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ABSTRACT 

As part of verification and validation, the Advanced Neutron Source reactor RELAP5 system 
model was benchmarked by the Advanced Neumn Source dynamic model (ANSDM) and PRSDYN 
models. RELAPS is a onedimensional, two-phase transient code, developed by the Idaho National 
Engineering Laboratory for reactor safety analysis. Both the ANSDM and PRSDYN models use a 
simplified single-phase equation set to predict transient thermal-hydraulic performance. Brief 
descriptions of each of the codes, models, and model limitations were included. Even though 
c(lmparhns were limited to single-phase conditions, a broad spectntm of accidents was benchmarked: 
a small loss-of-coolant-accident (LOCA), a large LOCA, a station blackout, and a mctivity insertion 
accident. The overall conclusion is that the thrce models yield similar results if the input parameters 
81e the same. However, ANSDM does not cam pmsure wave pmpagation Wugh the coolant 
system. T h i s  diffenence is significant in very rapid pipe break events. Recommendations are provided 
for further model impmements. 

xiii 





1. INTRODUCTION 

This =port documents a series of code-to-code comparisons that are part of the verification 
and validation of the RELAPS Advanced Neutron Source reactor (ANSR) model that will be used for 
ANSR safety analyses. Two codes have been used for these comparisons: Advanced Neumn Source 
dynamic model (ANSDM), and PRSDYN. Both of these codes are in-house developed and both use 
mudels that have been developed independently of RELAPS. 

purpose. Other activities to reach the final goal include (1) comparison of RELAPS predictions for 
p~ssure drop, flow excursion @E), and critical heat flux (CHI?) to experimental results from the 

(2) Comparjson of RELAPS predictions of flow excursion to the data gatheied by Costa' in support of 
hti tut  hue-Lmgevin (at) design, (3) investigation of REw\ps abiity to predict comet void 
fractions under protoryPc ANSR FE conditions, and (4) followsn thermal-hyddc experiments and 
activities that are still in the planning stage. 

To accomplish these comparisons, a broad spectnun of accidents have been modeled. The 
p' thku Conditions and transients benchmarked indude: a series of steady states, a small loss-of- 
COOI~M accident (LOCA), a large LOCA, a station blackout, and a reactivity insertion accident. "he 

calculations include a small COR outlet break and a double-ended guillotine (DEG) COR inlet 
break, h l h  assuming B finite time brtak Opening. The station blackout accident analysis is an unusual 
case that includes a s i m u l m s  occumnce of a standard loss of off-site power, a loss of pony 
moulfs, and a small LOCA because of a stuck-open letdown valve. A reactivity step of $0.8 was 
chosen for reactivity insertion accident studies because it is the most limiting reactivity event 
considered in the Conceptual Safety Analysis Report (CSM)? 

This code comparison study is limited to single-phase and noninstan~us break 
comparisons. The RELAPS3 code is a one-dimensional, transient, and two-phase flow code developed 
at the Idaho National Engineering Laboratory (INEL). By contr&st, ANSDM uses a simplified single- 
phase incompressible equation set to predict uanrsient thermal-hydraulic performance. PRSDYN 
assumes single-phase COMiitions but takes into account the compressibility of heavy water (i.e., finite 
sound speed). The use of three different models is beneficial because it allows cross- of the 
results of independently developed models. Furthermore, the speed and ease of use of both ANSDM 
and PRSDYN allow many scoping calculations to be run to define trends more completely. 

This study spans 1.5 years-fmm the preconceptual to the conceptual designs. Over thh time, 
numerous changes in reactor operating conditions, fuel grading, and system designs took place. 
Because steady-state conditions varied, a reference steady stafe was established for each case studied, 
so that a consistent initial condition was ensured for transient comparisons. To mch a meaningful 
comparison in steady-state results requires a set of common input parameters: power, pressure, 
velocity, oxide growth, correlations, peaking factors, and probability levels. Moreover, to Each a 
meaningful comparison in transient results further requires another set of common input parameters: 
pump performance characteristics, break opening formation, reactivity profile after scram, engineered 
safety feature actuations, and a plant protection system. 

every comparison, a number of iterations is required before a satisfactory agreement can be obtained. 
The initial comparisons revealed good agreements in m e  parameters but disagreements in other 
parameters. Once these discrepancies were identified, possible causes were examined by performing 
additional parametric studies until the discrepancies were resolved within acceptable accuracy. Through 

These code--code comparisons are only a partial step in the verification of RELAP5 for this 

ANSR theKUal-hydrauliC test loop m) being operated Oak Ridge National Laboratory (ORNL), 

The cross-ckcking among three models is a painstaking process, but rewarding. In general, for 
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this repeated process, a better understanding in models is gained, so that a better improvement in 
models becomes possible. Discussions of ~sults,  comments for future updates, and reasons for 
discrepancies are pmvided whenever possible in the conclusions and mcommendations. 



2. MODEL DESCRIPTIONS 

2.1 RELAP5 

The RELAPS code has been and is king used in several other research %actor safety analysis 
efforts. Other similar, highly subcooled, plate-type fuel systems being analyzed with RELAPS include 
the High Flux Isotope Reactor (HF1[R)’1 at O W ,  the High Flux Beam Reactor (HFBR)’ at 
Brookhaven National Laboratory, the Advanced Test R e g c t ~  at INEL, the heavy water 
production reactors’ at Savannah River Laboratory and the Heavy Water New Procluction Reactor 
design studies. Each of these efforts has expanded both the experience and Confideflce m using 
RELAPS for highly subcooled mctor systems while collcurrently identifying areas in the code that 
need impmvemm 

2.1.1 RELAP5 Code Description 

FtELAPS is a onedimensional systems analysis computer code based on nonhomogeneous, 
nonequilibrium, two-phase fluid models in a six-equation formulation for mass, momentum, and 
energy cansewation Through the companion studies, two versions of RELAP5 were used- 
RELAPS/MOD2/VERSION3t and RELAPSPMOD3IVERSION7AC. 

The ANSR core geometry and Conditions sa significantly different from those found in the 
commercial nuclear power plants for which tfat RELAPS code was developed and previously assessed. 
The ANSR features plate-type geometries with nanow coolant gaps and high ooolant velocities, and 
LWR power plants use assemblies of pin-type fuel rods and have moderate noxmd coolant velocities. 
To account for these diffemces. RELAF5MOD3/VERSION7AC was modified to better represent 
thermal-hydraulic phenomena in the ANSR geometry. Thc code modifications: were based on AN= 
steady-state design CMlditions and relevant experimental data.* Three code modifications we*. 
implemented for the core region of the model. 

heat transfer cornkition with the petukhovlo com~tim  he ~etukhov cornlation has been shown to 
provide better predictive capability than the IXtms-Boelter cornlation at the conditions of ANSR 
normal operation. 

”he first modification niplaced the Dittus-heW’ sin@-phase turtwlent forced convection 

The second modification implemented the Gambill c~rnlation~~ for subcooled CHF pnediction, 
along with the Weatherfieadu cornlation €or predicting the wall temperature. The Gambill conelation 
is used for mass fluxes >lO,OOO kg/m2/s; the Gr~eneveld’~ lookup table is retained for mass fluxes 
<7$00 kg/m2/s; and a l inear  interpolation is used between these limits. 

flow regime based on the drift-flux formulation developed by Griffith14 to describe two-phase density 
in narrow channels. The modification lowers the interfacial drag, multing in a lower void fraction for 
a given flow quality. 

The third modification altered the interfacial drag in the slug-flow regime with a disk-chum 

2.13 RELAPS Model Description 

The ANSR RELAF5 system model includes three major regions (see Fig. 1). The core model 
(region 1) consists of the two fuel elements (each constituting approximately half of the core), the core 
bypass channels, and the central control rod region. The core is surounded by the core pmsure 
boundary tube (CPBT), which separates the high-pressure primary system from the low-pressuxe 
reflector tank. 

3 
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Core power is calculated using a point kinetics model with reactivity feedback from coolant 
density change and reactivity input as a function of contml rod movement. Power is distributed among 
the various metal and fluid re@m accofding to independent, off-line, steady-state calculations that use 
the MCNP” computer code to calculate the transport of neutrons and gamma rays from the fuel to all 
parts of the reactor core and reflector. TabIe 1 summarizes the regional distribution for several key 
%@’E. In addition. the axial nodal power distribution input for each average and hot channel in the 

~~ the desim distritsution of fuel within tht plates. ”be ANSR uses both axial and radial grading 
of fuet witfiin each fuel plate to reduce power peakutg and put the highest heat fluxes nearest the con: 
inld, to the extent possible, to ilxxmsc the CHF latio& 

is based similar detailed, off-line WC~M ~&cUlatiOns (BOLD-VENTuRE)’6 that take into 

TaMe 1. Distribution of fksion and decay-beat power used by 
RELAPS, Mwnced Neutron. Source dynamic 

model and PRSDYN at 100% Dower 

Fraction of Fractionof decay 
Reactor-pm fissionDower heat mwer 

Fuel elements 0.94050 0.6302 

Reactor core coolent 0.01 0.0 1 

Bypass components 0.02908 0.2106 

Annulus componem 0.01042 0.0700 

Reactorcorn- 0.010 0.0792 

Each fuel element is modeled as an average chamel (which inco~poratcs all but two.of the fuel 
plates) and two hot channels representing the most limiting axial relative power density proiile in each 
COR haif. Manufacturing, design, cornlation, and measumnent uncertainties are combined in an 
appropriate manner, considering the frequency category of the event being analyzed. For each fuel 
element, the uncertainties affecting heat flux in one of the hot channels ~IE combined at a 95% 
probability of nonexceedance for analysis of unlikely events (Le., frequency <o.Ol/year but >l@/year), 
and the uncertainties in the other hot chamel are combined at a 99.9% mnexceedance probability 
level for analysis of anticipated events (frequency >o.Ol/year). The purpose of the hot channels is to 
calculate the most severe axial bulk temperature profile within the core that is consistent with the two 
probability levels. This calculation is performed primarily for the prediction of FE, which is of concern 
because it could lead to CHF and probable fuel damage. 

