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An automated self-initialization option has been developed and imple-
mented into the RELAP4/MOD7 computer code. With this new feature, pres-
surized water reactors or similar models may be initialized to steady state
conditions with minimal user-supplied input data. Previously, the analyst
(user) had to hand compute all pressures and temperatures in conjunction
with several iterative computer runs. Two semi-independent functions,
pressure balancing and thermal balancing, comprise the self-initialization
module. The user supplies input data specifying a reference pressure and
temperature and associated locations. Control volume pressures and temper-
atures are computed consistent with the nodalization, geometry, total power,
and mass flow rates specified. Verification has been accomplished by per-
forming transient calculations on system models and observing the persis-
tence of stable operating conditions. Preparation of input data for the
self-initialization module seldom requires more than several man-hours.
Computing time required on a CDC 7600 computer to complete the self-
initialization process is typically less than 30 seconds.



SELF-INITIALIZATION MODULE FOR THE RELAP4/MOD7 PROGRAM

" \ INTRODUCTION

RELAP4 is a computer code used for the transient thermal-hydraulic
analysis of light water reactors and related systems. Various versions of
the RELAP4 code are widely used throughout the nuclear community for experi-
mental system analysis, reactor design, and nuclear system safety studies.
RELAP4/MOD7 is the version of RELAP4 currently under development by EG&G
Idaho, Inc., at the Idaho National Engineering Laboratory. A significant
new capability recently incorporated into M0D7 is an automated self-
initialization feature, which relieves the code user of the tedious and
error prone task of specifying all the necessary hydrodynamic and thermo-
dynamic input parameters with sufficient accuracy to define a steady state
condition. This paper describes the development and implementation of the
self-initialization module.

Other RELAP4 self-initialization techniques have been formulated,
most notably by Savannah River Laboratory (SPL) in the development of the
WRAP package.^ The method described herein differs in several respects
from the SRL approach and was developed independently. It is simple to
implement, is not tied to a specific computer operating system, does not
rely on the perturbation of any system geometry, for example, heat exchanger
surface area, to obtain steady state values, and executes rapidly.

The role of the self-initialization feature is to compute steady state
pressure and temperature distributions in a pressurized water reactor (PWR)
(or similar) RELAP4 system model, given basic boundary conditions of total
power, coolant flow rate, system geometry, and operating conditions. Although
the module was designed primarily for PWR analysiss the procedure is suffi-
ciently general to accommodate system models .of various configurations.
Minimum requirements for applicability are that the RELAP4 model describes
a closed loop (or multiloop) system in which a pump circulates single-phase
(liquid) water. If a heated region (for example, the core) is present,
a heat exchanger (for example, steam generator) must also be present.

The two semi-independent portions of the self-initialization function,
thermal balance and pressure balance, are described. A sample problem is
then presented illustrating the user interface, input requirements, output,
and demonstration of results.



ANALYTICAL BASIS

THERMAL BALANCE

To achieve a stable initial operating condition for a RELAP system
model, the thermal-hydraulic input data must imply an energy balance. The
energy balance is obtained by imposing conservation of energy to the system
as a whole as well as to each control volume. Two criteria are applied:

(1) The rate of heat transfer into the system from all sources
. equals the rate of transfer out at all sinks

(2) Witnin each control volume, the rate of energy removal must
equal the rate of energy addition. This criterion is expressed
very simply as,

(1)

(neglecting kinetic and potential energies)9 where Q is defined
as positive for heat transfer into the volume and Wj and hj are
the junction mass flow rate and enthalpy, respectively.

A typical RELAP4 model of a PWR includes representations of the heated
core region and one or more loops, each containing a steam generator. The
procedure for performing a thermal balance is summarized by the following
steps:

(1) With the core inlet fluid temperature specified, the intermediate
and outlet control volume temperatures are computed based on the
total ccve power, individual control volume heat transfer rates,
and system flow rate.

(2) The desired heat removal rate at each of the steam generators
is determined so that the total equals the sum of the core and
pump energy contributions. The pump thermal energy input is
set equal to .the difference between pump power input and output.

(3) The fluid temperature distribution through the steam generator
primaries is computed which satisfies the total heat removal
requirement and the individual volume heat transfer rates. The
temperature in the secondary side volume is simultaneously
determined.

