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UNITED STATES
NUCLEAR REGULATORY COMMISSION
WASHINGTON, D. C. 20555

JUN 1 01576

Mr. A. E. Scherer

Licensing Manager (460-4)
Nuclear Power Systems Division
Combustion Engineering, Inc.
1000 Prospect Hill Road
Windsor, Connecticut 06095

Dear Mr. Scherer:

The Nuclear Regulatory Commission (NRC) staff has completed its review
of Combustion Fngineering topical report CENPD-188 entitled, "HERMITE -
a Multidimensional Space-Time Kinetics Code for PWR Transients.,"

We conclude that CENPD-188 describes an acceptable neutron kinetics
computer code for solving the few-group transient diffusion equations
in one, two, and three dimensions. We also conclude that CENPD-188
is acceptable for reference in license applications.

Should NRC criteria or regulations change such that our conclusions
concerning CENPD-188 are invalidated, you will be notified and given
an opportunity te revise and resubmit your topical report, should you
so desire.

It is requested that when this report is resubmitted as an approved
report that our approval letter and its enclosed evaluation be incor-
porated as part of the document. The staff does not intend to repeat
its review of this report when it appears as a reference in a particular
license application.

Sincerely,

Lo 1o, P

Olan D. Parr, Chief
Light Water Reactors
Branch No. 3
Division of Project Management

Enclosure:
Staff Evaluation of
CENPD-188
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TOPICAL REPORT EVALUATICN

Report No.: CENPD-188

Report Title: HERMITE — A Multi-Dimensional Space-Time
Kinetics Code for PWR Transients
{Nonproprietary)

Report Date; March 1976

Originating Organization: Combustion Engineering, Inc.

Reviewed By: Core Performance Branch

Date of Evaluation: June 1976

SUMMARY OF TOPICAL REPORT

This réport describes ﬁhe HERMITE space~time kinetics computer
code which was developed by CE for the analysis of design and off-design
transients in large PWR's. The three-dimensional, four-group,
time~dependent neutron diffusion equation is solved by a finite element
method and includes feedback effects of fuel temperature, coolant
temperature, coolant density and control rod motion. The heat con-
duction equation in the pellet, gap and clad is solved by a finite
difference method. Continuity and energy Qonseéyation equations are
solved for the coolant enthalpy and density.

Extensive verification calculations have been performed and are
summarized in this report. HERMITE was applied to the three-dimensicnal
analysis of the control rod ejection accident and results were compared
to the corresponding two-dimensional analysis.

A description of the code input is also included as an appendix.
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Sl_ﬂiMARY OF STAFF EVALUATION

We have reviewed the subject report, including the mathematical
models and analytical procedures and methods. The HERMITE code de-
scribed in this report is one of the more sophisticated neutron kinetics
computer codes because of its three-dimensional capabilities. For this
reason, the large computer time required to analyze typical reactivity
transients may restrict the code's use as a standard design tool but
enable it to be extremely useful in evaluating the accuracy (or con-—
servatism) of less-sophisticated calculational methods, such as point
kinetics, used to énalyze accidents as suggested in Appendix A-12
of Regulatory buide 1.77.

The verification of the HERMITE code was accomplished by comparing
numerical results from HERMITE to those from existing computer codes
which utilize accepted calculationzl methodology. For example,
verification of HERMITE's steady-state neutronics wodel was accomplished
via comparison of eigenvalues and static power distributions from
HERMITE and PDG. Thermal-hydraulic feedback effects werz not included
and the comparisons showed good agreement. Similarly, HERMITE's
transient neutronics calculations without feedback were verified by
comparing HERMITE and TWIGL for a control rod ejection accident. The
test problem was a two-dimeunsional representation and again the compari-
sons showed good agreement. HERMITE's thermwal-hydrauliic model was
decoupled from the neutronics portion of the code and showed goed agree-

ment in comparisons with CE's STRIKIN-II trapsicnt heat transfer code.
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HERMITE results for transient neutronics calculations with thermal
feedback tDoppler only) were verified via comparison with two-dimensional
TWIGL calculations for cgntrol rod ejection accidents initiated from
both zexro and full power conditions and the cowpariscn was good.

At present, only transients initiated by control rod motion are
treated. It is anticipated that future wodificatjons to the code will
allow other transients of interest to be analyzed in three-dimensions.

Although no comparisons were performed with other existing three-
dimensional space-time kinetics codes, the staff fecels that the good
agreement obtained by two-dinmensional steady~state comparisons with
PDQ and two-dimensional kinetics comparisons with TWIGL substantiate

acceptable results in the extrapolation of HERMITE to three-dimensions.

STAFF POSITION

The subject report describes an acceptable neutron kinetics
computer code for solving the few-group transient diffusion equations
in one, two and three dimensions. It has been used to support the
CE Control Element Assembly Eiection Analysis Topical Report (CENPD-
190, January 1976) and may be referenced in future license applications

and topical reports.
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LEGAL NOTICE

This report was prepared as an account of work
sponsored by Combustion Engineering, Inc. Neither
Combustion Engineering nor any person acting on its
behalf: -

a. Makes any warranty or representation, express
or implied including the warranties of fitness for a
particular purpose or merchantability, with respect
to the accuracy, completeness, or usefulness of the
information contained in this report, or that the use
of any information, apparatus, method, or process dis-
closed in this report may not infringe privately
owned rights; or

b. Assumes any liabilities with respect to the
use of, or for damages resulting from the use of, any
information, apparatus, method or process disclosed
in this report.
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ABSTRACT

This report describes the HERMITE space-time kinetics computer code. This
code was developed for the analysis of design and off-design transients in
large PWR's by means of a numerical solution to the multi-dimensional, few-
group, time-dependent neutron diffusion equation including feedback effects
of fuel temperature, coolant temperature, coolant density and control rod
motion. The time-dependent neutron diffusion equation is solved by a
finite element method. The heat conduction equation in the peliet, gap and
c¢lad is solved by a finite difference method. Continuity and energy con-
servation equations are solved for the coolant enthalpy and density.

Extensive verification calculations have been performed and are summarized
in this report. HERMITE was applied to the three-dimensional analysis of
the control element assembly ejection incident, and results were compared
to the corresponding two-dimensional analysis. An input description is
included as an appendix.
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1.0 INTRODUCTION

As the size of large power reactors increases, space-time effects during
reactor transients become more important. In order not to penalize reactor
performance unduly with overly conservative design methods, it is desirable
to have the capability of performing detailed space-time neutronics calcula-
tions for both design and off-design transients.

The HERMITE computer code has been developed to meet this objective. It
solves the few-group, space and time dependent neutron diffusion equation
including feedback effects of fuel temperature, coolant temperature,
coolant density and control rod motion. The neutronics equations are
solved by a finite element method. The fuel temperature model explicitly
represents the pellet, gap and clad regions of the fuel pin, and the
governing heat conduction equations are solved by a finite difference
method. Continuity and energy conservation equations are solved in order
to determine the coolant temperature and density. Each of these models is
described in detail in Section 2.

Section 3 describes the HERMITE program's structure, and includes calcula-
tion flow diagrams. Sections 4 and 5 describe the verification of

HERMITE's caiculations and the application of HERMITE to three-dimensional
full power and zero power control element assembly (CEA) ejection transients.
Section & defines the nomenclature used in this report. An input descrip-
tion for HERMITE is included in Appendix A.

T-1
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2.0 THE MODELS INCORPORATED IN HERMITE
2.1 THE NEUTRONICS MODEL
2.1.1 Derivation of the Equations

The solution of the space and time dependent neutron diffusion equation is
obtained by a finite element method developed by Kang and Hansen, references
2-1 and 2-2. The starting point is the multigroup diffusion equations:

T r
. - +
v ng wg(rjt) zg wg (r,t) zg_] wg_1 (r,t)
G Vo N
- 9 [ f _
+(1-g) Xg §'=1 o Igr Y (r,t) + §=] A Xg EXP ( Ant)cn,o (r)
N G v
t g' f
+5  x. £ A B, f ds exp (-r_(t-s)) o ¥ . (r,s)
n=1 9 g':] n-n 0 n A g g
o ¥ (r,t)
= —.I— —————9—————, g:l,...,G (2-])
v ot
g
where
B G Vo
=N 9. .f -
Cn,o(z) ) 3'21 i Ige wg.(L,O). (2-2)

The nomenclature is conventional and is defined in Section 6.0.

The boundary conditions on ¥ (r,t), may be either:

[Fg (Esst) =0 (2"3)
or
2w (rt) | =0 (2-4)
an g I , 3
_s

2-1
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where re denotes points on the boundary and 3/3n denotes an outward point-
ing derivative normal to the reactor surface. At interfaces, flux and
current continuity conditions are imposed. That is, the two guantities

» v, (r,t)
v (r,t) and p —3 — —
g r g an r

are continuous at all points r;on interfaces.

Equation 2-1 is converted to the "weak" or "variational' form by multiply-
ing it by a test function, v, and integrating this product over the region
of solution, R. Expressed in the conventional inner product notation, the
first term of equation 2-1 becomes:

vv.eD vy (r,t)dr = (v, v-D VvV ),

di g V¥ (L) dr ( g 7Yy

Since wg will ultimately be approximated by functions which are not twice
differentiable, it is necessary to convert this term to a form which has
Tess restrictive smoothness requirements. Using the identity

v . T ¥ =V . vy o - « VY 2-5
v Dg g 1 Dg g D vv (2-5)

q g’

the divergence theorem, and imposing the "essential" boundary condition
that v be zero whenever awg/an is non-zero on the boundary, the first term
of equation 2-1 becomes:

- (v v, v .
(vv Dg wg)

The weak form of the multigroup diffusion equation is now written as

;
g g

,
- +
(vv, Dy ¥ Wg) (vo = v )+ (v, Zg-1 Wg_])

N

G vy
- —g——- f + -
(.i B) (Vng é'=] 3 Zgl ng) i=]kn Xg exp ( Ant)(vscn’o)

+

G Vo
T oA g ST ds exp (-a(t-s)) (v, & T, v )
g'=1 " "o n

). (2-6)

a
st Y

H
—
-
-

g

2-2
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The functions wg and v must be continuous and have first-order spatial
derivatives which are square integrable in the region of solution. A
function wg is a solution to equation 2-6 if it satisfies the equation for
all admissible test functions, v.

In selecting admissible trial solution functions for equation 2-6, it is
not necessary to impose current continuity at interfaces since the exact
solution will naturally satisfy this condition. For the same reason it is
not necessary to impose the zero-current condition, awg/an = 0, on the
applicable boundaries.

In the finite element method, the neutron flux wg (r,t) is expanded in a
set of known basis functions u (r):
v (mat) =2 v () up (n). (2-7)

The test functions, v, are restricted to those which are Tinear combina~
tions of the basis functions.

The particular finite element method employed in the HERMITE code uses
piecewise iinear basis functions in each spatial dimension. In three space
dimensions these functions are defined by the following relationships:

up () = us () ug (v) uy (2)

i ]
=g kg = %y gds %y 2 X< x

ui(x) = < (Xi+1 - x)/(xH1 - Xi); Xi € X < X {2-8)
0 ; elsewhere.
\
This function is shown in Figure 2-1. Similar definitions apply to uj(y)
and uk(z).
If the mesh points in the x-direction are numbered 0, 1, 2, ..., I, and

similarly for the y- and z-directions, then there are (I+1)*(J+1)*(K+1}
mesh points and basis functions. That is,

2-3
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M= (I+1)*(I+1)*(K+1) (2-9)

in equation 2-7. From the definition of the basis functions, equation 2-8,
and the flux expansion, equation 2-7, one sees that the expansion coeffi-
cient Wg’m(t) is the value of the group g flux at mesh point [ (xi, y
zk) at time t. The zero-flux boundary condition, where applicable, is
imposed by setting wg n = 0 and Vo T 0. This has the effect of reducing

1

the number of unknowns. M, in an obvious manner.

J‘!

The flux expansion of equation 2-7 is substituted into equation 2-6 and
each of the basis functions Unn (r) is used as a test function, v, in the
spatial integrations. This procedure is called Galerkin weighting and
ensures that equation 2-6 will be satisfied for all test functions which
are Tinear combinations of the basis functions, and which meet the required
boundary conditions. The result of the substitution is a set of G x M
coupled, first-order, ordinary differential equations in time for v_ (t).

g.m
Written in matrix form the equations are:
Ve w(t) = [-L(t) + S(t) + (1-8) F(1)] (1)
N t
+ ﬁ=1 Ay {gn,o exp(-xnt) + B, o/ ds exp (-An(t—s))F(s) ¥(s)?.

(2-10)

y{t) is a vector with G x M components. Each component, Wg m(t), is the

k]
flux in group g at mesh point L and time t. gﬂ o is also a vector with G
X M components. Each component,

B G vy
= g' _f )
Crgro = %, % (e I % Bgr YD) (2-11)

is the appropriately weighted and integrated initial delayed neutron pre-
cursor concentration. The quantities V, L, S and F are all (GM x GM)
matrices whose elements are

= § (u!:—_u

Vglgmlm g:g m v m), (2’12)

2-4
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Lg.gm.m = 69.9 { (Vum,, Dg Vum)
+ (u_,, 5! u )} (2-13)
m g m-°?
_ r
Sglgmlm - 69'9‘1 (umls Eg_] um) (2"14)
and v
- _q' . f }
Fglgmlm Xg (umla \ Eg| Um). (2 ]5)

where 59.9 is the Kronecker delta function. With this notation, Qn o Can
be written as:

B
_"n
Cyo = 1o FIO) 2(0). (2-16)
Equation 2-10 is discretized in time by assuming that the flux, wg m(t), is
a linear function of time between tp and tp+1: .
wg,m(t) = wg’m(tp) up(t) + Wg,m(tp+1) up+1(t) (2-17)
where
t - t _-,
p p-1
(6) ={ 2L (2-18)
u (t) = ot <tst 2-18
i ﬁ B
0 . elsewhere.
\

These temporal basis functions have the same form as the spatial basis
functions described earlier. Equation 2-17 is substituted into equation 2-
10 and the result is integrated over the time interval (t ,tp+1). The
matrices in equation 2-10 are time-dependent because of thermal-hydraulic
effects and control rod movement. During the integration they are assumed
to have their value at time tp and to remain constant over the time interval
(tp, tp+]).

The resulting set of discrete equations is



where

and
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At
- _Pr. -
{V(tp) 5 [ L(tp) + S(tp)] Yp F(tp)} Eﬁtp+1)
2833 F(t )} ¥(t )
= - +
= {V(tp) + - L L(tp) + s(tp)] o pt xlt
N
+ ﬁ:l Lexp (-xntp) - exp (-kntp+1)] §p,n (2-19)
8 (2-20)
_n -
"S—O,n - “—n— F(O) ¥ (O) E_n,o 5
- t .
Soon = Spe1,n T Pl Dop ¥ty q) *ep p 2]
(2-21)
At N B
e AL
P n=1 n
1 - D 2-22
(-1 = 7= (exp (-2 at)) -1)} (2-22)
noop
At N B
0= I
P n=1 n
1 = = L] 2"23
1+ + - Atp) (exp { Ap Atp) 1 . )
B, )
pon T BT {;E—-exp (xp tp
n
At
p-1 1 2-24
- SR ) exp (0 ty_¢)} (2-24)
i
8 At
n p-1 1
= {( - —) exp (At )
pn At Ay Aﬁ nop
F = exp (At ). (2-25)
2 n p-1
Aﬂ
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Equation 2-19 represents a set of algebraic equations for the G x M unknowns
Wg’m(tp+1) at each time point tp+1. The initial condition for this system
is obtained by assuming that the reactor is critical and in the steady

state at t0 = 0. The code solves the steady-state form of equation 2-19 to

obtain the initial flux distribution, ¥(0), and eigenvalue, 2,

(L +S+ -}-— F1 v(0) = 0, (2-26)
where 1/i has been factored out of F by defining
F = aF. (2-27)

z2.1.2 Solution of the Equations

Equations 2-19 and 2-26 are solved by iterative methods. The familiar
technique of outer iterations on the fission source is used. By this
method, the neutron fluxes may be solved one group at a time beginning with
the highest energy group (g=1). Within each group inner iterations on the
spatial flux distribution are carried out. The analysis proceeds in the
following manner for each group g.

Equations 2-19 and 2-26 can both be written in the general form

A =k . (2-28)

QEQ -4

In the steady state,

A = -
g Lg (2-29}
and 1 .

Lg and Sg_1 are the appropriate blocks of L and S for computing the group ¢
flux, gg. (F gjO))g is the group g component of the fission source vector.

2-7
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In the transient,
A =vg+—EL (2-31)

and

Lér
[Tw)
™
W
o

¥ —?E Sg—] [Eg—'l(tpﬂ) Eig_](tp)]
+ [Yp F ‘P(tpﬂ) + @, F :P-(tp)]g

1 Gy g (2-32)

For one-dimensional prqb1ems the Ag matrix is tridiagonal, and equation 2-

28 can be solved for gg by well known methods. See for example, reference

2-11. For two-dimensional and three-dimensjonal problems Ag is a 9- or 27-
stripe matrix. For these problems an iterative method for solving eqguation
2-28 is used. The method chosen is that of successive over-relaxation.

The matrix Ag is split into three parts:

A =1 + + -

g g Dg ug (2-33)

where Lg is a 3- or 12-stripe lower triangular matrix, Dg is a 3-stripe
diagonal matrix, and Ug is a 3- or 12-stripe upper triangular matrix. If

the inner iteration counter is denoted by %, then the successive over-
relaxation algorithm is used in the following form. First,

(2-34)

2-8
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is solved for x. Since Dg is tridiagonal, this is analogous to soiving a
one-dimensional problem along each line of the mesh in the x-direction.

Next, g;+] is determined from
2+1 )
= — + -
_‘gg (1-w) Eg w X (2-35)
2+1

where o is the over-relaxation parameter. gg (instead of Wg) appears on
the right hand side of equation 2-34 because of the structure of the matrices
[ d L _.

g M9 %g

After a fixed number of inner iterations, L, are performed, the vector
Sgg; is recomputed for t=0 or t=tp+1 as appropriate. Then the inner itera-
tions are performed for the next lower energy group. MWhen inner iterations
for all groups are completed, the outer or fission source iteration is
advanced by recomputing Fy for t=0 or t=tp+1. One steady-state outer
iteration may be regarded as an approximate solution of the following

probliem

+1) _ -1 1 ;2
Mg ) Fy(m) (2-36)

where m is the outer iteration counter. The vector gﬁm+])

is only approxi-
mately known because only a finite number of inner iterations, are
performed to invert {L-S). Since it is desired to estimate A for steady-

state problems, an iteration index has been included with X also. To

nbtain the next estimate of A, the length of the fission source, —%—
F ¥, is held constant. Thus we choose
(m+1) ()J—Eiéﬂ?—)L (2-37)
m+ _ . lm = . -
A = A |F£m {

A problem analogous to equation 2-36 is solved for a transient outer itera-
tion. The inner iterations and outer iterations are repeated until a
pointwise flux convergence criterion is satisfied and the solution to
equation 2-28 is obtained.

2-9
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2.2 THE THERMAL-HYDRAULIC MODEL

The purpose of the thermal-hydraulic calculation is to include the effects
of the changing core thermal-hydraulic conditions in the neutronics calcula-
tion. This objective is accomplished by modifying the diffusion equation
cross sections using caiculated values of fuel temperature, coolant temper-
ature, and coolant density.

In the HERMITE thermal-hydraulic calculation, the core is modeled as a
collection of c¢losed, parallel flow channels. Each flow channel is defined
by a portion of the cross sectional area of the core. This cross sectional
area may represent a part of a fuel assembly, a whole fuel assembly, or a
group of fuel assemblies and corresponds to a specified region of the
horizontal plane of the neutronics mesh structure.

For flexibility in editing, the cross sectional areas of the channels may
overlap but the user is required to specify a subset of the channels,

called "primary" channels, which cover the active region of the core with

no overlapping. Only primary channel data is used to modify cross sections.

In one- or three-dimensional problems where the axial dimension is explic-
itly modeled, the core is divided into axial nodes which consist of one or
more finite element mesh intervals. The bottom and top reflectors (if
present) are each assigned an axial node. The power generated in each
axial node of each channel is determined during the neutronics calculation.

Within each flow channel all fuel pins are assumed to behave identically,
and within each axial node all fuel pins are assumed to be operating at the
same average linear heat rate. Within a fuel pin the one-dimensional
radial heat conduction equation is solved for the temperature distribution
at each axial node. As an alternative to solving the heat conduction
equation for steady-state problems, HERMITE provides the option of deter-
mining the average fuel temperature at each axial node from one of two
empirical correlations. Material properties are determined from tempera-
ture dependent correlations.

2-10
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In the coolant, the axial continuity and conservation of energy equations
are solved simultaneously with the equation of state. Axial expansion of
the coolant and homogeneous, two-phase slip flow are modeled. Subcooled,
saturated, superheated, and supercritical coolant properties are determined
from the 1967 ASME Steam Tables. The core pressure, channel inlet temper-
atures, and channel inlet flow rates are specified by the user.

The fuel pin and coolant models are coupled by the clad surface heat flux
calculation. The heat flux is determined by a two-regime heat transfer
model which selects either the forced convection to subcooled water or
nucleate boiling heat transfer regime. Heat is also added directly to the
coolant as a fraction of the node power.

The time points for the thermal-hydraulic calculation are the initial time
(t = 0.0) and a subset of the time points used for the neutronics calculation.

2.2.1 Fuel Pin Heat Conduction Model

HERMITE models three regions within a fuel pin: fuel peilet, gas gap, and
cladding. The fuel and cladding are assumed to be concentric cylinders of
uniform homogeneous material. Heat generation in the pellet is assumed to
be radially and azimuthally uniform. No heat is generated in the gap or
ctfad although an input fraction of the heat may be deposited directly in
the coolant. Temperature js assumed to be azimuthally and axially uniform
within an axial node. Axial heat conduction is ignored. The conductiv-
ities and specific heats of fuel and clad are spatially varying functions
of temperature. Density is assumed constant for a given material. Gap
conductance is an input function of linear heat rate (kw/ft generated) for
steady-state calculations. For transient calculations an option exists to
vary the gap conductance with gap temperature, as discussed in Section
2.2.4.3. There is no heat storage in the gap.

Radial mesh points are defined to include the centerline and all physical
interfaces. Within the pellet and within the clad, additional equally
spaced mesh points are allowed.
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The model employs a finite difference approximation to the radial heat
conduction equation:

aT T 3 " "
pCy 3x= ¥ o3 TOOF A (2-38)

The nomenclature is conventional and is defined in Section 6.0,
At any radius the heat flux is
q" = -k =T (2-39)
ar

In the gap, equations 2-38 and 2-39 may be reduced to an equation of the
form

q" = hyap (Tes = Tre) (2-40)

where q" is evaluated at the center of the gap. Specification of hgap is
discussed in Section 2.2.4.3. Here and elsewhere FS refers to the outer
fuel pellet surface and IC refers to the inside clad surface, and w denotes
the outer cliad surface or "wall".

The boundary condition at the centerline is

q, = 0. (2-41)
The heat flux at the outer clad surface, q;, is known in the steady state,
but is an unknown, dependent on Tw and surface heat transfer conditions,
during a transient.

Both temperature and heat flux are continuous over O<r<r .

