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ABSTRACT 

RELAP5/MOD2 is a new version of the RELAP5 
thermal-hydraulic computer code containing 
improved modeling features that provide a 
generic capability for pressurized water reactor 
transient simulation. The objective of this 
paper is to provide code users with an overview 
of the code and to report developmental assess
ment results obtained from a Three Mile Island 
Unit One plant transient analysis. The assess
ment shows that the injection of highly sub-
cooled water into a high-pressure primary 
coolant system does not cause unphysical 
results or pose a problem for RELAP5/MO02. 

INTRODUCTION 

RELAP5/MOD2l>2 is a pressurized water 
reactor (PWR) system transient analysis code 
which can be used for simulation of a wide 
variety of PWR system transients of interest in 
light water reactor (LWR) safety. The primary 
system, secondary system, feedwater train, sys
tem controls, and core neutronics can be simu
lated. The code models have been designed to 
permit simulation of postulated accidents rang
ing from large break loss-of-coolant accidents 
(LCCA) to operational transients involving the 
plant controls and fuel system. Tnermal-
hydraulic transients can be modeled up to the 
point of fuel damage. The objective of this 
paper is to present an overview of RELAP5/MOD2 
and to show the developmental assessment results 
for the loss-of-feedwater accident (LOFA) with 
a feed and bleed process for the Three Mile 
Island Unit One (TMI-l) plant. 

RELAP5/MOD2 OVERVIEW 

RELAP5/MOD2 is based on a nonhomogeneous 
and nonequilibrium transient two-phase-flow 
model for the flow of steam-water-noncondensible 
mixtures in LWR cooling systems. A generic 
modeling approach is used in which a system can 
be simulated using thermal-hydraulic system 
components, such as fluid control volumes, 
junctions, pipes, heat structures, reactor 

kinetics, and control components. A few spe
cialized hydrodynamic models are provided for 
components such as separators and jet pumps, 
but specialization has been avoided as much as 
possible in order to produce a code having few 
inherent limitations. This approach has proved 
to be highly successful in meeting the ever-
changing needs of the nuclear-safety analyst. 

The hydrodynamic model consists of two 
phasic mass, two momentum, and two energy equa
tions. A detailed description of these equa
tions is given in Reference 1. In RELAP5/M0D1,3 
only one energy equation (the mixture energy 
equation) was used along with the specification 
that one phase exist at the local saturation 
temperature. Current interests in safety anal
ysis have made it desirable to use a second 
energy equation in order to model more general 
nonequilibrium states such as those associated 
with repressurization of stratified systems. 
In this case, nonequilibrium bulk states result 
in which subcooled liquid and superheated steam 
phenomena are important iij plant over-cooling 
transients with repressurization in which 
thermal shock can result. 

The hydrodynamic model is integrated in 
time using a semi-implicit finite difference 
scheme that is stable for time steps less than 
the material Courant limit. The implicitness 
is chosen such that a system of linear equations 
result which can be reduced to a single pre 
sure equation. The system of pressure equâ  
forms a sparse matrix (a tridiagonal matri: 
serially connected systems) of order equal to' 
the number of hydrodynamic volumes and is solved 
directly using a sparse-matrix routine. The 
remaining dependent variables are calculated by 
back substitution. This solution scheme is 
very efficient and is accomplished in 0.0013 s 
for each hydrodynamic volume per time step on a 
Control Data Corporation CYBER 176. 

The basic hydrodynamic model is supported 
by constitutive models for interphase drag, 
interphase nass transfer, wall heat transfer, 
and wall friction. All of these constitutive 

D1^'"''jPllTm!l OF •''*iS DT11ENT IS UNLIMITED 



DISCXAIMER 

This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Government nor any agency 
thereof, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or use
fulness of any information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights. Reference herein to any spe
cific commercial product, process, or service by trade name, trademark, manufac
turer, or otherwise does not necessarily constitute or imply its endorsement, recom
mendation, or favoring by the United States Government or any agency thereof. 
The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof. 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



models are closely related through the geometry 
of the two-phase mixture or the flow regime. 
The interphase-drag and wall-friction models 
dominate the nonhomogeneous character of the 
mixture while the interphase-mass-transfer and 
wall-heat-transfer models dominate the non-
equilibrium character of the flow, Nonequi
librium effects are significant in four LWR 
processes: film boiling heat transfer, sub-
cooled boiling, repressurization, and injection 
of subcooled water. RELAP5/M0D2 models 
encompass each of these processes. 

