 

perform basic operations, including such things as valve position 

control, safety system initiation and control, and boundary 

system flow or pressure control.  

2.5.1. Control Variable Components 

Nearly every standard engineering function is available in the 

RELAP5 control variables. The control variables provide 

arithmetic, integral, differential, proportional-integral, lag, 

lead-lag, and shaft operation components for user defined 

calculations. The individual operations are described in detail 

in the following sections.  

In the following equations that define the control components and 

associated numerical techniques, Yi is the control variable 

defined by the ith control component; Aj, R, and S are real 

constants input by the user; I is an integer constant input by 

the user; Vj is a quantity advanced in time by RELAP5 and can
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include Yi; t is time; and s is the Laplace transform variable.  

Superscripts involving the index n denote time ievels. The name 

in parentheses to the right of the definition is used in input 

data to specify the component.  

2.5,1.1. Arithmetic Control Components 

Constant

Y i =S (CONSTANT). 2.5.1-1

Addition-Subtraction

Yi = S(A 0 + AIV1 + A2 V2 + ... )

Multiplication 

Yi S V 1 V 2..

(SUM)

(MULT) .

2.5.1-2

2.5.1-3

Division

y. or Y.2 SS V2 
1 V--1

Exponentiation

2.5.1-4(DIV) .

I 
Yi S V1

(POWERI) 

(POWERR) ,

2.5-2

2.5.1-5 

2.5.1-6



and

Yi = S VV 2 (POWERX) .

Table Lookup Function

Yi = S F(VI) (FUNCTION) I

where F is a function defined by table lookup and interpolation.  

Standard Functions

y= SF(V 1 , V2 , V3 , ... ) (STDFNCTN) ,

where F can be jVIj, exp(VI), ln(VI), sin(VI), cos(VI), tan(VI), 

-l 1/2 
tan (V1 ), Vl, (VI) , MAX(V 1 , V21 V3 ... ), and MIN(V 1 , V2 , V3 1 

S ... ). Only MAX and MIN may have multiple arguments.

2.5.1-10(DELAY) IYi = sl(t - td)

where td is the delay time. A user input, h, determines the 

length of the table used to store past values of VI. The maximum 

number of 'time-function pairs is h+2. The 'delay 'table time 

increment is td/h. The delayedý function is obtained by linear 

interpolation using the 'stored past history. As time is 

advanced, new time values are added to the table. Once the table 

fills, new values replace values that are older than the delay 

time.
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Unit Trip

Yi SU (± tr (TRIPUNIT) .2.5.1-11 

Trip Dela 

Yi =STr (tr) (TRIPDLAY) . 2.5.1-12 

In the above two trip related components, tr is a trip number and 

a negative indicates that the complement of the trip is to be 

used. U is 0.0 or 1.0 depending on trip tr (or its complement if 

tr is negative) being false or true, and Tr is -1.0 if the trip 

is false and the time the trip was last set 'true if the trip is 

true.  

No numerical approximations are involved in evaluating the 

algebraic components. Evaluation is by simply performing the 

indicated operations. In the sequence of operations that perforr 

a time advancement of the trip, heat conduction, hydrodynamic, 

reactor kinetic, and control systems of RELAPS, the control 

system is processed last. Thus, the end of time step (n+l) 

values for trip variables tr and all V1 variables except control 

variables Yi are available. The control components are evaluated 

in component number order. As the first control variable Y1 is 

being evaluated,. only old time values are available for all 

control component variables. Cnce Y is evaluated, the new time 

value is available for the remaining control variable evaluations 

of Y1. In general, while Y is being evaluated, new time values 

are available for Yk' k < i, and only old time values are 

available for Yk' k k i.
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In the example,

n+1 n+1 n+1 2.5.1-13 
Y 1 = A0 +A 1 T + A2 P +A 3 S8 5 

+ A4 .Y0 + A5 Y 5 

T and P, which represent a temperature and pressure from the heat 

structure or hydrodynamic systems, are new time values. The 

value Y8 is also a new time value because it was advanced before 

control component 10, and Y10 and Y15 are old time values.  

Initialization of the algebraic control components is very 

similar to a time advancement. At the start of control component 

initialization,, all other time advanced quantities have been 

initialized. Control component input includes an initial value 

and a flag that indicates if initialization is 'to be performed.  