The steady-state (initial) condition is

3T _
A =0. (2-42)

t<0
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The volumetric heat generation rate in the fuel is computed as follows:
w1 _ - 2 -
q (1 RC) Q/{w Peg AZ Npins) (2-43)

2.2.1.1 Formulation of the Discretized Equations

Before writing the discretized version of equation 2-38, it is useful to
outline some notation and further assumptions. In the figure below,

radial mesh point r is pictured in radial region j which is bounded by two
radii r; and r., .

J- J+
j=0 J-1 J j+ i=J,,
Material Material
3y j;'
'
| | //
R : Region j : COOLANT
|
I 7
FUEL PIN RADIAL MESH
Region boundaries are given by
(ry +ri_4)/25 3>0
P, =4 3 37 (2-44)
J | 0 : §=0 (centerline)
. - (Y‘J * rj+'|)/2; j<-jw (2_45)
J* T 5 j=jw (clad-coolant interface).
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It can be seen that the central and outermost regions are one-half of one
mesh interval thick. The area of region J is given by

V. = (ré, - r? ). (2-46)

The areas for the two subregions on the + or - side of rs are given by

- 2_ 2 -
Vj- 1 (rj rj_) (2-47)
and
_ 2 2 _
Vj+ n (rj+ rj). (2-48)

From the definitions of T and i it can be seen that V , and V,_ degen-
erate to zero.

The temperatures at the radii, rj, are denoted by
Ty = T(rs). (2-49)

To estimate heat fluxes into and out of region j, it is necessary to esti-
mate the conductivities at region boundaries. This is done as follows:

kj+= [k(Tj+]) + k(Tj)]/Z {2-50)
and
. = Yo+ . ) -
k= [k(Ty) + k(T;_)1/2 (2-51)
Both conductivities in each sum are evaluated for the material (fuel or
clad) on the appropriate side of rj.

The volumetric heat capacity for region j is evaluated at Tj for the
appropriate material:

(o Cp)j =p Cp(T-). (2-52)

d

For the two gap interfaces, a volume weighted average of the fuel or clad
heat capacity and the gap heat capacity (which is zero) is used:
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C (2-53)

(e Colic = pzr Cp,zr Vic#/Vic
and

(e Co)es = Puoz Cp,u02 Vrs-/Vrs (2-54)

Similarly, the heat generation rate for node FS must be adjusted:

qlll : j<jFS
ni i1
a5 =4 9 Ves /Vpss I7Fs (2-55)
0 . otherwise.

Integration of the heat conduction equation, 2-38, over region j yields the
following energy balance

a T;
{oC), —¥L= . Q" - g, 4+ V. g
Vilo C)y g = 2m vy a5 - 27 Yy A5 Yy 95
(2-56)
Time steps are denoted as follows:
0=t, <ty <...< t, <t (2-57)

The subscript or superscript n applied to any of the above quantities refers
to time tn. Thus

n _ -
Ty = T(rys t), etc. (2-58)
The time step size is

st = to-to szl (2-59)

During each time step, material properties are held constant at their
values at time t _,. For example,
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()"t =g (™™h; ot

p J- p J ) <titn. (2-60)

n-1
Assuming Tinear variation of temperature and heat source in time, equation
2-56 is integrated over time to yield
o -l
V. (p cp)g-1{_g____g__q

Atn

— TRYL 1] n"] i 1] n'1
= org @)y + (@)1 - mors, 1@y, + (a )i}
V.
__J_ ay N LN n-1 -
=5 gy + (") L (2-61)

The steady-state equation may be obtained from equation 2-56 or 2-61 by
assuming all quantities are invariant in time:

0=2rr, (q”)Q_ -2nvr

5-(a"); (a9, + Vs (2-62)

J+ J+ J

The following values for heat flux are substituted into equations 2-61 and
2-62 depending on the region. At the centerline

qs = 0. (2-63)

At the center of the gap
" — 1 - - -
9Fse = @"1c- = hgap (Tps = Trc)- (2-64)
At the clad-coolant interface, q; (which is equivalent in this notation to

q;+) is known in the steady state but is an unknown in the transient. At
all other region boundaries

k T

1 - T g - ry) (2-65)

954 = Ky j

and

It

q”j- kj_ (Tj_] - Tj)/(rj_1 - rj). (2-66)
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2.2.1.2 Solution of the Discretized Equations

When the above substitutions are made for q" in equations 2-61 or 2-62, a
tridiagonal system of equations in Tj and q; is obtained. This system has
jw+1 equations in jw+2 unknowns. This apparent inconsistency is resolved
differently in the steady state and in the transient.

In the steady state, the last equation (j=jw) is linearly dependent on the
others and is eliminated. The clad-coolant heat flux, q&, is determined by
energy conservation and the steady-state condition:

(@) = (1 - Re) Q°/(2nr, oz N5 ). (2-67)

pins
This equation divides the power being deposited in fuel pellets by the
total fuel pin surface area for the thermal-hydraulic node. Ta is evalu-
ated as a function of (q")a using the appropriate heat transfer correlation
{see Section 2.2.3). The remaining jw equations are solved for the j
unknowns , Tg through Tg -1 by standard methods for tridiagonal systems.
Since the conductivitie¥ are functions of the temperatures, iterations are
performed until a consistent set of kj and Tj values is found. Convergence
is assumed after i iterations if

i i-1
T3 - T3 < eqp (2-68)
for all j. The error criterion, ETF> is specified by the user,

In the transient, the additional unknown, q;, is present. Here, forward
elimination is performed until one equation in two unknowns remains:

This equation is then solved simultaneously with the appropriate heat

transfer correlation (see Section 2.2.3). Once q; and Tw are known,
backward substitution is used to calculate all of the Tj's.
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2.2.1.3 Volume Wejghted Average Fuel Temperature

Cross sections are functions of the volume-averaged fuel temperature in a
thermal-hydraulic node. From the detailed spatial fuel temperature distri-
bution Tj, the average fuel temperature TFUEL is computed using the formula

N (2-70)

T = 1 a;T, 2-70
FUEL ;2o 3
where
R Lo
1/(4 * jg) 3 =0
] a2 ) .

35 =4 3/(s) 312§ 2 g - 1 (2-71)

i 2N s
(2 - ‘]FS + ])/(4 * ‘]FS)’ J = ‘]FS‘
The quadrature formula chosen for the numerical integration is such that
the result is exact for the steady-state case of constant thermal conduc-

tivity within each radial node.

For use in cross section computation, TFUEL is converted from Fahrenheit to
Kelvin and the square root is taken.

2.2.1.4 Fuel Temperature by Correlation

The user may optionally request that the average fuel temperature, TFUEL’

be computed by one of two correlations rather than by the fuel pin heat
conduction model described above. This option is available only for steady-
state problems which do not initiate transients and is provided primarily
for the purpose of comparison to other existing codes. Both correlations
give TFUEL as a function of q', the generated linear heat rate (which
includes heat deposited in the coolant):

q' = Q/(az «+ N_. ). (2-72)

pins

The first correlation is

TrpeL = G [ - C, exp (~C3 q')] - ¢ (1 - C2) T,

(2-73)
2-18
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The second correlation is a polynomial:
Toe = G+ Gy q' + Cofa")2 + Cylq")° (2-74)
FUEL ~ “1 T *2 A 3\4 AR R
In both correlations, the user specifies the constants, Ci’

2.2.2 Coolant Model

HERMITE solves the one-dimensional axial continuity and energy conservation
equations for each channel. The continuity or conservation of mass equation
is

1) G(z,t
e - ) 79

The reader is referred to Section 6.0 for nomenclature.

The conservation of energy equation, neglecting friction, kinetic energy,
potential energy and pressure change terms, is

o(z,6) A = - 6(z,t) ML 4 gz, (2-76)

The coolant equations are coupled to the fuel by q"' which combines direct
heating and heat passing through the clad surface. In the transient, the
Jatter term depends on coolant conditions, heat transfer regime and ciad
temperature.

The equations of state relating density and other coolant properties to
enthalpy at the system pressure is represented in tabular form (See Section

2.2.4.4).

z.2.2.1 Discretized Equations

Each channel is divided into axial nodes consisting of one or more inter-
vals from the finite element neutronics mesh. The coolant enthalpy,
density, and mass flow rate are calculated for each node interface z, at
each time point, t .

2-19
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For a particular time step and a particular axial node, the following
definitions and variable transformations are utilized:

At = tn - tn_'ls (2_77)
6z =z, - 2 ¢ (2-78)
t = {t - tn_l)/At (2-79)
and
n ={z - Z 1)/Az (2-80)
Equation 2-75 becomes
1 splnet) . 1 3G(n,T)
At aT T Az an ® (2-81)
while equation 2-76 becomes
o{n,7) dh{n.1) _ _ G{n,t) Bh(n,t) i
AL at Y n tq (nse).
(2-82)

At the core inlet the coolant mass velocity, enthalpy and density are known
for all time points from the boundary conditions. The solution proceeds
from the core inlet to the core outlet for each flow channel at each time
paint. G, h and ¢ are known for all axial mesh points »n at the previous
time point, T = 0; and also at the next lower axial mesh point n = 0 for
the current time point t = 1. This is illustrated in Figure 2-2. G, h,
and o are determined for point n = 1, 1 = 1 by the following procedure.

G(1,1) is calculated from equation 2-81 by assuming that the time deriv-
ative of density at the node inlet is constant over the whole node:

6(1,1) = 6(0,1) + 3£ [6(0,0) - o(0,1)]. (2-83)

In the steady state this degenerates to

G(1) = G(0) = G,

inlet’ (2-84)

2-20
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Equation 2-82 is approximated by assuming that q"' is constant and by
making the following substitutions for the other two terms:

o(nye) nat) = 1,0y [n(1,1) - h(1,0)] (2-85)
and
6(n,c) AL 2 6(1,1) [h(1,0) - h(0,0)]. (2-86)

Density is evaluated at the outlet of the node at the previous time step.
Mass velocity is evaluated at the outlet at the present time step. The
time and space enthalpy derivatives are taken at the outlet of the node and
the beginning of the time step, respectively. By defining

R = [G(1,1) at]/[e(1,0)az], (2-87)
the conservation of energy equation can be written as
h(1,1) = h(1,0) - R[h(1,0) - h(0,0)]
+g"' at/p(1,0). (2-88)
In the steady state, the time derivative is zero and

h(1) = h(0} + g"* az/G,

inlet” (2-89)

The formula for g"' uses the heat flux at time tn-1 and an average of the
direct heating terms at times t_ _, and t:

q"' = qy gt (2o, Nooo /A)

W pins

tRe (Q_g * Qoq)/(2A az). (2-90)

T

In the steady state, heat is deposited in the coolant at the same rate as it is
generated so

q"' = Q/(Aaz). (2-91)

Finally, the density p(1,1) is determined as a function of h(1,1),

2-21
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p(1,1) = p (h(1,1),P), (2-92)

from the water property tables described in Section 2.2.4.4. At this time
T(1,1) = T (h{(1,1), P) (2-93)

is also determined for editing purposes.

2.2.2.2 Average Coolant Conditions

For cross section modifications and for heat transfer calculations, certain
"bulk" or average coolant conditions are defined and computed as follows:

hg = [h(0,1) + n(1.1)1/2,

DB = p(thP) (2'94)
and

TB = T(hB,P).

The bulk viscosity, specific heat, thermal conductivity and quality are
also computed (See Section 2.2.4.4). Both °g and TB are used in cross
section modifications. Py is converted to gm/cm3 for this purpose.

2.2.3 Clad-Coolant Heat Transfer

The clad surface temperature and heat flux couple the fuel pin heat con-
duction equation and the coolant conservation of energy equation. A simul-
taneous solution is required between these equations and the appropriate
heat transfer correlation. In the steady state these equations are decoupled
by the fact that the heat flux is known. In the transient the coolant
conditions are determined using the old value of the heat flux. Then
equation 2-69 from Section 2.2.1 is solved simultaneously with the appro-
priate heat transfer correlation described below.

2-22
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Two heat transfer regimes are modeled in the present version of HERMITE.
The regimes will be discussed first, followed by the regime selection
rules,

2.2.3.1 Forced Convection to Subcooled Water (Regime 1)

Forced convection to subcooled water is modeled using the Dittus-Boelter
correlation:

Q) = hgg (T, ~ Tg) (2-95)

where

8

0.
h 0.023 (kB/D) Rep

0.4
PrB .

B (2-96)

Equations 2-95 and 2-69 are solved simultaneously for Tw in the transient.

2.2.3.2 Nucleate Boiling (Regime 2)

In the nucleate boiling regime the Jens-Lottes correlation is used:

T, =T

0 r1n040.25
. cat T 60 (qw/10 ) exp(-P/900). (2-97)

Equations 2-97 and 2-69 are solved simultaneously using a Newton-Raphson
iteration procedure in the transient.

2.2.3.3 Selection of the Heat Transfer Regime

In steady state, where q; is known, regime 1 is tried first. If Tw<Tsat‘
regime 1 is selected. If TwiTsat’ regime 2 is compared with regime 1 and
the regime yielding the lowest Tw is selected.

In the transient, the regime selected for the previous time step is

tentatively selected. If the previous regime was regime 1 and Tw<Tsat’ it

2-23
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is accepted. If the previous regime was regime 2, it is accepted if TW>TSa
Otherwise, the regime yielding the higher heat flux is selected.

e

2.2.4 Physical Properties of Fuel, Gas Gap, Clad and Coolant

2.2.4.1 Fuel Properties

The fuel conductivity [Btu/ft-hr-°F] is calculated using the Lyons cor-
relation (reference 2-9) converted to English units:

K(T) = 3978.696/(692.32 + T) + 60.716 x 10713 (459.69 + T)°
(2-98)

The fuel specific heat [Btu/1b-°F] is calculated from the following tem-
perature-dependent functions (reference 2-8).

T <2240°F:
_ -6 +3 2
Cp(T) = 0.0726 + 3.33 x 107°T -4.74 x 10 “/(T + 459.69)
(2-99)
T >2240°F:
_ | -7.2
Cp(T) = -,18426 + 3.8303 x 107°T - 2.0447 x 10°'T

4

“13 | 3.6289 x 1071°10,

+ 4.6457 x 10
(2-100)

The stack height density of fuel in gm/cc is input by the user and con-
verted to the appropriate units internally.
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2.2.4.2 Clad Properties

The clad conductivity [Btu/ft-hr-°F] 1is computed according to the formula
from reference 2-9.

K(T) = 7.693 + 4.499 x 10757 - 2.242 x 107572

+1.047 x 107273, (2-101)

The clad specific heat [Btu/1b-°F] is Tinearly interpolated between the
valves given in the following table.

Temp (°F Specific Heat [Btu/1b-°F]
68 0.07010

1068 0.08210

1112 0.08611

1468 0.08611

1670 0.19726

1787 0.08511

10000 0.08523

This data is based on the specific heats by Eldridge (reference 2-10).

The clad density [gm/cc] is input by the user and converted to the appro-
priate units internally.

2.2.4.3 Gas Gap Properties

The steady-state gap conductance is determined from an input table of hgap
[Btu/hr-ft2-°F] versus linear heat rate [kw/ft]. The user may input several
tables and assign a table to each thermal-hydraulic channel. The transient
gap conductance is based on the steady-state conductance and on the temper-
ature dependence of the conductivity of helium (reference 2-7):

]CZ

gap() = Mgap(®) [(Tgp(8) + C1N/(T, (0) + €1)

gap
(2-102)
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where C1 and C2 are input by the user and,

Tgap = (TIC + TFS)/Z. (2-103)

2.2.4.4 Coolant Properties

Coolant physical properties are determined from steam-water property tables
at the operating pressure. A programmed version of the 1967 ASME Steam
Tables (references 2-4 and 2-5) is used to generate the tables used in
HERMITE.

The tabulated properties are

Specific enthalpy (Btu/lbm),
Temperature (°F),

Specific volume (ft3/1bm),
Viscosity (1bm/ft-hr),

Specific heat (Btu/1bm-°F)

Thermal conductivity (Btu/hr-ft-°F).

h
T
v
m
CD
k

It

and

For subcritical pressures and temperatures, the user specifies a range and
number of equally spaced temperature increments below and up to saturation.
Saturated Tiquid and vapor values are tabulated automatically and the user
may optionally specify a range and number of equally spaced superheated
temperatures beginning at saturation. For supercritical pressures the user
specifies a Tower and upper temperature and a number of equally spaced
temperatures. Except for the specific volume in the two phase region,
values are retrieved from the tablie using linear interpolation. Either
temperature or enthalpy may be used as the independent variable.

In the saturated two phase region, the specific volume and density are
calculated from the void fraction. The void fraction is calculated from
the sTip ratio. The expression for slip ratic is based on results given by
Thom in reference 2-6:

).17'

y = (vg/vf (2-104)
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The void fraction is obtained from the following relationship:

o = /01 + v (ve/vy) [(T-x)/x]} (2-105)
where x is the quality:

x = {h - hf)/(hg - hf). (2-106)
The density may then be calculated,

o = (1 - a)/vg + alvg, (2-107)
and used to compute specific volume

v =1/p. (2-108)
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2.3 THE CROSS SECTION REPRESENTATION

Reactor core thermal-hydraulic conditions influence, or feed back into, the
neutronics calculations through changes in cross sections. In general the
cross sections need to be functions of fuel temperature, coolant tempera-
ture, and coolant density. Because transients can involve large temperature
and density changes, a flexible cross section representation is required to
account accurately for these variations.

In the most general case, the macroscopic constants used in the diffusion
equation can be functions of a number of indpendent variables. The inde-
pendent variables may be number densities of isotopic species such as U-
235, hydrogen, etc., or changes in fuel temperature, coolant temperature
and coolant density. Computation of these thermal-hydraulic variables was
described in Section 2.2.

The code computes macroscopic constants used in the diffusion equation from
the following formula:

- n
T = ? Nj {“j(N]’NZ’Ns) gj(N4,N5,N6) + E éoj (N7,N8,N9)
n
gj (N]O’N1]°N12) Axn}’ (2']09)
where:
z macroscopic cross section (transport, absorption, removal, or
fission) used in the neutron diffusion equation.
J | index labeling isotopic species such as U-235, hydrogen, etc.
n index Tabeling thermal-hydraulic quantities. Currently these may
include fuel temperature, coolant temperature and coolant density.
Nj number density of isotopic species j in atoms/barn-centimeter.
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(N],NZ,N ) microscopic cross section in barns of nuclide j. o may be a
constant or a function of up to three of the number densities,
NJ, or thermal-hydraulic variations, AX . This 1is indicated
symbolically by the arguments N],N2 3

gj(N4, 5:Ng ) this is called a g-factor multiplier on the microscopic cross

section. It defaults to a value of 1.0 and is included in the
representation for flexibility. g‘j may be a function of up to
any three of the number densities, Nj, or thermal-hydraulic
varjations, AXn.

S (N7 Ng>Ng ) this is the change in the microscopic cross section o. per
unit change in the thermal-hydraulic variable X 6oJ may be a
constant or a function of up to three of the number densities,
Nj, or thermal-~hydraulic variations, AXn.

g. (N]0 N11,N]2) this is a g -factor multiplier on the change in microscopic
cross section 6cJ It defaults to 1.0 and is included in the
representation for flexibility. gg may be a function of up to

three of the number densities, Nj, or thermal-hydraulic varia-

tions, Axn.
Axn is the variation in the thermal-hydraulic variable Xn from an
input reference value,
Ay = Xy - Xn, ref
Xn fuel temperature, coolant temperature or coolant density. For

fuel temperature, Xn is the square root of the fuel temperature
in degrees Kelvin. For coolant temperature, Xn is in degrees
Fahrenheit, and for coolant density it is in grams per cm3.
This is the density of pure water and is not, for example, the
homogenized density of water in a fuel-water mixture,
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Equation 2-109 is valid for transport, absorption, removal and fission

.f.‘

cross sections. For vzf and kz, a slightly different expression employing

the product rule for derivatives is used. For vzf, the expression is

vEf =1 N

f
j J

: {v.ofg.

fn
+ . .
i %3 X [vJ 8a

f n fn
+ g' -
: j UJ Guj]AXn g. }. (2-110)

J

Each of the quantities Vi og, gg, ggn, ﬁagn and Svg may be a function of
up to three number densities, Nj, or variations, AXn. A similar expression

holds for Kzf.

Often it is not necessary to use the cross section representation in its
most general form. Usually g-factors are not used and the code defaults
them to unity. Certain nuclides may be designated as being macroscopic
guantities. For these nuclides the code automatically sets the number
density to unity.

When control rods are present in the core, the user selects a specific
nuctide to represent the cross sections of the control rods. The number
density of this nuclide is given a value of 0.0 if the control rod is not
present in a mesh rectangle, a value of 1.0 if it is present, and a value
between 0.0 and 1.0 if it is partially present. Thus, the control rod
cross sections are, in effect, positive or negative changes in macroscopic
quantities. Control rods may be assigned fission cross sections and thermal
feedback variations if required to reflect spectral effects on macroscopic
constants.

The mesh used for cross section representation may be finer than the mesh
used for the finite element basis functions. The cross section mesh is
known as the fine mesh, and the basis function mesh is known as the finite
element or coarse mesh. Cross sections and material compositions are
assumed to be spatially constant throughout a fine mesh rectangle. There
may be one or more fine mesh rectangles in a coarse mesh rectangle.
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3.0 THE HERMITE COMPUTER CODE

3.1 STRUCTURE OF THE HERMITE CODE

The HERMITE code is an overlayed program designed to run on a CDC-7600
computer. The code is written in FORTRAN and makes extensive use of MODEL,
a Combustion Engineering - modified version of the Bettis Environmental
Library (reference 3-1), for scratch disk 1/0, dynamic memory allocation,
and free-format input. The function and structure of the code's overlays
are illustrated in Figure 3-1.

Execution begins with the processing of all input data in overlay (1,0).
Control then passes to overlay (2,0). Based on user-supplied input, the
code then performs a steady-state calculation, a transient calculation, or
both. Transient calculations may start from the steady state (assumed to
be time t=0)} or at some point in a transient through input "restart" files.

The Togic flow for a steady-state calculation is illustrated in Figure 3-2.
The code first computes macroscopic cross sections for each of the problem's
mesh rectangles. The finite element matrices are computed next, followed
by calculation of an initial flux guess if this is the first pass. Other-
wise, the previously computed flux is used as the flux guess for this pass.
The inner and outer flux iterations described in Section 2.0 are performed
next. For problems without thermal feedback, the spatial flux shape iter-
ations continue unti) convergence is reached. For problems with thermal
feedback, the number of flux iterations between feedback calculations is
user-specified. After the specified number of iterations has been per-
formed a thermal-hydraulic calculation is performed. If convergence of
both the flux and thermal feedback variables has been reached, the problem
is terminated after final editing. Otherwise, a new pass is initiated by
updating the thermal feedback variables on the files used for cross section
computation and then recomputing the macroscopic cross sections themselves.

3-1



Westinghouse Non-Proprietary Class 3

Transient problems follow the same basic logic flow as steady-state problems-
see Figure 3-3. There is, however, one notable exception. If there are no
cross section changes from one time step to the next, the relatively

costly computation of the finite element matrices can be bypassed. This
feature can be used in problems where the neutronics time step size is much
smaller than the thermal-hydraulic time step size and there is no signifi-
cant control rod motion. In such cases, cross section changes for several
neutronics time steps can be neglected without leading to significant

errors.

3.2 FEATURES AND OPTIONS IN THE HERMITE CODE

Many of the important features and options in HERMITE have been mentioned
in previous sections. Here all the major features will be summarized.

