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ABSTRACT

A mathematical model is designed that simulates the dynamic behavior of the Advanced Neutron
Source (ANS) reactor. Its main objective is to model important characteristics of the ANS systems as they
are being designed, updated, and employed; its primary design goal, to aid in the development of safety
and control features. During the simulations the model is also found to aid in making design decisions for
thermal-hydraulic systems. Model components, empirical correlations, and model parameters are
discussed; sample procedures are also given. Modifications are cited, and significant development and
application efforts are noted focusing on examination of instrumentation required during and after
accidents to ensure adequate monitoring during transient conditions.







1. INTRODUCTION

The Advanced Neutron Source Dynamic Model (ANSDM) is a mathematical model that simulates the
dynamic behavior of the Advanced Neutron Source (ANS) reactor in a personal computer. The main
objective was to model important characteristics of the ANS systems as they were being designed,
updated, and employed. The primary ANSDM design goal was to aid the development of safety and
control features, but it also has aided in making design decisions for thermal-hydraulic systems. The
model has been modified to evaluate possible design changes, to study the performance of control
algorithms, and to support safety analyses. Significant ANSDM development and application efforts have
been focused on examining the instrumentation required during and after accidents to ensure adequate
monitoring during transient conditions.

The most important limitations of this model are:

* Point kinetics for the neutron dynamics in the core region. The power is distributed among different
components (i.e, upper and lower fuel elements, reflector, bypass region) based on steady-state power
fraction distributions that have been estimated for the specific ANS conditions. This is not such a bad
approximation because most transients result in a reactor scram within the first few milliseconds and
then the power is determined by a decay heat correlation.

* Incompressible flow. The model is limited to liquid-phase state; when a transient results in saturated
boiling, the simulation fails. Note that the core typically is damaged (owing either to critical heat flux
or to flow excursion instabilities) well before saturated boiling can be established; thus, this
approximation is fairly accurate except when acoustic wave propagation is a relevant effect such as
during large-break loss-of-coolant accidents (LOCAs).

 Single loop flow dynamics. All three active loops are simulated by one effective loop. Because of this
approximation, the model is not able to simulate imbalances between loops (e.g., we cannot model
directly the shutdown of one pump while the other two remain on). These imbalances must be
simulated by, for example, reducing the pump speed to 80% to simulate a one-out-of-three pump trip.

e Poor reverse flow model. The model fails to compute enthalpies properly if reverse flow is
established. Note, however, that reverse flow occurs only in the hot leg during large-break LOCAs,
and the hot leg enthalpy is fairly irrelevant during these transients. The reverse flow model in ANSDM
is designed to “ride through” short (i.e., a few milliseconds) flow reversals that may occur during
severe transients, which do not affect significantly the later evolution of the event.






2. MODEL COMPONENTS

The ANSDM has been programmed in the Advanced Continuous Simulation Language, giving it
fairly good flexibility of operation at run time. This model was designed for testing and defining control
and plant protection system design requirements; it also has been used to evaluate reactivity events in the
Conceptual Safety Analysis Report and other transient events to evaluate different design options. The
model is composed of a collection of modules, most of which are reused throughout the model.

2.1 CORE AND CORE PRESSURE BOUNDARY TUBE REGIONS

The power generation in the core is estimated from the addition of two components: (1) the core
neutronics (modeled using point kinetics) with delayed neutrons (including photo-delayed neutrons) and
(2) decay heat (based on an ANS-specific correlation).

ANSDM models the average channel fuel and coolant dynamics. The average channel determines the
average core outlet conditions. A single axial node is used for this calculation. The dynamics of the hot
streak of the upper and lower element are simulated separately from the average channel calculation. The
lower element is typically limited at beginning of cycle (BOC); the upper element, at end of cycle (EQC).
Thus, in our model we use the BOC axial power shape and hot streak factors for the lower element hot
channel and the EOC conditions for the upper element. The two hot channels are divided into up to
50 axial nodes (typically, we use 27) where local temperatures, pressures, and heat fluxes are estimated to
determine its margin to incipient boiling, critical heat flux, and flow excursion instability.

A single bypass region simulates the flow of heavy water that bypasses the fuel elements inside the
pressure vessel. This coolant is typically colder than the core outlet coolant such that when it mixes, the
vessel outlet temperature (which is computed dynamically) is lower than the core outlet temperature.