Each of the three channels (average, 95% hot, and 99.9% hot) is divided into five axial nodes, 
and results of off-line, steady-state BOLD-VENTURE neutmnic calculations determine the input for 
the relative power level in the five nodes. The relative power density assigned to each axial segment 
of the average charmel is determined by averaging the neutmnically calculated relative power density 
of all  radial regions in that axial segment. The dative power density for each of the five axial 
segments in the hot channel is determined from the most limiting radial region of the core (as 
determined from steady-state neutronic and thermal-hyddc calculations). The hot spot factors for the 
“hot stripe” used to predict spot CHF are based on the neutnmically determined maximum relative 
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power density within each segment. The hot spot heat flux is much g m t e r  because it includes the 
uncertainties on spot fuel distribution. 

one standby. Each loop further consists of an isolation valve, a hot/cold leg, an accumulator, horizontal 
U-tube main and emergency heat exchangers, a centrifugal main circulating pump, and an inertial flow 
diode (a preferred directional flow device). The heavy water primary coolant is located on the shell 
side of both fieat exchangers for easier maintenance. In the event of a loss of secondary cooling, the 
temperature rise in the primary system eoolant and wmsponding inmase in temperature differential 
between the primary system and the pool light water initiates natural circulation of the pool water on 
the secondary side of the emergency heat exchanger. The heat transfer coefficients and presflue drop 
coefficients used in the main and emergency heat exchanger models 
single-phase homologous curve of the main circulation pumps was developed from thneequadrant 
B p n  Jackson" design cuwes, and conelations used to describe pumping behavior in the event that 
two-phase flow should develop during a transient an: based on Semiscale" data 

An open-loop representation of the letdown and pressurizing system (region 3) is included in 
the model. Letdown flow is extracted from the inlet plena of the thxe main heat exchangers, directed 
through letdown valves into the large (-50 m 3  letdown tank, and returned through high-head 
PresmriZing p u p s  to the hot leg distribution header. nte primary system core outlet pressure is 
controlled through modulation of the letdown valves. The input for initial valve opening allows the 
valve to pass the design nominal 15 kg/s letdown flow at normal operating pressure. A feedback loop 
based on deviation of core outlet pressure fmm nominal determines the valve modulation open or 
closed after time zero. 

The pressurizing system contains two independent parallel operating pumps-rnain and 
standby. Injection flow is drawn from a constant temperature heavy-water source (e.g., the letdown 
tank) by the main pressurizing pump. The standby pump does not operate during normal ogkration but 
is started if the letdown valve closes on a low pressure signal. Following letdown isolation, flow 
through the pressurizing pump is assumed to continue until tfie integrated injected flow exhausts the 
letdown tank. 

In the model, letdown flow is conmlled via valves and isolated graduallys such as would 
occur with a motor operated valve. Primary coolant system pressure is conmlled by adjusting the 
letdown flow area, which is represented as follows: 

The loop model (region 2) contains four independent heat exchanger loops-thnx active and 

derived from design data. The 

d = k (P - P,) 

and 

where 

d = demanded valve position (normalized), 
k = the proportional-controler constant (Pa-'), 
P = the measured sensor pressure (Pa), 
P, = the setpint pressure (pa), 
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1 =time derivative of normalized valve position (s-I), 
x =wrmalized valve position (-1 for fully closed, 1 for fully open, and 0 at wrinal 

7 =the valve time constant (s). 
position), 

As do ANSDN and PRSDYN, RELAPS u s e  a point kin&s space independent (m 
dimensional) krmidism b r  the neutron dynamics in the a m region. l%e power is distributed -4 
diffeterrt cornponeads (e.g., fuel elemeats, reflector, bypass region, etc.) based on steadyatate p w w  
fractios distributions tbat have been estimated 6~ the rrgecilfic ANSR COll(ijtiOPS. This eetimatiOn is 
nota bad approximation since most transients resrllt h a  reactor scram withiithe first few 
millbumds, and then the power is deemuned ' by a decay beat calcuIation using the American 
National Standards InstituWMcan Nuclear socisty (ANSI/ANS)tp standad that is Wit into the 
RELAPS code. INEL has developed a o n e 4 i n m s i i  (axial) lllodef to account for spatial variation 
in the core power response during control d hsertium. A fuil t h r e e d i i d  model is under 
developmeat fbr beam tube flooding events. 

The RELAPS accumulator model is deficient for d i n g  the ANSR accumulator beawe it 
is incapable of reprmnthg flow into the !auk aad the honeycomb insertheatstmcture. l[NEL is 
developing a new model a d  assessing the valiaity of tbe model against the Savannah River 
Laboratory data. b tbe interim, a simple acumukor model without these 1- was d. 

The RELAPS pump model features the capabPity(withsuitab1etestdatato supportthe input) 
for modeling two-phase degradation effects resulting from the appearance of void in the pump maion 
but does not include the more limiting cavitation effects resulting from the appearance of void on the 
pump impeller. The easiest cavitation modeling is to degrade pump performance by reducing pump 
speed to eff& the desired head degradation whenever indication of pump cavitation is seised. This 
approach was incuprated in the €WIR upgraded safety analysis armd implemented in the current 
ANSR RELAPS system model. 

2.2 ADVANCED NEUTRON SOURCE DYNAMIC MODEL 

ANSDM has been programmed in the Advanced Continuous Simulation Language (ACSL),= 
which gives it fairly good flexibility of Operation at run time. This model was originally designed to 
test and define control and plant protection sylstem design requirements, but it has also been used to 
evaluate the reactivity wmts in the cimcqtd 
composed of a collection of modules, most of which are reused throughout the model. 

AllPIYjiS Report (CSAR)? ANSDM is 

23.1 Advanced Neutron Source Dynamic Model Code Description 

The 'code" for ANSDM is ACSL, level 1OR. ACSL automatically controls all numerical 
aspects of the equatiuns used to model the physical behavior of the reactor (e.g., the-steps used, 
numerical convergence, etc.). This programming language contains only the numerical aspects and no 
physics. All aspects of fluid flow, heat transfer, neutronics, etc. are contained within the model 
described below. At run time, the user can select the htegration algorithm and precision. As a 
default, ANSDM uses a Gears-stiff, fully implicit integration method; ACSL automatically adjusts 
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the time step size to maintain the estimated emr  within <UT3 relative or 104 absolute for every 
integration intewal. 

2.22 Advanced Neutron ! h u m  Dynamic Model Description 

A simplified nodalization diagram is shown in Fig. 2. The main characteristics of ANSDM can 
be described as follows. 

Core neutronics m modeled using the point kinetics approximation. The photodelayed neumns 
are treated as an additional group of delayed neutrons. Decay heat is tabulated based on an ANS- 
specific conelation, which includes the distribution of decay heat among xeaemr intemals. As a 
default, it is assumed that -94% of ?he fission power remains inside the fuel plate and the =st is 
deposited by dim% energy deposition in the reflector and vessel components. However, only -6596 
of the decay heat is deposited in the fuel plate (see Table 1). The diffemce is caused by the fact 
that decay heat generates mostly gamma rays, which deposit their energy outside the core. The 
65% is based on ILL extrapolations; new INEL calculations appear to indicate that the fraction of 
decay heat deposited in the fuel should be on the order of 72%. 

The fuel and coolant dynamics m modeled on an average channel basis. The average charmel 
determines the core outlet conditions as well as the neumnic and thennohydraulic feedback that 
couples the core to the rest of the cooling system. A single axial node is used for this calculation 
As a default, a constant 25-pn oxide layer is assumed to estimate fuel temperatures, and oxide 
gmwth is not modeled. 

The hot channels' fuel and coolant dynamics are simulated to represent the dynamic behavior of 
the hot streak of the upper and lower element. The lower element is typically limited at beginning- 
of-cycle (BOO and the upper element at end-of-cycle (EOC). Thus, in this model, the BOC axial 
power shape and hot streak factors for the lower element hot channel and the EOC conditions for 
the upper element are used. The hot channels are divided into as many as 50 axial nodes (typically 
27) where local tempemm, pressures, and heat fluxes are estimated to determine their margin to 
incipient boiling (IB), CHF, and FE instability. Hot channels do not conuibute any feedback to the 
neumnics or thennohydraulic calculations of the rest of the cooling system. 

A bypass region models the flow of heavy water that bypasses the fuel elements inside the CPBT. 
This coolant is typically colder than the core outlet coolant so that when it mixes, the vessel outlet 
temperatu~ (which is computed dynamically) is lower than the core outlet temperature. 

A reflector region is modeled with a very simplified one node approach. The reflector provides 
some (but not much) reactivity feedback to the core as a result of direct neutron and gamma 
heating. 

Cooling system pipes that release heat to the appropriate surrounding light water pools arre 
modeled. 

In-containment light water pools are modeled including the main reactor pipe chase and heat 
exchanger pools. These pools remove heat from the reactor piping according to relative 
temperature and natural convection heat transfer coefficients. The heat exchanger pool also cools 
the emergency heat exchanger secondary side by natural circulation. 
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Fig, 2. Advanced Neutron Source dynamic model nodatization diagram. 
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The main heat exchanger is modeled with the primary flow in the shell side and the secondary 
flow in the tube side. Heat transfer characteristics are adjustable; typically used values include a 
fouling heat transfer resistance factor. The heat exchanger model uses a single node with the 
logarithmic mean-temperature approximation. 

* The emergency heat exchanger is modeled in series with the main heat exchanger. Primary flow 
in the shdl side and secondary flow is on the tube side. ‘be shell side (primary) assumes that the 
flow is never laminar, regardless of Reynolds number. The diameter of the tubes is designed to Be 
on the order of 0.05 m (2 in.) so that the Reynolds number will be large enough to ensure 
turbulent flow even at the low natural circulation flow rates. The secondary side of the emergency 
heat exchanger is C O M ~  to the heat exchanges pool; cooling flow occurs by natural 
circulation. 

* Main circulation pumps are modeled according to the head-flow characteristic curve. The 
characteristic curve scales the flow directly proportional to the pump rotational speed; the pump 
head is proportional to the square of the pump speed; and the power required is proportional to 
the third power of the speed. Pump coastdown is modded based on a conservation of angular 
momentum and assuming no friction. The resulting differential equation that is solved by the 
model is: 

where 

n =the pump rotational speed @-I), 

4 =the desired equilibrium speed (e.g., n, = 10% if a reduction to pony flow is desired), 
4 =the pump half speed time constant (nominally 2 s in ANSR). 

The coastdown flow and pump head are computed by scaling the characteristic pump curve using 
the calculated speed, n. To simulate the effects of friction, a negative equilibrium speed (lb) may 
be input to force the speed (n) to drop to zero in a finite time. By adjusting n, and r, practically 
any pump coastdown may be achieved. During normal operation, the pump speed is assumed to 
remain constant (Le., synchronous ac motors) regardless of the coolant conditions. 

0 The gas accumulator is assumed to follow the ideal gas law, so that the accumulator gas pressure 
is estimated from the following equations: 

1 

P”P, 151 
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and 

P = pressun (Pa), 
Po = initialpressurern), 
Vo = initial volume (m3), 
V = volu~ne (m3, 
y = expansioncoefficient, 
o = the mass flow rate of liquid leaving the accumulator &e), 
p = thedensity@ghn’). 

It is assumed that the accumulatom expand isothemmlly (Le., y = 1.0) as a default, but the 
parameter ‘y can be changed to 1.4 on demand to simulate an adiabatic expansion The initial gas to 
liquid ratio is such that the liquid level will not reach #he bottom of the accumulafor after the gas 
has expanded to the depressurized oormditiun. In the ANS baseline conceptual design, each 
accumulator has 0.52 and 7 m3 of gas and liquid, respectively. Because ANSDM is a Singte-loop 
model, tfie shgk accumulator in ANSDM has three times those volumes. 