Neutronics

* From one to four neutron energy groups may be used.

* From zero to six delayed neutron precursor groups may be used.

* One-, two- and three-dimensional problems in rectangular geometry may
be run. If thermal feedback is used, one-dimensional problems repre-
sent the core axially while two-dimensional probliems represent the

core radially.

* There are no fixed 1imits on problem size as a result of using dynamic
storage allocation.

* Any number of full- and part-length control rods can be represented.

* Control rod movement is specified by user-supplied velocity versus
time functions. Each control rod may move independently of all others.
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In a single run the code can perform a steady-state calculation, a
transient calculation, or both.

Steady-state results can be saved on restart files for later use as
the initial conditions for transients.

Transient results can be saved on disk or tape at specified time
points for later use in restarting transients.

Cross Section Representation

The principal features of the cross section representation are:

*

Any combination of macroscopic and microscopic cross sections may be
used.

Any number of nuclides may be used.

Cross section variations for any combination of fuel temperature,
moderator temperature and moderator density may be represented.

A set of g-factors is provided for added flexibility.

Microscopic cross sections, macroscopic cross sections, g-factors and
thermal feedback variations may each be made a function of up to three
independent variables which may be number densities or thermal feed-
back varjables.

Thermal-Hydraulics

Closed, parallel, vertical channels may be defined over arbitrary
combinations of mesh rectangles in the x-y plane. Axial nodes cor-
respond to one or more finite element mesh intervals.

One-dimensional axial coolant continuity and energy conservation equa-
tions are solved for each channel.
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Homogeneous, two-phase slip flow is modeled.

InTet flow and temperature may be specified by channel. Core-wide
ambient pressure is specified on input.

Forced convection to subcooled water and nucleate boiling heat transfer
regimes are modeled.

The finite difference model of the fuel pin radial heat conduction
equation allows an arbitrary number of nodes in pellet and clad.
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3.3 REFERENCE FOR SECTION 3.0
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4.0 VERIFICATION OF THE HERMITE MODELS

The verification of the HERMITE code was accomplished by comparing numerical
results from HERMITE to those from existing computer codes which utilize
accepted calculational methodology. The first step was to verify HERMITE's
neutronics model for test cases which did not include thermal-hydraulic
feedback effects. The second step was to verify the thermal-hydraulic

model independently of the neutronics calculation. Finally, HERMITE's
combined neutronics and thermal-hydraulics results were verified.

4.1 VERIFICATION OF HERMITE'S NEUTRONICS MODEL WITHOUT THERMAL FEEDBACK

Verification of HERMITE's steady-state neutronics model was accomplished
via comparison of eigenvalues and static power distributions from HERMITE
and PDQ. Thermal-hydraulic feedback effects were not included. Similarly,
HERMITE's transient neutronics calculations without feedback were verified
by comparing HERMITE and TWIGL (reference 4-1) for a control element assem-
bly ejection incident.

4.1.1 HERMITE and PDQ Eigenvalues and Static Power Distributions

Included in this section are results for three cases typical of Combustion
Engineering PWR cores. The first case is a 217 fuel assembly core operating
at full power conditions. The second is a 241 fuel assembly core operating
at full power conditions, and the third case is the same 241 fuel assembly
core operating at hot zero power conditions.

HERMITE eigenvalues and power distributions were compared to reference fine
mesh PDQ cases. These reference PDQ cases are two-group, two-dimensional
models of the x-y plane of the core with a 16 x 16 mesh per fuel assembly.
Hereafter a reference PDQ calculation will be identified as a 16 x 16 PDQ.

HERMITE results for several coarse mesh structures are compared to the 16 x

16 PDQ cases. Some HERMITE cases use a 4 x 4 array of mesh intervals in
each fuel assembly while others use a 2 x 2 array of mesh intervals. These
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will be referred to as 4 x 4 or 2 x 2 HERMITE cases, as appropriate. To
add perspective to these comparisons 4 x 4 PDQ and 2 x 2 PDQ results are
also presented.

Fuel cross sections for the 4 x 4 and 2 x 2 mesh cases were obtained by
flux and volume weighting the cross sections in each type of fuel assembly
using fluxes from the appropriate 16 x 16 PDQ. Recent experience has shown
that diffusion theory calculated power distributions in large PWR's are
sensitive to the treatment of reflector and shroud cross sections (reference
4-2). Experience has shown that adjusting the fast group diffusion coeffi-
cients in the reflector and shroud regions improves the calculated power
distributions. In Combustion Engineering cores, there is a 1.1 inch steel
shroud immediately surrounding the outermost fuel assemblies. In the 4 x 4
PDQ and HERMITE cases this shroud must be represented by a 2.05 inch mesh,
while in the 2 x 2 cases a 4.1 inch mesh is used. Shroud cross sections
for the 4 x 4 and 2 x 2 cases were obtained by adjusting the 16 x 16 PDQ
fast group diffusion coefficients.

The first case corresponds to a typical Combustion Engineering 217 fuel
assembly core design operating at full power conditions. The control
element assemblies shown to be fully inserted in Figure 4-1 were selected
to increase the numerical difficuity of the power distribution calculation.
A 4 x 4 mesh for each fuel assembly was used in the HERMITE calculation. A
corresponding 4 x 4 PDQ calculation was perfaormed in order to compare
HERMITE and PDQ for equivalent mesh spacings.

The results of these comparisons are summarized in Figure 4-2. HERMITE
shows good agreement with the 16 x 16 PDQ. HERMITE's eigenvalue is 0.15
percent larger than the 16 x 16 PDQ eigenvalue. The maximum percent dif-
ference in fuel assembly power is 1.83 percent, and the average absolute
difference {average of the absolute values of all percent differences) is
0.757 percent. The 4 x 4 PDQ eigenvalue is 0.07 percent below the 16 x 16
PDQ eigenvalue which is more accurate than HERMITE's; however, the 4 x 4
PDQ power distribution results are less accurate than those from HERMITE
since the maximum difference and average absolute difference are 3.56
percent and 1.04 percent, respectively.
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In order to determine HERMITE's accuracy for a larger mesh spacing the 217
assembly test case was rerun with a 2 x 2 mesh per fuel assembly. The
results are presented in Figure 4-3 along with those for the 4 x 4 mesh
spacing. The 2 x 2 HERMITE eigenvalue is 0.33 percent larger than the 16 x
16 PDQ eigenvalue. The maximum difference in fuel assembly power for the

2 x 2 HERMITE case relative to the 16 x 16 PDQ is 6.54 percent, and the
average absolute difference is 2.43 percent.

A comparison of HERMITE and a 16 x 16 PDQ for a 241 fuel assembly core
design was performed using a 2 x 2 mesh per fuel assembly. Full power
conditions were assumed for this case, and no control element assemblies
were inserted into the core. The comparison of fuel assembly powers in
Figure 4-4 shows a maximum difference of 4.06 percent, and an average
absolute difference of 2.48 percent. The 2 x 2 HERMITE eigenvalue is 0.16
percent Tower than the 16 x 16 PDQ eigenvalue. These results are similar
to those for the 217 fuel assembly core design in Figure 4-3. The corre-
sponding 2 x 2 PDQ results are presented along with those for HERMITE. The
2 x 2 PDQ eigenvalue is 0.32 percent lower than the 16 x 16 PDQ eigenvalue.
The maximum assembly power difference and average absolute difference are
14.1 percent and 5.66 percent respectively. It can be seen that the 2 x 2
PDQ results are significantly less accurate than the corresponding HERMITE
results.

The last case is a comparison of HERMITE and PDQ for a highly rodded 241
fuel assembly core at hot zero power conditions. A 2 x 2 mesh per fuel
assembly was used. The control element assemblies, fully inserted as shown
in Figure 4-5, provide a difficult numerical test of the 2 x 2 HERMITE
neutronics calculation since the insertion of control element assemblies
increases the radial power peaking in the core. The results in Figure 4-6
show that the 2 x 2 HERMITE eigenvalue is 0.32 percent lower than the

16 x 16 PDQ eigenvalue, and that the maximum difference and average abso-
lute difference in fuel assembly power are 14.6 percent and 3.72 percent
respectively. The 2 x 2 PDQ eigenvalue and power distribution are again
less accurate than those from HERMITE. The 2 x 2 PDQ eigenvalue is 0.49
percent lower than the 16 x 16 PDQ eigenvalue. The maximum assembly power
difference and average absolute difference are 17.5 percent and 5.94 percent
respectively.
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In conclusion, comparisons between PDQ and HERMITE show good agreement and
indicate that a 2 x 2 mesh is appropriate for HERMITE space-time calculations.

4.1.2 HERMITE and PDQ Control Element Assembly Worths

As part of the HERMITE verification, control element assembly static worths
were calculated. This was done by running two steady-state calculations;
one with the control element assembly fully inserted, and one with the
control element assembly fully withdrawn. If the eigenvalues for these
cases are denoted by X and A respectively, then the worth (% Ap) is
defined as:

% Ap = {(A] - Ao)/A1 AO} - 100% . (4-1)

Some control element assembly worths presented in later sections also
include equilibrium thermal-hydraulic feedback in the two static eigenvalue
calculations for A and Aot

For the 241 assembly test problem described in Section 4.1.1, control
element assembly worths are presented in Table 4-1. These were obtained
from two-dimensional calculations without thermal-hydraulic feedback. The
control element assembly patterns for these cases are shown in Figures 4-5
and 4-7. For comparison, 16 x 16 PDQ, 2 x 2 HERMITE and 2 x 2 PDQ worths
are shown.

4.1.3 HERMITE and TWIGL Transient Neutronics

HERMITE was compared to TWIGL in order to show that HERMITE's finite element
transient calculations compare well with those from an accepted finite
difference neutronics code. The test problem was a two-dimensional (x-y
plane), full power, central control element assembly ejection transient.

Two prompt neutron energy groups and two delayed neutron precursor groups
were used. The static worth of the central ejected control element was
0.16% ap (see Table 4-1) or $0.22. A 2 x 2 mesh for each fuel assembly
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was used in both HERMITE and TWIGL. Thermal-hydraulic feedback effects
were not included in order to isolate the neutronics model. The central
control element assembly was ejected from the core in fifty milliseconds.

A comparison of the resulting total core power Tevels, presented in Figure
4-8, indicates good agreement between HERMITE and TWIGL neutronics calcula-

tions without thermal-hydraulic feedback.

4.2 VERIFICATION OF HERMITE'S THERMAL~HYDRAULIC MODEL

Core thermal-hydraulic conditions can have a significant effect upon reactor
behavior because cross sections are functions of fuel temperature, coolant
temperature and coolant density. It is the function of the HERMITE thermal-
hydraulic calculation to compute these three quantities. In this section
the verification calculations for HERMITE's thermal-hydraulic model are
described. This verification was performed by comparing HERMITE results to
those from the STRIKIN-II computer code {reference 4-3). STRIKIN-II is a
code which is used at Combustion Engineering to calculate the transient

heat transfer behavior of a cylindrical geometry fuel pin. HERMITE's
thermal-hydraulic subroutines were decoupled from the neutronics portion of
the code so that HERMITE's thermal-hydraulic calculations could be forced
with a pre-determined transient power level and a normalized axial power
distribution which was constant during the transient. This modification

was necessary to maintain consistency with STRIKIN-II. HERMITE and
STRIKIN-IT were compared for hypothetical full power and zero power control
element assembly ejection incidents.

The core power forcing function for a hypothetical full power control

element assembly ejection incident, Figure 4-9, was specified so as to give
initial fuel temperatures and transient fuel temperatures which are higher
than those predicted for a more typical full power control element assembly
ejection incident. The results presented in Table 4-2 for a fuel pin with
nineteen radial nodes show good agreement between HERMITE and STRIKIN-IT.

At the axial midpoint of the core the average fuel temperatures differ by
approximately 4°F throughout the transient. This good agreement was expected
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since the use of nineteen radial nodes enabled the accurate calculation of
the radial fuel temperature profile (e.g., at t=0.0 seconds the centerline
fuel temperature was 4293°F for HERMITE and 4289°F for STRIKIN-II}. The
coolant temperatures and densities predicted by both codes at the core
midpoint and core exit show good agreement throughout the transient. To
demonstrate that accurate results would be obtained with fewer radial
nodes, the number of nodes in HERMITE was decreased from nineteen to nine.
As shown in Table 4-3, accurate results were obtained with nine radial
nodes.

A hypothetical zero power control element assembly ejection incident,
characterized by rapid changes in fuel temperature, was simulated with the
core power forcing function shown in Figure 4-10. The results presented in
Table 4-4 for a fuel pin with nineteen radial nodes show good agreement
between HERMITE and STRIKIN-II. At the axial midpoint of the core the
average fuel temperatures differ by less than 4°F after a severe power
excursion (Figure 4-10). The coolant temperatures and densities predicted
by both codes at the core midpoint and core exit show good agreement
throughout the transient. To demonstrate that accurate results would be
obtained with fewer radial nodes, the number of nodes in HERMITE was
decreased. Table 4-5 shows good agreement between results for cases with
nineteen and nine radial nodes.

4.3 VERIFICATION OF HERMITE®'S NEUTRONICS MODEL WITH THERMAL FEEDBACK

HERMITE results for transient neutronics calculations with thermal feedback
were verified via comparison to the corresponding TWIGL calculations. The
test problems were two-dimensional (x-y plane) central control element
assembly ejection incidents for both zero and full power initial conditions.
Only fuel temperature feedback effects were considered.
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4.3.1 HERMITE and TWIGL Full Power Control Element Assembly Ejection
Incidents

The test problem for this case is the same 241 fuel assembly core design
described in Section 4.1.1 with a 2 x 2 mesh spacing for each fuel assembly.
The central control element assembly in Figure 4-7 was ejected from the
core in fifty milliseconds. The static worth of this control element was
0.13% ap or $0.18 including thermal feedback effects. This worth is less
than the 0.16% Ap worth calculated in Section 4.1.2 without thermal feed-
back because the effect of fuel temperature feedback is to shift the core
power distribution away from the center of the core and away from the
ejected control element assembly.

TWIGL's fuel temperature model includes a single fuel node, a constant
volumetric heat capacity, and a single overall pin-coolant heat transfer
coefficient. For the analysis of a full power control element assembly
gjection incident, which is characterized by small changes in fuel temper-
ature, the clad was included in TWIGL's single fuel node in order to allow
more accurate modeling of the pin-coolant heat transfer phenomena.

A comparison of the total core power transients is presented in Figure 4-
11. HERMITE and TWIGL show excellent agreement while the control element
is being ejected from the core (t <0.05 seconds). The differences in
asymptotic power after the control element assembly is ejected are small
and the overall comparison of HERMITE and TWIGL is good.

4,3.2 HERMITE and TWIGL Zero Power Control Element Assembly
Ejection Incidents

For this comparison the control element assembly was ejected from the
center of a 241 fuel assembly core. The control elements for this case
were arranged (see Figure 4-5) to give a high control element assembly
static worth and a prompt critical power excursion. The static worth of
the ejected control element was 1.19% ap or $1.60. A 2 x 2 mesh per fuel
assembly was used to model the core in the x-y plane.
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TWIGL's fuel temperature model includes a single fuel node, a constant
volumetric heat capacity, and a single overall pin-coolant heat transfer
coefficient. Since the first second of zero power control element assembly

ejection transients is characterized by large changes in fuel pellet
temperature, only the fuel pellet was included in TWIGL's single fuel node.

The HERMITE and TWIGL core power transients for this case are compared in
Figure 4-12. TWIGL's peak core power level is 4 percent larger than HERMITE's.
Considering the severity of the power excursion for this incident and the
differences between the fuel temperature models in HERMITE and TWIGL, the
HERMITE and TWIGL numerical results show good agreement.
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Table 4-1

HERMITE and PDQ Control Element Assembly Worths (% ap)

16 x 16 PDQ 2 x 2 HERMITE 2 x 2 PDQ

Figure 4-5 Central Control Element
Assembly Worth 1.1346 1.1930 1.1915

Figure 4-7 Total Control Element
Assembly Bank Worth 0.7475 0.7705 0.7690

Figure 4-7 Central Control Element
Assembly Worth 0.1580 0.1602 0.1614
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Table 4-2

Thermal-Hydraulic Calculation for a Full Power
Control Element Assembly Ejection Incident - A
Comparison of HERMITE and STRIKIN-II Results*

At the Core Axial Midpoint

Time Average Fuel Coolant Density Coolant Temperature
(Sec) Temperature (°F) (1bm/ft3) (°F)
HERMITE  STRIKIN-IT  HERMITE  STRIKIN-II  HERMITE  STRIKIN-II
0.0 2930.7 2933.9 42.05 42.05 612.3 612.3
0.5 3083.6 3087.4 41.68 41.70 616.0 615.9
1.0 3154.0 3158.0 41.52 41.54 617.6 617.6
1.5 3145.6 3149.6 41.60 41.60 616.9 616.9
2.0 3066.7 3070.3 41.83 41.82 614.6 614.7

At the Core Exit

Time Coolant Density Coolant Temperature

Sec (1bm/Ft5) (°F)
HERMITE STRIKIN-II HERMITE STRIKIN-II

0.0 37.46 37.47 650.2 650.3
0.5 36.46 36.57 652.7 652.7
1.0 34.08 34.20 652.7 652.7
1.5 34.02 34.09 652.7 652.7
2.0 35.54 35.52 652.7 652.7

*Results are for a fuel pin with nineteen radial nodes.
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Table 4-3

Thermal-Hydraulic Calculation for a Full Power
Control Element Assembly Ejection Incident - A
Comparison of HERMITE Results for Fuel
Pins with Nineteen and Nine Radial Nodes

At the Core Axial Midpoint

Time Average Fuel Coolant Density Coolant Temperature
{Sec) Temperature (°F) (Ibm/ft3) (°F)
19 Nodes 9 Nodes 19 Nodes 9 Nodes 19 Nodes 9 Nodes
0.0 2930.7 2921.8 42.05 42.05 612.3 612.3
0.5 3083.6 3074.0 47.68 41.67 616.0 616.2
1.0 3154.0 3143.9 41.52 41.51 617.6 617.7
1.5 3145.6 3135.3 41.60 41.60 616.9 616.9
2.0 3066.7 3056.6 41.83 41.84 614.6 614.5

At the Core Exit

Time Coolant Density CooTant Temperature

Sec (1bm/ft3) (°F)

19 Nodes 9 Nodes 19 Nodes 9 Nodes
0.0 37.46 37.46 650.2 650.2
0.5 36.46 36.37 652.7 652.7
1.0 34.08 33.95 652.7 652.7
1.5 34.02 33.97 652.7 652.7
2.0 35.54 35.58 652.7 652.7
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Table 4-4

Thermal-Hydraulic Calculation for a Zero Power
Control Element Assembly Ejection Incident - A
Comparison of HERMITE and STRIKIN-II Results*

At the Core Axial Midpoint

Time Average Fuel Coolant Density Coolant Temperature
(Sec) Temperature (°F) (]bm/fts) (°F)
HERMITE  STRIKIN-II ~ HERMITE  STRIKIN-II ~ HERMITE  STRIKIN-II
0.0 565.3 565.3 45.86 45.86 565.0 565.0
.06 567.0 567.1 45.86 45.86 565.0 565.1
.08 719.5 733.9 45.72 45.70 567.1 567.3
0 1147.3 1168.4 45.30 45.28 572.9 573.3
A2 1403.0 1406.1 45,03 45.03 576.7 576.7
14 1410.2 1410.0 44,96 44.99 577.5 577.2
1.0 1319.6 1319.9 44.21 44 .21 587.4 587 .4
2.0 1215.7 1215.9 44 .60 44 .60 582.3 582.3

At the Core Exit

Time Coolant Density Coolant Temperature
Sec (1bm/ft3) (°F)
HERMITE STRIKIN-II HERMITE STRIKIN-II

0.0 45.86 45.86 565.0 565.0
.06 45.86 45,86 565.0 565.1
.08 45.84 45.83 565.2 565.5
A0 45.77 45,73 566.3 566.9
.12 45.67 45.64 567.8 568.2
.14 45,58 45,57 569.0 569.2
1.0 42.30 42.34 609.6 609.3
2.0 43.15 43,15 600.1 600.2

*Results are for a fuel pin with nineteen radial nodes.
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Table 4-5

Thermal-Hydraulic Calculation for a Zero Power
Control Element Assembly Ejection Incident - A
Comparison of HERMITE Results for Fuel Pins
With Nineteen and Nine Radial Nodes

At the Core Axial Midpoint

Time Average Fuel Coolant Density Coolant Temperature
{Sec) Temperature {°F) (1bm/ft3) (°F)
19 Nodes 9 Nodes 19 Nodes 9 Nodes 19 Nodes 9 Nodes

0.0 565.3 565.3 45.86 45.86 565.0 565.0
.06 567.0 567.0 45.86 45.86 565.0 565.0
.08 719.5 719.5 45.72 45.72 567.1 567.1
.10 1147.3 1147.2 45,30 45.30 572.9 572.9
12 1403.0 1402.7 45.03 45.03 576.7 576.7
14 1410.2 1409.5 44 .96 44,96 577.5 577.5
1.0 1319.6 1318.4 44 .21 44,20 587.4 587 .4
2.0 1215.7 1215.2 44 .60 44.60 582.3 582.2

At the Core Exit

Time Coolant Density Coolant Temperature
(Sec) (1bm/ft>) (°F)
19 Nodes 9 Nodes 19 Nodes 9 Nodes
0.0 45.86 45.86 565.0 565.0
.06 45.86 45,86 565.0 565.0
.08 45,84 45.84 565.2 565.2
.10 45,77 45,77 566.3 566.3
.12 45.67 45.67 567.8 567.7
14 45,58 45,58 569.0 569.0
1.0 42.30 42.26 609.6 610.0
2.0 43.15 43.16 600.1 600.0
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PERCENT DIFFERENCE RELATIVE TO A 16 x 16 MESH PDQ

X.XX | 4x 4 HERMITE
X.XX | 4x4PDQ
R INDICATOR FOR A 0.5 1 -0.54
RODDED FUEL 13.56 | +0.48
ASSEMBLY
+0.90 | -1.33 |-1.53 | -0.76 | -1.33
+1.85 | 0.12 |-0.34 | -0.45] -1.48
+1.83 | -0.75 | -1.33 |-0.56 | -1.00| -0.37
3,00 | -1.35 | -0.75 [-0.39 | -1.48 | +0.09
R
+1.51 | 40.23 | -1.26 |-0.40 | +0.09 | -0.47
#2.34 | 40.10 | -1.99 |-0.86 | +0.51| -1.20
+1.02 | 40.11 |40.66 | -0.06 | +0.47
+1.45 | -0.41 |40.97 | -0.95 | +0.65
.69 |40.16 | +0.73 | +0.14
+1.06 |-0.78 74 | -0,
EIGENVALUES L0 | 0.8 | 0.7 0%
16 x 16 PDQ 0.99926 .79 | 40.25 | +0.83
4 x 4 HERMITE 1.0008 .82 | -0.89 | +0.71
4x4PDQ 0.99858 o | 0.3
SUMMARY OF DIFFERENCE ANALYSIS 10.74) -0.91
HERMITE 4 x 4 PDQ +0.88
MAXIMUM DIFFERENCE ~ +1.83%  +3.56% 0.n
~ AVERAGE ABSOLUTE
DIFFERENCE 0.757%  1.04%
HERMITE HERMITE AND PDQ POWER DISTRIBUTION Figure
CENPD.. 188 DIFFERENCES FOR A 4 x 4 MESH, 217 FUEL 4-2
ASSEMBLY CORE AT FULL POWER
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PERCENT DIFFERENCE RELATIVE TO A 16 x 16 MESH PDQ