2.2 REFLECTOR REGION

A reflector region is modeled with a very simplified one-node approach. The reflector provides some
(but not much) reactivity feedback to the core owing to the direct neutron and gamma heating. ANSDM
does not model the reflector coolant systems. The main purpose of this node is to provide for an estimate
of the reflector temperature feedback.

2.3 COOLING SYSTEMS

Cooling system pipes are modeled, and they release heat to the appropriate surrounding light water
pools. Whenever parallel flows exists (i.e., multiple hot legs), ANSDM uses a single pipe with an effective
flow area and equivalent diameter.

Containment light water pools (i.e., the main reactor pool, the pipe chase pool, the heat exchangers
pool) are modeled. These pools take heat from the reactor piping according to their relative temperature
and based on natural convection heat transfer coefficients. The heat exchanger pool also cools the
emergency heat exchanger secondary side by natural circulation.

The main heat exchanger is modeled with the primary flow in the shell side and with the secondary
flow in the tube side. Heat transfer characteristics are adjustable by varying the tube diameter and surface
area; typically, values include a fouling heat transfer resistance factor.
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The emergency heat exchanger is modeled in series with the main heat exchanger. Primary flow is in
the shell side, and secondary flow is on the tube side. The shell side (primary) assumes “turbulizers” so
that the flow is never laminar regardless of Reynolds number. The tube’s diameter is designed to be about
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 connected to the heat
exchanger pool and allowed to flow 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 cube of the
speed. Pump coast-down is modeled based on a conservation of angular momentum,; the resulting
differential equation that is solved by the model is:

d n? - n?
2.2 (1)

dt T

where n is the pump rotational speed, n, is the desired equilibrium speed (e.g., n, = 10% if a reduction to
pony flow is desired), and t is the pump half speed time constant. The coast-down flow and pump head
are computed by scaling the characteristic pump curve using the calculated speed, n.

2.4 GAS ACCUMULATORS

The gas accumulator is assumed to follow the ideal gas law (P V¥ = constant). The default values in
ANSDM assume that the accumulators expand isothermally (i.e., y = 1.0), but a model parameter
(KGCGAC) can be changed to 1.4 for an adiabatic expansion. The initial gas-to-liquid ratio is such that
the liquid level will not reach the bottom of the accumnlator after the gas has expanded to the
depressurized condition; for a 2.0-MPa core outlet pressure, the liquid-to-gas ratio is 20 to 1.

2.5 MAKEUP AND LETDOWN SYSTEMS

The reactor pressure is maintained high by a makeup flow. The model simulates this flow with a pump
module (i.e., the pressurizer pump) with a suction in a constant pressure tank (i.e., the letdown system
tank). The makeup pump speed is maintained constant unless a coast-down (e.g., loss of off-site power) is
required. During normal operation the makeup flow adjusts itself to the system pressure (e.g., as the
system pressure lowers, the makeup flow increases). These changes, however, are not sufficient to
maintain constant pressure. The pressure regulation is accomplished by modulating the flow through the
letdown valves. The letdown valves are modeled as a pressure drop with variable coefficient (according to
valve opening); the letdown flow is collected in the letdown tank. The model does not simulate the
low-pressure cleanup system, and this tank is assumed to have an infinite supply of D,0 such that makeup
can always be maintained. Makeup supply problems can be simulated at any time by tripping the makeup
pump that is simulated with a perfect (i.e, no reverse flow) check valve.

2.6 SECONDARY COOLING SYSTEMS
The secondary side of the ANS cooling system is represented by:

o the secondary side of the main heat exchanger in the tube side,



» the secondary hot leg,

* main cooling towers and the cooling towers basin,
» the secondary circulation pump, and

» the secondary cold leg.

All these components use approximations similar to those in the primary system.

2.7 CONTROL SYSTEMS
A preliminary control system, simulated in the model, includes:
* control rod position based on the measured power-to-flow ratio,
*  pressure control that actuates the letdown valve based on hot-leg pressure measurements, and
* core inlet temperature control that actuates on the secondary flow based on the temperature measured
at the heat exchanger outlet.
2.8 INSTRUMENTATION
Sensor dynamics are modeled as first-order lag systems. The required 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 requirements.

2.9 BREAKS

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 2
Wy = —t 22 PPy, @

where P, is the pool pressure, P is the system pressure, C, is the orifice coefficient (taken as 0.6 for a
sharp orifice), D, is the break effective diameter, and D is the pipe diameter.