Primary coolant is maintained at pressure by the makeup flow. ’l%e made1 simulates this flow with 
a pump module (the pmsurizer pump) that t;dres suction on a constant presmne tank (the letdown 
tank). The makeup pump speed is maintaimed constant unless a coastdown (is., loss of off-site 
power) is required. The pump speed can be &.ad on demand to simulate the initiation of the 
standby makeup pump. Pressu~ regulation is accomplished by modulating the flow thmugh the 
letdown valves. The letdown valves 
(according to valve opening); the! letdown flow is collected in ttae letdown tank. The model does 
not simulate the low pressure cleanup system; the letdown tank is assumed to have an infinite 
supply of 40 so that makeup can always be maintained. Makeup supply problems can be 
simulated at any time by tripping the makeup pump. The makeup pump is assumed to have a 
perfect (Le, no reverse flow) check valve. 

mudekd as a pressuxe drop with variable coefficient 

9 The secondary side of the ANS cooling system is represented by: (1) the secondary side of the 
main heat exchanger in the tube side, (2) the secondary hot leg, (3) the main cooling towers and 
cooling towers basin, (4) the secondary circulation pump, and (5) the secondary cold leg. All of 
these components use appmximations similar to those in the primary system. 

. A pmliminary w n m l  system is simulated in the model. The mml system includes: (1) conml 
rod position based on the measured power-tu-flow ratio, (2) pressure control that actuates the 
letdown valve based on hot leg pressun measurements, and (3) core inlet temperatwe control that 
actuates on the secondary flow bastd on the temperature megSured at heat exchangers outlet. - Sensor dynamics are modeled as first-order lag systems. nK -ired time constants have been 
determined through simulation of control and plant protection system challenges. The time 
constants currently in the model are those required to satisfy most design basis events 
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requirements. The neutron flux sensors have a conservative 25-ms delay to simulate the 'heumn- 
wave" time delay inmduced by the large heavy water reflector. 

Breaks are simulated as a flow through an orifice (of the break effective diameter) from the inside 
of the main piping system to the light water pools. The leak flow, W,, is estimated from the orifice 
relation as: 

C, = the orifice coefficient (taken as 0.6 for sharp orifice), 
D, = the break effective diameter (m), 
D = thepipediameter(m), 
P = thesystesnpressurp:(Pa), 
Pu = thepoolpressure(Pa). 

2.23 Advanced Neutron Source Dynamic Model Correlations 

ANSDM uses the standard set of conrelations developed by the ANS F%o&ct- These 
conrelations an? fully documented in Sect. 4.4.2.7 of the CSAR' and can be summarized as follows. 

Filonenko cornlation for friction coefficient in the core region. A multiplier can be input to 
ANSDM to adjust the pressurn drop calculated using Eionenko. In this way, agreement may be 
forced between different codes. As an example, for the benchmarks in this report, a multiplier of 
113% was added to match ANSDM pressure drops with those of RELAPS. This large multiplier 
was required because ANSDM computes coolant parameters (especially viscosity) using the core 
outlet temperature (Le., hot conditions), and RELAP5 was adjusted to agree with the ANSR 
steady-state model that uses local conditions. 

Colebmk and White correlation for friction in the piping system. Note that Filonenko is only 
valid for the smooth surfaces m the core, the piping surfaces requirp: a surface roughness of 
45.7 p. 

Petukhov heat transfer coefficient in the core region. 

GambiU-Weatherhead correlation for CHF in subcooled flow. ANSDM computes the ratio of actual 
flux to CHF at each of the (typically 27) axial nodes for the hot channels in the upper and lower 
core using the local pressure and temperature conditions. ANSBM typically prints the minimum of 
these ratios and their respective axial locations to the screen. 

Costa correlation for E. Although the Costa correlation was developed based on outlet conditions 
only, ANSDM computes the FE limiting heat flux ratio at every axial location and prints out the 
minimum ratio and its axial location. 



13 

Standard coolant properties co~dations developed by the ANS Project for &O pmpedes. 

Gibson codsttion (shell side) and the cdiurchiil correlation (tube side) for heat transfer 
characteristics in the heat exchangers. 

22.4 Advanced Neutron Source Dpunic Model Limitations 

Tbe most hpatant limitatons of the ANSDM are b i b a d  below. 

poid U d c s  for theneutnw dspamicS In the borc regbn. Thepower iSdietributadamong 
differeat components (e.g., upper and lower demeats, reflectw, bypass region, e&.) based on 
steady-state powex fraction distributions that have been esthnatad fix' the specific ANSR 
conditions. Tbis meahod of approximation is not piuticutarly bad since most transients result in a 
reactor scram within the first few millisecands, and then the power is determined by a d a y  heat 
correlation. 

hampmsib le  flow. Tbe model is limited to liquid and incompressible phase state. This 
468umpsio13 results in at infinite speed of sound uld yields significant errors when acoUetic-wave 
propagation is a relevant phemmemn (for instance, during W-opedng large b& LOCAs). 
This approximation, however, is M y  accwatefwothes sceaarioathatdo not involve fast 
pressure transients. 

Single phase flow. Tbe model is limited to the liquid phase state; whenevea a transient results in 
sahuated Wiling, the simulation fails. Note that the core typically is damaged (resulting from 
either CfIF or FE instabilities) well before saturated boiling can be established, and, thus, this 
approximation is fairly accurate for most scemuks. 

Single bop now dynamics. All three loops are simulated by one effective loop. Bemuse of this 
approximation, the model is not able to simulate imbalances between loops; for instance, the 
shutdown of one pump canaot be modeied while the other two pumps are operating. 

Poor reverse flow model. The model fails to compute enthalpies properly if reverse flow is 
established. Note, however, that reverse flow occus only during large break LOCAs in the hot 
leg, and the hot leg enthalpy is fairly irrelevant during thase transients. 

23 PllsDYN 

23.1 PRSDYN code Desaipti4M 

PRSDYN is similar to ANSDM in that ACSL is used to rake care of all numerical details, 
and the PRSDYN modd contains all of the physics necesary to describe the transient bebavior of the 
reactor. 

233 PRSDYN Model Description 

This section deals with the description of a dynamic model (PRSDYN) for ANSR that is 
capable of simulating possible accident and operation scenarios of the plant, including events with 
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very rapid pressure dynamics. The model is written in modular form as shown in the block diagram 
in Fig. 3 and is programmed in ACSL. The model includes the following modules: core neutronics, 
channel and pipe thermal hydraulics, vessel bypass and annulus, heat exchangers, main circulation 
pumps, gas oecudators, makeup and control systems, and sensor and break modules. 

233.1 Core Neutr~nics 

Tbe ANSR neutronics are described by a point kinetics model that includes both delayed 
natrons and photo-neutrons. Equations 6 and 7 show the mathematical formulation for the neutron 
flux and the precursor concentdons normalized to the nominal reactor power. 

where 

br 
P u  

B 
A 
Q[, 
4 
c, 

where 

=rate of change of normalized flux, (s-l) 
=total reactivity (S), 
=total delayed neutron fraction, 
=effective neutron lifetime (s), 
=normalized flux (fraction of full power value), 
=decay constant of the i* group of delayed neutrons (s-'), 
=normalized P precursor concentm 'on (fraction of full power value). 

B el = 0 2  - x,c, , A 

t =rate of change of normalized P precursor consentration &I), 

8, =delayed fraction for the P delay group, 
A =effective neutron lifetime (s). 

The reactivity feedback, pB, is computed as follows: 

where 

cxc =core coolant density reactivity coefficient (3). 
Q, =core coolant density @g/m')* 

Q~ =initial core coolant density (kg/m'), 
=bypass coolant density reactivity coefficient (S), 

Q b  =bypass COOlallt density (kgh3, 
Q~ =initial bypass coolant density (kg/m3), 
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Fig. 3. Advanced Neutron Source reactor primary loop dynamic model block diagram. 
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q = reflector coolant density reactivity coefficient ($)* 
Q, = reflector coolant density (kghn3), 
Q~ = reflector coolant density at time 0 (kg/m3), 
a, = fuel temperatu~ reactivity coefficient ($Po, 
T, = fuel temperature ('0, 
TI, = initial fuel temperature ("0. 

The total reactivity is 

pfi = reactivity feedback ($)* 
pIlr = shutdown system reactivity ($)* 

p,, = control system reactivity ($). 

The total power, P,, is the sum of the fission power, Pm* and decay-heat power, P8. 9he 
distribution of fission power and decay-heat power among reactor components is shown in Table 1. 

2333 Channel Thermal Hydraulics 

This subsection deals with themal-hydraulics of the average channel, which is modeled in a 
single-node approximation. PRSDYN describes the coolant emthalpy and the oxide surface cladding, 
and fuel surface temperatures. 

following differential equation: 
The channel exit enthalpy, h,. is determined fromm energy balance that results in the 

where 

44 = power transferred to coolant 0, 
0 = coolant flow rate *g/S), 

h = enthalpy (Jkg), 
m4 = node coolant mass (kg). 

An equation for determination of the wall temperature, TIydlp is obtained from: 
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whexe 

= mass of the wall [oxide (kg)], 
= wall heat capacity Q/kg/"C), 
= wall (oxide) temperature ("C), 
= power inside the wall 0, 
= film heat transfer (W/OC/m2), 
= wall heat transfer area (m?, 
= average coolant temperature ("C); 

where 

qd = power transferred from the cladding to the wall (oxide) as defined in Eq. 13 0, 
Hp = film heat traasfer (W/"C/mt), 
& = wall heat transfer area (m?, 
Td = wall (oxide) temperature ("0, 
Tw = average coolant teanpetatwe ("0, 
Md = mass of the wall [oxide (kg)], 
C- = wall heat capacity (J/kg/"C). 

The power transferred f'rom the cladding to the wall (oxide), &Is, is given by: 

where 

=average wall radius (m), 
=wall length (m), 
=wall thennal conductivity (W/m/"C), 
=wall thickness (m), 
=cladding surface temperature ("0, 
=wail (oxide) temperature ("C). 

The cladding outer surface w-, rP, is given by: 
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where 

qa =power inside the wall 0, 
qd =power transferred from the cladding to the wall (oxide) as defined in Eq. 13 0, 
MM =mass of the dad [oxide (kg)], 
T,, =cladding temperaaue ("C), 

C',, =cladding heat capacity ( J / k g / O C ) .  

The power transferred from the fuel to the cladding, e o l ~ ~  is determined by: 

where 

i-* =average cladding radius (m), 

I,, =dadding thermal conductivity (W/m/"C), 

T& =fuel surface temperature ("0, 
T& =cladding surface tempemwe ("0. 

1- =cladding length (m), 

(ax), =cladding thickness (m), 

The fuel surface temperature, T.& is given by: 

where 

% =power inside the cladding 0, 
qebl =power inside the wall 0, 
M' =mass of the fuel (kg), 
C, =fuel heat capacity (J/kg/"C), 

=fuel temperature (00. 