The RELAP5/MOD2 interphase-drag model has 
been modified both for the basic formulation 
and for the numerical formulation in order to 
eliminate the occasional spurious nonphysical 
conditions calculated to exist with MODI and to 
give better agreement with the experimental data 
base, particularly for high void fraction flow. 
The new model is based primarily on the work of 
Taitel and Dukler*"^ g^j Ishii.^"^ The flow 
regime maps and transition criteria are based 
on a simplification of the Taitel and Dukler 
work. The interfacial-area and interphase-drag 
formulations are based on the work of Ishii. 
The greatest single improvement has been the 
incorporation of a dynamic annular-mist flow 
regime transition criterion rather than the 
fixed annular regime employed in MODI. Care 
has been taken to provide smooth transitions 
between flow regimes in order to eliminate 
nonphysical void oscillations. 

The interphase-mass-transfer model for 
RELAP5/MOD2 is a mechanistic model based on 
energy transfer models between each phase bulk 
condition and a saturated interface. The 
interphase-heat-transfer coefficients are 
coupled to the same flow regime map that is used 
for the wall-heat-transfer and interphase-drag 
models. This model, used with the two energy-
equation formulations, makes possible the model
ing of nonequilibrium states that could not be 
modeled with MODI. In particular, it is now 
possible to model states in which subcooled 
liquid coexists with superheated steam such as 
during repressurization of a stratified system. 

The wall-heat-transfer model for M0D2 is a 
two-fluid nonequilibrium model in which the 
overall heat transfer from the wall to the fluid 
is calculated as the source of the heat transfer 
to the liquid and to the vapor. Separate heat-
transfer coefficients and heat-transfer areas 
are calculated for each phase, based on the flow 
regime and heat-transfer regime. The Biasi 
critical heat flux (CHF) correlation^ is 
employed in RELAP5/MOD2 rather than the W-3 
correlation'-'' used in MODI. These modeling 
improvements are particularly significant in the 
subcooled-boiling, post-CHF, and condensation 
regimes. 

The wall-friction model is based on the 
Chisholm model for the Lockhart-Martinelli cor

relation, '•'• but has been extended to include 
partitioning of the wall friction force between 
the phases, based on the same flow regime maps 
as used for interphase drag and wall heat 
transfer. 

Special process models are incorporated 
into the basic hydrodynamic model for phenomena 
that are either too complex for mechanistic 
modeling or involve large spatial gradients that 
would require fine nodalization to accurately 
resolve. Examples of these processes are form 
losses, abrupt area change, choked flow, and 
reflood. In RELAP5/MOD2, new models have been 
added and improvements have been made to the 
existing RELAP5/M0D1 models. 

RELAP5/M0D1 includes special process models 
for choked flow, abrupt area changes, pumps, 
valves, accumulators, and steam separators. In 
RELAP5/M0D2, minor improvements have been made 
in each of these models in order to better cor
respond to the existing functions that have 
been added at the steam and liquid outlets 
respectively. 

The new process models developed for M0D2 
include a jet mixer for simulation of momentum 
mixing such as at a jet pump, a turbine model, 
a cross-flow junction for representing cross-
flow in a rod bundle and for modeling a tee, 
and a model for stratification effects at area 
changes and tees. The stratification model 
accounts for vapor pullthrough and/or liquid 
entrainment, which can occur under stratified 
flow conditions at junctions between pipes of 
different cross-sectional areas such as at a 
branch. The model includes the effect of non-
concentric connections so that the smaller pipe 
can be connected at the top, middle, or bottom 
of the larger pipe. 