X.XX| 4 x4 HERMITE
X. XX 2x 2 HERMITE

R INDICATOR FOR A +.75 | -0.54
RODDED FUEL .16 | +2.00
ASSEMBLY

+.90 [ -1.33 | -1.53 -0.76 | -1.33
16,54 | +2.34 [ +1.42 | +0.90 | -1.18

1.8 | -0.75 { -1.33 |-0.56 | -1.00| -0.37
$5.72 | -1.82 | -0.35 |+2.46 | -2.11| +1.66

+1.51 | 40.23 | -1.26 |-0.40 | +0.09 | -0.47
+3.69 | +0.48 | -3.97 |-2.08 | +1.44 | -2.91

+1.02 | 40.11 |+0.66 -0.06 | +0.47
+2.90 | -2.13 |+1.66 | -2.94 | +1.15

H.69 |+0.16 | .73 +0.14
+1.28 | -3.04 | +1.11 | -3.09

EIGENVALUES 10.79 | 40.25 | +0.83
16 x 16 PDQ 0. 99926 +1.05 | -3.19 | +0.94
4 x 4 HERMITE 1.0008 '
2 x 2 HERMITE 1.00258 +0.85 | +0.30
+0.94 | -3.32
SUMMARY OF DIFFERENCE ANALYSIS
2x 2 4x4 +0.88
+0.91
MAXIMUM DIFFERENCE +6.54%  +1.83%
AVERAGE ABSOLUTE
DIFFERENCE 2.43% 0.757%
HERMITE HERMITE POWER DISTRIBUTION DIFFERENCES FOR | Fisure
CENPD- 188 A2 x 2 MESH, 217 FUEL ASSEMBLY CORE 43
AT FULL POWER -
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PERCENT DIFFERENCE RELATIVE TO A 16 x 16 MESH PDQ

XXX | 2 x 2 HERMITE
X.XX | 2x2PDQ

-1.18 [40.33 | +0.01 | +0.31
-10.8 |-4.34 | -3.58 | -2.90
-3.00 | -1.66 | +2.54 143.25 | +4.06 | 43.72
-13.3 -7.31 | 43.01 |+4.84 | +8.12 | +6.15
-2.99 {(+2.24 | -2.53 | +2.54 |-2.10 | +2.98 | -1.76
-14.1 |+.61 | -5.91 | +4.81 |-3.41 | +6.72 | -2.54
3.07 | 42.18 | -2.85 {+2.94 | -2.64 | +3.07
-6.44 | +4.90 | -4.29 {+6.92 | -3.27 | +7.55
3.14 | 42.43 1-3.13 | +2.49 | -3.10
-4.68 | +6.09 |-4.16 | +6.68 | -3.85
-3.31 |+42.20 | -3.41 | +2.16
4.0 | +6.22 | -4.26 | +6.35
EIGENVALUES -3.51 | 41.98 | -3.61
-4.41 | +6.14 | -4.41
16 x 16 PDQ 0.99739
2 x 2 HERMITE 0.99584 3,67 | +1.85
2x2PDQ 0.99421 -4.47 | +6.05
SUMMARY OF DIFFERENCE ANALYSIS -3.74
HERMITE 2x 2 PDQ 4.0l
MAXIMUM DIFFERENCE  +4.06% -14.1%
AVERAGE ABSOLUTE
DIFFERENCE 2.48% 5. 66%

wemwite  JHERMITE AND PDQ POWER DISTRIBUTION DIFFERENCES] Fioure

CENPD- 188 FOR A 2 x 2 MESH, 241 FUEL ASSEMBLY

CORE AT FULL POWER

4-4
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PERCENT DIFFERENCE RELATIVE TO A 16 x 16 MESH PDQ

X.XX | 2x 2 HERMITE

X.XX | 2x2PDQ

R INDICATOR FOR A
RODDED FUEL 0.0 |-1.03 | -4.93| -5.88
ASSEMBLY 1,61 | 41.83 | -0.75| -1.05

.53 | +1.48 | +6.17 | +6.11 | +l4.6 | +6.08
-3.58 | +41.04 |+10.2 [+11.8 |+17.5 |+13.0

-0.80 |+9.22 | -0.13 | H.34 | -3.18 0.0 | -5.37
-9.37 #11.6 -2.02 | +8.12 [ -3.77 | +3.26 | -7.56

.24 | +H.63 | +6.20 | +1.90 | -5.43 | +2.34
+5.05 | +8.82 | +8.24 |+#.71 | -8.09 | +5.64

-4,82 | +1.31 | -4.56 | +2.00 [ -1.42
-6.63 | +2.99 | -8.06 | +3.59 | -2.06

+3.87 |+0.25 | -6.34 | +1.31
.12 [+0.88 |-11.4 | +1.12

-9.41 | +0.07 |-11.3
16 x 16 PDQ 0.96968 2
2 X 2 HERMITE 0. 96661 -6.85 | +0.91
2x2PDQ 0.96494 -12.3 | +0.58
R

SUMMARY OF DIFFERENCE ANALYSIS | -2.40

HERMITE 2 x 2 PDQ 4.3

-~ MAXIMUM DIFFERENCE  +14.6% +17.5%

AVERAGE ABSOLUTE
DIFFERENCE 3.72% 5. 94%

HERMITE HERMITE AND PDQ POWER DISTRIBUTION DIFFERENCES| Fiaure
CENPD- 188 FOR A 2 x 2 MESH, 241 FUEL ASSEMBLY
. CORE AT ZERO POWER 4-6
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CENTERLINE
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5.0 THREE-DIMENSIONAL ANALYSIS OF THE CONTROL ELEMENT ASSEMBLY
EJECTION INCIDENT

HERMITE was used for the three-dimensional analysis of the full power and
zero power control element assembly ejection incidents. Results from the
three-dimensional analyses of these incidents are compared to those from
the corresponding two-dimensional analyses. For both the full power and
zero power cases the core model is the 241 fuel assembly core described in
Section 4.0. The full power and zero power control element assembly patterns
are also the same as those described in Section 4.0, and in both cases the
central control element assembly was ejected in fifty milliseconds (at a
constant velocity). Each fuel assembly was partitioned into a 2 x 2 mesh
array in the horizontal plane, as described in Sectien 4.0. For the three-
dimensional analyses twelve axial mesh intervals were used, one for each of
the top and bottom reflectors and ten for the active core region. One
thermal-hydraulic channel was assigned to each fuel assembly. In this way,
fuel temperature feedback was included on an assembly-by-assembly basis.

5.1 FULL POWER CONTROL ELEMENT ASSEMBLY EJECTION INCIDENT

For this case the initial core power was 4100 MW. As shown in Table 5-1,
the static worth of the ejected central control element assembly was
0.132%4ap, or $0.178, so that a delayed critical transient was induced.

The core power transient is shown in Figure 5-1 and the central fuel assembly
power transient is shown in Figure 5-2. The differences between the two-
dimensional and three-dimensional cases illustrate the axial spatial effects
present in the three-dimensional case. These effects are caused primarily

by changes in differential control element assembly worth as it moves out

of the core. As is well known, when a control element tip is moving through
regions near the bottom and top of a core, the reactivity inserted per unit
distance traveled is smaller than when it is moving through the middle
regions of the core. This is a consequence of the relatively lower neutron
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flux and importance near the axial extremes of the core compared to the
middle regions of the core. While this axial spatial effect is seen in
three-dimensional calculations explicitly, it is not accounted for in the
two-dimensional calculations.

As the control element assembly is ejected from the lower regions of the
core the rate of reactivity addition and the rate of change in core power
are lower for the three-dimensional case relative to the two-dimensiocnal
case, as can be seen in Figures 5-1 and 5-2 for t<0.01 seconds. Then, as
the tip of the control element assembly moves through the middle regions of
the core the rate of reactivity addition and the rate of change in core
power level for the three-dimensional case surpass those for the two-
dimensional case. Finally, when the control element assembly is ejected
from the upper regions of the core, the rate of reactivity addition and the
rate of change in core power for the three-dimensional case decrease accord-
ingly. The rapid rise in power ends when the control element assembly has
been completely ejected from the core. Thereafter, the two-dimensional and
three-dimensional power levels show good agreement. These transients were
ended at 1.0 seconds, at which time the two-dimensional and three-dimensional
core average energy depositions were 10,30 cal/gm and 10.26 cal/gm, respec-
tively.

To illustrate axial power distribution changes during the transient, the
central fuel assembly power distributions corresponding to several time
points are shown in Figures 5-3 through 5-6. The axial power distribution
shifts from a nearly symmetrical initial distribution (Figure 5-3) to a
bottom peaked distribution (Figures 5-4 and 5-5), and then back to a nearly
symmetrical distribution when the control element assembly is almost com-
pletely ejected (Figure 5-6).

To quantify axial flux distribution effects on the rate of reactivity
addition during the ejection of the control element assembly from the core,
cases were run where the control element assembly was ejected in one time
step. As expected, the two-dimensional and three-dimensional core power
transients, shown in Figure 5-7, show much closer agreement during the
rapid power excursion.
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Three-dimensional spatial effects on the thermal-hydraulic node with
maximum power were also observed. Figure 5-8 shows the three-dimensional
maximum node power relative fo the core average node power as a function of
time, and Figure 5-9 shows the location of the maximum power node during
the transient. As the central control element assembly is ejected the
three-dimensional power distribution shifts towards the center of the core
and the maximum node power relative to the core average node power increases.
When the control element assembly is approximately 56 percent ejected,

t = 0.028 seconds, the axial power distribution is shifted towards the
lower regions of the core {see Figure 5-5), and the location of the maximum
power node is in the central fuel assembly. At this time the maximum node
power relative to the core average node power is at its highest value as
shown in Figure 5-8. As the ejection of the control element assembly
continues the axial power distribution becomes more symmetrical, and as a
result the maximum node power relative to the core average node power
abruptly decreases. When the control element assembly is 96 percent
ejected at t = 0.048 seconds, the Tocation of the maximum node power moves
to the fuel assembly adjacent to the central fuel assembly and remains
there for the remainder of the transient.

In conclusion, the results from the three-dimensional analysis of this full
power control element assembly ejection incident are consistent with those
from the corresponding two-dimensional analysis.

5.2 ZERO POWER CONTROL ELEMENT ASSEMBLY EJECTION INCIDENT

For this case the initial core power was 1.0 MW. As discussed in Section
4.3.2, the control element assembly pattern was chosen to give a high
central control element assembly static worth. As shown in Table 5-1, the
static worth of the ejected central control element assembly was 1.19%Ap,
or $1.60, so that a prompt critical transient was induced.

The total core and central fuel assembly power transients are shown in
Figures 5~10 and 5-11. Both the total core and central fuel assembly
powers show similar behavior during the transient. Figures 5-10 and 5-11
show that the three-dimensional power excursion occurs at an earlier point
in time relative to that for the two-dimensional case. This eariier power
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excursion is the result of axial spatial effects on the rate of reactivity
addition during the ejection of the control element assembly from the core.
These effects were discussed in Section 5.1. The powers for the three-
dimensional case are initially lower than those for the two-dimensional
case. However, the three-dimensional rate of reactivity addition, and
therefore core power, soon surpass those for the two-dimensional case. Due
to this rapid increase in the rate of reactivity addition the prompt crit-
ical state is reached at an earlier time relative to the two-dimensional
case, and the three-dimensional powers continue to rise ahead of the two-
dimensional powers.

The increase in fuel temperatures, and the resulting increase in resonance
absorption, is the most significant factor in terminating the prompt crit-
ical power excursion. The total core and central fuel assembly average
fuel temperatures as a function of time are shown in Figures 5-12 and 5-13.
The fuel temperatures begin to increase slowly after the control element
assembly has been ejected from the core, and then rise very rapidly as a
result of the energy deposited in the fuel during the prompt critical power
excursion. The resonance absorption of neutrons increases and the power
excursion is terminated. The two-dimensional peak power is 28 percent
higher than that for the three-dimensional case since a given change in
energy deposited in the fuel results in less negative reactivity from fuel
temperature feedback for the two-dimensional case.

The fuel temperatures continue to increase in proportion to the energy
being deposited in the fuel during the transient and consequently the core
power Tevel decreases. With the lower power levels both the rate of energy
deposition and the rate of increase in fuel temperatures decrease. As a
result, at about 0.12 seconds the fuel temperature rise begins to slow
down. At about 0.17 seconds most of the energy generated during the power
excursion has been deposited in the fuel and the rise in fuel temperature
has slowed down significantly. Finally, since the rise in fuel temperatures
has slowed down the rate of power decrease is reduced. This transient was
ended at 1.0 seconds, at which time the two-dimensional core average energy
deposition of 19.3 cal/gm is 25 percent larger than the value of 15.5
cal/gm for the three-dimensional case.
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Changes in the axial power distribution, similar to those for the full
power control element assembly ejection incident, were also observed for
the zero power incident. Figures 5-14 through 5-17 show the central fuel
assembly axial power distributions at several times during the transient.
The axial power distribution shifts from a symmetrical initial distribution
(Figure 5-14) to a bottom peaked distribution (Figures 5-15 and 5-16), and
then back to a nearly symmetrical distribution (Figure 5-17).

Three-dimensional spatial effects on the maximum node power were also
observed. Figure 5-18 shows the three-dimensional maximum node power
relative to the core average node power as a function of time, and Figure
5-19 shows the location of the maximum power node during the transient. As
the central control element assembly is ejected the three-dimensional power
distribution shifts towards the lTower and central regions of the core and
the maximum node power relative to the core average node power increases.
When the control element is approximately 40 percent ejected, t = 0.020
seconds, the axial power distribution has shifted towards the Tower regions
of the core {see Figures 5-15 and 5-16), and the Tocation of the maximum
power node is in the third axial node of the central fuel assembly as shown
in Figure 5-19. At t = 0.036 seconds the maximum node power relative to
the core average node power is at its highest value as shown in Figure 5-18,
and is in the fifth axial node of the central fuel assembly. As the
ejection of the control element assembly continues the axial power distri-
bution becomes more symmetrical and the maximum node power relative to the
core average node power abruptly decreases. After the control element
assembly is fully ejected the location of the maximum node power is in the
sixth axial node of the central fuel assembly where it remains for the
remainder of the transient. At approximately 0.1 seconds the maximum node
power relative to the core average node power decreases rapidly due to the
effect of fuel temperature feedback and at approximately G.17 seconds the
maximum node power relative to the core average node power levels off
somewhat.

In conclusion, differences between the corresponding two-dimensional and

three-dimensional analyses of this control element assembly ejection incident
are due to axial weighting effects on fuel temperature reactivity feedback.
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Table 5-1

Central Control Element Assembly Static Worths (%ap)

Two-Dimensional Three-Dimensional

Case HERMITE HERMITE

Full Power Without

Thermal Feedback 0.1602 0.1590

Full Power With

Thermal Feedback 0.1319 0.1322

Zero Power Without

Thermal Feedback 1.1930 1.1897

Zero Power With

Thermal Feedbhack 1.1927 1.1891

5-6



Westinghouse Non-Proprietary Class 3

5200

{ |
— CONTROL ELEMENT
FULLY EJECTED t_:
f"'--...,______-____ e o — __-_-j’
5000 7 |
/
/
f
g -
= 4800
o — — — 2D HERMITE
S 3D HERMITE
§ 4600 —
© CORE AVERAGE ENERGY DEPOSITION
< ATt =1.0SEC
S 4400 _
20 HERMITE - 10.30 cal/gm
3D HERMITE - 10.26 cal/gm
4200 _
4000 * Ly
0.0 0.1 0.2 1.0
TIME, SECONDS
HERMITE FULL POWER CEA EJECTION TRANSIENT, Fuivrs
CENPD- 188 TOTAL CORE POWER

5-7




Westinghouse Non-Proprietary Class 3

35

| |
f— CONTROL ELEMENT FULLY EJECTED
e e e 9:'_‘_:
= ‘ N
=
o
3
(=8 -1
>
[a'a]
=
Ll
é‘ — —— 2D HERMITE ]
= ———— 3D HERMITE
oe
=
[EH]
Q —nt
10 . b
0.0 0.1 0.2 1.0
TIME, SECONDS
HERMITE FULL POWER CEA EJECTION TRANSIENT, Figur
CENPD- 188 CENTRAL ASSEMBLY POWER

5-8




2.5

Westinghouse Non-Proprietary Class 3

| T i |

2.0
==
=43 15k -
o =2
&S i i
= =
o Ll

=
L ::_ 1.0 - =
23
z 2
3 & 051k ._
§— BOTTOM OF CONTROL ELEMENT
L7777 77777777777 77777
0.0 ! [ ! [
0.0 0.2 0.4 0.6 0.8 1.0
BOTTOM FRACTION OF CORE HEIGHT TOP
HERWMITE FULL POWER CEA EJECTION TRANSIENT Figure
CENPD. 168 CENTRAL ASSEMBLY POWER DISTRIBUTION 5-3
AT t = 0.004 SECONDS

5-9




2.5

Westinghouse Non-Proprietary Class 3

| | | |

o 2.0 _
L =
= O
= o
— &=
22 15 _
&5
= < "
L 5 L
L 22
2T 1L0F -
Z 3
35
o (79
ot (¥g]

< 05 -

BOTTOM OF CONTROL ELEMENT
7777 S Ll L LS
0.0 | ] | |
0.0 0.2 0.4 0.6 0.8 1.0
BOTTOM FRACTION OF CORE HEIGHT TOP

TITE FULL POWER CEA EJECTION TRANSIENT Figurs

e 15 CENTRAL ASSEMBLY POWER DISTRIBUTION 54
ATt = 0.012 SECONDS

5-10




2.5

Westinghouse Non-Proprietary Class 3

H | | T
o £ 2.0 - ~
=
=%
35
e = 15} —
=
= 1.0 - _
2 3
=5
O wn
< o5F =
BOTTOM OF COETROL ELEMENT
V7777777777
00 i ] i I .
0.0 0.2 0.4 0.6 0.8 1.0
BOTTOM FRACTION OF CORE HEIGHT TOP
HERMITE FULL POWER CEA EJECTION TRANSIENT T
CENPD. 160 CENTRAL ASSEMBLY POWER DISTRIBUTION 5-5
AT t = 0.028 SECONDS

5-11




Westinghouse Non-Proprietary Class 3

- 2.5 | ] ] |

2.0 -

L5+ -

1.0 - -

L.OCAL NODE POWER RELATIVE TO
ASSEMBLY AVERAGE NODE POWER

0.5 |- -
BOTTOM OF CONTROL ELEMENT

' s
0.0 i |

! |
0.0 0.2 0.4 0.6 0.8 1.0
BOTTOM FRACTION OF CORE HEIGHT TOP

HERMITE FULL POWER CEA EJECTION TRANSIENT Floune
CENPD. 188 CENTRAL ASSEMBLY POWER DISTRIBUTION p
’ ATt = 0.044 SECONDS >

5-12




5200

Westinghouse Non-Proprietary Class 3

| | [ I
5000 — —
= 480 .
5.
S
o 4600 —— — 2D HERMITE )
&
3 —— 3D HERMITE
-
=
2 4400 .
4200 _
{ l i |
o000 0.2 0.8 0.08 0.5
TIME, SECONDS
HERMITE FULL POWER CEA EJECTION TRANSIENT, o
CENPD- 188

CORE POWER AFTER STEP EJECTION OF THE CEA

5-1

5-13




Westinghouse Non-Proprietary Class 3

oz
w 2.3 , : ; l
=
&
a
= .
" 2.2 - -
<
[
(W]
=
IN
© 2.1 .
Ll
=
=
=5
£ 2,0 -
o
=
o
8 1.9) -
=
=
5
=
= 1.8 | 1 | |
= 0.0 0.2 0.4 0.6 0.8 1.0

TIME, SECONDS
HERMITE 3D FULL POWER CEA EJECTION TRANSIENT, Fiure
CENPD- 188 MAXIMUM NODE POWER RELATIVE TO
| AVERAGE NODE POWER 5-8

5-14




t=0.0 SEC.

t = .024 SEC.

Westinghouse Non-Proprietary Class 3

| CENTERLINE

CORE LAYOUT
SHOWING

FUEL ASSEMBLY
LOCATION

B
——~[C}- —— CENTERLINE

A B C TOP OF ACTIVE CORE

T\ t=.048 - 1.0 SEC.

— {1t =028 SEC.