The initiaiization proceeds in the order of component numbers.  

SThe initial value entered becomes the initial value if no 

initialization is specified. If initialization is specified, it 

is simply the specified computation using the available data. If 

component i references YkF k < i, the initialized value of Yk is 

used; if k > i, the entered initial value is used.  

2.5;1.2. Integration Control Component 

ýThe integration component evaluates 

Y S t1V dt1  (INTEGRAL) 2.5.1-14 

where t1 is the time the component is added to the system, and 

the initial value at tI is the input item regardless of the 

initialization flag.
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The integral is advanced by the trapezoidal approximation

n+1 l1 
.y I-

2.5.1-15

Both new time (n+l) and old time (n) values are available for VI 
except when it is a control variable Yk, k 2 i. For the case 

when V1 = Yk, k+ > i, the Vn and Vn+1 are instead Vn- 1 and Vn.

n+ 
- 1 1 1 2~J~ 2.5.1-16

Use of the integral component when old time values will be used 
should be avoided. Consider the example

a = P1 - P2 - BV - kd, 2.5.1-17 

2.5.1-18 ,V = fadt,

d = JVdt. 2.5.1-19

This acceleration-velocity-distance system cannot be advanced 
without use of old values. As a general rule, it is considered 

better to use the old value in the algebraic expression and not 
in the integral expressions.  

Thus, using Y1 = a, Y2 = V, and Y3 = d;

Y1 = P1 - P2 - BY2 - kY3 , 2.5.1-20 

2.5.1-21Y2 = INTEGRAL (YI),

I

2.5-6
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and

Y3= INTEGRAL (Y2 ). 2.5.1-22 

2.5.1.3. Differentiation control components 

Two components provide for differentiation 

dV 
= dt 

One component evaluates the derivative by the inverse of the 

integration technique 

f 1 At• 1 - V - (DIFFERNI) . 2.5.1-23 

This component is not recommended since it can be unstable, 

requires an accurate initial value, and does not recover from a 

bad initial value. The recommended derivative component, uses a 

simple difference expression 

( iuI - Vn) (DIFFERNI) • 2.5.1-24 

Differentiation is a noisy process and should be avoided.  

Differentiation of control system variables can almost always be 

avoided. Filtering the result of differentiation of other 

variables should be considered. Similar to the case of the 

integral component, old time values are used when advancement of 

Y1 involves V1 = Yk, k > i.
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2.5.1.4. Proportional-Inte ral Component

This component evaluates

yi= s[AIv1+A 2  I V1 dt] 

or in Laplace transform notation

(PROP-INT) 2.5.1-25

Yi(s) = S[A + N VI(S). 2.5.1-26

This component is advanced in time by

,n+1 . In + (Vn + Vn+) &- 2.5.1-27

n+ 1 n+ n+l) k SA 1 1 +AI 2.5.1-28

The comments in the previous section concerning integration with 

V1  Yk hold for this component.  

If the initialization flag is off, Y° is the entered initial 

value and

[ -1J A 21 S I~ 2.5.1-29

If the initialization flag is on

2.5.1-30

2.5-8

and
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and

Y! = SAt vi "2.5.1-31 

2.5.1.5. Lag Control Component 

The lag component is defined in Laplace transform notation as 

Yj(s) = vS Al Vl(s) (LAG) • 2.5.1-32 

Through algebraic rearrangement 

Yi(s) + ASYi(s)= S Vl(s) , 2.5.1-33 
~s) + AS V 1 (S) 

S AS s 2.5.1-34 

s * I1i s

or

S V1 (s) - Yi(s) 
Yi(s) = A s 2.AIS

Transforming to the time domain gives 

t 
Yi = CS V1 -gi] dt

The above expression is advanced numerically by 

y .++ Y. + sr , f + n+1 n Y A Il I Yi .1 2Ai1

2.5.1-35

2.5.1-36

2.5.1-37
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or

ln+l= 
Y i

l1sf+ Vn+ll A~t 
Y i 2A 1 1 2A1 

2A1

2.5.1-38

If the initialization flag is set,

- sv .  I. 1
2.5.1-39

2.5.1.6. Lead-Lao Control Component

The lead-lag component is defined in Laplace transform notation 

as

Yi (s) = s +'• V (S) (LEAD-LAG) • 2.5.1-40

Rearranging algebraically, this yields 

Yi(s) + A2 sYi(s) = SVl(s) + Als SVI(s) 2.5.1-41

or

Yi(s) =+ 
A 2 A2s 

Transforming to the time domain gives 

A S l t Is V - Yi. t 
- A + -( A 1dt 
I A 2 J

2.5.1-42

2.5.1-43
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Note that the differentiation implied by the sVl (s) term has been 

avoided.  