Breaks are opened exponentially over a finite period of time, , following the expression

L2
D) =D, (e* -1 if0<tszt, €))

and

D@ =D, iftz1, C))
where D(1) is the effective break diameter, D, is the final break size, and 7 is the break time constant
(typically 250 ms). ANSDM does not model the compressibility of D,O such that the effective speed of

sound is infinite. Therefore, ANSDM cannot model fast-opening large breaks where the pressure
perturbations are large and speed-of-sound effects are relevant.






3. MODELS AND EMPIRICAL CORRELATIONS

This section documents the empirical correlations used in ANSDM. Unless otherwise stated, the units
for all correlations are SI, energy is in joules, temperature is in degrees Celsius, length is in meters, and
time is in seconds.

3.1 HEAVY WATER PROPERTIES

ANSDM uses the standard ANS D,O correlations that define some D,O properties required by
ANSDM as a function of known parameters. Appendix A documents the specific correlation parameters
and units used in ANSDM,; the actual FORTRAN Program used is shown.

3.2 FRICTION FACTORS

Appendix B lists the actual FORTRAN coding used to estimate the friction factor. Figure 1 shows the
friction factor calculated by ANSDM following a scram and complete loss of pumping power (i.e., natural
circulation). This section discusses some of the approximations used.

3.2.1 Turbulent Regime

In the turbulent regime (Re > 4240), ANSDM uses two different correlations to estimate the Darcy
friction factor: the Filonenko correlation in the core region and the Colebrook and White correlation for
the piping sections. If a relative roughness other than zero is input, ANSDM uses the Colebrook and White
correlation; otherwise, it uses the Filonenko correlation.

IC/ANS/F-95/09
0.14 4

0.12-
0.1
0.08-

0.06-

DARCY FRICTION FACTOR

0.04-

0.02-

T T T 1
100 1,000 10,000 100,000 1,000,000
REYNOLDS NUMBER

Fig. 1. Friction factor calculated by the Advanced Neutron Source Dynamic Model after
scram and transition to natural circulation.
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The Filonenko correlation used for ANS design applies to smooth surfaces. When a correction for
rectangular channels and coolant properties is included, the correlation takes the form.

7 - (p'b/pw)
¢ ] . 5)

1.0875 - 0.1125 (bs)
(1.82 logy,Re, - 1.64)

fD=

ANSDM does not use this form of the correlation. It uses the following approximation:

1.0836 . ©)
(1.82 logyyRe, - 1.64)

Ip =

ANSDM collapses both the upper and lower fuel elements into a single average channel; thus, it uses an
average of the span-to-gap aspect ratio (b/s) for the upper and lower elements, resulting in the term 1.8036,
which includes an average aspect ratio for both cores.

The last term in Eq. (5) is a correction proposed by Petukhov to account for the effect of heated fluids,
which have lower viscosity near the wall. ANSDM ignores this term to avoid the need for iterative
solutions that involve the fuel temperature. The effect of this term is fairly small. For instance, the core
average coolant outlet temperature is 85°C, and the average fuel wall temperature is 121°C. With these
numbers, the error introduced by neglecting the second term in Filonenko's correlation is about 7%
(ANSDM estimates higher friction than the actual one). This error is partly offset by the fact that ANSDM
estimates the pressure drop based on the outlet conditions of a single axial node in the core region. We
estimate the error caused by this single-node approximation to be about 10% (the friction factor at 85°C is
0.0174 and at 45°C is 0.0209; the average is 0.0191, or about 10% higher than ANSDM estimates). Thus,
ANSDM assumes that the 7% error introduced by ignoring the second term in Filonenko's correlation is
partially offset by the 10% error caused by the single-node approximation. The error caused by these two
approximations diminishes as the power is decreased (e.g., following scram). Because of these
approximations, the pressure-drop estimate accuracy in ANSDM is assumed to be £10% but is probably
lower owing to cancellation of errors.