The wall heat transfer in the hydrodynamic 
model requires the wall temperature conditions. 
In RELAP5, heat structures are used to model 
thermal conductors such as fuel pins, pipe 
walls, steam generator tubes, and electrical 
heaters. The temperature distribution through 
the conductors is calculated by a finite-
difference solution for the heat equation in 
one-dimensional rectangular, cylindrical, or 
spherical geometries. The temperature depend
ence of the material properties is evaluated 
using tabular functions. The boundary condi
tions at junctions to hydrodynamic components 
are supplied by the wall-convective heat-
transfer models previously discussed. Addi
tional boundary conditions for adiabatic, 
specified temperature, or specified heat flux 
are provided. 

In RELAP5/MOD2, a reflood modeling capa
bility and a dynamic-gap-conductance model have 
been added. The reflood model uses a fine mesh 
rezoning technique and two-dimensional conduc
tion solution to follow the propagation of 



quench fronts such as occur for slow reflood of 
a nuclear core. This model can be used for any 
continuous heat structure geometry. The 
dynamic-gap-conductance model is based on a 
simplification of the FRAP-T6 model.'•^ 

Reactor control systems are modeled in 
RELAP5 by using generic control components such 
as summers, function generators, integrators, 
differentiators, trips, etc. In RELAP5/MOD2, 
this capability has been expanded by providing 
the following additional components: pure time 
delay, lead/lag, proportional-integral module, 
a shaft, generator, and motor. In addition, 
the number of permitted control components and 
trips have been increased from 100 to 1000 of 
each type. 

The control system capability can also be 
used to model any lumped-parameter process that 
can be represented by algebraic and differential 
expressions. The calculated parameters can be 
coupled to hydrodynamic, thermal, or neutronic 
components. 

The reactor-kinetics model is based on a 
generalized-space, independent (point) kinetic 
model. The model has been improved in RELAP5/ 
M0D2 by the addition of feedback resulting from 
moderator density, fuel density, fuel tempera
ture, and boron concentration in the moderator. 
In addition, the American Nuclear Society (ANS) 
1979 standard-decay-heat model, which has 
23 decay groups for each isotope and three 
isotopes, has been added. 

The reactor-kinetics model is integrated 
in time using a fifth-order Runge-Kutta scheme 
modified to account for the reactor kinetics 
exponential behavior with widely varying time 
constants. The reactor-kinetics model has an 
automatic time step control and the attempted 
time step is taken equal to the hydrodynamic 
time step, but it may be reduced to maintain 
accuracy. After a reactor kinetics time 
advancement, an empirical-error criterion is 
used to estimate the error.'••̂  If the error 
is excessive, the time step is halved and the 
advancement calculation is repeated. The proc
ess is continued as needed until the error cri
terion is satisfied. The resulting reactor 
kinetics time step is an integral power of one-
half times the hydrodynamic time step, which 
ensures that a reactor-kinetics calculation 
will be made at the same time level as the 
hydrodynamic time level. 

RELAP5/M0D1 contained extensive input di
agnostics to aid an analyst in correcting input 
data. In addition, the features of restart, 
partial renodalization, and an internal plot 
package were included. Several new or improved 
user convenience features have also been added 
to RELAP5/MOD2 for steady-state initialization, 
improved plotting capability, renodalization of 
any component upon restart, and interactive 

execution of the code. The steady-state feature 
allows an accelerated transient to be run with 
automated checking to see if steady state is 
achieved. Once steady conditions are detected 
the run is automatically terminated. The code 
can be subsequently restarted in the transient 
mode and the steady-state solution is used as the 
initial condition. The complete renodalization 
capability permits any component to be changed 
at a restart. This feature can be used to ini
tiate an accident sequence or for correction of 
erroneous component data without rerunning the 
previous transient. The interactive-execution 
feature permits the user to actuate valves, turn 
pumps on or off, or control active components. 
This capability can be used to provide a simula
tion capability for operator-guidelines evalua
tion or for controlling the calculation to 
achieve a desired state. 