Each volume in the core region contains one or more heat slabs that
represent an axial section of the fuel rods. The slab heat transfer rate
at initialization is determined by the power fractions specified by the
user. With the inlet temperature (Xx)> slab power (Q s), and core flow
rate (W) input, the average volume enthalpy for each volume (h^) is com-
puted from:



ZQsi
hi = hiIN + ~2W~ < 2 )

where h±i$ is the inlet fluid enthalpy for volume i as determined from the
outlet condition of the upstream volume. If volume j is upstream of volume
i then:

- ZQsi
hiIN = hj0UT = hj + ~lw ' ( 3 )

The steam generator is generally modeled as a series of primary side
control volumes separated from a single secondairy side control volume by
two-sided heat slabs (Figure 1). Obtaining a satisfactory energy balance
involves the simultaneous determination of primary and secondary side temper-
atures to meet the total heat rejection requireraent. Considering the gener-
alized case where N-l primary side control volumes are employed, the average
fluid temperatures for the volumes may be written:

-TOQ] m
2W(1) C (1)

K(i-l)tT(i-l) - T(N)] , K(i)[T(i) - T(N)j
2W(i)Cp(i-l)

 +

for i = 2, 3, ... N-l, and,

2W(i)Cp(i)

TQ - T(N 1) 2W(N-1)C (N-l) W

where

Ty = steam generator primary side fluid inlet temperature

T Q = steam generator primary side fluid outlet temperature

T(i) = average fluid temperature in the if.h control volume

i = 1, 2, ..„ N-l (primary volume indices)

i = N (secondary volume index)

K = effective primary to secondary heat conductance

C = specific heat capacity

W = flow through the primary volumes of the steam generator.

The primary side inlet and outlet fluid temperacures are determined
from the core outlet and inlet temperatures, respectively. The primary
side inlet fluid temperature is assumed equal to the core outlet temperature.
The primary outlet fluid temperature is found by subtracting the temperature
i through the pump from the core inlet temperature.



The set of N simultaneous equations is solved by matrix inversion..
Since some of the coefficients are functions of temperature, a solution is
obtained by iteration. ;

The required mass flow rate through the steam generator secondary is
computed from the total heat transfer rate and inlet and outlet fluid
enthalpies:

where
Q = W (h - h .)Ht P po pi

W = mass flow rate through the secondary
s

W = mass flow rate through the primary

h = outlet fluid enthalpy of the secondary (assumed to be
h ,' saturated steam)

h = inlet fluid enthalpy of the secondary (specified by user)
sx

h . = inlet fluid enthalpy of the primary side of the steam
generator

h = outlet fluid enthalpy of the primary side of the steam
p o generator.

A remaining criterion for steady state conditions within the steam
generator secondary is that the bubble rise model parameters are consistent
with the specified mixture quality. The bubble rise model imposes a steam
bubble velocity and gradient for the two-phase mixture.2 Since the steam
bubble mass flow at the interface of the mixture and steam dome must equal
the mass flow through the steam generator, a boundary condition is imposed
on the bubble rise model to meet steady state conditions. When this con-
straint is imposed on the expressions relating mixture quality, bubble velocity,*
and mixture density gradient, the following equations for bubble velocity
are found:

W [ v / X + v ]
V ~ c / ' ° < ° < 0 - 5 (8)

&r where
vs V. = bubble velocity
Kr ' • " »•

f - • C = bubble density slope parameter (specified by user)

Ss. 1
i ' A = volume cross sectional flow area



W = mass flow rate

vf = saturated liquid specific volume

v • = saturated steam specific volume

fg f g

a = mixture void fraction

X - mixture quality.

' When the self-initialization option is invoked, the bubble rise
velocity is computed from Equation (8) or (9) as applicable. The velocity
computed overrides the value input for the bubble rise model set applied
in the steam generator secondary control volume.

PRESSURE BALANCE

The normal RELAP4 input, consisting in part of control volume pressures,
junction mass flow rates, control volume geometry, and junction form loss
coefficients, represents .an overspecification of the steady state condition
of the reactor system. The specification of control volume pressures implies
pressure losses throughout the system, as does the combination of flow rate,
geometry, and loss coefficients. The code normally resolves this incompat-
ibility by introducing a "residual" pressure loss at each junction that
represents the difference between the implied pressure and change and that
calculated on the basis of the mass flow rate, geometry, and form loss
coefficients. This residual is translated into an equivalent residual loss
factor algebraically added to the input loss factor.

The self-initialization pressure balance model minimizes pressure
drop residuals in all flow loops by adjusting control volume pressures and
corresponding loop pump speeds. The user specifies a single control volume
reference pressure (for example, pressurizer) which then represents the
location at which the pressure relaxation procedure begins. When the
solution is complete, ail loops, interconnected or otherwise, possess a
pressure distribution consistent with the inpjit geometry, form losses, and
flow rates. {

i
i

Starting from the reference pressure control volume, each control
volume pressure is recalculated as:

n

V = Pi - ZAPjr | (10)

i
where . • j

P.r = new control volume pressure

? i = input control volume pressure

n
ZAP. = sum of the residual pressure losses for the n junctions

^ along the path leading to the reference control volume.