In the piping region the Filonenko correlation is not applicable because the pipes have an appreciable
roughness factor, €. In this region ANSDM uses the Colebrook and White correlation. The friction factor
is estimated by direct iteration from the following implicit equation:

3.48 - 1.7372 ln[ €, 93

2D,  Re,[f /4

JHlA = 1 ) . 7

To initiate the iteration, ANSDM uses the Moody correlation as the initial guess:

1
o l4 = 0.001375[1 + 21.544( % . _199] 3 ®)

Re




3.2.2 Laminar Regime

In the laminar regime ANSDM uses the standard laminar friction factor correlation:

23.532
f = 4 . 9
L Re ©)

3.2.3 Transition Regime

To avoid possible numerical instabilities, the transition regime is modeled at Reynolds numbers lower
than 4240 by selecting the higher of two numbers: the laminar friction factor at the actual Reynolds
number or the turbulent friction factor at Re = 4240. This approximation results in a constant friction
factor for Reynolds numbers between 2300 and 4240. In this way, a smooth transition between laminar
and turbulent is achieved.

3.3 HEAT TRANSFER COEFFICIENTS
3.3.1 Core Region

Appendix C documents the actual FORTRAN coding for heat flux and heat transfer correlations. In
the fully developed turbulent regime (Re > 2300) ANSDM uses the Petukhov correlation to estimate the
heat transfer between the fuel plates and the core coolant. This correlation takes the form

k 18) Re, Pr, (n,/p, Y1
L VofS) Rep P (] (10)

© (1 +345) + ( 1.7 + ;ja) [T (P2 - 1)

In the laminar regime (Re < 2300) ANSDM uses a constant Nusselt number of 7.627 with a correction for
heated fluid. The actual correlation takes the form

i = 2 7627 (/P . an

3.3.2 Piping Region

ANSDM estimates the heat lost to the containment light-water pools. The heat transfer coefficient
inside the circular pipes is estimated using the following correlations:

k 0.079 ,/f,/8 Re Pr
hturbulmt = — 163 + 2 16 12
and D‘ (1 + Pro.8
by = Di 4364 . (13)

The heat transfer coefficient outside of the pipes is input manually, and it is maintained constant during all
transients.
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3.4 INCIPIENT BOILING

ANSDM uses an incipient boiling correlation based on local conditions at ihe hot spot. The correlation
used is that of Bergles and Rosenhow. The incipient boiling flux is estimated by iteration between the two
following equations:

0y = 09 x 17978 x 10 x PM1% x [18 (T, T, || 68857 | (14)
and

Op = h(Tw - Tb) , (15)
where h is the local heat transfer coefficient estimated using the Petukhov correlation.

3.5 CRITICAL HEAT FLUX

ANSDM estimates the critical heat flux (CHF) using the Gambill additive CHF correlation, the
Weatherhead correlation for CHF wall temperature, and the Petukhov heat transfer coefficient correlation.
The flowing equations are used:

o, -p,)% Pils T - T,
=018 k. p, |og——2|* |1 +|=2[ ¢ 22K | | 16
QPOOI fgpv( g pvz ] [Pj CP 0.8 hfg (16)
and
Qeit = Qo * 1 (Twall - Tbulk) ’ an

where % is the local heat transfer coefficient estimated using the Petukhov correlation, and T, (i.e., the
critical wall temperature) is estimated from the following equation:

0 1
=T, + {77 - 0127 T,) (-—“'—) 4 (18)

T
vall 3.1546E6

Because T, depends on the critical flux, O, the solution of the above equation requires an iteration
procedure. To initiate the iteration, T, is estimated without the Weatherhead correction using the
following equation:

T..=T., + 8496 - 0.1313 (T_, + 273.16) . (19
wall sat sat

3.6 FLOW EXCURSION

Flow excursion is a special case of critical heat flux that is caused by a flow instability rather than by a
change in boiling regime. ANSDM uses the Costa correlation to estimate this critical heat flux:

T ~ Tbulk) Vu

_
Qi =~ 128E-6 (20)




4. MODEL PARAMETERS

All model varjables are accessible at run time for display, and they can also be modified at any time.
In this way, different power levels or reactor configurations can be input at run time with simple “set”
commands that can be prepared in a command file for multiple uses or that can be input from the
keyboard. The variable nomenclature, thus, is important. This section describes this nomenclature, and
Appendix F lists all variables and their nominal values.

An ACSL variable name has up to six characters. In ANSDM the first one, two, or three characters
describe the type of parameter, and the last three or four characters describe the location on the model. For
example, the variable TCORO represents the temperature (variable type = T) at the core outlet (location =
CORO). Table 1 documents the interpretation of the first two characters, Table 2 documents the model
nodes (i.e., three character locations that relate to node-average variables), and Table 3 documents the
interconnection locations (i.e., four character locations that relate to node-boundary variables).