DEVELOPMENTAL ASSESSMENT 

A total of 44 developmental assessment 
calculations^"* were performed using RELAP5/MOD2. 
The assessment problems contained 13 phenomeno-
logical problems, 21 separate-effects problems, 
7 integral test problems, and a TMI-l plant 
transient problem. Only the TMI-l plant tran
sient problem is discussed in this paper. 

Before the completion of the RELAP5/MOD2 
code, a plant-transient analysis'-^ for the 
TMI-l plant during a LOFA was performed, using 
the RELAP5/MOD1.5,'-* which is an interim ver
sion of RELAP5/MOD2. The purpose of this anal
ysis was to demonstrate whether during a LOFA, 
in the absence of emergency feedwater, primary 
feed and bleed alone was sufficient to provide 
adequate core cooling assuming nominal ANS decay 
power and availability of only one high-pressure 
injection train. It was pointed out in Refer
ence 15 that unphysical pressure oscillations 
were calculated in the primary coolant system 
due to a large condensation in the downcomer of 
the reactor vessel. Therefore, this problem 
was chosen to assess the condensation model in 
RELAP5/MOD2 for plant-transient analysis after 
the model was assessed using separate-effects 
experiments. The FELAP5/MOP2 calculation was 
restarted from 7700 s after the transient was 
initiated and the calculation was ended at 8900 
s when the reactor core began to cool down. 

RELAP5 TMI-l PLANT MODEL DESCRIPTION 

TMI-l is a two-loop PWR plant. Each loop 
of the RELAP5 model contained one hot leg, one 
steam generator, two pump suction legs, two 
reactor coolant pumps, and two cold legs. One 
of the two loops also included a pressurizer. 
The input models for the TMI-l LOFA analysis 
were converted from an existing similar 
Oconee-1 plant model with some modifications. 
The modifications included addition of atmospheric 
secondary dump values, resizing of primary and 
secondary safety relief value capacities. 



reduction of high-pressure-injection (HPI) capa
city to that corresponding to one HPI train, 
deletion of the feed train, emergency feedwater 
(EFW) components, turbine bypass valve and power 
operated relief valve (PORV), and reduction of 
the pressurizer heater capacity. The RELAP5 
nodalization schematic for the TMI-l plant were 
given in Reference 15. 

The thermal nonequilibrium and wall fric
tion models were applied in all control volumes. 
The choking and inertia models were applied at 
all junctions. The abrupt-area-change model was 
applied at all junctions where its use was con
sistent with the geometry. The two-velocity 
model was applied at all junctions. The RELAP5 
internal Westinghouse, single-phase, homologous 
pump data was used to represent the reactor 
coolant pumps (RCPs). Two-phase head and torque 
multiplier data derived from semiscale test data 
were manually input. 

The initial operating conditions are sum
marized in Table 1. The transient was initiated 
from a RELAP5 steady state operation run for the 
Oconee-1 plant. The accident scenario assumed 
that a loss-of-offsite power (LOOP) occurred 
coincident with the LOFA such that the RCP power 
was lost. The RCPs were then allowed to coast 
down. No credit was assumed for the PORV such 
that feed and bleed was accomplished by HPI feed 
and pressurizer safety relief valve (SRV) bleed. 
The combined SRV capacity was 75.59 kg/s 
(600,000 Ibm/hr) saturated steam at 17,34 MPa 
(2515 psia). A reseat pressure of 17.0 MPa 

TABLE 1. INITIAL PLANT OPERATING CONDITIONS 

(2465 psia) was assumed, 
flow area used was 2.591 
10-2 ft2). 

The effective SRV 
10 -3 „2 (2,789 X 

The total HPI flow rate was 1,62 a?/s 
(256 gpm) at 17,34 MPa (2515 psia) at an injec
tion temperature of 305.4 K (90°F). It was 
further assumed that the HPI is injected sym
metrically into each cold leg. 

The initiating event was the loss of main 
feedwater (MFW) and concurrent RCP trip without 
EFW injection. Reactor scram was assumed to 
occur simultaneously with transient initiation. 
Instantaneous shutdown and ANS standard decay 
heat'̂ " were assumed. No MFW flow coastdown 
was provided. RCP coastdown was calculated by 
the [IELAP5 inertial formulation. 