BOTTOM OF ACTIVE CORE

HERMITE
CENPD- 188

3D FULL POWER CEA EJECTION TRANSIENT,
LOCATION OF MAXIMUM NODE POWER

Fooure

5-9

5-15




195, 000 L
152, 000

100, 000 -

10, 000 -

TOTAL CORE POWER, MW

10

1,000

100 -

Westinghouse Non-Proprietary Class 3

CONTROL
ELEMENT
FULLY
EJEC\TfD /
e —— 2D HERMITE
3D HERMITE
/
/ CORE AVERAGE ENERGY DEPOSITION
/ ATt =1.0SEC
2D HERMITE - 19.3 cal/gm
3D HERMITE - 15.5 cal/gm
1 } | ¢

0.05 0.10 0.15 0.20

0.0 L0
TIME, SECONDS
HERMITE ZERO POWER CEA EJECTION TRANSIENT, Foaure |
CENPO- 184 TOTAL CORE POWER 5-10

5-16



Westinghouse Non-Proprietary Class 3

3140} ! ! ' ' 1
24501 N\ i
1000} 1
107 ontroL |
- ELEMENT =
FULLY =
EJECTED
=
= 10 & / -
& i
S /
>
S 1.0 i
Ll
A
4 — — — 2D HERMITE
—
= — 3D HERMITE
5 0.1 -
0.0l n
0.001 | | 1 ( .
0.0 0.05 0.10 0.15 0.20 ’/ 5—10
TIME, SECONDS
HERMITE ZERO POWER CFA EJECTION TRANSIENT, o
CENPD- 183 CENTRAL ASSEMBLY POWER 5-11

5-17




Westinghouse Non-Proprietary Class 3

500
E-n
"
=
2 400 | -
a
=
=
]
> 300
]
=
Lel
= l
S W
3 | ——— 2D HERMITE
= |
" —
= 00— | 3D HERMITE B
= l
z 1
© l
|
0 J’ I | | |
0.0 0.2 0.4 0.6 0.8 1.0
TIME, SECONDS
HERMITE ZERO POWER CEA EJECTION TRANSIENT, “Figure
CENPD- 188 CORE AVERAGE FUEL TEMPERATURE 5-12

5-18




Westinghouse Non-Proprietary Class 3

ol-l-.
g 1500
=
<I,
o
o
= |
= 1200
o
i
)
< 90—
i
-
<[
=
S 600~ i — —— 2D HERMITE —
{-,‘,-' i
X ,' 30 HERMITE
|
< |
& 300 |l —
= :
O |
= I
|
"/ | | |
< 0.0 0.2 0.4 0.6 0.8 1.0
S TIME, SECONDS
HERWMITE , ZERO POWER CEA EJECTION TRANSIENT, Figure
CENPD- 188 CENTRAL ASSEMBLY AVERAGE FUEL TEMPERATURE 5-13

5-19




2.5

Westinghouse Non-Proprietary Class 3

H [ 1 1
og 20r i,
=
=1
=2
€= 1.5F L -
=S
a8 10 -
2 2
<5
QO w
2 st -
¢ BOTTOM OF CONTROL ELEMENT
Vo777 77 7 7777777777
0.0 | . | |
0.0 0.2 0.4 0.6 0.8 1.0
BOTTOM FRACTION OF CORE HEIGHT TOP
- ZERO POWER CEA EJECTION TRANSIENT e
et 1o CENTRAL ASSEMBLY POWER DISTRIBUTION

AT t = 0.004 SECONDS

5-14

5-20




2.5

Westinghouse Non-Proprietary Class 3

2.0

L5

1.0+

LOCAL NODE POWER RELATIVE TO
ASSEMBLY AVERAGE NODE POWER

0.5+

0.0

BOTTOM OF CONTROL ELEMENT
L L L
1 i I 1

0.0
BOTTOM

0.2 0.4 0.6 0.8 1.0
FRACTION OF CORE HEIGHT TOP

HERMITE
CENPD- 180

ZERO POWER CEA EJECTION TRANSIENT
CENTRAL ASSEMBLY POWER DISTRIBUTION
AT t = 0.012 SECONDS

5-15

5-21



2.5

Westinghouse Non-Proprietary Class 3

AT t = 0.024 SECONDS

| H | i
O 2.0 B ]
— [ )
=
<
—T
o g 1.5 .
E &
=
o L)
L E 1.0k -
S =
-2 05h | -
BOTTOM OF CONTR?'L ELEMENT ——L—jj;;;
0.0 . | ZZmrzrzz7z -
0.0 0.2 0.4 0.6 0.8 1.0
BOTTOM FRACTION OF CORE HEIGHT TOP
HERMITE  ZERO POWER CEA EJECTION TRANSIENT Fiopre
CENPD 1o CENTRAL ASSEMBLY POWER DISTRIBUTION 5-16

5-22




Westinghouse Non-Proprietary Class 3

2.2

LOCAL NODE POWER RELATIVE TO
ASSEMBLY AVERAGE NODE POWER

0.5

BOTTOM OF CONTROL ELEMENT

0.0 1 I [ L
0.0 0.2 0.4 0.6 0.8 1.0

BOTT(')N\ FRACTION OF CORE HEIGHT TOP

HERMITE ZERQ POWER CEA FJECTION TRANSIENT Figure
CENPD- 188 CENTRAL ASSEMBLY POWER DISTRIBUTION 17
ATt = 0.044 SECONDS 5-1

5-23




7.0

Westinghouse Non-Proprietary Class 3

6.0}

5.0

MAXIMUM NODE POWER RELATIVE TO AVERAGE NODE POWER

0.2 0.4 0.6 0.8
TIME, SECONDS

1.0

HERMITE
CENPD- 188

3D ZERO POWER CEA EJECTION TRANSIENT,
MAXIMUM NODE POWER RELATIVE TO
AVERAGE NODE POWER

Fioure

5-18

!
|

5-24



Westinghouse Non-Proprietary Class 3

CENTERLINE

CORE LAYOUT
SHOWING
FUEL ASSEMBLY
LOCATION
A
B
¢ - ——— CENTERLINE

A B C  ToP OF ACTIVE CORE

t=0.0SEC —— t=.052 - 1.0 SEC.
t=.012 SEC. —— t = .028 SEC.
t = .,016 SEC. t = .024 SEC.
t = .020 SEC.
BOTTOM OF ACTIVE CORE
HERMITE 3D ZERO POWER CEA EJECTION TRANSIENT, Fiirs
CENPD- 188 LOCATION OF MAXIMUM NODE POWER 5-19

5-25




Westinghouse Non-Proprietary Class 3

6.0 NOMENCLATURE

6.1 NEUTRONICS AND CROSS SECTION NOMENCLATURE FOR SECTIQNS 2.1 AND 2.3

Symbo1 Definition
Ag Matrix solved by inner iterations
gn,O Equilibrium delayed neutron precursor concentration (cm'3)
Dg Diffusion coefficient for energy group g {cm)
Dg Tridiagonal submatrix of Ag
F Transient fission matrix including inverse of steady state eigen-
value, A
Fg Group g submatrix of F
F Steady state fission matrix
Eg Group g submatrix of F
g Neutron energy group index
g g - factor multiplier for 0
gg g - factor multiplier for 602
G Number of neutron energy groups
I Number of mesh points in the x-direction
J Isotopic species index
J Number of mesh points in the y-direction
Eg Right hand side of equation solved by inner iterations
K Number of mesh points in the z-direction
L Inner iteration index
L ~ Number of inner iterations (superscript)
L Diffusion coefficient and total cross section matrix
Lg Group g submatrix of L
Lg Lower triangular submatrix of Ag
m Quter iteration index (superscript)
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Definition

Spatial basis function index (supscript)

Number of outer iterations (superscript)

Number of spatial basis functions (subscript)

Delayed neutron precursor group index

Number of delayed neutron precursor groups

Number density for isotopic species j {atoms/barn-cm)
Time step index

Position vector in a rectangular coordinate system

Position vector denoting interface points in the region of
solution

Position vector denoting surface points on the region of
solution

Region of solution
Removal cross section matrix

Submatrix of S for removal from energy group g9 to energy
group g + 1

Effective initial delayed neutron precursor concentration
vector for precursor group n at time tp

Time (sec)

Time point p (sec)

x-direction spatial basis function

y-direction spatial basis function

z-direction spatial basis function

Spatial basis function, Up = U » U5 - Uy
Temporal basis function

Test function for weak form of diffusion equation
Neutron velocity for energy group g (cm/sec)

Inverse neutron velocity matrix

Upper triangular submatrix of Ag
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Definition

One of the parameters (fuel temperature, moderator femperature,
moderator density) used to modify cross sections

Reference value of Xn

Coefficient of F(tpr{(tp) in discrete diffusion equations
Total delayed neutron fraction

Delayed neutron fraction for precursor group n

Coefficient of F(tp)g(tp+1) in discrete diffusion eguation

Coefficient of AXn in adjusting dj for feedback variable Xn

Deviation of feedback variable Xn from input reference value

B Xn - Xn,ref

Coefficient of F(tp_])gjt ) contribution to §

p —P,n

Average energy released per fission for neutron energy
group g {watt-sec)

Steady state eigenvalue
Decay constant for delayed neutron precursor group n (sec'])
Coefficient of F(tp_l)g(tp_]) contribution to §p,n

Average number of neutrons released per fission caused by
neutrons in energy group ¢

Microscopic cross section for isotope j (barns)

zf,zr,zT or 3. general macroscopic cross section

Macroscopic fission cross section (cm‘l) for group g

Macroscopig1remova1 cross section from group g to group
g+ 1 {(cm ')

Macroscopic total cross section (cm'])
Macroscopic transport cross section (cm'I) = 1/(3Dg)

Fraction of neutrons released by fission and precursor decay
into group g
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Symbo] Definition
wg Group g neutron flux (cm'zsec”1)

Yo om Group g neutron flux at point m (cm'zsec'])
v Flux vector made up of all Wg m's

Group g component of ¥

Eu‘_l;-e

Successive over-relaxation parameter

6.2 THERMAL-HYDRAULIC NOMENCLATURE FOR SECTION 2.2

Symboil Definition
A Flow area of a thermal-hydraulic channel (ft%)
R Coefficients.in Tinear equation relating q& to Tw for fuel pin
during transient
Cp Specific heat capacity (Btu/lbm-°F)
Cp,UOZ Fuel pellet specific heat capacity {Btu/lbm-°F}
Cp,Zr Clad specific heat capacity (Btu/1bm-°F)
C1,...,C4 Coefficients for fuel temperature correlations
D Hydraulic diameter {ft)
FS Denotes fuel peliet outside surface (may be substituted for j
where j is used as a subscript)
6 Mass velocity (1bm/hr-ft?)
Ginlet Inlet mass velocity (1bm/hr—ft2)
h Specific enthalpy (Btu/lbm)
hB Specifig enthalpy of average or bulk coolant in a thermal
hydraulic node (Btu/lbm)
hDB Dittus-Boelter heat transfer coefficient (Btu/hr—ft2-°F)
he Specific enthalpy of saturated Tiquid (Btu/1bm)
hg Specific enthalpy of saturated vapor (Btu/lbm)
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Symbol Definition
hgap Gap conductance (Btu/hr—ft2-°F)
IC Denotes inside clad surface (may be substituted for j where
j is used as a subscript)
J Index of radial mesh point in fuel pin
k Fuel pin conductivity (Btu/hr-ft-°F)
kB Coolant conductivity at hB (Btu/hr-ft-°F)
kj+ Average conductivity between rj and rj+1 (Btu/hr-ft-°F)
kj_ Average conductivity between r; and rio1 (Btu/hr-ft-°F)
n Time step index
pins Number of fuel pins in a thermal-hydraulic channel
p Pressure (psia)
PrB Prandtl number at hB
Q Power generated in a thermal-hydraulic node (Btu/hr)
q' Linear heat reate per fuel pin {Btu/hr-ft)
q" Heat flux (Btu/hr-ft2)
al. q" at r,_ (Btu/hr-ft2)
q3+ q" at ris (Btu/hr-ftz)
q''! Vo]umetric3heat generation rate in fuel peliet or coolant
(Btu/hr-ft~)
qj" Average q''' for radial region j of fuel pin (Btu/hr-ft3)
r Radius from centerline of fuel pin {ft)
r Radius of radial mesh point j in fuel pin (ft)
rj_,rj+ Inner and outer radii of radial region j in fuel pin (ft)
R Coolant mesh transport factor, Gat/(pAz)
RC Fraction of heat deposited directly in coolant
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Definition

Reynolds number at hB

Time (hr}

Time point n (hr)

Temperature (°F)

Temperature at hg (°F)

Average fuel temperature (°F)
Temperature at ' in fuel pin (°F)
Temperature of saturated water (°F)

Specific volume of coolant (ft3/1bm)

Specific volume of saturated vapor (ft3/1bm)

Specific volume of saturated Tiquid (ft3/]bm)

Area of radial region j (ftz)
Area for region between rj‘ or i and

Denotes clad-coolant surface or "wall"
for j where j is used as a subscript)

Yoid fraction
Slip ratio

Length of a time step, t -t (hr)

n-1
Height of a thermal-hydraulic node, Zp
Fuel temperature convergence criterion
(z -z, _q)/bz

Viscosity (1bm/ft-hr)

Density (pc, Pygz® OF pz, depending on

Coolant density at hB (1bm/ft3)
Coolant density (Ibm/ft3)

6-6
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Definition

Fuel pellet stack height density (Tbm/Ft3)
Cladding density (1bm/t3)
(t -t _q)/at

6-7



Westinghouse Non-Proprietary Class 3

APPENDIX A

HERMITE Input Description



Westinghouse Non-Proprietary Class 3

HERMITE INPUT DESCRIPTION
TABLE OF CONTENTS

Section Title Page
Al1.0 INTRODUCTION Al-1
A2.0 JOB CONTROL CARDS A2-1
A3.0 GENERAL INFORMATION ON INPUT CARD FORMATS A3-1
Ad4.0 BASIC CONTROL DATA Ad-1
A5.0 TRANSIENT DATA A5-1
A5.1 Basic Transient Data A5-1
A5.2 Transient Program Control A5-2
A5.3 Transient Iteration Control AB-3
A5.4 Feedback Override Cards A5-3
A6.0 GEOMETRY DATA AG-1
A6.1 Regions of Solution A6-1
A6.2 Mesh Overlay Description AG-2
A6.3 Finite Element Mesh A6-14
A6.4 Geometry Example A6-4
AB.5 Basic Geometry Data A6-5
A6.6 Mesh Interval Data A6-5
A6.7 Overlay Data Ab-6
A6.8 Composition Data A6-8
A6.9 Finite Element Boundaries A6-9
A7.0 CROSS SECTION DATA A7-1
A7.1 Cross Section Model A7-1
A7.2 Nuclide Identification A7-4
A7.3 Table Sets and Compositions A7-4
A7.4 Cross Section Forms A7-5



Section

A8.0

A9.0

AlG.0

A11.0

At2.0

AT13.0

Westinghouse Non-Proprietary Class 3

HERMITE INPUT DESCRIPTION
TABLE QF CONTENTS (Continued)

Title

A7.5 Nuclide Identification Data

A7.6 Table Set (Composition)} Identification Data
AR7.7 Initial Number Densities

A7.8 Master Microscopic Tables

A7.9 Mask-Function Table Assignment

A7.10 Mask Description

A7.11 Function Tables

CONTROL ROD DATA

A8.1 Basic Control Rod Data
AB.2 Control Rod Geometry Data

EDIT CONTROL DATA

THERMAL-HYDRAULIC DATA

INPUT AND QUTPUT FILES

PLOT FILE CONTROL DATA

RESTART CAPABILITIES

A-iti

A7-6
A7-7
A7-8
A7-9
A7-9
A7-9
A7-11

A8-1

A8-2

A8-4

Ag-1

A10-1

Al1-1

Al2-1

A13-1



Table

A2-1
A2-2
A3-1
A5-1

Westinghouse Non-Proprietary Class 3

LIST OF TABLES

Title

SCOPE Control Statements for Running HERMITE
Account Card Description

Summary of Input Card Formats

Transient Program Control Cards

A2-3
A2-4
A3-4
A5-5



Figure

A6-1
A6-2
A6-3
A6-4

A6-5
A6-6
Ab6-7

Westinghouse Non-Proprietary Class 3

LIST OF FIGURES

Title

Sample of Mesh and Region of Solution
Sample Basic Figure with Planar Region Overlay
Rotational Orientation of a Sample Basic Figure

Rotational Orientations of a Reflected Sampie
Basic Figure

Sampie Core Layout for Geometry Example
Geometry Example with Mesh Points
Initial Figures Required for Geometry Example

Page

A6-10
Ag-11
A6-12

A6-13
Ab-14
A6-15
A6-16



Westinghouse Non-Proprietary Class 3

Al.0 INTRODUCTION

As the size of large power reactors increases, space-time effects during reactor
transients become more important. In order not to penalize reactor performance
unduly by overly conservative design methods, it is desirable to have the
capability of performing detailed space-time neutronics calculations for both
design and off-design transients.

The HERMITE computer code has been developed to meet this objective. It solves
the few-group, space and time dependent neutron diffusion equation including the
feedback effects of fuel temperature, coolant temperature, coolant density and
control rod motion. The static and dynamic neutronics equations are solved by
means of a finite element method. The fuel temperature model explicitly
represents the peliet, gap and clad regions of the fuel pin and solves the
governing heat conduction equations by a finite difference method. Continuity
and energy conservation equations are solved in order to determine the

coolant temperature and density.

This input description gives detailed input preparation instructions for the
code.
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A2.0 JOB CONTROL CARDS

Table A2-1 shows a typical setup for a HERMITE job run on the CDC 7600
under the SCOPE operating system. The first card is the job identification
card. The time 1imit in octal seconds and the priority must be filled in
by the user. In addition to the normal priorities (P40, daytime; P30,
overnight; and P20, weekend), two special priorities are recognized. POO
causes the job to run under standalone conditions, i.e. no other jobs
running. P10 causes the code to enter a monoprogramming mode after input
processing. This mode is similar to standalone but allows additional
storage in large core memory {(LCM).

The ACCOUNT card 1is completed in accordance with Table A2-2,

The USER card is optional unless data files are being saved. Its use on all
cases is highly recommended, however, because the user name, if supplied, is
printed at the top of every page of output.

SWITCH cards are optional and are described in Table A2-1.

The RFL card specifies small core memory (SCM) octal field length and is
required., If insufficient field length is specified, the code will abort with
an error message of the form

***ERROR NUMBER XX FROM SUBROUTINE LOCATE

where XX is 21, 27, 30, 34, or 47. These messages indicate that the code
cannot find room in SCM for one of its arrays or buffers.

The HERMITE card places HERMITE into execution. The following variations may
be useful:

HERMITE(INFIL)
HERMITE (,FILMPR)
HERMITE (INFIL ,FILMPL)

A2-1
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In the first case, input cards are read from a file named INFIL which has been
attached or created earlier in the job. No input cards should appear in the

deck. In the second case, output is written on microfilm. The comma shown is
required. In the last case input is read from INFIL and output is written to

microfiche.

If any further processing is required the following card should come after
the HERMITE card:

REDUCE.

This card releases the SCM required to run HERMITE.

Az2-2
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Table A2-1

SCOPE Control Statements For Running HERMITE

NUXXX,CP70,R76,T---,P---,

ACCOUNT (---)

ATTACH(HERMITE)  PERMANENT FILE CONTAINING HERMITE PROGRAM IN ABSOLUTE FORM
USER{---) 1 TO 7 CHARACTER USER NAME

SWITCH(2) OPTIONAL--TERMINATION AFTER INPUT CHECK

SWITCH(4) OPTIONAL--CAUSES DAYFILE MESSAGE WHEN OVERLAYS LOADED
SWITCH(6) OPTIONAL--DESTROYS QUTPUT AFTER OK INPUT CHECK {DEBUGGING USE ONLY)
RFL{120000) CORE STORAGE ALLOCATION NEEDED FOR SMALL (21X21) 2-D PROBLEM.
HERMITE.

7/8/9 END OF SECTION CARD (MULTIPUNCH 7,8,9, IN COLUMN 1)

Input Cards.

6/7/8/9 END OF INFORMATION CARD {(MULTIPUNCH 6,7,8,9 IN COLUMN 1)

A2-3
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Table A2-2

Account Card Description

The Account Card for jobs running HERMITE on the 7600 should be prepared in
the following manner:

Columns 1-9 ACCOUNT($
Columns 10-13 A valid division number;
Columns 14-17 Cost center; right-justified,

zero-filled

Columns 18-19 Section; right-justified,
zero-filled

Columns 20-21 00
Columns 22-2S Contract or project number;

right-justified, zero-filled.
(A11 zeroes for division 0009)

Columns 30-39 Task or component number;

right-justified, zero-filled

Columns 40-41 00

Columns 42-48 Code name; left-justified: HERMITE
Columns 49-58 Requestor's name; left-justified
Columns 59-60 $)

A2-4
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A3.0 GENERAL INFORMATION ON INPUT CARD FORMATS

A1l input cards are listed in the printed output. Columns 1-8 of these cards
are ignored and may be used for identification purposes. Additional comment
information may follow the data on any card if a dollar sign ($) is punched
between the last data item and the comment. An asterisk (*) in column 9
denotes a card containing only comments. An input deck should contain a title
card denoted by an equal sign {=) in column 9. The information on this card

is used to title each page of printed output. If more than one title card is
present, the last such card is used. Blank cards in the input deck are ignored.

Columns 9-14 of data cards must contain a six-digit card number, followed by a
comma in column 15. The card number consists of a series number {one or two

digits), a subseries number (zero to four digits), and a sequence number

(remaining digits). The series and subseries numbers identify the type of
data on the card; the sequence number begins at 1 for each subseries.

Data cards are divided into fields of arbitrary length, with the fields separated
by commas and a comma following the last field optional. Each field contains
either an integer number, a floating-point number, or an alphanumeric item.
Leading and trailing blanks are ignored in all fields, and imbedded blanks are
ignored in numeric fields. Data cards may be continued by placing a plus sign
(+) in column 9 of the continuation card(s) followed by a comma and the data
fields.

The integer format is
XX 0 XX
and the floating-point format is
AKX« XXEYY
where the leading sign may be dropped if it is plus and where each x and y is a

decimal digit (0-9) or a blank. In the floating-point format the decimal point
is assumed to precede the fractional part or may be included anywhere in the

A3-1
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xx...xx field. The signed one- or two-digit exponent is required unless a
decimal point is present. A field is alphanumeric if it contains at least
one character which is not one of the following: +, -, -, 0, 1, 2, 3, 4,
5, 6, 7, 8, 9 or blank. A field can be forced to be interpreted as alpha-
numeric by enclosing it with the begin- and end-hollerith indicators.
These are the left and right parentheses, respectively. Note that all
input described in this manual is integer unless floating-point or alpha-
numeric is explicitly indicated.

Several different types of input are specified in expansion format. This
format consists of sets of data. Each set consists of a fixed number of
floating-point numbers followed by an integer. The floating-point numbers
are the parameters to be expanded and the integer is the termination point
for the expansion. The expansion begins at the termination point of the
previous set and continues to the termination peoint of the current set.
These termination points are generally composition numbers or mesh point

numbers and always form a strictly increasing sequence. Mesh intervals,
for example, are specified in the form

MPP] 9M2:p29--- .

Here M] is associated with each of the intervals between points 0 and P1»

and M2 with each of the intervals between points P and Py

Any field may be repeated by having as the first non-blank part of the
character string in a field the sequence: (1) Teft-repeat indicator, which
is a slash (/), (2) integer equal to the number of repeats, and (3) right-
repeat indicator, which is a second slash (/). If the integer is negative
or zero, an error message is printed. The "field" to be repeated is the
remainder of the field past the right-repeat indicator. For example,

701071,/3/1.0,2.0
is equivalent to

701071,1.0,1.0,1.0,2.0
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The number of data fields may vary from card to card in any series or subseries.
If the data consists of sets of numbers, however, each card must contain an
integral number of sets. In general, the input data cards may appear in any
order. If two or more cards have the same card number, however, cnly the last
of these cards is retained. If this Tast card contains no data, it also is not
retained, and the comma following the card number on such a card is optional.
This has the effect of deleting that card from the deck.

Each job must be terminated by an end-of-input card. This card has a period in
column 9.

Table A3-1 summarizes the above information.
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TABLE A3-1

Summary of Input Card Formats

Six digit data card number (followed by comma)

Data card continuation

Columns  Description
9-14

9 Title Card

9 Comment Card
9

9

End of input data
Field separator
End of data fields, comments follow

Integer field

Fioating point field

-Decimal point in xx...xx field, optional

-+yy exponent, optional if decimal point present
-Decimal point assumed before xx...xx field if missing
Enclose alphanumeric field. Parentheses optional if
field contains non-numeric information.

Precedes field to indicate repetition nn...nn times

A3-4



A4.0

Westinghouse Non-Proprietary Class 3

BASIC CONTROL DATA

010000,IC(1),IC(2),...,IC{11)

1C(1)

10

11

Note:

Value

0/1/2/3

0/1

0/1

0/1

For "not used"

Meaning

Steady-state only/steady-state and transient/
transient only/restart transient already in
progress.

Not used.

Neutronics only/neutronics and thermal-
hydraulics.

Not used.

Number of inner iterations per outer iteration.

Number of steady-state outer iterations
(ignored if IC(3) = 1. Outer iterations are
controlied by card 010030 and MXTHSS from
card 010016).

Number of transient outer iterations before
successive over-relaxation used oh inner
iterations.

No/Yes Volume weighted input cross section
edit.

Not used.

No/Yes Steady-state power fraction edit.

Number of steady-state outer iterations
before successive over-relaxation used on
inner iterations.

items, be sure to input zero.
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010002, boundary conditions

Two, four or six boundary conditions are input in the following order:

Column 0 then column boundary {all problems}
Row 0 then row boundary (2- or 3-D problems)
Plane 0 then plane boundary (3-D problems only}.

A value of 0 denotes a zero-flux boundary condition, while a value of 1 denotes
a zero-current boundary condition. Two values are required for 1-D problems, 4

values for 2-D problems and 6 values for 3-D problems.

010003,EPS{2),....EPS{8) Floating Point

ESP(1)} Convergence criteria used in steady-state spatial flux solution.

EPS(2) Not used. (Input 0.0}.

EPS(3} Successive over-relaxation factor for inner iterations. (1.2-1.3
recommended) .