The localized fiim heat transfer He is given by: 

where 

N, =Nusselt number, 

0, =equivalent diameter (m). 
uw =coolant thermal conductivity (W/d°C), 
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For the steady-state regime, the Nusselt d e r ,  K,, is computed using the Petukhov 
correlation at the bulk coolant speed and temperature. 

N; = 

where 

f =frictiOnfktor, 
Re, =bulk miant Reynolds nu.mber, 

0, =equivalent diameter (m), 
Pr, =bulk cootant prandtt wunber, 

L =length of the heated area (m), 
p , w  =bulk coolant viscoSity (Pas), 
Ir,410 =surface visoasity (Pas). 

"he fiction fadorf, used for the Pemkhov correlation, Is given by the Filonenko correlsrtion: 

(19) f - a, [ 1.821og(Re3 - 1.64Im2 , 
where 

f =friction factor, 
4 =correctionfactor, 

Reb =bulk coolant Reynolds numbet. 

Solution of the Petukhov correlation requires an iterative process. To avoid this iteration 
during transient scenarios, the Nusselt number, Nw is approximated by: 

where 

N, =Nusseit number, 
N; =Nusselt number at steady state, 
o =actual flow rate (kg/s), 
a, =initial flow rate (kg/s). 
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Thermal properties, such as D,O density, heat capacity, conductivity, surface tension, latent 
heat, and viscosity, which are used in the heat transfer calculations, are computed from tables based 
on experimental results. 

23.23 Pipe Thermal Hydraulics 

This subsection presents tbe dynamics modeling of the ANS flow rate and pressure state 
variables. Tbe relationship be twe  flow speed (u) and the pressure in each node is expressed by the 

where 

P, =pressure at the outlet of the node (pa)# 
Pw =pressure at the inlet of the node (Pa), 
4 =tutal pressure drop (Pa), 
L =length of the node (m), 
p =heavy water density (kg/m’), 
L =flow acceleration (mkz). 

Rewriting the above equation in terms of flow rate I) am, e l h i a h g  small-contribution 
terms, the following expression is obtained: 

where 

0 =rate of change of flow (kg/s2), 
PW =inlet node pressure (Pa), 
P, =outlet node pressure (Pa), 
AP =total pressure loss or drop (Pa), 
L =length of the nodelpipe (m), 
A =flowarea(mZ). 

The total pressure drop, AP, is given by: 
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where 

P =total pressure drop (Pa), 
f =fkiction fador, 
L =length of the node lpipe (m)], 

0, =equivalent diameter (m), 
K/ =total pipe avexage-velocity heads lost, 
o =flow rate (Irgls), 
p =coolant density o, 
A =flow area (m*), 

L =height of the node (m). 
g =gravwhd accele€ation (dt?), 

To calculate the nodeoutlet pressure, P,, it is ~lcessary to start from tbe time derivative of 
the equation of state: 

p =rate of change of pressure (Pals), 

am 

ah 

h 

aP =pressure change with respect to mass at constant te3nperature (m-1 s3, 

aP =pressure change with respect to enthalpy ai constant volume (~g/m3), 

AId =rate of change of mass (kg/s), 

=rate of change of enthalpy (J/kg/s). 

The mass variation, md, is given by: 

where 

I)(& =rate of change of mass Ws), 
=mass changes with respect to enthalpy at constant pressure (kg*s2/m2), 

h =rate of change of enthalpy (Jkgh). 
[$Ip 
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In terms of mass flow rate and density, the mass variation may be rewritten as follows: 

where 

ow =flow rate at the inlet of the node (kg/s), 
w, = d e  flow rate (kg/s), 

V =volume of the node (m)), 

=density changes with respect to enthalpy at constaut pressure (kg*s2/m~, 

H =rate of change of enthalpy (J/kg/s). 
[SI, 

After dimbating the irrelevant terms, the following M ~ W ~ O R  for the node-outlet pressure is 
obtained: 

where 

P,,, =rate of change of outlet node pressure (pa/s), 

=liquid compressibility at constant temperature (m2/s’), 1E1 F 
k J .  

ow =flow rate at inlet of node (kg/s), 
0, =outlet node flow rate (Lg/s). 

The heavy water compressibility factors aPMp and aP/ah are either determined from their 
dependence on the speed of sound and from the Joulellompson coefficient for D20 or read from a 
table of experimental values. Both methods yield a consistent value of 2.043 x lab m2/s2 for aPBp 
and 5 Pa/J for aPii3h. 

233.4 Heat Exchangers 

PRSDYN uses the logarithmic-meamemperatwe approximation to model the heat transferred 
through the Beat exchanger, g. 



23 

where 

q =-eatexchange [rejecter 0 1 ,  
U' =overall heat transfer coefficient (W/m2/"C), 
Ad =overall heat transfs area (m?, 

AT, =temperature difference W e e n  the out)& of tube and shell side ("C), 
AT, rtesapetsaue difference between the inlet of tube and shell side ("C). 

The heat transfer coefficient used for the shell side, &,, is given by Gibbon's  elation:^ 

H' =film beat transfez shell side (W/d/"C), 
Q~ =liquid density for heavy water (kgtrn'), 

C&,+ =liquid heat capacity for heavy watet (]l/kgl*C), 

vW =liquid sutface tension for heavy warm (kgls?). 

R, =Reyaoldsnumber, 
P, =Prandtlmlmber, 

The beat transfer resistance coefficient (fouling), Fm is given by: 
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The tube side heat transfer coefficient, H,, is based on Churchill’s correlation:P 

and 

4 = 

where 

r9, =film heat transfer tube side (W/m2/OC), 
r c ~ p  =coolant dynamic viscosity (Pans), 
uOp =liquid thermal conductivity (W/d°C). 

The overall heat transfer coefficient, V,, is given by: 

2.3.2.5 Main Circulation Pumps 

The main circulation pumps coastdown is modeled on a conservation of angarlar momentum, 
which yields the relation: 

where 

A =normalized pump speed (fraction of reference value), 
t =time (s), 
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n, =nominal normalized pump speed (fraction of reference value), 
=pump time constant (s). 

The coastdown flow and pump head are cumputd by scaling the ehharacteristic pump m e  
using the calculated normalized speed, n. 

233.6 Gas Accumdators 

The gas accumulator is a tank filled witb heavy water with a high pressure gas bubble at the 
top designed to discharge its liquid quickly in the went of a reactor cooling failure. The gas 
PCCUmU1ISMs are modeled PSsMling thevalidiiofthe i d d  gas law given by: 

p", v", 
vi- 

p c  - 
where 

'pressure of gas (Pa), P =nominal gas pressure (Pa)? 

Vr =gasvohame(m'). 
< ==nominal gas volume (d), 

The initial gas-to-liquid ratio is such that the liquid level will not reach the bottom of the 
accumulator after the gas has expanded to the deprcssuriad condition. The flow of liquid to and from 
the accwnulator is given by: 

- 
A 

where 

be =mass flow rate deration &g/s?, 
P, =pressure at the accumulation surge line (Pa), 

P- =main hot leg pressure (Pa), 
aP, =total pressure drop at the surge line (Pa), 

L =surge line length (m), 
A =surge line flow area (m2). 

The gas volume inside the accumulator is given by: 
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whelre 

a,, = flow rate out from the accumulator (kg/s), 
p- = liquid density @e3). 

233.7 Loss of Coolant Accident Modeling 

Breaks a~ simulated fmm any reactor component to the p l  or from the annulus to the 
re€lector as a flow through m orifice. The leak flow is computed and the orifice coefficient is given by 
the following equation: 

w, = leak flow (kg/s), 
C, = break loss coefficient, 

D,, = break diameter (m), 
Pmr = pressure at the leak location (pa), 
P-,, = pool pressure (Pa). 

C, is determined by: 

where 

p = coolant density (lcg/m3). 

The break diameter (Ob& is represented by the following fornulation: 

f 

x(2' - 1) , D"" I 
and 

D- = max(2 x Dpip> . 

233  PRSDYN Model Limitations 

The most important limitations of this model are described below. 

Point kinetics is used for the neutron dynamics in the core region. 
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* The model is limited to liquid phase state (incompressible flow). Whenever a transient results in 
saturated boiling for a long time, the simulation fails. Note, however, that for most events initiated 
fimn full power, subcooled boiling would nwl t  in CHF or FE well bek~ the establishment of 
saturated boiling. 





3. COMPARISON OF RESULTS 

Results of two LOCAs, one station blackout, and one mctivity insertion accident are 
pmented below. Steady-state results are compared first, followed by transient mults. Following these 
Comparisons, the findings are discussed, and the basis for the reGommendations is explained. 

ANSDM cannot model instantaneous pipe breaks because of its incompressible flow model. To 
allow for these comparisons, breaks were opened m all three models exponentially over a finite period 
of time, z, according to the following expressions. 

and 

where 001 is the break effective diameter (m), D, is the final break size (m), and z is the bmik time 
constant (typically 250 ms). 

3.1 SMALL LOSS OF COOLANT ACCIDENT 

This comparison between RELAP5 (MOD2NERSION3t) and ANSDM was based on the 
reactor system responses for a 51-mm-diam break opened in 250 ms. Some of the operational and 
design parameters used for this simulation are different than those selected for the final conceptual 
designs. For example, for this transient, the main coolant pumps are not tripped when the reactor 
scrams. The nominal operating conditions are shown in Table 2. 

Table 2. Nomind operation conditions 

Parameter Value 

Fission power 

core inlet presswe 

core coolant velocity 

core inlet tempaaapc 

Accnmulator volume 

Accomulator gas volume 

Brealt opening time 

pressurt scram setpoint 

350 MW, 

3.7 MPa 

27.4 mh 

49OC 

5 m3 

0.125 m’ 

mms 

80% 

Total nuclear energy deposited in fuel, structure, 
and coolant of core and mfl- 

Between b l  plates 

Each of three active accmulatm 

Each of three active accumulatm 

20% below nominal pil.essure 
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3.1.1 Steady State 

Input parameters am listed in Tables 3-6. The normalized power density profile is shown in 
Table 3 based on the I3 fuel grading* at EOC with the preconceptual design uncertainty multipliers. 
Table 4 lists the relevant core input parameters while Tables 5 and 6 provide the accumulator and 
inertial flow diode as part of the loop input parameters. 

Table 3. Normalized power density of I3 fi~d grading at the endsf-cgcle 

Element zone Average channel Hot -r Hot stIipe* 

UPP& 

5 1.243 1517 1.991 

4 1.252 1517 1.886 

3 1.261 1566 1.886 

2 1.222 1.614 1 -965 

1 0.991 1362 1.900 

5 

Low& 

0.64 1 0.864 1.074 
4 0.65 1 0.901 1218 

0.686 

0.749 

0.780 

0.963 

1.034 

1.109 

1323 ' 

1.454 

1.546 

With multiplier 1.14. 
W t h  multiplier 1.31. 
Tower split at the end-of-cycle (EOC) for the uppa core = 0.702 (702%). 
'Power split at EOC for the lower core = 0.294 (29.4%). 