Consistent with the LOOP specification, the 
turbine bypass valves were disabled and the tur
bine stop valves were assumed to close in 1 s. 
Atmospheric dump valves (ADV) were modeled with 
a capacity of 42.21 kg/s (3,35 x 10^ Ibm/hr) 
at 6.38 MPa (940 psia) and were controlled by 
the integrated control system (ICS) logic. The 
effective ADV flow area used was 4.27 x lO"-̂  m' 
(0.046 ft^). Primary makeup and letdown was 
not modeled. However, pressurizer spray was 
assumed to operate normally, Pressurizer 
heaters were assumed to operate normally, but 
at a reduced capacity of 256 kW as a result of 
the LOOP. The relief valve quench tank was 
modeled as a time-dependent volume at atmos
pheric conditions. HPI initiation at 1200 s 
was predicated on the assumption of receipt of 
a high containment pressure actuation signal 
resulting from quench tank rupture disc blowout 
at that time. 

Parameter 

Core power (MW) 
Loop flow per hot leg (kg/s) 

(Ib/s) 
Hot leg temperature (K) 

(°F) 
Cold leg temperature (K) 

(°F) 
Pressurizer level (m) 

(in.) 
Pressurizer pressure (MPa) 

(psia) 
Steam generator (SG) pressure (MPa) 

(psia) 
Steam generator (SG) outlet 
temperature (K) 

(°F) 
Steam generator (SG) steam 
flow (kg/s) 

(Ib/s) 
Steam generator (SG) downcomer 
level (m) 

(in.) 

LOFA ASSESSMENT RESULTS 
Value 

The sequence of events predicted by RELAP5/ 
2573.42 MOD 1.5 for the LOFA analysis is summarized in 
8852.7 Table 2. The detailed description of the 
19476 events is given in Reference 15. Figure I 
565.98 shows the primary system pressure response 
604.09 during the transient. The primary pressure 
565.24 increased steadily to the code safety set point 
557.76 as the pressurizer vapor bubble was compressed, 
7.2 The primary coolant system (PCS) then underwent 
283.58 a subcooled heatup as the pressurizer SRVS 
15.2 cycled to maintain the PCS pressure between SRV 
2205 lift and reseat setpoint (17.34 MPa and 17 MPa). 
6.41 The pressure spikes that occurred from 4750 s 

929.99 to the end of the calculation were caused by 
the large condensation rates in RELAP5/M0D1.5, 

582.1 Figure 2 shows the PCS pressure response calcu-
591.14 lated by RELAP5/M0D2 from 7700 to 8900 s. The 

PCS pressure cycled between SRV lift and reseat 
685,8 setpoint (17,34 MPa and 17 MPa) without the 
1508.8 unphysical pressure spikes shown in Figure 1. 

Figure 3 shows the void distribution in the 
7.6 reactor core calculated by RELAP5/M0D2. The 
299.56 void fraction gradually decreased when the 

reactor svstem reached a pseudosteady state. 



TABLE 2. SEQUENCE OF EVENTS FOR LOFA ANALYSIS 

Event 

Main feedwater pumps trip 
Loss-of-offsite power 

Reactor scram 
RCPs trip and pressurizer 
spray valve closed 

Turbine stop valves 
closed 

Atmospheric dump valve 
opens 
SG dryout 
Primary SRV set point 
initially reached 
Pressurizer solid 
HPI initiated 
PCS saturated 
Core begins to void 
Hot leg high points 
begin to void 
Minimum vessel level 
reached 
Calculation terminated 

Time After 
Transient Initiation 

(s) 

0 
0 
0 
0 

I 

2 

3 

'<'200 
509 

1,047 

1,200 
4,750 
4,750 

4,800 

9,500 
11,700 

highly subcooled water into a high-pressure pri
mary coolant system does not result in nonphys
ical behavior as occurred with RELAP5/M0D1,5, 
The calculated results are as expected, although 
code calculations have not been compared with 
measured data. 
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