EPS{4) User guess of critical eigenvalue.

EPS(5) Not used. (Input 0.0}.

EPS(6) Not used. (Input 0.0).

ESP(7) Convergence criterion used in transient spatial flux solution.

EPS(8) Successive over-relaxation factor used in transient solution.

010004,CHI(1),... ,CHI(NG) Floating Point

CHI(I) Normalized fission spectrum. As many values as there
are neutron groups (NG from card 010010).

010005 ,POWER Floating Point

POWER Initial core power Tevel {watts).
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010010,NG,ND,NTZ,NPREC

NG

ND
NTZ
NPREC

Number of neutron groups (1, 2, 3 or 4).
Number of dimensions (1, 2 or 3).

Number of time zones.

Number of precursor groups (0-6).
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A5.0 TRANSIENT DATA

A5.1 BASIC TRANSIENT DATA

020001, VELOC(T

}s...,VELOC{NG) Floating Point

VELOC(I)

020002 ,RLAM{1},

Neutron velocity {cm/sec} for neutron group 1. As many values as
there are neutron groups (NG from card 010070).

...,RLAM(NPREC)  Floating Point

RLAM(I)

020003 ,BETA(1),

Precursor group decay constant (sec']) for precursor group I. As
many values as there are precursor groups (NPREC from card 010010).

...,BETA(NPREC) Floating Point

BETA(I)

020004,72{1),..

Precursor group delTayed neutron fraction for group I. As many
values as there are precursor groups (NPREC from card 010010).

..1Z{NTZ}) Floating Point

TZ(I)

020005,DELT(1),

Width of time zone I (sec). At least as many values as there are
time zones (NTZ from card 010010). If there are more than NTZ
values on this card, the extra values are ignored.

...,DELT(NTZ) Floating Point

DELT(I)

Time step size for time zone I (sec). At least as many values
as there are time zones (NTZ from card 010010). If there are
more than NTZ values, the extra values are ignored.
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Note: If the number of time steps in time zone I, that is TZ(I)/DELT(I),
is not an integer, the code will automatically round off TZ{I)/
DELT{I) to the nearest whole number and recompute DELT(I)
accordingly. If the change in DELT(I} is substantial, a warning
message is printed. The number of time steps per time zone is
printed after card 020005 is processed.

A5.2 TRANSIENT PROGRAM CONTROL
021085 ,d7 3055w 2dyT7 (A11 optional)

Cards 0210SS each control the frequency with which a specific program operation
is to be performed. Table A5-1 indicates which operation is controlled by
which 0210SS card. In general, the operation is performed after every |J1| th
time step during time zone i. If Ji is positive the operation is also performed
at the end of the time zone. If Ji is zero the operation is not performed
during or immediately after the time zone. (The effect of a positive value of J
larger than the number of time steps in the time zone is to cause the operation
to occur immediately after the time zone is completed.) If Ji is less than

zero the operation is performed after every |Ji|§D_time step; but not at

the end of time zone i, unless the number of time steps in time zone i is

an integer multiple of |J1| .

A11 0210SS cards are optional and, if missing, result in default values of Ji
which are either 0 or 1. See Table A5-1. If there are more than NTZ numbers on
the cards, then the extra numbers are ignored. If there are fewer than NTZ
numbers on the card, then a default of either 0, 1, or the last value on the
card is supplied to generate the missing values., See Table A5-1.

The user may optionally specify that any 0210SS card be equivalent to any other
0210SS card as read and/or defaulted by placing the negative of the equivalent
card number in place of J]. The equivalent card must be either lower in card
number or not itself equivalenced to another card.
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A5.3 TRANSIENT ITERATION CONTROL

Optional card series 0211 provides user control over jteration limits during
transients. There is one data field for each time zone. If one of the cards
is missing, default values are supplied. If the card has too few items (<NTZ),
the last value is used for the remaining time zones. If too many items

(>NTZ) are found, the unneeded items are ignored.

021101504505, . -

ng Number of inner iterations per outer iteration for time zone I.
(Default 4 or last value supplied}.

021102,n,,N,,. ..

np Maximum number of outer (source)} iterations per time step for
time zone I. (Default 100 or last value supplied).

A5.4 FEEDBACK OVERRIDE CARDS

022002, CHGTF, CHGTC, CHGRHO {Optional)

022004, CHGROD (Optionatl)

Values default to 0.0 if the card is missing or has fewer entries than
illustrated.

Cards 021002 and 021004 each direct feedback calculations involving a recalcu-
lation of cross sections and a recomputation of neutronics matrix elements
after the thermal-hydraulic and/or rod height calculations. Card series 0220
allows the user to require minimum cumulative changes in certain variables

before the relatively expensive cross section and matrix recalculations are
performed.
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The code accumulates the maximum (for all thermal-hydraulic nodes) of the
absolute value of the changes in TFUEL (average fuel temperature), TBULK
(bulk coolant temperature), RHOBLK (bulk density), and rod height at each
time step after each thermal-hydraulic or rod height calculation. The
cumulative values are compared with the Timits input by the user: CHGTF
(°F), CHGTC {°F), CHGRHO (gm/cc), and CHGROD (cm) respectively.

If none of the cumulative changes exceeds its corresponding limit, then the
cross section and matrix calculations are skipped and a message

***x*FEEDBACK OVERRIDE****
appears on the output file,

The effect of zero Timits for CHGTF, CHGTC and CHGRHO is to require feedback
calculations if any of the variables changes. On the other hand, a zero value
of CHGROD will not by itself cause a feedback calculation unless actual rod
motion takes place.

In certain situations the code forces feedback calculations to take place
regardliess of the above considerations. These are a) at the end of a time zone
when time step size is Tikely to change and b) whenever a rod stops moving
(such as when it reaches the top or bottom of the core). The latter situation
forces a feedback calculation so that a rod will not be left a small distance
(less than CHGROD) from its final position for the duration of the transient,

An edit of the cumulative changes in the above variables is printed each time
a rod height or thermal-hydraulic calculation is performed.

Non-zero values of the feedback override Timits on this series will generally
reduce the numerical accuracy of the calculations while saving computer time.
The user must take responsibility for his choice of 1imits in making this
trade-off.
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TABLE A5-1

Transient Program Control Cards

Program Operation Default if Default if Fewer
Card Number Controlled by Card Card Missing than NTZ Entries Notes
021001 Thermal-hydraulic feedback 1 last entry 1, 5
calculation
021002 Thermal-hydraulic edit 1 last entry 1, 2
021003 Calculate rod positions ] last entry 3,5
and modify rod group
cross sections
021004 Power fraction edit 1 last entry 4
021005 T, schedule for writing 0 0
transient plot records
021006 T, schedule for writing 0 0 6
t?ansient plot records
Notes (1} Card not read and 0's provided if no T-H calculation is being performed {see card 010001)

Warning issued at input processing time if edit does not coincide with T-H feedback calculation
as extra T-H calculation(s) without feedback will be performed.

Ignored if no rod groups (see card 700000).
Card not read if no power fraction edits (see card 010001).

Use of these cards will normally result in some loss of accuracy. The user takes responsibility
for the trade-off against computer costs.

See card 019P0C, Section Al12.0.
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A6.0 GEOMETRY DATA

The flexible HERMITE geometry description is designed to minimize the volume of
data needed to describe a complex 3-D reactor core. A thorough understanding of
the geometric description is essential for understanding HERMITE's method for
editing output data, defining thermal-hydraulic channels and locating control
rods.

Basically there are two distinct mesh structures. The finer mesh is used to
describe the geometric structure of the reactor core and to assign the material
compositions to each mesh rectangle. Superimposed or overlayed on this fine
mesh is a {possibly) coarser mesh which describes the finite element boundaries.
The principal restriction on this latter mesh is that each coarse mesh line

and point must be coincident with a fine mesh line or point.

As will be described in detail below, each fine mesh rectangle has associated
with it two numbers, a planar region number and a final figure number. One of
the two numbers specifies the material composition present in that area of the
mesh. The two numbers together are used for editing purposes.

The fine mesh geometric description presented here is also used, with some minor
changes, to describe the location of control rods in the core.

A6.1 REGIONS OF SOLUTION

The region of solution is a rectangle of the x-y plane. The axes of the coordin-
ate system coincide with boundary lines of the rectangle. As shown in Figure
A6-1 the origin is placed in the upper left corner. Column numbers increase to
the right along the x-axis, and row numbers increase downward along the y-axis.

Zero-flux or zero-current boundary conditions may be applied along each boundary
of the region of solution.

Ab-1



Westinghouse Nopn-Proprietary Class 3

For geometry purposes, one-dimensional problems are treated as two-dimensional
problems with only two rows, zero and one. Three-dimensional problems are
oriented with plane numbers increasing upward along the z axis. The bottom
plane is plane zero, the top plane is the plane boundary, and each has a zero-
flux or zero-current boundary condition,

Ab.2 MESH OVERLAY DESCRIPTION

The row and column intersections in Figure A6-1 are the mesh points.
The figure also determines an array of mesh rectangles. The purpose of the

mesh description is to specify the Tocation of all mesh points and also the
location of all internal boundaries, or interfaces. Note that interfaces are
composed of line segments which are the boundaries of mesh rectangles. The
goal of the geometry description is to assign a composition number to each
mesh rectangle,

The fundamental entities of a mesh description are basic figures. Basic figures

are rectangles oriented as in Figure A6-2. Note that each basic figure has its
origin at row 0, column 0 and has its own row and column boundaries. A basic
figure often represents a fraction of the core whose structure may be repeated
several times in the problem being solved.

Details of a basic figure are described by giving a planar region overlay

together with sequences of mesh intervals along both row 0 and column 0, The
planar region overlay consists of a series of overlay sets, each of which
superimposes a particular planar region number throughout a specified rectangle

of the mesh. The sets are processed sequentially and any set may overlay
areas of the mesh specified in previous sets. Every mesh rectangle must be
included within at least one of the overlay sets, and for each mesh rectangle,
the last overlay set which includes that rectangle determines its planar
region number. As an example, Figure A6-2 may be described by overlaying
region 1 on the entire mesh; region 3 between columns 1 and 3, rows 2 and 4;
region 2 between columns 2 and 4, rows 0 and 3; and region 3 between columns 3
and 4, rows 0 and 1.
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Basic figures are numbered sequentially from 01 to 99. An auxiliary figure is
obtained by modifying the planar region overlay of a basic figure. If two or
more rectangles have the same mesh but different overlays, the use of auxiliary
figures makes it unnecessary to repeat the mesh interval specification. The
auxiliary figures for a particular basic figure are numbered sequentially from 1
to 9; the basic figure itself is assigned auxiliary figure number 0. A basic
figure number followed by an auxiliary figure number identifies an initial figure.
Initial figure numbers thus range from 010 to 999.

The rectangular region of solution is described by means of a final figure overlay.
This consists of a series of overlay sets, each of which superimposes a particular
initial figure on the solution region. The initial figure is positioned by

giving the row and column of the solution region at which the initial figure
origin is to be placed and the angle through which the initial figure is to be
clockwise rotated. The angle must be a multiple of 90°, The initial figure

also may be reflected, which implies an interchange of rows and columns, The
rotational orientations of an initial figure are shown in Figure A6-3, and the
reflection of this figure is shown in Figure A6-4. 1In all cases the origins are
at the center.

As with the planar region overlay, the final figure overlay is sequential and may
overlay areas of the solution region which have been specified previously. Any
portion of an initial figure which extends outside the solution boundaries is
ignored, and initial figure origins may actually be located outside these boundries.
No part of the solution region may remain unspecified when the overlay is complete.

A final figure number is associated with each placement of an initial figure in
the final figure overlay of the solution region. This permits the various
overlays by a particular initial figure to be distinguished for editing purposes.
Final figure numbers may range from 001 to 512 but need not be sequential or
distinct. Note that the final figure overlay actually assigns two numbers to

each mesh rectangle--a final figure number and a planar region number.
The fundamental restriction on the final figure overlay is that the mesh in the

initial figures must be so chosen that rows and columns in adjoining initial
figures meet at common boundary points. (This need not be true at every stage
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of the overiay but only when the over
overlay determines the spacing of the rows and columns in Figure A6-1. In
addition, all interfaces coincide with these rows and columns.

In a three-dimensional problem, all planar interfaces are projected onto a
single plane which is then described as specified above. The only other mesh
information required is the sequence of mesh intervals along the z axis.

A6.3 FINITE ELEMENT MESH

The mesh used for defining finite element basis functions (coarse mesh} is a
simple rectangular mesh whose mesh lines are a subset of the mesh described
above. The column, row, and plane origins and boundaries must be included in
the finite element mesh.

A6.4 GEQMETRY EXAMPLE

Figure A6-5 represents one-fourth of a rectangular array. Fine mesh points

have been added in Figure A6-6. Note that the rows and columns in adjoining
figures all meet at common boundary points. As a result, some of the figures
contain more rows and columns than are required to describe their interfaces.

A1l of the initial fiqures required for the rectangular overlay are shown
in Figure A6-7. Note that (b) and {d)} are auxiliary figures of the same
basic figure. The overlay may be accomplished in the following steps:

Initial Origin
Figure {Column, Row) Rotation
a 0,0 0°
a 4,4 90°
a 4,4 270°
b 4.8 90°
b 8,4 270° Reflected
a 8,8 180°
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Initial Origin

Figure (Column, Row) Rotation
d 8.8 q0°
d 8,4 0°
c 8,8 0°
e 0,11 0° Reflected
e 11,0 0°

AG.5 BASIC GEOMETRY DATA

010001, ten integers listed below

1. Column bounhdary

2.  Row boundary (use 1 for 1-D problems)

3. Plane boundary (use 1 for 1-D or 2-D problems)

4, Maximum final figure number

5. Maximum planar region number

6. Maximum composition number

7. Composition correspondence--1/2--by figure/by region (region recommended).
A negative number denotes a 1 to 1 correspondence.

8. 0/1 -- mesh given in centimeters/inches

9. 0/1 -- No/Yes for a final figure picture
10. 0/1 -- No/Yes for a planar region picture

A6 .6 MESH INTERVAL DATA
0511SS,Hy 3Py ,Hp Py s - 11=01,...,99

3$5=01,...,99

Fine mesh interval data is specified in expansion format, each set consisting
of a floating-point interval length followed by a mesh point number.

For planar mesh intervals, the series number is 05 and any of subseries II=01-99
may be used. Each such subseries specifies a sequence of intervals extending
from point 0 to an arbitrary final termination point. The data might consist of
the following cards, for example.
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050101, 15+1,4
050201, 15+1,2,3+1,3
050301, 1+1,1,3+1,2
The use of this data is illustrated in Section A6.7.

075558 .My 5P Mo sPss .. $$85=0001,...

Axial mesh intervals are required in three-dimensional problems. The
series number is 07, there is no subseries number, and the final termina-
tion point must be the plane boundary. Expansion format is used again.

A6.7 OVERLAY DATA

8beOO,C0LBDY,ROWBDY,11,i ,...,0,j1,j 5ees

A control card is required for each basic figure containing the column
boundary, the row boundary, a set of column interval subseries numbers,
i, a zero, and a set of row interval subseries numbers, j. The series
number for the control card is 8, the subseries number is the two-digit
basic figure number, and the sequence number is 000. The control card
for basic figure 02 might be

802000, 4, 3, 1, 0, 2

where the interval subseries numbers refer to the example in Section
A6.6. This basic figure has a column boundary of 4 and a row boundary
of 3; the column intervals consist of subseries 01 and the row intervals
consist of subseries 0Z.

The advantage of multiple mesh interval card subseries is that repeating

sequences of intervals need be specified only once. HNote that the final
termination points of the column subseries must exactly add to the
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column boundary of the basic figure, and similarly for the row subseries.
Note also that the column and row boundaries may be as small as 1 and as
large as desired.

If a column interval subseries number, i, or a row interval subseries

number, j, is negative the order of the mesh intervals for that subseries
is reversed.

8bbasS,n; sn,,Ma,0, .0, $5=01,...

Planar region overlay data consists of five-word sets: planar region number,

ns left column, o3 right column, n,; top row, Ngs and bottom row, Ne. More

than one set may appear on a card. The column and row numbers must define a
nondegenerate rectangle which does not extend cutside the basic figure bound-
aries. The series number for this data is 8 and the subseries number, bba, is
the initial figure number, consisting of a two-digit basic figure number bb
followed by a one-digit auxiliary figure number a. A complete basic figure
overlay is given using auxiliary figure number O and then modifications to
this overlay are given for each auxiliary figure. The complete set of card
numbers for basic figure 16 might be

816000
8716001
816002
816101
816201
816202

The first card is the basic figure control card, the next two cards contain
the basic figure overlay sets, the fourth card contains overlay sets which
modify the basic figure to form auxiliary figure 1, and the last two cards
modify the basic figure to form auxiliary figure 2. Note that the basic
figures must be numbered sequentially from 01 and for each basic figure, the
auxiliary figures must also be numbered sequentially from 1. It is not neces-
sary, however, that every basic figure and auxiliary figure actually be used
in the final figure overlay.
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175858,y 5No o NNy e o $555=0001,. ..

Final figure overlay data is specified using series number 17. This data
consists of six-word sets as follows:

N] final figure number

N2 initial figure number, bba
3 origin column

N4 origin row

5 rotation number, Og_N5 <3

N6 reflection indicator, 0 or 1

The final figure number may be any number between 01 and 1296. The initial
figure number must be between 010 and 999 and designates the particular basic
figure or auxiliary figure being overlaid on the region of solution. There is
no limitation whatever on the origin column and row numbers {e.g. they may be
negative). The rotation number is the multiple of 90° through which the
initial figure is to be clockwise rotated and must lie between 0 and 3. The
reflection indicator is 1 for reflection and 0 for no reflection. There may
be more than one six-word set on a card.

A6.8 COMPOSTTION DATA

03Eggs,n1igjigk

If the composition correspondence is not one-to-one (see card 010001 in Section
AG.5), it must be specified using series number 03. The data consists of one
or more triples of the form ngs cj, Ny which assign composition cj to planar
regions (or final figures) n, through N The triples are processed sequen-
tially and any triple may change an assignment established by a previous

triple. For example, the set of triples

w — N
™

RNy W
-

B =T &
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assigns composition 2 to regions 3 and 4, composition 3 to region 1, and
composition 1 to regions 2 and 5. Note that every planar region (or final
figure) must be assigned a composition number by this process.

Subseries ppp=000 is used for the composition correspondence in two-dimen-
sional problems and for the bottom plane of three-dimensional problems. An
additional subseries is required for each plane at which the correspondence
changes. The three-digit subseries number ppp is the plane number at which
the change occurs, and the triples in such a subseries are used to modify the
correspondence of the previous plane. The correspondence may be changed at
any plane.

Ab6.9 FINITE ELEMENT BOUNDARIES

040NOS, finite element boundary points S=1,...,.9

The finite element boundary points are column, row and plane mesh points
depending on whether N is 1, 2, or 3. Column, row and plane 0 and the respec-
tive boundary points on card 010001 are required. For 1-D problems, a card
series with N = 1 i3 required. For 2-D problems, card series with N = 1 and

N =2 are required, and for 3-D problems card series with N =1, 2, and 3 are
required.

A compressed format is available as illustrated by the following example:
040101,0,-3,4,6,-10

is equivalent to
040101,0,1,2,3,4,6,7,8,9,10

In thermal-hydraulic calculations, one finite element boundary each must
correspond exactly to the bottom and top of the active core (there is no
automatic checking for this requirement).
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A7.0 CROSS SECTION DATA

A7.1 CROSS SECTION MODEL

Reactor core thermal-hydraulic conditions influence the neutronics calcula-
tions through changes in cross sections. In general, the cross sections
need to be functions of fuel temperature, coolant temperature and coolant
density. Because transients can involve large temperature and density
changes, a flexible cross section representation is needed to account
accurately for these variations,

In the most general case, the macroscopic constants used in the diffusion
equation can be functions of a number of independent variables. The inde-
pendent variables may be number densities of nuclides such as U-235, hydrogen,
etc., or changes in fuel temperature, coolant temperature and coolant

density.

The code computes macroscopic constants used in the diffusion equation from
the following formula:

L= ? Ny Lo s (NyHNpNg) g3 (N NgaNe) + ; aog (N2, Ng ,Ng)
65 (NygaNypabyg) 2X03 (A7-1)
where:
I macroscopic cross section (transport, absorption, removal, or
fission) used in the neutron diffusion equation.
J index Tabeling nuclides such as U-235, hydrogen, etc.
n index over thermal-hydraulic quantities. Currently these may
include fuel temperature, coolant temperature and coolant density.
Nj number density of nuclide j in atoms/barn-centimeter.
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N3) microscopic cross section in barns of nuclide j. o may be a

constant or a function of up to three of the number densities, Nj’
or thermal-hydraulic variations, AXn. This is indicated symbolically

by the arguments N],NZ,N3.

gj(N4,N5,N6) this is called a g-factor multiplier on the microscopic cross

section. It defaults to a value of 1.0 and is included in the

representation for flexibility. gj may be a function of up to any

three of the number densities, N., or thermal-hydraulic variations,

J
AXn.

6@2(N7,N8,N9) this is the change in the microscopic cross section o per unit

n

AKX

change in the thermal-hydraulic variable Xn' 602 may be a constant
or a function of up to three of the number densities, Nj, or
thermal-hydraulic variations, Axn_

g:(NyqsNyvsNyo) this is a g-factor multiplier on the change in microscopic
A ¢ B B 4

cross section 609. It defaults to 1.0 and is included in the
representation for flexibility. gg may be a function of up to three
of the number densities, Nj’ or thermal-hydraulic variations, &Xn.

is the variation in the thermal-hydraulic variable Xn from an input
reference value,

My = Xy - Xn, ref
fuel temperature, coolant temperature or coolant density. For fuel
temperature, Xn is the square root of the fuel temperature in
degrees Kelvin. For coolant temperature, Xn is in degrees Fahrenheit,
and for coolant density it is in grams per cm3. This is the density
of pure water and is not, for example, the homogenized density of

water in a fuel-water mixture.
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Equation A7-1 is valid for transport, absorption, removal and fission cross

sections. For vzf and KZf a slightly different expression employing the

product rule for derivatives is used. For uzf the expansion is

Ef fn fn

f _f f n
=1 N, {v. o, g. + . 8oL + o. . ).
v § 3 {vJ o5 9; ﬁ [vJ 603 F évJ] &Xn 93 }
Each of the quantities Vi og, gg, g§", 60?" and Gvg may be a function of
up to three of the number densities, Nj’ or thermal-hydraulic variations,

Axn. A similar expression holds for Kzf.
0Often it is not necessary to use the cross section representation in its
most general form. Usually g-factors are not used and the code defaults
them to unity. Certain nuclides may be designated as being macroscopic
quantities. For these nuclides the code automatically sets the number

density to unity.

In practice, the concept of nuclides or isotopic species, with their associ-
ated number densities, is not restricted to the conventional meaning
suggested by the notation. For example, a single nuclide may be defined to
represent the homogenized macroscopic cross sections of a whole fuel assem-
bly. As another example, a nuclide with zero microscopic cross sections

may be defined so that its number density is equal to the system pressure
and it may be used as an independent variable in the determination of other
cross sections or g-factors.