When this set of common input parameters was used, favorable agreement was found as 
shown in Tables 7 and 8. In Table 7, velocities, pressures, and bulk temperatures at key locations 
show insignificant differences, with the exception of wall temperatures. The discrepancy with wall 
temperatures can be attributed to different heat transfer coefficients. In the MOD2/VERSION3t, 
RELAP5 used the Dims-Boelter cornlation and ANSDM used the Petukhov for the single-phase 
f o r d  convection. The heat transfer coefficient predjcted by the Petukhov correlation is higher, which 
leads to the lower wall temperatures predicted by the ANSDU 

valves, pipe bends, and flow diodes in addition to wall friction losses over the loop. Because 
The RELAP5 loop model accounts for form losses resulting Prom isolation valves, check 

13  is an internal designation representing a particular radial and Uial distribution of fissile material within the: active fuel 
region of each fuel plate. 
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Table 4. Core input parameters 

paremaw value Comments 

Core mass flow (kg/s) 
Total mass flow (kg/s) 

Lower elwnent flow area (m3 
Total core flow area (m2) 

HyQatllic dituncttr (m) 0.002489 
Fuel surface roughness (pm) 20 

2053 
2.463 

0.02908 
0.06922 

Core flow consists of the lower and upper average 
channels. Total mass flow consists of &e owe flow 
plus Rwvs in bypass and the control rod channels. 

Anna cross-st~tionai areas less corroded fuel m. 

RELAF9 uses ame-fitting method toncprescat the 
colebrocdt friction factor c4n7elalion for various flow 
fq$ons, while ANSDM used Fdonenko and 
Caiebroak. 

Table 5. Accumdatw input parameters 

Paramem ValUe Comments 

Tank volume (m3 
Surge line length (m) 

Initial liquid volume (m') 
Initial gas volume {m3) 

5 

Cover gas inside the accumulator 134 
At injection point 1.45 

4.875 
0.125 

The ratioof the initial liquid 0 gas volume 
was set at 40 to prevent the bubble fram 
expanding into the primary coofant 

Table 6. Inertial flow diode input parameters 

Parameter Val* COmments 

Normal flow direction opdimal K km (with respect to the junction 
area of 203-mm diam) and nozzle length for the 
minium loss of inventory in event of J.,OCM 
tobedetermined 

Kc (45" converging nozzle) 
Ke (lo" diverging nozzle) 

03061 
0.2266 

Reversed flow direction 
Kc (100 converging nozzle 0.0697 
Ke ( 4 5 O  diverging nozle 1.0 

ZoCAs ii loss of wlant  &dab. 
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Table 7. Core output parameters 

parameter RELAPS ANSDW Comments 

Velocity (ds) 
Average w m  exit 
Hot channel exit, I.c.' 
Hot channel exit, uc.' - (Mpa) 
core inlet plenum 
Care inlet, IC. 
care Ouuet, Lc. 
Core outlet plenum 
A p o v e r ~  

cole inlet plenum 
Bulk coolant temperature (K) 

Care outlet plenum 
Hot channel outlet, IC. 
Hot channel outlet, uc. 

W~temperaturern 
Hot stripe exit, 1.c. 
Hot sbipe exit, ut. 

Heat tcansfer coefficient (W/m%) 
Hot channel outlet, Lc. 
Hot channel outlet, uc. 

27.6 
26.6 
27.2 

3.78 
3.73 
1.83 
1.83 
1.9 

323 
357 
372 
401 

412 
4623 

1.465 x 105 
1.632 x 105 

27.6 
26.15 
26.6 

3.76 
3.70 
1.82 
1.81 
1.88 

322 
356 
372 
401 

405 
4525 

1.8 x Id 
2.06 x Id 

Density variation over heated 
length -3% 

BreaLdown of the core Ap: 
friction ~OSS = 1.750 MPa 
e n m e  change e: 0.325 MPa 
exit change = -0.204 MPa 

Both models used hot Channe l  
exit bulk tempemtum as 
references for hot Stripe wall 

RELAPS used the Dittus-Boelter 
correhtion and ANSDM used 
the petulrhov for the single- 

heat transfer coefficient 

correlation is higher as expected; 
the higher heat transfer 
coeffulients IeaB to Iowa wall 
ternpemtunx. 

temperature calcolati~ 

phase forced CQnveCtion; the 

predicted by the petukhov 

'ANSDM = Advanced Neutron Source dynamic model. 
q.c. = lower fuel element; 
"u.c. = upper fuel element 

ANSDM does nor model each component in the heat exchanger loops explicitly, the input must 
simulate the equivalent losses using discrete concentrated resistance. The RELAP5 and ANSDM 
pressures at the pump suction and discharge agree quite well when proper concentrated mistance is 
used in ANSDM (see Table 8). 

3.13 Transient 

After the good agreement in steady-state comparison was established, it was decided to 
compare results from a small LOCA. A 51-mmdiam break at the interface between the top of the 
CPBT and the inlet of the hot leg riser was chosen. Then? is no 51-nun pipe connecting to the primary 
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Table 8 Main circulation pump output parameters 

R e m  
0 

parameter RELAP5 ANSDM" 

pressure 
SUCtiOn 1.47 1.43 
Discharge 4.13 4.09 

.ANSDM = Advnncad Ncutrm Somoe dynamic model. 

coolant pressure boundary in this region, so the chosen break actually represents a rapidly opening 
crack in the 8 B T  or hot leg riser, which has a much larger diameter. 

panmeters with the exCeption of accumufator injection mas flow (see Fig. 12 and discussion below). 
The transient nsults are displayed on log-log or semi-log scales to allow detailed comparisons of 
them hydraulic behavior at all times between the brgak initiation and the end of the 30-s period of 
interest. 'Ke total power, which consists of neutron flux and decay heat, compares excellently as 
shown in Fig. 4. Both the neutron flux arad the decay heat agree well before the scram and disagree 
insignificantly dwing post scram period, indicating that both models c o d y  implement their similar 
point kinetics models and Ileactivity prof i l e s  after scram. 

The break flow is compared in Fig. 5. RELAPS shows a slowly increasing but highly 
oscillatory break flow in the first 50 rns as opposed to the smooth and fiat behavior predicted by 
ANSDM. After 50 ms, discnepancy in break flows starts to diminish until the break is fiilly opened at 
250 ms. Beyond that, the maximum deviation mains ~ 6 % .  The initial oscillatory behavior is a lime- 
stcp-dependent numerical artifact tfiat does not affect other pnxiictions, It has been observed for other 
small LOCA calcutation~?~ Investigations reveal that the time-avemged flow out of the break is 
independent of time steps used. 

Heat fluxes at hot spots for the upper and lower cores, respectively, axe compared in Figs. 8 
and 9. In each plot, the lower pair of w e s  are local surface heat flux at the hot spot whereas the 
upper pain are the limiting heat flux as predicted by the Costa correlation. Both models predict the 
correct trend in that the Costa limiting heat flux declines slowly during initial depressurization and 
reaches a minimum after scram. After scram, the allowable heat flux increases rapidly because of the 
corresponding rapid increase in coolant subcooling. For additional infomation, the CHF limiting heat 
flux at the hot spot calculated by the GambWeathexhead correlation is included. 

Makeup and letdown flows are compartd in Fig. 11. Early in the transient, the makeup flow 
should be balanced by the letdown €low as correctly predicted by RELAPS and ANSDM. Both models 
predict a constant makeup flow up to -4 s into the transient and followed by a rapid increase caused 
by the start of the standby makeup pump. Also, both models predict a somewhat similar tnmd for the 
letdown flow from tk nominal to zero (with the vahe fully closed) flow as the system pressure 
continues to decline. Flucmations (local pressurization and depressurization) in the letdown flow 
predicted by RELAP5 appear to respond to presfllre fluctuations at the CPBT inlet and outlet when the 
bEak is fully opened (see Fig. 7)- 

Two significant differences in the injection flow from accumulator to primary coolant piping 
can be observed in Fig. 12. The ANSDM injection flow leads the RELAP5 injection by 50 ms or 
more during the initial depressurization because RELAPS accounts for the finite acoustic propagation 

The o v e d  transient response (see Figs. 4-12) agrees well in both shape and magnitude of key 
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velocity while it is assumed to occur instantaneously in ANSDM. After the initial depressurization, 
ANSDM predicts a period of negative injedion (Le., flow back into the accumulators) that is not 
observed on the RELAPS trace. This period is aot observable because the version of RELAPS used 
fix pateiarlar calculation has a default accumulator model drat allows no return flow of primary 
coolant drom piping back to the accumuIators. 

'IEe mal1 break comparison was perhmed Using REL,AP5/MOD2NERSION3t before the 
ANSR updates, including the three modificatiol3ls des#r'bed in Sect. 2.1.1, were available. As noted in 
Sect. 3.1.1, this caused a difbence in waU bmpmtum of the fuel plates at d y - s t a t e  conditions. 
The updated version RELAPSMOD3NERsION7AC bacame operatio& after the 51-mm break 
comparison was completed, aad is the vereion used h r  the femaining comparisons as presented in 

The iaabiity of RELAPS to allow backflow of primary coolant ftom the coolant system to the 
accyrm;llators is the result of an impliciiy built-in check valve within the tank for the RELAP!? default 
acamrylmr model. "'hiis lhbt ion was rwnoved subsequeat to the small break comparison. A new 
sccrxlmulator modef using pipe components with appropriate bead structues for wall heat transfer has 
been developed and is used for the remahing comparjsofls of Sects. 3.2-3.4. 

Sects. 3.2-3.4. 

3.2 SI'ATION BIACKUU" ACCIDENT 

A hypothetical, beyonddesign-bpsi accideut that includes a gtation blackout, a coincident loss 
of the pony mobors, and a small LOCA resulting h m  a stuck open letdown valve has been simulated 
to allow OOmparisOLl of predicted core cooling perfbrmance under depressurized, natural circulation 
conditionri. 

The etatiOD blackout (le., a loss ofoff-eite power with failure of emergency diesel genemum 
to start) is assumed to initiate tbe foilowing events simuftanaousy: (1) main circulation pump trips 

a stop; and (3) letdown isolation is initiated by a low core inla pressure signal, awl secotfdary coolant 
flow is lost. The main circulation pumps are tripped concurrently with the low pressure reactor 
scram, and they coast down over a time period determined by the balance between pump torque and 
inertia. 