The plus sign applies when advancing in the downstream (that is, positive
flow) direction and the minus sign for the upstream direction. The pressure



balancing proceeds in both the upstream and downstream directions within the
loop, meeting at the pump. The pump speed is then adjusted- to produce the
necessary head to satisfy the specified flow. This adjustment is accom-
plished through iterative calls to the pump dynamics subroutine.

Multiple flow channels and dead-ended paths are also accounted for in
the pressure balancing procedure. When multiple channels are encountered
in a closed loop, one is designated as primary and the remainder as secondaries.
Along the primary path, the pressure relaxation is performed as indicated
above. For each secondary path, the input junction loss coefficients are
adjusted so that the total path pressure drop equals that in the primary
path, and then the pressure relaxation procedure is followed. The junction
loss coefficients are adjusted in proportion to the respective original
values. An alternate approach could have been implemented, whereby primary
and secondary flow rates would be adjusted to satisfy the total flow specified
and frictional losses implied. However, the conventional uses of multiple,
parallel flow paths are most often accompanied by flow rate boundary con-
ditions. Examples are the representation of hot core channels and down-
comer bypass regions.

For dead-ended paths (that is, zero flow at steady state), the control
volume pressures are adjusted in accordance with the elevation head between
the volume centers and the pressure in the control volume where the dead-
end"'? path connects to the loop.

IMPLEMENTATION

The pressure and thermal balancing features may be implemented separately
by the user. The input required for thermal balancing includes identification
of the core volumes, steam generator volumes, and the pump volumes as well
as the connecting volumes. Pressure balancing input includes specification of
the control volume numbers in each flow loop, in order, from a reference con-
trol volume to the pump volume.' Secondary flow path and dead-end flow path
pressure balancing are implemented by inputting lists of the junction numbers,
in order, along the respective flow paths. In general, an analyst with some
previous RELAP4 experience would require one to two hours to incorporate the
self-initialization input into an existing deck.

The user must supply all of the normal control volume data previously
required. However, pressures and temperatures need not be close to steady
state values. The self-initialization module will recalculate these parameters
for all but the reference point volumes. The output includes a listing of
all input pressures and temperatures and the recomputed values used for the
initialization.

SAMPLE RESULTS

The accuracy of the self-initialization module was confirmed on five
separate RELAP4 input models, representing experimental and actual planCs of
different configuration. After self-initialization, the results were com-

„ pared to prior hand calculations and were found to agree. In addition, the
; " pressures and temperatures for the control volumes in each of the five input
•-' i1 models were randomly and intentionally adjusted away from steady state values
i-j (except for the inlet core temperature and the reference pressure), and again

,' processed through the self-initialization feature. Results were identical
- J to the results obtained from the original models.



Another approach used to verify steady state conditions was to perform
a transient calculation in which no boundary condition changes were made. No
significant changes in system conditions were noted in all cases, thus indi-
cating a satisfactory balance.

The results of one of the cases, the RELAP4 large PWR LOCA model
shown in Figure 2, is presented. The model has two interconnected flow loops
representing the three "intact" loops and single "broken" loop of a four-
loop, 15 x 15, 3000-MWt large PWR.

Results of the transient calculation following self-initialization are
shown in Figures 3 and 4. System pressures and temperatures remain within
one % of initial values for 50 seconds. During this period, the fluid would
circulate approximately six times through the system. The execution time
required to initialize this model was 30 seconds on a CDC 7600 computer. The
execution of the steady state calculation (for 50 seconds) required 400
computer seconds.

CONCLUSIONS

A self-initialization module has been incorporated into the RELAP4/MOD7
program which computes self-consistent thermodynamic and hydrodynamic closed
loop system parameters for steady state operation. This feature enables
analysts to conserve valuable man-hours now spent in model preparation and
parametric study as well as reduce the probability of error in the definition
of system conditions.
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Figure 1. Typical RELAP4 Model RfjHresentation of a Double-Pass Tube
Type Steam GeneratorV'_l-{|^ - i%.
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Figure 2. RELAP4 Nodalization for Large Pressurized Water Reactor.
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Figure 3- Transient Pressures for Large Pressurized Water Reactor After
. Self-Initialization.
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Figure 4. Transient Temperatures for Large Pressurized Water Reactor
After Self-Initialization.
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