The above expression is advanced numerically by

Yn+l A1S .n+l + in + 
1 = A2 1 1 1 1 nl] yn~1sJ i2A 2

2 .5. 1-44

A 
AS "n+ + In + A2 ý[V~ r V n1 Yi 2A

2.5..1-45
2A 2

and finally

In+l = In + Vn + Vn+I n - y+l At1 -1Y 2A2 2.5.1-46

If no initialization is specified, V = 0 and Yi is the entered 

initial value. If initialization is specified, then

2.5.1-47Yi =SV andi1 [I 1 Svi 
1 1 2]J

For both lag and lead-lag components, if V1 = Yk: k - i is an 

error; when k < i, old and new values are used as indicated; if 

n and •i+I n-I and n 
k>i,V 1 are reallyYk Yk

2.5-11
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2.5.1.7. Shaft Component 

The shaft component is a specialized control component that 

advances the rotational velocity 

S dt ri - + c(SHAFT) , 2.5.1-48 
i 2. 1 

where I is the moment of inertia, ri is the torque from component 

i, fi is friction, and rc is an optional torque from a control 

component. The summations are over the pump, generator, motor, 

or turbine components that might be connected to the shaft and 

the shaft itself. The shaft and each associated component 

contains its own model, data, and storage for inertia, friction, 

and torque, and has storage for its rotational velocity. Each 

associated component also has a disconnect trip number. If zero 

(no trip) the component is always connected to the shaft. If a 

trip is specified, the component is connected when false and 

disconnected when true. Any disconnected component is advancedkJ 

separately and thus can have a different rotational velocity than 

the shaft. All connected components have the same rotational 

velocity.  

The shaft equation is advanced explicitly by 

W )n=+l Z _ Z f n + Tn 2.5.1-49 

Inertias, torques, and friction are evaluated using old time 

information. The torque from the control system, rc, would be in 

terms of new time values for quantities other than control 

variables and would use new or old time values for control 

variables depending on their component numbers relative to the 

shaft component number. Except when a generator component is 

involved, the shaft component calculations consist of solvinc
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<)• Equation 2.5.1-49 for wn+l separately for each component 

disconnected from the shaft (if any) and for the shaft and the 

connected components as one system. For separated components, 

the new rotational velocity is stored with the component data and 

the summations are only over terms within the component. For the 

shaft and the connected components, the summations are over the 

shaft and the connected components, and the new rotational 

velocity is stored as the shaft's and each connected component's 

rotational velocity. A tripped generator, attached or connected, 

is treated as described above. An untripped generator rotates at 

the input synchronous speed, and if connected to the shaft, the 

shaft and all connected components are forced to the synchronous 

speed.  

2.5.2. Trip System 

The trip system consists of the evaluation of logical statements.  

Each trip statement is a simple logical statement which has a 

- true or false result and an associated variable, TIMEOF. The 

TIMEOF variable is -i.0 whenever the trip is false and contains 

the time the trip was last set true whenever the trip is true.  

This variable allows for time delays and unit step functions 

based on events during the transient.  

Within the structure of RELAP5, the trip system is considered to 

be only the evaluation of the logical statements. The decision 

of what action is needed, based on trip status resides within 

other models. For example, valve models are provided that open 

or close the valve based on trip values; pump models test trip 

status to determine whether a pump electrical breaker has 

tripped.  

Two types of trip statements are provided, variable and logical 

trips. Since logical trips involve variable trips and other 

logical trips, complex logical expressions can be constructed 

from simple logical statements. Both types of trips can be
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latched or unlatched. A latched trip, once set true, is no 

longer tested and remains true- for the remainder of the problem 

or until reset at a restart. An unlatched trip is evaluated 

every time step.  