A further example of this flexibility is provided by control rods. When
control rods are present in the core, the user selects a specific nuclide
to represent the rods' cross sections. The number density of this nuclide
is given a value of 0.0 if the rod is not present in a mesh rectanglie, a
value of 1.0 if it is present, and a value between (.0 and 1.0 if it 1is
partially present in a mesh rectangle. Thus., the rod cross sections are,
in effect, positive or negative changes in macroscopic quantities. Control
rods may be assigned fission cross sections and thermal feedback variations
if required to reflect spectral effects on macroscopic constants.
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A7.2 NUCLIDE IDENTIFICATION

For input purposes, each element in the cross section representation is
identified and distinguished from all others by a numeric nuclide ID. For

u-238 (NysNasN),
might be assigned ID = 20. g-factors assigned to the base microscopic cross

example, for U-238, the base microscopic cross sections, o

sections would also carry this same ID. An alphanumeric ID is also assigned
to each nuclide.

The ch's are also assigned a unique ID. Using the same example, U-238, if
cross section variations with respect to moderator density and fuel temperature

are being considered, they might be assigned ID = 120 and ID = 220 respectively.

Hence, each nuclide will have assigned to it one or more ID's corresponding
to the base cross sections, 955 and any defined éag's. Should a nuclide
not have a particular 603, no ID need be assigned.

The ID's for base cross sections, oj, are assigned on cards 300001-300499.
The ID's for the 602'5 are assigned on cards 30n001-30n009.

The Axn's are also assigned numeric ID's. This is done so that a cross
section may be made a function of AXn, to specify initial non-zero values

for the axn, and to identify thermal feedback parameters.

A7.3 TABLE SETS AND COMPOSITIONS

HERMITE uses the table set concept. A table set is a collection of various
cross section tables which together make up the cross sections for a given
material or composition. There are two basic types of tables, master
microscopic tables which contain fixed or constant cross sections, and
function tables which contain cross sections or g-factors as a function of
number densities and variations, Axn.

In HERMITE, table sets and compositions are identical. Compositions or
table sets are assigned to planar regions or final figures as described in

Section A6.8.
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CROSS SECTION FORMS

Fixed or Constant Cross Section Data

Microscopic cross section data, o5 or 603, which is constant for
the entire calculation is input on master microscopic tahle
cards. These cards are numbered 4ttgss where tt is the table set

number, g is the group and ss is the sequence number.
The cards each contain the ID number to identify the data and
values for transport, absorption and removal cross sections. If

applicable, fission cross sections, v and « are also included.

Cross Section Function Data

For those cross sections, F or 602, which are functions of
number densities or aXn‘s, and for all g-factors, function tables
are used. Function tables are numbered 13fffs, where fff is the
table number. Associated with each function table is a mask
containing the tabulated values of the independent variables.
Mask cards are numbered 12mm00 where mm is the mask number.

The function tables and masks are assigned to table sets on the
4ttuuu cards.

Macroscopic Data

The user may declare that any number of "isotopes" are to be
treated as macroscopic data by using the card series 310001-
310009. This has the effect of giving the isotope a number
density of 1.0 for the entire calculation. A1l cross sections,

both cj’s and 60?'5, are treated as macroscopic data.

A7-5



Westinghouse Non-Proprietary Class 3

d) Initial Number Densities

At the beginning of a calculation, the user may preset the value of
any number density or AXn using the 100tts cards. Base ID's and the
desired number densities are put on the card.

A7.5 NUCLIDE IDENTIFICATION DATA

300001-300499, ID1,IDQ,...,IDj,...

This card series is used to input the base cross section ID's associated with
the oj's. ID's must be positive integers. This card series is required.

300501-300999,ullg2,...,aj,...

This card series is used to input alphanumeric nuclide ID's. Each ID may be
from 1 to 10 characters in length. The order of the ID's on this card must
correspond to the order on card series 300001-300499. This card series is
required.

30n001-30n009,10”,102,...,IDQ,...

This card series is used tc input ID's associated with 602. The order of the
ID's on this card must be the same as on card series 300001-300499. Thus, if
U-238 has ID=20 on card 300001 and is the third ID on the card, then the third

ID on card 30n001, say ID=120, is the identification of 608-238' If a particular
nuclide will have no 502 cross sections, then ID=0 is used on the card. The

ID's on this card series must be unique and not duplicate those on card series
300001-300499,

310001-310009,1D.,1D,,...

This card series is used to designate the nuclides which are to be treated as
macroscopic quantities. The ID's on this card series must also appear on card
series 300001-300499--that is, they are base cross section ID's. The associated
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aog cross section data, if any is input, will automatically be treated as
macroscopic data. Thus, ID's appearing on cards 30n001-30n009 must not be
used on this card series.

320001,10',...,10", ...

This card is used to assign ID's to the Axn's. There must be as many
entries as there are values of n on series 30n001. These ID's must not
duplicate any previously used ID on any other card series. This card is
required. (See also card 4tt002 below and card 010016 under thermal-
hydraulic input).

010016,,,.,,,{5ix other items)IDTMOD,IDDENS,IDTFUL

- Tells the thermal feedback subroutines which ID's to use for the three
Axn's.

- The following default values are used if the ID's are not specified on
card 010016.

IDTMOD = 88 (Moderator temperature)
IDDENS = 89 (Moderator density)
IDTFUL = 98 (Fuel temperature)

- If any of these ID's are not listed on card 320001, then these varia-
tions are not fed back. A warning message is printed.

- A complete description of this card is given in Section A10.0.

A7.6 TABLE SET (COMPOSITION) IDENTIFICATION DATA

In the data card descriptions which follow, the composition or table set
sequence number, tt, will appear often. The table set sequence number may
range from 01 to 99. The table set sequence numbers need not be sequential
or begin with 01.
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4tt001,8

8

4tt002, 1D",X

Alphanumeric ID of the table set. Up to 40 characters may be input.
These cards are required. They are used to determine which tt values
are being used.

.. 100 x e (One card per table set)

A7.7

100tts, 1D, ,N,

This

n,refx ni-n,ref2==

Assigns floating point reference values of the variables being used as
Axn S. Axn = Xn - Xn,ref
= TFUEL 'TFUEL,ref where values are input in °F, converted to °K, and
square rooted before ATFUEL is computed).

(in most cases. Exception: TRUELS ATFUEL

Note: vreference values are not to be confused with initial values
which are set on card 100tts described in Section A7.7.

Relationship to card 320001.

- ID's on card 4tt002 need not be in the same order as ID's on card
320001.

- If 10" on 4tt002 is not on card 320001, then the reference value
is ignored with a warning message. (Acceptable because the user
may not be running a feedback problem or may not wish to feed
back variable IDj.)

- If 10" on 320001 is not on card 4tt002, then the reference value
is assigned an arbitrary value of 0 with a warning message.
(Acceptable if cross sections in a given table set do not vary
with variable n or if the user desires to use the actual vaiue of
the variable as he might in a mask-function table set up.)

INITIAL NUMBER DENSITIES

IDysNys .. s=1,2,...,9

card series is used to initialize number densities and AXn'S for each

table set. Any isotope or Axn not mentioned on this card series is given a
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number density of zero. ID is for a base cross section or a AXn. [t may not

n . s
be the ID of a 50j. N is the associated floating point initial value. 1ID's
placed on card series 310001-310009 for treatment as macroscopic cross sections

must not be used on this card series.

A7.8 MASTER MICROSCOPIC TABLES

tr a r f
S, ID., 0 y Oxy Cues Tusy Vig K =01,...,
4ttgs 52 05 s O35 O35 Tgs Vis Ky sS 99

or

n tr.n A, r,.n
4 s, ID., &0 °, i >
ttgs b UJ 6oJ

f.n

n n
) ddj . Soj , 6vj, GKj

For table set tt and group g, IDj or IDg is the numeric nuclide ID of the base

cross section, 05 or the aog as appropriate. Utr’ ca, o' and cf and the
corresponding éo's refer to the transport, absorption, removal, and fission
cross sections in barns. If ag or 60?’” is zero then v and k or 6v3 and 5Kg

may be Tleft out.

A7.9 MASK-FUNCTION TABLE ASSIGNMENT

ﬂrttuuu,mj_,f_‘j ke Tor k=1,2,... uuu=600+3, j=1,2,...

On one card, a mask ms (Olgmj§99) is selected which is to be used with all
function tables fj K (0015fj (999) listed after it on that card. The specification
of the function table itself indicates the cross section which is to be interpolated

in this table set.

A7.10 MASK DESCRIPTION

12mm00,DIM,ND,NOD mm=01,02,. ..

1<DIM<3, dimension of the table (the number of independent variables).
1<ND, number of diagonal entries.
0<NOD, number of off-diagonal entries.

Imejs,[D,N/F,N],...,NND for each dimension j=1,2,...,0ND

For each j, cards are sequenced s=1,2,... For s>2, omit ID and N/F.
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j=1,2,3 determines which independent variables are designated by ROW, COLUMN,
and PLANE respectively on cards 12mm9s.

ID is the identification number of independent variable j. ID may be a base
cross section ID in which case the Ng are the corresponding isotope number
densities, or, ID may refer to a AXn, in which case NQ is a value of Axn.

N/F-~not currently used, set to 0

N, is a concentration (floating point)

For each j, the entires must be in decreasing order, N£<N2_]<Ng_2..-

12mmds, {see below)

If NOD>0, give the off-diagonal positions. Visualize a two-dimensional mask as
a matrix of elements with the diagonal of the mask appearing as the diagonal of
the matrix with N1 appearing as the row label and N2 as the column label. Then
off-diagonal entries can be located by giving the row number followed by the
¢olumn number of the matrix position of the entry. Each off-diagonal entry will
be described by a doublet if the table is two-dimensional or a triplet if the
table is three-dimensional. For example,

12mm95,R0w1,C0L],R0w2,C0L2,...,RONNOD,COLNOD (2-dimensional)

12mm9s ,ROW COL],PLANE],...,ROWNOD,COLNOD,PLANENOD (3-dimensional)

1’
That is for the nth off-diagonal entry, give the location first for the j=1
variable, then the j=2 variable, then the j=3 variable. For j=1, the number
must be non-decreasing, i.e., RowszOWk_1, k=2,...,N00. Al1l the off-diagonal
entries corresponding to the first value of the j=1 variable must be given
first, then all the off-diagonal entires corresponding to the second value of
the j=1 variable, etc. Take as an example the mask of figure shown below
where the X's indicate entries.
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ID = 238
(3=2)
.04 .03 .02 .01
101 X
.09
ID=235 .08
(3=1) 07

Sample Mask
This sample mask may be specified as

12mm00,2,4 ,4
12mm11,235,0,1-1,9-2,8-2,7-2
12mm21,238,0,4-2,3-2,2-2,1-2
12mme1,2,3,2,4,3,2,3,4

For two- or three-dimensional function evaluation, the mask must contain one
or more imbedded rectangles (2-D) or rectangular parallelopipeds (3-D)

formed by four (2-D) or eight (3-D) neighboring points. All points to

be interpolated must 1ie within the rectangle--the code will not extrapolate.
In the example above, only points satisfying

,03>N238>.0]3

.09>N235>.08

can be interpolated.

A7.11 FUNCTION TABLES

13fff0,k,10,t,9,0,F,1D ,t, 2=1,2,3,...
The function table numbers, fff, {001<fff<999) need not begin with 001 and need

not be sequential. However, storage requirements will be minimized if they do
begin with 001 and are sequential.
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k -~ Type of quantity represented.
= 4 for a microscopic cross section, e or variation cross section,
502.
= 5 for a g-factor.
ID -~ identification number of oy or aog
t -- cross section type, see below
g ~-=~  group number
0 -~ order of interpolation for one-dimensional function tables only
{1<0<5). Set to 1 for two- or three-dimensional functional
tables.
f --  0/1--function itself is to be interpolated/inverse of the function

is to be interpolated.

When k=5 (g-factor function table), the function table can be used to
represent the g-factor for several different ID,t combinations for the same
group. Then the additional pairs of values of ID and type t are listed

following f given above as IDQ, tz'

The type identification (t) may be determined from the following table.

t 1 2 3 4 5 6
0tr a r f

When t=4 for a g-factor, it is applied to Ogs VOg and KO Thus t>4 is
not permitted for k=5 (g-factors).

13fffs,fi i=1,...,ND
Use s=1,2,...,5 to give floating point function values for the diagonal of

the table. Note that ND must match up with the mask given for the table
and the function values must be input in the same order as the mask entries.
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13fffs,fj j=1,...,NOD

Continue the card sequence numbering, s=S+1,... to give the floating point off-
diagonal function values (if any) in the order specified by the mask. Note that
if f =1 on 13fff0, alil fi and fj must be non-zero, It is assumed that when the
inverse of the cross section is interpclated, the cross sections, not the
inverses, are available in the table.
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A8.0 CONTROL ROD DATA

Any number of full and part length control rods may be used. These rods are
divided into "rod groups" and each rod group moves independently of all other
rod groups.

Control rod input consists of: 1) basic control rod data, 2) description of
where the rods are located in the core, and 3) the control rod cross sections.

The location of control rod groups on the problem mesh is done by means of a
geometry overlay system virtually identical with the problem's basic geometric
description. The concepts of initial figures, final figures, planar region
numbers, etc. are all used. The only concept not used is the actual mesh interval
widths. The user generates initial figures using card series 9bb000 and 9bball-
9bba99. There are two differences in the use of these cards compared to the use
of cards 8bb000 and 8bba01-8bba%99 used in the basic problem geometric description.
First, no mesh interval subseries numbers are used on cards 9bb000--hence these
cards contain only two numbers, the column and row boundaries of the basic rod
figure. Secondly, planar region number O is used in the planar region overlay

to indicate unrodded regions of the basic figure.

With the initial rod figures, a final rod figure overlay is constructed using

card series 180001-180999 in a manner analogous to using card series 170001-

170999 to construct the problem's basic geometric overlay. There is one difference
in the process when constructing the final rod figure overlay--not all regions

of the problem need be covered. Only those regions which are to be rodded need

be specified. The code automatically places final rod figure number zero in

other locations.

The basic control rod data consists of the maximum rod final figure and planar
region numbers used in constructing the overlay, the number of rod groups being
defined and how the rod groups are assigned to the overlay. This may be done by
assigning rod groups to rod planar region numbers or to rod final figure numbers.
Pictures of the two rod overlays may be requested as part of the basic control
data.

A8-1



Westinghouse Non-Proprietary Class 3

The mechanism for assigning cross sections to control rods is to designate
one numeric nuclide ID for control rods. If a rod is fully inserted in a
mesh rectangle, the number density of this nuclide is set to 1.0. If the
rod is fully withdrawn, it is set to 0.0. A partially inserted rod is
represented by a number density in the range 0.0 to 1.0. The actual cross
sections then, are interpreted as changes in the problem's macroscopic
constants. The cross section mixing, matrix generation and other routines
are not explicitly aware of control rod cross sections. The control rod
"nuclide" is treated in the same way as any other nuclide. The control rod
nuclide number density is set on the code's internal number density file
atong with thermal feedback changes. This means, for example, that control
rods may have fission cross sections, 60?'5, etc. The initial rod positions
are set on input and must coincide with mesh points.

Control rod movement is achieved by use of velocity functions. Each controil
rod group has assigned to it a velocity function (if the rod group does not
move, a zero is input meaning no velocity function is used). The same
function may be used by more than one rod group. The functions themselves

consist of pairs of velocities and times. The velocity is the rod group
velocity at that time. In the present version, time is measured relative
to the beginning of the transient. Positive velocities denote rod with-
drawal, while negative velocities denote rod insertion. By proper'
specification of the velocity function, step changes can be simulated. In
many cores, rod motion is limited. Control rods cannot extend below the
bottom of the active core nor be withdrawn beyond the top of the active
core. Using data from an input card, the code checks for these conditions
and fixes rod positions so as to prevent such movement.

A8.1 BASIC CONTROL ROD DATA

700000 ,MAXRF ,MAXRR,NRGRPS, IRCOR,, INUC,RFPIC,RRPIC

MAXRF Maximum control rod final figure number.
MAXRR Maximum control rod planar region number.
NRGRPS Number of control rod groups.
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IRCOR Control rod group correspondence--1/2 by rod figure/by rod region.
INUC Numeric nuclide ID of control rod cross sections.

RFPIC Control rod final figure picture edit--0/T--No/Yes.

RRPIC Control rod planar region picture edit--0/1-~No/Yes.

If this card is absent no further control rod data will be processed.

700001,P],NV1,.. P NV

~2NGRPS2—NRGPS

P Initial position of the tip of a control rod group. Given as a
distance from core bottom in cm. For 2-D problems, P=0.0 is a
fully inserted rod, while P=1.0 is a fully withdrawn rod.
Floating point.

NV Rod velocity function number. If the rod will not be moved, use
NV=0.

There are as many P,NV pairs as there are rod groups (NRGRPS).

700002,LPLR,NGRP1,...

LPLR Length of a part-length rod (inches). Floating point.
NGRP Rod group numbers for those rod groups which are part length
rods.

Omit this card if there are no part-length rods.

700003, IBOT,ITOP
IBOT Mesh point number for bottom of active core (0 in 2-D).
ITOP Mesh point number at which rod motion stops (1 in 2-D).

The data on this card is used by the code to prevent insertion of a rod
belfow the bottom of the core, or withdrawal of it through the top of the
core. The rod position on card 700001 are checked against the positions
corresponding to IBOT and ITOP respectively. If a rod tip is below IBOT or
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above ITOP, its position is set to correspond exactly with IBOT or ITOP as
appropriate. A warning message is printed. In a transient, rod motion
stops when the position reaches IBOT or ITOP.

700101,V75T1:V55T0,... (A1l floating point) I=1,...,9

v Control rod velocity {cm/sec). A positive velocity causes rod
withdrawal.

T Time (sec). T] = 0.0 is required.

The V,T pairs define the control rod velocity function I. The velocities
are linearly interpolated between points.

700010,PR1,PR2,... I=1,...,9

Rod group number correspondence to rod regions or figures.

I Rod group number.

PRi Rod region number or rod figure number as specified on card
700000.

AB.2 CONTROL ROD GEQMETRY DATA

9bb000,COLBDY ,ROWBDY

Basic figure control card for basic rod figure bb0. Similar to card 8bb000.
9bbass 4Ny sNo,N35N, L0, (01<ss<99)

Initial figure bba overlay set (similar to card 8bbass). The basic figure
is specified on subserjes bb0. Any auxiliary figures, which are modifica-
tions of the basic figure, are specified on subseries bba (a=1-9). Any
number of five-word sets (n],...ns) may be specified in each subseries
where
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M rod region number
n, left column
ny  right column; 0<n,<n,<COLBDY
N4 bottom row
ng  top row D§n4<n55ROWBDY
185555 5Ny 5No Mo, Ny, N, N {0001<s555<9999)

Final rod figure overlay data {similtar to card 17ssss). Any number of six-
word sets (N1,...,N6) may be specified on the series where

=

final rod figure number

N; initial rod figure number, bba

N, origin column (any integer, +, 0, or -)
N, origin row {any integer)

N5 rotation number {0, 1, 2, or 3)

N6 reflection number (0 or 1)
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A9.0 EDIT CONTROL DATA

The integration editing includes power fractions and average macroscopic parameters.

An edit set is a collection of final figure numbers together with a collection
of planar region numbers. Each edit set defines a region of the mesh, not
necessarily connected, which is to be treated as a unit for integration editing
purposes. A particular mesh rectangle belongs to each edit set whose definition
includes both the final figure number and the planar region number of the mesh
figure. Every integral quantity is calculated for each edit set in each plane.
Note that the edit sets are the same in every plane since they depend only upon
final figures and planar regions.

A plane grouping is a collection of planes, not necessarily connected, which is

to be treated as an axial editing unit. Note that a particular plane may belong
to any number of plane groupings. All edit sets are summed over the planes
comprising a plane grouping before being printed. Thus, to identify the region
of integration for a single printed quantity requires a list of final figures, a
list of planar regions, and a 1ist of planes. The program solves this identifi-
cation problem by numbering both the edit sets and the plane groupings. The
definition of each of these is printed once, and integral quantities are then
identified by edit set number and plane grouping number.

Edit control data is specified using card series number 01. Subseries 100-499
are used for edit sets and subseries 500-599 are used for plane groupings.

The data for each edit set subseries is of the form

f ifz,if3,...,jfm,O,rl,jrz,jrS,...,jr

1° n

where the zero is used to separate a collection of planar region numbers from a
collection of final figure numbers. A negative figure number designates all
fiqures from the previous figure number through the negative figure number, and

similarly for a negative region number. For both the figures and the regions,
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the numbers must be strictly increasing in absolute value, there may not be two
consecutive negative numbers, and the first number must be positive. As an
example, the sequence 3, 5, -7, 0, 2, -4, 9 specifies figure numbers 3, 5, 6,
and 7 and region numbers 2, 3, 4, and 9,

01100S to 014995 Planar Edit Sets

The subseries are separated into four ranges: 100-199, 200-299, 300-399, and
400-499, Any {(but not all) of the ranges may be omitted and the first missing
subseries in each range terminates the range. Each of subseries 100-199 specifies
a single edit set. In each of subseries 200-299, the figure numbers are expanded
to remove negative signs and an edit set of the form

f-ii 0’ r'l! -trZ’ ir39 "'D+r

is constructed for each figure number. Similarly, in each of subseries 300-399,
the region numbers are expanded and an edit set of the form

12 £ fps % fa, ...,j_fm,(},rj

is constructed for each region number. Finally, in each of subseries 400-499,
both the figure and region numbers are expanded and an edit set of the form

fi’ o, rj

is constructed for each figure-region pair.

010017 Axial Editing and Thermal-Hydraulic Block Boundaries

This card identifies axial blocks used for editing and for the thermal-
hydraulic mesh. This card is required for all one-dimensional and three-
dimensional problems, whether or not a thermal-hydraulic calculation is
being performed.
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These boundaries are column (for one-dimensional problems) or plane (for
three-dimensional problems) mesh points. Column or plane 0 and the corres-
ponding boundary point from card 010001 are required. Other mesh points
must correspond to finite element mesh points listed on card series 040105
(one-dimensional) or 040305 {three-dimensional). For example,

o40301,0,1,3,5,7,9,10
010017,0,1,5,9,10

One mesh point each must correspond exactly to the bottom and top of the
active core. (There is no automatic checking for this requirement).

015005 to 015995 Plane Groupings

At least one plane grouping subseries is required in three-dimensional
problems and the subseries numbers present must be sequential. The data
for each subseries specifies a single plane grouping and is of the form

P127P2>P327Pgs - oPn_1 7Py

The plane numbers in a subseries must be strictly increasing in absolute
value and occur in plus-minus pairs, each pair designating the axial region
between the two planes. The sequence 0, -3, 5, -8, for example, specifies
a plane grouping consisting of planes 0-3 together with planes 5-8. The
plane numbers used on this card series must correspond to axial editing and
thermal-hydraulic block boundaries from card 010017.
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A10.0 THERMAL-HYDRAULIC DATA

The thermal-hydraulic model in HERMITE divides the active core into thermal
channels whose horizontal cross sections correspond to selected planar edit
sets. A single channel is defined for one-dimensional problems. There are
two types of channels, primary and secondary. Each planar mesh rectangle
in the active core must be included in exactly one primary channel. Addi-
tional secondary channels may be defined corresponding to planar edit sets
which overlap the primary channels. Primary channels are used in certain
integrations over the active core and only primary channels are used as the
basis for modifying cross sections in thermal feedback calculations. In
one or three dimensions the core is also divided into axial blocks which
consist of one or more mesh intervals of the finite element {(coarse) mesh.
The bottom and top reflector (if present) are each assigned an axial block.