The initial Conditiuns for the station blackout comparison are based on a reduced power and 
flow operating condition studied during the postancepwd design report (CDR) period as shown io 
Table 9. 

and begins coastdown to zero speed; (2) main and StaaBby p r d i  pumps begin coasting down to 

33.1 Steady State 

The stdy-state cornparkon for the power of 208.4 MW is presentad in Table 10. The 
overall comparison agrees satisfactorily. The good agreexnent m the core pressure drop (difference 
be&veen the core inlet and outlet pressure) requires the use of the Colebmk correlation. RELAP5 
uses the Colebrook correlation that is calculated by a curvefitting as a function of flow regimes, 
while ANSDM uses the Filonenko correlation. The accuracy of the m e  fitting was evaluated and 
improved by INEL; however, updates wwe not available in t h e  for this study. 
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Table 9. Initial conditions for a station blackout comparison 

parameter Value Comments 

Fission power 208.4 MW, 104.2% with 200 Mw, nominal 

coreinletpx3slm 2.41 MPa 95% of nominal 

core coolant velocity 17.0 mls Between fuel phtes 

Coreinlettern- 45.62OC 0.6T above N#ninal 

Accumnlatar volume 5 rn3 Each of Uvee active accumulators 

Aecumuiator gas volume 0.1 m' Each of time active eccumulators 

Pressure scram setpoinr 80% 2.0% below nominal core wtlec pressure 

3 3 3  Transient 

The sequence of events for the station blackout is shown in Table 11. Total (fission PIIS &cay 
heat) power generated by the two models is compared in Fig. 13. The good agreement in power is 
consistent with the good agreement in reactor scram time. After that, both models agree to within 1% 
of the nominal power to the end of calculations. 

calculates a significantly wanner hot channel outlet temperature th,m ANSDM during the decay heat 
phase of the transient, even though both models agree fairly well at steady-state conditions, and 
REEAR5 calculates an -15% lower total decay heat level. Since the total core power arrd flow 
velocities agree, this difference arises from the way in which the two codes distribute the decay heat to 
various core regions (control rods, reflectors, and core). ANSDM deposits -94% of the power in the 
fuel plate during full power operation, but only -65% during decay heat conditions because many of 
the gamma rays leave the duel element. The RELAPS model deposits the same percentage of power 
(-94%) in the fuel plate during full power operation as it does during decay heat conditions. Although 
the ANSDM distributions are probably more accurate, the RELAPS approach is mnsewative. For the 
purpose of this benchmark effort, the ANSDM distributions were modified to agree With these 
assumed by RELAPS. With these modifications, both models agree satisfactorily as shown in Fig. 15. 
The remaining comparisons below were computed using the temporarily modified ANSDM inputs. 

exhibited a much longer coastdown time because zero friction is assumed during coastdown. RELAPS 
assumes that friction toque is -2% of the nominal toque. When ANSDM input was reprogrammed to 
use the RELAPS friction toque, the two models agreed very well not only in the pump coastdown but 
also in the average core coolant velocity (Fig. 17) and total core coolant mass flow Fig. 18). A small 
mismatch between 25 and 150 s induces a mismatch in outlet temperatures as shown in Fig. 15. 

Comparison in depressurization rate (see Fig. 19) at the lower core exit shows that the malts 
differ within 10-208. This difference is explained by the differences in the letdown system modeling 
and the fact that a perfectly isothermal gas expansion inside the accumulator is assumed in ANSDM, 
while RELAP5 calculates nearly adiabatic behavior. In this comparison, the volume of each of the 

figure 14 compares the coolant temperature at the lower core hot-channel outleL RELAPS 

Main circulation pump speed during coastdown is compared in Fig. 16. ANSDM initially 
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Table 10. Steady-state comparison for 2WMW nominal ewe 

parameta RELAP5 ANSDM" PRSDYN 

Fission power 0 
Total mass flow (kgls) 

Coolant velocity at fuel element inkt (mds) 

core inkt tern- (T) 

Hot channel outkt temperaMr: in lower 

Lower dement outlet satmtmn . temperature 

care inlet jmslm (r44Pa) 

core ouriet plesstm (?ma) 

Main coolant pump inkt pltsure (MPa) 

CPBT wtkt hanperahpe ("c) 

element pc) 

("C) 

Main coolant pump outlet pressure M a )  

Low element hot channel heat flux at 
outlet (Mw/m3; includes 95% fiow 
excursion uncertainty 

hot channel outlet W / m ?  
Costa flow excursion limit at lower element 

208.4 

1336 

17.0 

45.8 

812 

130 

203 

2.4 1 

1.6!3 

1.50 

2.45 

329 

22.97 

208Ab 

1338 

16.9 

45.6 

81.8 

128.6 

201 

2.40' 

1.66' 

151 

2.43' 

3.15 

23.14 

208.4b 

1336b 

16.7 

45.4 

813 

1275 

m.7 

2 . e  
1hV 

154 

2.43d 

3 2  

235 

'ANSDM = Advanad Neutron Source dynamic model. 
%put as parameter for benchmark. 
'Requires use of Coltbrook & White friction amelation Using Filonenko, the pressure daop is 15% 

%sure drops in cold leg adjusted upwards b account for unmodeled check valves, isolation valves, and 
smaller. 

pipe blends. 

three accumulator tanks includes 4.9 m3 of heavy water and 0.1 m3 of nitrogen gas. If ANSDM is 
reprogrammed to assume an adiabatic gas expansion, the ANSDM and RELAPS p~ssures agree 
satisfactorily, as illustrated in Fig. u). 

Since ANSDM was, as discussed above, temporarily modified so that it would distribute decay 
heat in the same manner as RELAPS, the long term (t > 100 s) natural circulation velocity and hot leg 
temperature match relatively weli (see Figs. 15 and 17). This match is independent of the pump 
coastdown characteristics. Such good agrement indicates that both codes provide fairly consistent 
results on the low velocity pressure drops and temjxrahm distributions. 
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Table 11. Sequence of events for station blackout benchmark 

Time RELAP5 ANSDW 

0 Initialize reactor power to 208.4 MW 
(200 nominal at 104.2%), and 16.7 m/s 
coolant velocity 

0 Tripmalrwppump 

Initialize reactor power to 208.4 MW (200 
nominal at 104.2%) and 16.7 m/s coolant 
velocity 

Trip makeup pump: flow decays 
exponentially as exp (-t/oS) 

Trip secondary coolant pumps; flow 
reducts expentially as exp (42) 

0 Fail the three letdown values "as is"; 
inhibit block valve from closing on low 
P=== 

RELAPS detects bw pressure sam 
conditions 

Main coolant pumps t r i p w  coastdown 

6.74 

6.74 
to zero speed in -25 S 

6.76 

6.76 

7.02 

7.09 

Artificially reduce secondaly coolant loop 
elevation to 0.1 m to m i n i m i  nahual 
circulation and model the isQ)ation 

approximatelY 

Fail the three letdown valves "as is": 
inhibit block valve from closing on low 
pressure 

ANSDM detects low pressure scram 
conditions 

Main coolant pumps tripped; mastdown to 
zaospeedin-25s 

Innez control rods fully inserted from 
mitical position at BOC? 

outer rods N l Y  inserted 

'ANSDM = Advanced Neutron Source dynamic model. 
CSW = beginning-of-cycls. 

323 Discussion 

The FE and CHF thermal h i t  ratios at the lhot spot for the lower core are shown only for 
RELAPS calculations in Fig. 21. Because the Costa FE limiting heat flux is always significantly higher 
than the actual heat flux at the lower core hot spot, it may be concluded that the core sulvives this 
station blackout transient without violating any safety margins. During this transient, there are two 
points of minimum margin-the first minimum occurs right after the reactor scrams (-6.7 s into the 
W e n t ) ,  and the second minimum occurs at the transition (-40 s into the transient) from forced 
convection to natural circulation. 
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COR survivability during natural circulation critically depends on decay heat power and pump 
coastdown chatilcteristics. All ANSR models a m  to within 1% as to the nominal power following 
shutdown, but differences arise in the regional distribution (Le., the fraction of decay heat that is 
deposited in the COR, reflector, and control rod bypass regions) of past-shutdow heat load. The heat 
load distribution is significantly different depending on whether the power originates fmm fission 
(whete most power =mains in the fuel plate) or from decay heat (where -50% of the gamma-ray 
energy leaves the fuel plate). For this reason, different regional distribution values for fission power 
than for decay heat levels are used in ANSDM. In this way, -94% of the power at nominal (10096) 
conditions remains in the fuel plate, but only -65% of the power m a i n s  in the plate at decay heat 
levels. 

"he ANSR RELAPS model uses the same regional distribution values for nominal power than 
for decay heat levels, so that -94% of RELAPS'S power remains m the fuei plate during decay heat. 
The -65% decay heat power used in ANSDM was extraplated fmm numbers used in the ILL reactor 
(See Table 12). More accurate ANSR-specific MCNP d t s  calculated by INEL following the CSAR 
activities indicate that the decay heat distribution is closer to 72% in the c o ~ ,  13% in the reflector, 
and 15% in the CPBT bypass. For this benchmark effort, the input to ANSDM was modified to 
S h u l a t e  the constant regional power distribution used in REiLAP5, which is conservative. 

Table 12. Post-scram decay heat regional 
distribution extrapolated from the Institut Laue-Langevin 

Type of Reflector Bypass C.R.' COR 
Pow= (96) (96) (96) 

Fission 4.40 2.14 93.46 

-Y heal 8.64 2636 65 
- ~- 

C R -  = contml md channel. 

The pump coastdown characteristics are very relevant to natural circulation d t s .  However, 
no ANSR-specific pump data are currently available. Given the lack of data, a l l  natural circulation 
results performed to date should be viewed cautiously, particularly between 20 and 100 s into the 
transient. The closest approach to the safety limit occurs during this period where transition fmm 
forced convection to natural circulation takes place. 

isothermal gas expansion responds faster than an adiabatic accumulator for a given pressure change. A 
rapid response d t s  in a higher injection. Consequently, the pressure can be maintained higher at the 
hot spot where the thermal criteria is the most limited. In the comparison, both ANSDM and PRSDYN 
use analytical expressions for an ideal gas expansion, whereas the ANSR RELAP5 model uses a fixed 
nodalization grid to account for the gas-liquid interface heat transfer and wall heat transfer. However, 
the RELAP5 model can not account for the thermal and hydrodynamic effects of the honeycomb insert 
of the isothezmalizer design. The baseline ANSR conceptual design includes the isothennalizer packing 
material inside the accumulators. 

Accumulator performance affects the depressurization rate significantly. An accumulator with 
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3 3  LARGE LOSS OF COOLANT ACCIDENT 

This is a post-CSAR comparison among three models (RELAPS, ANSDM, and PRSDYN) for 
a slow-opening (1.1 s) large DEG break at the cofe inlet. Tfae break is located downstream of the 
inertial flow diode but upstream of the primary supply vessel adapter weldment (PSVAW). For AN=, 
this is the worst possible location for a large break. Although GNS staff members do not believe that 
large breaks are credible, a large, beyond-design-basis Dm bneak was postulated for this analysis to 
demonstrate that cooling can be maintained during and after a large break that does open fully and 
with some rapidity. As illush.ated in Wg. 22, the PSVAW is the component where the four cold legs 

For cmmptud safety analysis, the piicy for all events has been to modify the initial 
conditions from nomirtal (in the coflseN8live dimtion) by the amwit necessary to account for 
measurement error and routine conml variations. The conservative direction to perturb the initial 
conditions is generally in the d i m o n  of dtcreasing GHF--higher power and coolant temperature and 
lower coolant pressure and flow. 