2.5.2.1. Variable TrpTs 

A variable trip evaluates the statement 

Tri Vi OP (V2 + C) 2.5.2-1 

The value Tri is the ith trip variable that may be true or false.  

Values V1  and V2 are quantities from' the heat structures, 

hydrodynamics, reactor kinetics, control systems, or may be a 

TIMEOF quantity. C is a constant; OP is one of the arithmetic 

relational. operations; EQ is equal; NE is not equal; GT is 

greater than; GE is greater than or equal; LT is less than; and 

LE is less than or equal.  

Trips are evaluated at the beginning of the overall RELAP5 time 

advancement and are evaluated in numerical order. Except for 

TIMEOF variables, all other V quantities have beginning of time 

step values and the results of the trip evaluation are 

independent of the evaluation order. But when a variable trip 

statement references TIMEOF (Trk), the new value of TIMEOF is 

used if k < i.  

2.5.2.2. Locical Trips 

A logical trip evaluates 

T ±Trj OP+Tr . 2.5.2-2 

The values Trj and Trp are variable or logical trips, and the 

minus sign if present denotes the complement of the trip value.
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K_) The value OP is one of the logical operations, AND, OR (inclusive 

or), or XOR (exclusive or).  

Logical trips are evaluated following the evaluation of variable 

trips and are evaluated in numerical order. When Trj (or Trp) is 

a variable trip, new trip values are used; when Trj -is a logical 

trip used in logical trip expression i, new values are used when 

j < i, and old values are used when j • i.
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The RELAP5 code architecture is the result of experience with the 

development of large thermal-hydraulic computer codes at INEL.  

Convenience, allowance for future modifications, and computer 

efficiency were primary considerations in designing RELAP5. This 

section presents the basic organization of the code, a brief 

discussion of the numerical approach, the order of processing of 

the solution, and a discussion of the treatment of approximations 

and accumulated mass and energy decrements.  

3:1. ToP Level Organization 

RELAP5 is coded in a modular fashion using top down structuring.  

The various models and procedures are isolated in separate 

subroutines. The top level structure is shown in Figure 3.1-1 

and consists of input, steady-state, transient, plotting, and 

stripping blocks.  

INPUT STSTAT I 

Figure 3.1-1. RELAPS Top Level Structure.
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The input block processes input, checks input data, and preparesKj 

required dat4 blocks for all program options.  

The steady-state block determines the steady state conditions if 

a properly posed steady-state problem is presented. The steady

state is obtained by running an accelerated transieht until the 

time derivatives approach zero. Thus, the steady-state block is 

very similar to. the transient block but contains convergence 

testing algorithms to determine satisfactory steady-state, 

divergence from steady-state, or cyclic operation. With this 

technique, approach to steady-state from an initial condition 

would be identical to a plant transient from the initial 

condition. Pressures, densities, and flow distributions would 

adjust quickly, but thermal effects would occur more slowly. To 

reduce the transient time required to reach steady-state, the 

steady-state option artificially accelerates heat conduction by 

reducing the heat capacity of the conductors.  

The transient block advances the transient solution. Further 

discussion of this and the equivalent portions of the steady

state block is given in section 3.2.  

The plotting block produces time history plots of simulation 

results generated from the steady-state or transient blocks.  

This block can also produce plots from data saved on a 

restart-plot file from an earlier simulation.  

The strip block extracts simulation data from a plot-restart file 

for convenient passing of RELAP5 simulation results to other 

computer programs.
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3.2. Transient and Steady-State Overview

Figure 3.2-1 shows the second-level structures for the transient 

and steady-state blocks or subroutines. Since these blocks are 

nearly identical, the transient blocks are discussed with 

equivalent steady-state block names shown in parentheses.  

TRNICTL 

(SSTCTL) 

tSSTwETr l (SSTAT) (SSTFIN) 

DTSTEP TRIP TSTATE HTADV 
(STSTEP) 

Figure 3.2-1. Transient (Steady-State) Structure.  