The coolant flow model assumes axial flow in closed channels with no cross-
flow or pressure balancing. The model recognizes subcooled, saturated,
superheated, and supercritical water and steam. Inlet flow and temperature
are input by channel. The code sclves the one-dimensional continuity and
conservation of energy equations. Heat is added directly to the coolant as
a fraction of node power and through the clad surface as determined by the
heat transfer model. Coolant density and temperature are passed to the
¢cross section routines.

The present version of HERMITE models two heat transfer regimes which
determine the c¢lad surface temperature and, in a transient, the surface
heat flux.

The fuel pin heat conduction model uses finite difference equations to
solve for the fuel pin temperature distribution and average fuel tempera-
ture.

As an alternative to solving the heat transfer and heat conduction equations,
the user may select one of two correlations giving average fuel temperature
as a function of linear heat rate. This option is available for steady
state problems only.
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010016,IPLT{0),IEDIT(0),MXTHSS(5),EPSTH(.001) ,ITFMAX(5) ,EPSTF(.1),

IDTMOD(88) ,IDDENS(89),IDTFUL(98)

Default values are indicated in parentheses. If the indicated variable is
missing (too few numbers on card) or is <0, the default is set.

IPLT Not used, supply 0 if further data is provided.
IEDIT 0 - No thermal-hydraulic data edited.
1 - Selected information - one line per channel.
2 - Above plus fuel pin temperature distribution (°F).
3 - Above plus conductivities (Btu/hr-ft-°F}.
4 - Above plus volumetric heat capacities (Btu/°F~1n3).
(transient only)
WARNING: TIEDIT = 2,3,4 result in increasingly large output files
and should be reserved for debugging purposes.

MXTHSS Maximum number of steady state thermal-hydraulic passes (i.e.,
maximum number of values used from card 010030 below).

EPSTH Steady state thermal-hydraulic convergence criterion. Thermal-
hydraulic convergence is assumed if at the nth thermal-hydraulic
pass,

-1 n n-1
MAX Teter =Tey on | -p
all T-H nodes { MEQE%:TEQEL- N —E———E:T“—— ,
TFUEL °g
TBn _TBn—I
7 } < EPSTH
7.
B

The maximum of each of the three ratios is printed after each T-H
pass with an indication of whether convergence has been satisfied.
Floating point.
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ITFMAX Maximum number of iterations on the steady state fuel pin tem-
perature distribution allowed to obtain consistent conductivities.

EPSTF Criterion in °F for convergence of steady state fuel pin temper-
ature distribution. Floating point.

IDTMOD Numeric nuclide ID‘'s for the three thermal-hydraulic feedback

%gggsf variations (Axn's): moderator temperature (°F}, moderator density
(gm/cc) and square root of average fuel temperature in °K (NOTE:
TFUEL reference value is input in °F--not square rooted; the code

makes the necesssary conversion internally).

The code reads this card (if present) regardless of whether a thermal-
hydraulic calculation is specified. This allows the cross section routines
to identify IDTMOD, IDDENS and IDTFUL. The associated variables may be

given initial number densities in the absence of a thermal-hydraulic calcula-
tion. See card 100tts under section A7.7.

010020,IFT,C11§2i93,Cq,C5 (1 to 6 entries required; all C's are float-
ing point.)

IFT=0 Full steady state and transient fuel temperature distribution
calculated using finite differences.

IFT=1: Correlation 1

T -C3-KW/FT)

FUEL™ C1(1-C2 e —C-| (1-C2) + T

WALL
IFT=2: Correlation 2

TFUEL= C.I + KW/FT (C2 + KW/FT (C3 + KW/FT-Cq))

where KW/FT is the local linear heat rate {kw/ft) and T
the clad surface temperature.

WALL 1S
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010030,N lﬂQlﬂa""’NZO default N] = 10

N, number of outer (source) iterations in steady state neutronics
calculation prior to ith thermal-hydraulic pass. If only j
numbers are present, then the code uses N1=Nj for all j>i (j<20
allowed). If more than MXTHSS (see card 010016) values are
present, they are ignored.

th thermal-
hydraulic pass. This allows the user to set N1=0, for example,

and force a thermal-hydraulic calculation based on the initial

If Nj <0 no source iterations are performed before the j

flux guess. The initial flux guess is uniform flux unless a
guess has been input.

010031, TLOW,INCL,THI ,INCH (Water Property Tables}

TLOW and THI are the flecating point lower and upper temperatures for sub-
cooled and superheated water property tables, repsectively. The subcooied
table extends from TLOW to the saturated liquid temperature in INCL incre-
ments. The superheated table extends from the saturated vapor temperature
to THI in INCH dncrements. 1f INCH=0 then THI is ignored and one entry is
made for saturated vapor.

For supercritical pressures {over 3208.23474 psia), only TLOW, INCL, and
THI may be present. A table in INCL increments from TLOW to THI is created.

500110,PRES,WIN,O. (A11 floating point)

PRES System pressure (psia)
WIN Core inlet flow (Tbhm/hr)
0. A value must be supplied but is not used.

500120,DU02,TG,TC ,HEIGHT,RC,0. ,RHOU02(10.4215) ,NFUEL{3) ,NCLAD(3)
(A11 but NFUEL,NCLAD floating point)

Du02 Fuel pellet diameter (in.)
TG Gap thickness (in.)
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Clad thickness (in.)

Active core height (in.).

Fraction of heat deposited directly in coolant.

A value must be supplied (but is not used) if RHOUOZ2, NFUEL, or
NCLAD are input on this card.

Fuel stack height density in gm/cc.

Number of radial temperature points (not increments) in fuel
(>3) and clad (>2)} respectively.

The centerline and all physical surfaces are counted in determining
NFUEL and NCLAD. For example, to have five regions in the fuel,
specify NFUEL=6. To have one region in the clad, specify NCLAD=Z2.

Defaults, where allowed, are indicated in parentheses. A value of zero or
too few numbers on the card {minimum 5) will result in the default being

set.

501sss,TIN,WP ,PINS,AC,GIN (AT1 floating point) s55=001,...,999

Each card defines thermal channel type sss

TIN
Wp
PINS

AC
GIN

Inlet temperature (°F)

Wetted perimeter {ft)

Number of fuel pins {floating point number--fractional values
allowed)

Coolant flow area (ftz)

Relative mass velocity. The code will multiply all GIN's by a
normalization factor so that

z GIN-AC = WIN

primary
channels

See card series 502sss below for discussion of primary and
secondary channels.
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502sss ,+NTYPE ,EDITSET ,+NTYPE,EDITSET (a1l integers)

This card series associates channel type descriptions (from series 501sss)
and planar edit sets (from series 011sss to 0ldsss) with thermal channel
numbers. The following convention is used for the sign of NTYPE:

NTYPE>0  The channel is a primary thermal channel. Its values for TFUEL,
TMOD, and DENS are used to modify cross sections in feedback
calculations. The planar edit sets for all primary channels must

exactly span the active core area with no overlap and no unrepre-
sented areas. (WARNING: there is no automatic error checking
for this requirement.) Areas outside the active core may be
included, but AC and GIN must represent only the active portion
of the channel. Only primary channels are used to normalize GIN.

NTYPE<Q  The channel is a secondary thermal channel for which the user
desires thermal calculations but which presumably duplicate areas
covered by primary thermal channels. Results from secondary
channels are not used for feedback, and the area of secondary

channels area is not considered in normalizing GIN. Their input
value of GIN is, however, multiplied by the same normalization
factor computed for primary channels.

Channel Numbers For reasons of efficiency the code resequences the data
on series 502sss so that all primary channels are listed first and

all secondary channels last. The channels are then assigned thermal
channel numbers in the new sequence. If the user desires to avoid
confusion by having the channel numbers correspond to the sequence
on series 502sss he should Tist primary channels first.

NTYPE=0 is permitted but is interpreted to mean that the listed edit set
is not a thermal channel. No channel number is assigned. Use
of NTYPE=0 has the same effect as not listing the edit set on
card 502sss.
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503000,HGAPC],HGAPCZ,ID},...,IDN (Gap Conductance Input)

A1l entries must be provided. N is the number of thermal channels. The
user is reminded of the M@DEL repeat notation, e.g., /5/1-1,1,1,1,1.

HGAPC1,HGAPCZ floating point constants for the transient temperature dependent
HGAP calculation

. TGAP + HGAPC1 _ HGAPC2
HGAP=HGAPSS {7eAPSS + HEAPCT!

TGAPSS and HGAPSS are steady state values of the average gap
temperature and gap conductance, TGAP, and HGAP, respectively.

IDj=KKK indicates use card 503KKK for determining steady state value of
HGAP as a function of KW/FT. Use of multiple tables is envisioned
for representation of fuels of different type or burnup.

503KKK, KW/FT,, HGAP],KW/FTE,HGAPZ,... (a1l floating point)

KKK HGAP table number. The tables must begin with 001 and be sequen-
tial. It is not required that a table be used on card 503000, so
dummy tables may be entered. At least one table is required.

A minimum of two KW/FT, HGAP, pairs is required. The KW/FT entries must be

in ascending order. Steady state HGAP as a function of KW/FT for a given
thermal-hydraulic node is determined by Tlinear interpolation.
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All.0 INPUT AND QUTPUT FILES

Permanent files are stored and retrieved through the IFM File Manager
system. Briefly, this system permits a program to process files in terms
of their logical structure, with no knowledge of the physical format of the
files required. File processing is also independent of the physical device
used, which may be either a magnetic tape or a disk.

Three ievels of identification are associated with each file: the seven-
character user name of the person creating the file (see section A2.0) a
FILEID of up to ten characters supplied as input by the user, and a file
type number supplied by the program. Thus, files created by different in-
dividuals are distinguished by user name, files created in different jobs
or different cases of the same job are distinguished by file ID, and files
created in the same case are distinguished by type number.

HERMITE will accept flux, concentration, and thermal-hydraulic data files
as input and will store flux, concentration, thermal-hydraulic data, and
thermal-hydraulic plot files for subsequent use. Input files are retrieved
near the beginning of a case, and a comment is added to the printed output
after each file has been successfully read. Input files are required to be
on disk. An auxiliary program, TCOPY, is available for moving such files
from tape to disk.

An input flux file must be compatible with the current problem in number of
groups, finite element columns, rows and planes. If an input flux file is
not used, the flux is set to zero at all zero flux boundary points and to
one everywhere else,

An input concentration file must be compatible in number of nuclides,

number of mesh points per plane, and number of planes. In addition, the
order in which the nuclides are listed in the input must not be changed.
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An input thermal-hydraulic data file must be compatible in the number of
channels, the number of axial thermal-hydraulic blocks and the number of
fuel and clad mesh intervals.

Qutput files are saved at the very end of a steady-state case and at selected
time points during a transient. Each may be stored on tape or disk or

both. A comment is added to the output after each file has been success-
fully written on either device. Thus, if there is a failure during filing,
the comments indicate which files had been saved before the error occurred.
In the case of a tape failure, an attempt should not be made to write on

the tape in any subsequent job. Note that there is no provision in the
program for using more than one reel of tape in a single job.

01001S,USER,FILEID 5=1,2,3,5

USER Name on USER control card of job where files were saved.
FILEID 1-10 character alphanumeric identification of the file to be
input for this case.

S=1 = Input flux file.

S=2 = Input number density file.

5=3 ==  Input thermal-hydraulic data file.
S=5 == Input transient restart files.

For a summary on use of initial guesses and on restarts see Section Al3.

010021,FILEID

FILEID 1-10 character alphanumeric file identification for output files.
These files are written at the end of the steady-state calcula-
tion. In the case of transient restart files, only the first 6
characters will be used (the last four are overwritten with zsss
where z is the time zone number and sss is 1 + the time step
number in the time zone z. sss is right justified and blank
filled so there may be embedded blanks in the file identification
of transient restart files).
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010022, File Writing Flags

Up to five numbers may be present on this card to request that files be
saved at the end of the steady state calculations or to indicate the dis-
position of any transient restart files saved. There is one number for
each file in the order: flux file (type 220}, number density file {type
221), thermal-hydraulic data file (type 224), thermal-hydraulic plot file
(type 223), and transient restart files, (types 220, 221, 224, and 323).
The first three files may be used as steady state input to a transient
calculation (IC(1) = 2 on card 010000). The values of the flag for each
file are:

0 = do not save file

1 => save file on tape only

2 => save file on disk only

3 = save file on both disk and tape.

See card 021007 under Section A5,2 for specification of time steps when
transient restart files are written.
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Alz.0 PLOT FILE CONTROL DATA

HERMITE has the capability of saving data on disk for plotting. In order
to 1imit the amount of data saved, the user is required to specify the
items to be saved and the time points at which these items are to be saved.
The specified information is written on a random access file and can be
retrieved and plotted by the Physics Integrated Plotting System (PIPS}. On
any given run the user may attach and overwrite or extend an existing plot
file or may catalog a new plot file.

More than one selection of data may be saved on the plot file and each
selection is specified by a different identifier or RECID. This feature
allows the user some flexibility in trading off spatial detail for fre-
qguency in time without saving excessive guantities of data. For example,
the user may wish to save detailed spatial data at steady state, and maybe
a few selected time points while saving smaller amounts of data at close
enough time intervals to obtain smooth plots in time. For this purpose he
would require two RECID's. Each different RECID requires a complete plot
file description beginning with card 019P00 (P = 0,1,...,9 for up to 10
RECIDS).

The user may also add new RECID's to an existing plot file which he is
extending.

Data saved on the plot file is in compressed format to save disk space.
Compressed format retains only about 6-1/2 significant decimal digits of

information.

In the present version of the code, it is necessary to perform a thermal-
hydraulic calculation in order to obtain spatial information.

In addition to the data selected by the user, the following data is always
saved.
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Variable

Time (sec)

Power (watts)

Pressure (psia)

Height of middle of each axial block {cm). A1l thermal
hydraulic variables saved are calculated at, or inter-

polated to the center of the axial block. See card
019P60, below.

ATTACH, (pfn)} )
CATALOG, {{pfn)]

If this card is missing, no further plot file information is read.

ATTACH

CATALGG

pfn

Attach existing plot file for rewriting or extending. pfn
required.

Catalog a new plot file with either the default or the
supplied pfn. If a file with the same pfn already exists,
the operating system will modify the first character, trying
A, B, C and so on until a unique name is found,

Permanent file name, 1T - 40 characters. If missing on
CATALOG mode, the following unique default pfn is generated

{NUAHERMITEPLTEDTFILEttttttttttmm-dd-yy-ji)

where,

t...t is columns 10 - 19 of title card

mm-dd-yy is the date

Jjj is the last two characters of the job identifier
(supplied by the system)
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019P00, RECID, IFORM, ITPRGM

P 0,1,...,9 one subseries 019P for each RECID.

RECID Unique 1- 10 character hollerith identification for this
selection of data.

IFORM Data format {hollerith character).

S indicates all data saved on a single record for steady state
or for each time point.

Z indicates multiple records saved at each time point including
steady state. A global record followed by one axial record

per axial thermal block is saved at each time point. This
option is used to break the information into smaller records

if the S format record would contain more than 8190 numbers.

S format should be used whenever possible.

ITPRGM Time program. (Two hollerith characters).
TO {T-zero) Save data for this RECID at steady state oniy.
T1 Save data for this RECID at steady state and at all time
points selected on card 021005 (see Transient Program Control

Cards, Section A5.2).

T2 Save data for this RECID at steady state and at all time
points selected on card 021006.

019P20 (Optional)

List rod group numbers whose height is to be saved (up to NRGRPS numbers -
see card 700000). Must be in increasing order.
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019pP50 (Optional)

List all thermal-hydraulic channel numbers for which data is to be saved.
Must be in increasing order.

Q19P60

List variable ID's for all thermal-hydraulic variables to be saved. Must
be in increasing order. The selected variables are saved for all axial
blocks of the selected channels. The following thermal hydraulic variable
ID's are defined in the current version of the code.

1D Definition

11 Average fuel temperature (°F)

12 Moderator temperature (°F)

13 Moderator density (Ibm/ft3)

14 Void fraction

15 Not available

16 Enthalpy (Btu/1bm)

17 Quality

18 Not available

19 Linear heat rate (nuclear) (kw/ft)
20 Heat flux into coolant (Btu/hr—ftz)
21 Not available

22 Not available

23 Mass flow rate {1bm/hr)

24 Not available

25 Gap conductance (Btu/hr—ft2-°F)

26 Centerline fuel temperature (°F)

27 Pellet surface temperature (°F)

28 Inside clad surface temperature (°F)
29 Clad coolant surface temperature (°F)
30 Flow velocity (ft/hr)
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A13.0 RESTART CAPABILITIES

Information necessary to restart calculations is scattered throughout this
input description. In order to assist the user in saving the necessary
files and in using them to restart calculations, the relevant information
has been extracted and amplified below.

There are three basic restart situations. In situation 1 the user has saved a
steady state solution from a previous run but either wishes to perform further
iterations, or intends to modify some of the input parameters slightly and use
the original solution as an initial guess. In situation 2, the user has a
completed steady state calculation and wishes to initiate a transient calcu-
lation with no further steady state computations. In situation 3, the most
complicated situation, the user wishes to continue a transient calculation
which is already in progress. He may be running the transient in segments so
that he may analyze the results before proceeding to the next segment, he may
be restarting a transient which aborted due to computer failure, or he may be
changing the sequence of events (such as rod motion) at times after the
restart. Each situation will now be discussed separately below,

Situation 1 or 2 - Saving Steady State Files

To save steady state results the following cards are necessary:

USER{name) in job control deck
010021,FILEID {1-10 characters - 6 characters recommended)

010022,I],I2,I3,I4

—
U]

2 saves flux file on disk
I, =2 saves number density file on disk

13 = 2 saves thermal-hydraulic file on disk
(if a thermal-hydraulic calculation was performed}

14 = 0 thermal-hydraulic plot file, not required for
restarts. Use 1, 2 or 3 to save the file on
tape, disk or both, respectively
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I],Iz, or 13 may also be 1 or 3 to save the data on tape or on both disk and
tape but it is required that the files be on disk when they are read to
perform the restart. Only the flux file is necessary for the purpose of
continuing the steady state iterations (Situation 1) although use of input
number density and thermal-hydraulic data files will save a small amount of
computer time.

Situation 1 - Continuing Steady State Iterations

The following cards may be needed to continue steady state iterations.
010011, USER, FILEID

Designates input flux file to use for initial guess. Required.
010012, USER, FILEID

Designates input number density file. May be omitted -- see card 010030
below. Should be omitted if thermal-hydraulic channels, edit sets, table
sets, initial number densities, or compositions have been changed.

010013, USER, FILEID

Designates input thermal-hydraulic data file. May be omitted. Serves no
purpose in Situation 1. Should be omitted if any data affecting the thermal-
hydraulic calculation has been changed.

010030, NysNosNgs.. sy
This card controls the number of outer (source) iterations before each
thermal~hydraulic pass in a problem with thermal-hydraulic feedback. If
card 010012 is omitted, n, should be set to zero. This will cause one
thermal-hydraulic pass to occur before any neutronics iterations are
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performed and will save iterations by creating a number density file
consistent with the initial flux guess (and its implied power distribution).

ATTACH, pfn

010019, {earaLoG, [pfn]’

If the original run of the problem wrote a plot file and it is desired to
overwrite the original plot file, change CATALOG to ATTACH. If it is
desired to write a new plot file, CATALOG a new pfn {or allow the code
generate a new unique default pfn). If it is desired to use the same plot
file with a new RECID, ATTACH the old file but change cards 019P00.

If an attempt is made to catalog a second file with the same pfn, a new pfn
will be created by the system by changing the first character to A, B, C and

so on until a unique name is found.

Situation 2 - Initiating a Transient From Saved Steady State Files

The following changes and cards are required to initiate the transient.

010000,2,...

Set item 1 to 2 to indicate transient calculation only.

010011, USER, FILEID (required)

010012, USER, FILEID (required)

010013, USER, FILEID (required if thermal-hydraulic
calculation is being performed)

010019, . . . (same as for situation 1)

If the old plot file pfn and RECID are used, the steady state results will
be overwritten and the transient results added on.

Situation 3 - Saving Transient Restart Data

To save transient restart data the following cards are needed.
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USER({name) in job control deck
010021, FILEID (1 - 10 characters, only 6 will be used)
010022, IT’ 12, 13, 14, 15

I, - I4 affect steady state files only

(see Situations 1 and 2)

]

I5= 1/2/3 Save transient restart files on tape only/disk
only/ or both. Files must be on disk to be read
for restarting the transient. HNote that four
files are actually saved if 15 0

021007, nq,n,,...

Gives frequency at which restart files are saved during each time zone.
For example, if n, = 5, restart files are saved after every 5 time steps
during and at the end of the second time zone. For details on the use of
this card see Transient Program Control.

Situation 3 - Restarting a Transient Already in Progress

To continue a transient already in progress the following cards are needed.
010000, 3, ...

Change item 1 to 3 to indicate restarted transient in progress.
010015, USER, FILEID

FILEID is aaaaaazsss where aaaaaa are the first six characters of the
FILEID given on card 010021 on the original run (left-justified, blank
filled). =z is the number of the time zone during which the file was saved
(a file saved at the end of time zone k has z = k). sss is one plus the
time step number, counted from the beginning of the time zone after which
the file was saved (right-justified, blank filled). Files saved after the
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25th step of time zone 2 have zsss = 2bZ26 where b represents a blank. The
user is advised to check the output of the job which saved the file to
ensure he has the correct FILEID.

010019, ATTACH, pfn (if plotting)
The mode must be ATTACH and the pfn must agree with the pfn cataloged. Use
of CATALOG will yield unpredictable results. Any time steps which exist on
the file after the restart point will be destroyed and overwritten by new
results.

0T9PSS

These cards may not be altered except that an entire subseries 019P may be
deleted.

The following additional cards may require modification:
010010, item 3, NTZ = number of time zones
020004, TZ(1),TZ(2), . . . (time zone widths)

The last zone before the restart may be lengthened. Subsequent zones may
be altered, added, or deleted.

020005, DELT(1),DELT(2), . . . (time step widths)
May be altered for zones which have not been processed.

021001 - 021007,J1,J2, . .. (transient program contraol)
Frequencies may be altered for any zone, but only the uncompleted portion

of the transient is affected. Frequencies for a zone in progress may be
changed. If this occurs, the code counts from the beginning of the zone in
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determining when every nth time step is completed. For example, say the
new frequency is every & time steps and the restart was taken after 20
steps. The selected event {depending on the card number) will occur next
after step 24 - the next even multiple of 8.

02118S, nyuny,... (transient iteration control)
May be altered. Changes affect the portion of transient not yet completed.

022002, CHGTF, CHGTC, CHGRHO {feedback override limits)
022004, CHGROD (feedback override Timit)

May be changed. Changes affect uncompleted portion of transient. Since
feedback is computed immediately after the restart, cumulative changes
start at zero.

700107, V{,Ty5V5,Tos. .. (control rod velocity functions)

Recall that the data on this card represent points in a piecewise Tinear
function of time. Careless alteration of a point after the restart was
taken may affect the value of the function before the restart. Unpre-
dictable results will occur if the function is altered for times preceding
the restart. The following is a legal change for a restart taken at .7
seconds. Note that the data are v,t pairs.

o1d
700201, 0., 0., 150., 1., -250., 1.5

New
700201, 0., 0., 120., .8, 140., 1., -250., 1.5
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