The parameters shown in Table 13, mudiied for typical safety analysis conservatisns to 
account for routine pmcess control variations and heat balance emr, ane impom to this analysis. 

combine and flow is muted illto tfie core region. 

Table W. Parameters fora Iame loss of aoolpnt accident 

Fiim power 

COlEWptesaue 3.22 MPa Nominal 

c m  codant velocily 25.0 d s  Between the fuei plates 

core inlet temperature 45.6T 0.6"C above nominal 

Accumuiator volume 752 m' Each of thfee active accumulators 

Accumulator gas volume 052 m3 Each of t h e  active accumulators 

Pressure scram setpoint 80% 20% below nominal cue outlet pressure 

33.1 Steady-State 

The steady-state results agnx well, as shown in Table 14. The same cumment on pressure drop 
across the core as stated in Sect. 3.2.1 applies hem In addition, ANSDM underestimates the p~ssure 
drops in the loop (outside the COR) by not accounting directly for check valves, isolation valves, and 
pipe bends. 

3 3 2  Transient 

During the f i s t  iteration to attempt to benchmark this transient, all three models agreed on 
flows and pressures but disagreed on heat flux and time to scram. As shown in Fig. 23, the three 
models agree extremely well on both total cure flow and total break flow. It is seen that an almost 
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Fig. 22. Advanced Neutron Source reactor core region showing the primary supply vessel 
adapter weldment. 



59 

Table 14. Steady-state comparison for 330-MW nominal core 
paraaretcr RELAPS ANSDM" PRSDYN 

Fission p w e r  0 344.0 343.9 344.06 

Total mass flow (kg/s) 1944 lWb lWb 

Coolant velocity at fuel element inlet (mh) 25.0 25.2 252 

-*--(Oc) 45.6 452 45.0 

cpBllFmtkttanperatme(ac) 845 852 85.0 

Hot channel oatlet tanperahn;e in lowtr 139.0 I372 135.6 
element c"c) 

("C) 
Lowa element outlet satmation ttmperature 202.0 196.1 201.0 

core inlet pressure (MPa) 322 3.18' 322' 

cart m*t v CMPa) la 1.W 1.62' 

Main codant pump inlet pressm (MPa) 1.41 1.40 153 

Main coolant p p  outlet pressllre rn) 3A3 3.m 3.43' 

Lower eiement hot channel heat flux at outlet 5.44 5.19 

Costa FE limit at lower-elcment hotchannel 23.63 23.14 
(Mwlm3; includes 95% FlE' uncertatn 'ty 

outlet Wh? 

*ANSDM = Advanced Neutron Source dynamic model. 
%put as parmwr for benchmark. 
"CPBT = core pressurr  bound^^ tubc. 
'Requires use of Colebmk & White friction correlation. I€ the Fhenko amrlatim is used the 

'pressme drops in coM leg adjusted upwards to account for umnodekd check valves, isolation valves, 

J'FE = flow examion. 

pressure drop is 15% smaller. 

dpiptbatds .  

perfect match persists throughout the first half of a second into the transient, with the maximum 
discrepancy Wig limited to -10% at 1 s. Excellent agreements are also found in pressures at the 
lower fuel element inlet and outlet (see Fig. 24). All three models correctly predicted a similar 
depressurization rate in response to break flow. They also predicted a similar dectining pressve drop 
across the core resulting from the diminishing core flow. When the system pressure appmaches the 
pool pressure, the pressure dmp acms the core converges to the same constant as predicted by all 
models. 

The Costa limiting and local surface heat fluxes at the hot spot in the lower core hot charnel 
exit are compared in Fig. 25. Two disagreements are found in the time to scram and initial Costa limit. 

ANSDM detects the scram (including sensor delay) in 385 ms and the scram trtkes effect ( d s  
start inserting significantly) in 450 ms. RELAPS does not signifkantly insert the rods until 650 ms. 
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The difference in the Costa limiting heat flux is -1 MW/m2 and may be the 
in initial pressure at the hot spot location. 

setpoints. RELAP5 used thc setpaint based on 8096 of the initial pressure, while ANSDM used 80% of 
the nominal pressure. The initial conditions are biased in this W e n t  to account for uncertainties in 
the operating condition. This bias xdts in the initial pressure being 95% of nominal; therefore, 
RELAPS was scramming on a pnssure of -75% of nominal (i.e., 80 of 95%), which accounts for the 
additional time delay. To complete the benchmark process, the ANSDM setpoint was modified to 
am with the RELAP5-assumed w i n 4  and good agreement was obtained as indicated in Fig. 26. 

of small d i f f e m s  

The differenoe in the scram time is the result of a d a e m  in the assumed pressure scm 

333 D i  

To allow a proper comparison of scm time (elapsed time between exmedance of the pressure 
setpoint and initiation of cuntrol rod motion), all models should have the same (1) sensor location, (2) 
p~ssure scram setpint, (3) initial pmsure at sensor location, and (4) delay time in pressure switch 
and -1 rod unlatching. When rhese factors are standardized, there remains a small diffmnce in 
scram time that cannot be eliminated. This difference nmlts from the finite time, limited by the speed 
of sound in heavy water, that it takes for pressure changes to be transmitted through the system. 
Therefore, a finite time is m i r e d  for a depresswization wave to propagate from the break location to 
the sensor location. The shortst distance between these two points in the ANSR conceptual design is 
-40 m. and it requires -30 ms for the depressurization wave to propagate frrrm the PSVAW Met to 
the limited volume air ceIl. RELAPS and PRSDYN account for this finite propagation time, but 
ANSDM assumes that the acoustic wave that transits the initiation of the depmsurmb 'onpmpagales 
at infinite speed. Q n s e q d y ,  RELAP5 and PRSD predict an additional delay in the scram time 
as opposed to the values obtained frwn ANSDM. 

time delay, RELAPS models the pressure sensor as a pue delay while ANSDM and PRsilyN model 
as a first-order-lag. However, a l l  thtee models predict a resultant 30 ms of instrument delay. 

causes of scram time differences. ANSDM and PRSDYN have pressure detectors at the outlet of hot 
k g  riser, and RELAPS has the detector at the hot leg distribution header, downstream of the hot leg 
riser outlet. As shown in Fig. 27, pressure at the hot leg distribution header crosses the setpoint 
-100 ms later than the riser outlet pressure. 

selection of the scram low pressure setpoint. Figure 28 shows the Costa iimiting heat flux as a 
function of setpoint pressure (expressed as a percentage of the nominal pressure at the detector 
location). Increasing the setpoint has an obvious beneficial effect for these slow-opening breaks. 

It should be noted that there is a core flow r e v e d  problem late in the transient. All three 
models predict the flow reversal and its approximate timing. The total core flow decreases initially as 
the break flows increase and continues to decline after the pump trip, becoming negative (flowing 
downward) at -126 s into the transient as predicted by RELAPS (see Fig. 29). Other flow rates at. 
both ends of the bmk and from the accumulaWrs are also shown. In this case, the slower 
depressurization rate and the lack of pressure oscillations give sufficient time for the accumulators to 
respond to the break. The bmk flows upstream and dowfistream of the break are very similar, with 
both flows directed into the pool up to the time that the break is totally open. Then, because the 

"hex factors are examined further to resolve initial discllepancies in scram time. On the sensor 

These findings indicate that sensor location and scram pressure setpoinrs are the most probable 

During this benchmark, the calculations were found to demonstrate the importance of the 
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Fig. 29. RELAP!kakulated flows showing the total a m  flow, break flows upstream and downstream of the break, and 
individual accumulator flows M n g  the doubleended guilloth! bmk with 1100-m opening time. (The core flow m-1 
occurs at - 13 n into the transient.) 
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downstream opening is connected to the PSVAW, which is supplied with coolant by the two intact 
loops, the flow out of this end of the break continues increasing as depressurization proceeds. 

density. Several options to prevent core flow reversal are proposed. Tbese options include (1) 
lowering the pump trip setpoint as low as possible while avoiding or minimizing pump cavitation, (2) 
increasing the pump moment of inertia as mu& as possible to maintain a higher core flow while 
avoiding or minimhhg pump cavitation, and (3) replacing the standard one-stage gas space 
accumulator configuration with a two-stage co&guration. 

Core flow reversal would be a safety problem for ANSR because of its very high power 

3.4 REACTIVITY INSERTION ACCIDENT 

This reactivity event is chosen for comparison because the CSAR showed that the limiting 
event for the reactivity insertion transients is bounded by a $0.80 reactivity step. It has conservathely 
beesl assumed that multiple beam tubes fail and both the aluminum and vacuum volumes are 
instantaneously replaced by D20, resulting in a positive reactivity step of $0.80, even thou& no 
mechanism lbr this bas been identified. This event is considered extremely unlikely, and, thus, the 
95% nonexceedance criterion is applied. 

bghnhg of the transient. The initial control rod position represents the BOC, xenon-free, which 
coflesponds to - 150-mtn above the core midplane. Tbe control rod worths are those used in the 
CSAR (Tables 4.3-14 and 4.3-16). Scram-latch delays are 30 ms for the inner rods and 120 ms for 
the outer rods. The neutron flux sensor is c o b v e l y  modeled with a "fkst+rder-lag" delay, 

The event is initiated by a positive reactivity addition of $0.80 inserted as a s t q ~  at the 

7- 0625 mS. 

The reactor scrams on "high-rate of-flux" if R > 0.2 s-* , where the rate of change of flux, 
R, is defined as follows: 

The rate of change of flux is approximately equal to the derivative of the detector flux, but it 
is "low-pass" filtered with a time constant, T, = 250 ms, so that small neutron flux fluctuation with 
small amplitude (<S%) will not scram the reactor. In these calculations, the generation time of 
A = 1.3 ms and an effective delayed neutron fkadion of 6 = 0.0078 were used. (Note: These pint 
kinetics parameters are most recent values and differ from the ones used in the CSAR reactivity-event 
calculations.) Also, the transient is initiated from GAR nominal conditions--104.2% power, 94.6% 
pressure, and a core inlet temperature of 455°C (which is 0.6"C above nominal). 