The Subroutine TRNCTL (SSTCTL) consists only of the logic to call 

the next lower-level routines. Subroutine TRNSET (SSTSET) brings 

dynamic blocks required for transient execution from disk into 

SCM or LCM, performs final cross-linking of information between 

data blocks, sets up arrays to control the sparse matrix 

solution, establishes scratch work space, and returns unneeded 

SCM and LCM memory. Subroutine TRAN (SSTAT) controls the 

transient advancement of the solution. Nearly all the execution 

time is spent in this block and this block is the most demanding 

of memory. Nearly all the dynamic data blocks must be in SCM and 

LCM, and the memory required for instruction storage is high
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since coding to advance all models resides in this block. The,-) 

TRAN block is a single segment. Further segmentation results in 

a significant execution time penalty because the processing time 

to complete one advancement is of the same order of magnitude as 

required to load one segment from disk. In order to avoid the 

excessive delay in *aiting for disk transfers of'segments, a 

segment when first loaded is copied to LCM. Subsequent 

references to the segment use the fast LCM-SCM transfer. The 

Subroutine TRNFIN (SSTFIN) releases space for the dynamic data 

blocks that are no longer needed and prints the transient timing 
summary.  

Figure 3.2-1 also shows the structure of the TRAN (SSTAT) block.  

DTSTEP (STSTEP) determines the time step size and whether 
transient advancement should be terminated. TSTATE applies 
hydrodynamic boundary conditions ýby computing thermodynamic 
conditions for time dependent volumes and velocities for time 

dependent junctions. The remaining blocks perform or control th•_• 
calculations for major models within RELAP5: trip logic (TRIP), 
heat structure advancement (HTADV), hydrodynamic advancement 

(HYDRO), reactor kinetics advancement (RKIN), and control system 
advancement (CONVAR). The blocks are executed in the order shown 

in the figure from left to right, top to bottom. Although 

implicit techniques are used within some of the blocks (HTADV and 

HYDRO), data exchange between blocks is explicit, and the order 
of block execution dictates the time levels of feedback data 
between models. Thus, HTADV advances heat conduction/convection 
solutions using only old time reactor kinetics power and old time 
hydrodynamic conditions. HYDRO, since it follows HTADV, can use 

both new and old time heat transfer rates to compute heat 

transferred into a hydrodynamic volume.
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. 3.3>. Solution Accuracy 

The semi-implicit and nearly-implicit solution methods are mass 

and energy conservative. The mass from the state relationship is 

compared to the mass from the continuity equation, and the 

difference is a measure of the truncation error inherent in the 

numerical solution. This is the main method used to control the 

time step and thus control the truncation error even though mass 

and energy are preserved in the solution scheme.  

3.3.1. Time Step control 

A variety of checks on solution acceptability are used to control 

the time step. These include material Courant limit checks, mass 

error checks, material properties out of defined ranges, water 

property errors, excessive extrapolation of state properties in 

the meta-stable regimes, and a change in heat slab temperature of 

more than 50 K.  

The material Courant limit check is made before a hydrodynamic 

advancement takes place and, thus, it may reduce the time step, 

but it does not cause a time step to be repeated. All of the 

other checks may cause all or part of the time advancement to be 

repeated at a smaller time step. The material Courant limit is 

evaluated for each hydrodynamic volume using the volume mass 

average velocity, that is, 

(At~ ~~ ~ c i=[xYA• C /A~o 3.3.1-1 

i = 1,2, ... , N 

The N volumes are sequentially divided into five subsets, that 

is, (1, 6, 11, ... ) volumes belong to the first subset, (2, 7,
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12, ...1 volumes belong to the second subset, etc. The five<> 

Courant limits for the five subsets are rearranged in ascending 

order, that is, 

At A t2 :SAt 3 < At 4 <At 5  3.3.1-2 
C- C* C- C C 

Obviously, Atc is the Courant limit for the entire system. This 

is the number printed at each major edit under "ICRNT. DT - ".  
For the semi-implicit scheme, Atc is used for limiting time step 

size. Thus, partial violation of the material Courant limit is 

allowed, for this scheme. There is no user input option to select 

the degree of partial Courant limit violation. For the 
nearly-implicit scheme, five times Atc is used for limiting the 

2 time step size for the transient mode and 10 times Atc is used 

for limiting the time step size for the steady-state mode.  

The mass error check is made after the time step solution is 

nearly complete and, thus, if excessive mass error is detectedK.> 

then the time step is repeated at a reduced interval. Two types 

of mass error measures are computed. The first one is designed 

to check the validity of density linearization and is defined as 

m = MAX (Ipmi - psil/pfi, i = 1, 2, ... , N) , 3.3.1-3 

where pmi is the total density obtained from the mass continuity 

equation, psi is the total density computed from the state 

relationship, and Pfi is the liquid density computed from the 

state relationship. The second one is a measure of overall 

system mass error and is given by 

c =22 N2_ -J4 rms 2 ( vi(psi Pmi) 3 / (Vipsi) 3.3.1 
i~l 1~
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If either cm or crms is greater than 2 • 0-ý, the time step is 

rejected and repeated with one half of the. time step size.  

Otherwise, the time step is accepted and the next time step size 

is doubled if both em and erms are less than 2 . 10-4.  

At any point in the solution flow if a material property is found 

to lie outside the defined range then the time step is halved and 

repeated. This process will proceed until the user specified 

minimum time step is reached. If the minimum time step is 

reached without obtaining a valid solution, then the code 

calculation is terminated and the last time step is repeated with 

a diagnostic dump printed. A program stop is encountered after 

completion of this step. This same procedure is applied for all 

property or extrapolation failures.  

3.3.2. Mass/Energy MitiQation 

The semi-implicit numerical scheme described in sections 2.1.1.4 

.and 2.1.1.6 has two calculations of the new time variables ag, 

Ug, Uf, and Xn. These variables are first calculated in 

connection with a linearization of all the product terms involved 

in the time derivatives and are referred to as tentative new time 

variables. They are denoted by a tilde in sections 2.1.1.4 and 

2.1.1.6. This first calculation uses a numerically conservative 

form for all flux calculations of mass and energy but because the 

products in the time derivatives are linearized the quantities 

Ggpg, afpf, agpgUg, ctfpfUf, and agPgXn are not numerically 
conserved. These tentative new time values are only used to 

evaluate the interphase heat and mass transfer terms to be used 

in the second evaluation of the basic equations. In this second 

evaluation of the basic equations the products appearing in the 

time derivatives are not linearized. This second step also uses 

the numerically conservative form for the flux terms. Hence, the 

final end of time step values have been calculated using an 

accurate numerically conservative form of differencing.
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The truncation errors in the linearization procedure may produce 

errors in the solution of pressure, phasic energies and void 

fraction. Since the state is computed from these basic 

variables, the resultant density may have some error. This error 

is used in the time step control presented in section 3.3.1.  

Furthermore, the convective terms in the field equations are 

computed with donored propertids determined by the directions of 

phasic velocities. There are chances that the final velocities 

may differ in directions from the explicit velocities used to 

define the donored properties. This may result in mass/energy 

errors due to incorrect properties used in the numerical scheme.  

The scheme used to handle this situation will be presented next.  

3.2.3. Velocity Flip-FloM 

The term velocity flip-flop refers to the situation in which the 

final velocities and the explicit velocities differ in sign. In 

the RELAP5 numerical scheme the pressures and final velocities 

.are calculated using the donor properties based on the explicit KJ 
velocities. The velocity flip-flop implies that inconsistent 

donor properties were used for the pressure computation and the 

final mass/energy computation. This may result in bad velocity 

and energy solutions and large mass errors.  

Let afj, pfj, ufj, agj, Pgj, and EUgj be the junction liquid 

fraction, liquid density, liquid energy, void fraction, vapor 

density, and vapor energy respectively, based on the explicit 
velocities and afji, p fj, ufj, xgj, pgj, and Ugj be the same 

variables based on the final velocities. A velocity flip-flop 

has occurred when one of the junctions in a system satisfies the 

following condition 

lifj Pfj ufj + agj Pgj ugj- •fj Pfj Ufj -MgJ Pg ) ug 

> 0.20 (afj Pfj Ufj + Mgj Pgj Ugj). 3.3.3-1 
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Under such circumstances, the pressures and final velocities are 

recalculated using the donor properties of the previously.  

calculated final velocities. The solution is then accepted if no 

velocity flip-flop exists between the previbus final velocities 

and new final velocities. Otherwise, the time-step size is 

reduced.
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