3.4.1 Steady State 

The initial o p e r b g  conditions are the same as those assumed for the core inlet DEG break 
with 11oO-mS opening time. Thus, the steady-state comparison remains the same as presented in 
Table 14. 
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3.42 Transient 

prelrmrnary results showed that the fission power compared well, but not the heat power at the . I  

&l surface (average heat flux times fuel surface ma). The good comparison in fission power pmae 
(see Fig. 30) is a result of using a similar point kinetics model for calculating the core power, the 
same mctivity vs time table after scram, the same rate-of-power-change scram setpoint., the same 
neuu~l genesation time, and effective delayed neuhtm fhction. The discrepancies in heat power mult  
from a difference in active fuel thermal inertia (product of density and specific heat). The d i f f e m  in 
thermal inertia values was traced to the fact thatRELAl5 ltccwnted forthe dcnsity and heat Capacity 
of both the Uramjum sficide and the alumhum filler, while ANSDM used heat capacity values for plm 
aluminum. A€kr ANSDM qmpmming to use the m m  accurate tbermal inertia in input, the two 
models compared excellently in the heat power pmfiIe as sbwn in Fig. 31. These themal hraertia 

trend in =limit ratio is also indicated. Note that- does not print CHFvalues when the wall 
temperatwe is calculated to be less than the saturation temptmum; therefore, the= is no CHF data to 
be c o m m  after -0.2 s into the transient 

p t e d  in Figs. 33-35. Tfie local surface heat flux at the exit of the lower con hot charmel is 
compared in Fa. 33. Both models predict the correct tmd-rising heat flux during the power 
excursion, declining after the zeactor is scrammed, and finally approaching the decay heat power level. 

Likewise, comparisons in the saturation temperatun and local velocity (see Rg. 34) are 
satisfactory, with the maximum differences in saturation temperature and velocity staying below 
-25°C and 0.8 m/s, mpectively. Pressure and cooiant temperature at the exit of the lower core hot 
channel are compared in Fig. 35. nK deviations between the two models are within 5°C and 
0.05 MPa for the ternperatwe and the pressure, rwpeictively, at the time of the closest approach of the 
FE limit ratio. 

~alues wen used m the remaining CMapaTjsOIfs. 
7he two models compare satisfactorily in the FE thermal limit ratio (see Fig. 32). A similar 

MOE detailed comparisonS in the key parameters that affect the F% thermal limit ratio a~ 

3.43 Discussion 

Some interesting observations between pressure and temperature at the lower core outlet shown 
in Fig. 35 call for special attention. As the power excuxsion occufs upon a positive reactivity step 
insertion, temperature rises, followed by the pmmre rise, as expected. After the reactor is scrammed, 
the temperahrre declines and is followed by the pressue decrease as evidenced by thbe mpective peaks 
predicted by ANSDM (both pressure and temperature peak at 120 ms). On the other hand, RELAP5 
pttdicts a higher fresuency for this pressure oscillation. Moreover, FUZLAP5 predicts a w i d  initial 
pressurization rate that peaks earlier than that of the temperature peak (pressure peaks at 90 ms and 
temperature at 130 ms). 

RELAPS predicts that an acoustic presfllre transient is transmitted mund the coolant system. The 
pressurization p~ocess in the system (illustrated in Fig. 36) is not threamm - gtoanypartofthe 
pmsure boundary because the maximum amplituude of pressure change is only -0.035 MPa. In this 
figure, time zero refers to the onset of the power excursion and distance is measured firom the core 
exit such that both ends of the x-axis refer to the core exit. Pressure change with respec€ to the initial 
steady state distribution is plotted at discrete times during the transient. At time zero, it is quiescent 
because there is no pressure disturbance. Soon after, the local pressure disturbance caused by the onset 
of power excursion inside the core begins propagating outward ups- and downstream of the core. 
At time 24 ms, the disturbance grows to about 5 kPa at the core exit because of a slow temperature 

Pressure increases around the coolant loop are not uniform during the power burst phase. 
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lipg. 35. Advanced Neutm Source dynamic modef vs RELABS comparfson in tht local 
pressure and miant  temperature fw the $0.80 reedvlty step acddent, 
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rise while the leading edge of the wave propagates a distance -35 m from the con: exit upstream and 
downstream (acoustic velocity of 1450 m/s x time of 24 ms = 35 m) as evidenced by a nearly 
symmetric pattern. The zone beyond 35 m is unaffected. As time progresses to 72 ms, the pressure 
ditsturb- p w s  to 33 kF% at the core exit and m k s  the center portion of the loop as indicated by 
relatively mall pressure changes. TRereafter, the waves lose their symmetry as a result of combined 
effects of diffemcts in flow resistance of cold and hot legs and hterferences from reflected waves. At 
96 ms. the pmm amplitude at the core exit peaks; however, at other locations in the system, the 
pssure continues to rise. The average pressure change from the initial steady state at any given time 
can be derived by integrating the carresponding a m  under each curve. Note that the depressurization 
process during the coofdown phase is not shown here, 

caused by the reactivity s t q  change is highly localized and the core outlet pressure depends not only 
on the local temperature effeds but atso onthe mass fluxes through the controlvolme, and the 
position of the acuustic wave. However, ANSDM assumes that the acoustic wave pmpagates at an 
infinite speed so hat the pressure disturbance , once cteated inside the core, mches everywhere in the 
system spontaneously. As a consequenoe, pressue (global rather than local) and temperatune mpond 
together. U the ANSDM predicted pressure d i s t u d  should bc plotted in the same graph (Fig. 36). 
every curve would appear as a horizontal fine. 

. .  RQLAPS predicts a -id rise and earlitrfan m pressure because the initial prwnmmn 





4. CONCLUSIONS AND RECUMMENDA"I0NS 

"he overall conclusion from this exercise is that RELAPS, ANSDM, and PRSDYN will give 
very sirnilat d t s  if the input parameters are the same. With respect to the transient events 
calculated in this report, there are no important differences in code eapabiiities, with the single 
exception that ANSDM does not capture the sonic limitation OD presssue wave propagation through 
the coolant system. This difference is significaat only in very rapidly opening pipe break events. 
Major conclusions aad recommendations are summuad * in the rotiowing sections. 

4.1 C0NCU)ISIONS 

The overall comparisons establish the fact &at P m of common input parametm (e.g., 
operating conditions, system amfiguration, correlations, QC.) is a prerequisite fix a sarisfactory 

expansion behavior bide accundators, 9nd prassuriZingnetdown systems are not apparent during 
normal operating conditions. For a successfbl cOmpaaisOn m transient results, the set of input 
parameters further requires ideaticat (1) initial amditiops r d t i n g  from the steadyatte opmting 
conditions, (2) pump OOaStdOWll charaderistics including shaft friction torque, (3) gas etxpaashn 
ch91.aeteristics inside accumulators, (4) preswuizingflecdown system modeling, and (5) safety 
protection systems (wcb as msor  locations, seasor delay time, s;etpoint, md reactivity profiles), and 
(6) other cbsracteristcs (such as beat capacity) that may inauence the transient. 

For the small LOCA amparhn (51 mmdiam break with wkns opening time at the CPBT 
outlet), it is &own that RELAPS and ANSDM pedhbns agree reasonably well in spite of minor 
moddhg diffetences, such as mdaliaion scheme apd friction corcd&ns. Nevertheless, the 
importance of using common pump coastdown charactetls . tics, letdown valve controlling logic, gas 
expansbnbebavior Wide accumulators, and break Opening Sonaation characteristics is immediiy 
recognized. 

results can be obtained if the same pump COaStdOWll dmwemt~ - 'cs, decay beat power, and gas 
expansion behavior within accumulators are assumed for RELAP!5 and ANSDM. Also, it has baen 
demonstrated that two FE margin minima exist. 'he first minimum occufs as the result of initial 
depressurization after the reactor is scrammad, and the second one ocum at the transition from the 
forced convdon to aaftual circulation much later in the transient. 

For the large LOCA comparison PEG break with lloosls opening time at PSVAW), it was 
demonstrated that two FE margin minima exist. me €irst minimum occurs as the resuit of initial 
depressurization after the reactor is scrammed. Whether the core can survive depcrsds strongly on the 
pressure sepsor location and sensor setpoint as well as the initial conditions. The second minimum 
occurs when the accumulator injection flow overwhdms the diminishing upward core flow afker the 
pump is tripped. 

Wy-state comparison. Nowever, modeling diff- in puap, d o w n  shamxaw * '=,gas 

For the etslltioo blackout accident cornpatieon, it bas baep. shown that satisfactory agreement in 

For the reactivity inseaion accident comparison (reac&ivhy step of $0.80), it is shown that 
matching the fission power requires an identical reactivity profile dong with BD identical scram 
mechanism. More importantly, it is shown that RELAPS can reproduce tbe acoustic transient during 
the heatup d cooldown cycle upon the reactivity step change. Although the acoustic phenomeaa 
affects the safety margin insignificantly in the reactivity r d t s ,  it significantly affects rafts for 
instantaneuus large break LOCAs because of the delay it introduces between event initiation and the 
initiation of the reactor scram by the hot leg pressure switches. 
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4.2 lREc0MMENDA"IONS 

Since the majority of differences noted throughout this study resulted from different model 
input param-, the single most important recommdation for future safety analysis is that the ANS 
Project should work on ways to ensure that the correct design data is conveniently available and used 
by analysts. 

0 t h ~  improVement to the ANSR t h d  hyctrpulic models (RELAPS, ANSDM, and 
PRSDYN) based on comparison findings is MIIIIlIIsvIzed * in Table 15. The following general 
recommendations can be applied to all models for further impmv~ents. 

Table 15. Improvement to the Mvoneed Neutron Source reactor 
thermd-hydraulic mod& based on comparison findings 

puuneca ANSDM'md PRSDYN RELAPS 

presglpe drop over tb corn 

Accumulator model 

m- 
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The reactivity pmfile has an important bearing in determining the power. It is recommended 
that a unified reactivity vs time table be used when updated information in total rod length and total 
rod wortfi becomes available. 

is recommended that the partition of the decay heat into various regions in core and noncore 
components must be revised and updated using, the mon: accurate ANSR-specific MCNP d r s  
calculaw by INEL after completion of the CSAR. 

cavitation occu~s, the reduced core flow could affect the safely margin. Thus, it is recommended that 
all models include a pump cavitation model based on the real ANSR pplmp performance c w e s  and 
net positive suction head ("SH) nquired data to assess ~~ effects on the safety margin and 
quantify the duration of cavitation 

SigTUficantly improved. 

conelation used in RELAP5 for ANSR flow conditions. Therefole, it is recommended that INEL 
examine and verify the m e  fitting of the colebrook conelation over various flow regions against the 
analytical expnession, as well as data, if possible. The final code implementation should be 
documented and released for fume &ty analyses. Achratly, the finat implementation, documentatian, 
and re1eaSe have already occud ,  and the updated version RHuAps/MOD3/vERsION8kO is 
operodiosral at ORNL. 

Accumulator performance affects the depressurization rate significantly. To improve the 
accumulator model to accommodattr, the thermal and hydraulic effects of the isothermaliza, it is 
rec~mmended that a lumped-parameter model using RELAPS control variables or o&r methods be 
developed. This model will represent the basic gccumulatoT phenomena and reduce the accumulator 
behavior to a pnssure or flow rate boundary condition on the primary coolant system piping. 

During natural circulation. decay heat is critical m determining the survivability of the core. It 

Degradation of pump performame can be impomnt upon 011set of cavitation. Once pump 

If the following specific n!canmeradatim am incotponued, RELAPS analyses can be 

The discrepancy in pressure drop across the core appears to be causexi by an ill-fitted friction 

. 
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