11
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Table 2. Interpretation of the node characters in Advanced Neutron
Source Dynamic Model variable names

Node Module® Description

TRA 1 Externally imposed transients

ANS 1 Main ANSDM module

DET 2 Detectors

CON 2 Controls

PPS 2 Plant protection system

SCRAM 3 Scram module

ICR 2 Inner control rod

OCR 2 Outer control rod

VES 2 CPBT and core region

REF 3 Reflector region

IPR 3 Inlet plenum region

COR 3 Core region

CPG 4 Core power generation

CDH 5 Core decay heat

CNT 5 Core neutronics

POI 5 Neutron poisons model

ACC 4 Average channel coolant

ACF 4 Average channel fuel

ACH 4 Average channel

BYP 4 Bypass

HCL 4 Hot channel lower core

HCU 4 Hot channel upper core

HLC 4 Hot channel lower core coolant
HLF 4 Hot channel lower core fuel

HUC 4 Hot channel upper core coolant
HUF 4 Hot channel upper core fuel

OPR 4 Outlet plenum region

CCs 2 Coolant cooling systems

CIL 3 Core inlet leak

CLR 3 Cold leg riser

COL 3 Core outlet leak

EHX 3 Emergency heat exchange

EPP 3 Emergency heat exchanger primary side
ESP 3 Emergency heat exchanger secondary
GAC 3 Gas accumulator

HLR 3 Hot leg riser

HXP 3 Heat exchangers pool

LDS 3 Letdown system

MCL 3 Main cold leg (horizontal part)
MCP 3 Main coolant pump

MCS 3 Storage (controls pressure dynamics)
MHL 3 Main hot leg (horizontal part)
MHP 3 Main heat exchanger primary side
MHX 3 Main heat exchange

MRP 3 Main reactor pool

MUS 3 Makeup system

PCH 3 Pipe chase pool

POL 3 Pump outlet leak module

SHP 3 Main heat exchanger secondary side
Scc 3 Secondary cooling circuits

CTB 4 Cooling towers basin

TCL 4 Secondary cold leg (tower to MHX)
THL 4 Secondary hot leg (MHX to tower)

“Numbers indicate parent module sequence.
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Table 3. Interpretation of the node interface characters in Advanced Neutron

Source Dynamic Meodel variable names

Node interface

Description

ACHI
ACHO
AREA
BYPI
BYPO

Average channel inlet

Average channel outlet

Accident reactivity

Bypass inlet

Bypass outlet

Core inlet leak at containment side

Cold leg riser inlet

Cold leg riser outlet

Core neutron flux

Core outlet leak at containment side

Core outlet at outlet plenum

Control rods (inner + outer)

Cooling towers basin inlet (hot leg)

Cooling towers basin outlet (cold leg)

Core gamma flux

Decay heat fluxes

Secondary cold leg at emergency heat exchanger inlet
Secondary hot leg at emergency heat exchanger outlet
Hot channel lower core inlet

Hot channel lower core outlet

Hot channel upper core inlet

Hot channel upper core outlet

Hot leg riser inlet

Hot leg riser outlet

Hot spot coolant

Heat exchangers pool coolant flow inlet (cold)
Heat exchangers pool coolant flow outlet (hot)
Inlet plenum outlet at core inlet

Letdown system inlet

Main cold leg inlet (at pump outlet leak location)
Emergency heat exchanger outlet (cold leg inlet)
Main coolant pump inlet

Main coolant pump outlet

Main cold leg at storage module outlet

Main hot leg at accumulator outlet

Main hot leg at letdown outlet

Main hot leg outlet

Main heat exchanger outlet

Main reactor pool coolant flow inlet (cold)
Main reactor pool coolant flow outlet (hot)
Makeup system outlet

Pipe chase pool coolant flow inlet (cold)

Pipe chase pool coolant flow outlet (hot)

Pump outlet leak at containment side
Reflector-core interface

Reflector inlet

Reflector outlet

Secondary cold leg at main heat exchanger inlet
Secondary hot leg at main heat exchanger outlet
Secondary cold leg inlet at tower

Secondary cold leg outlet at MHX

Secondary hot leg outlet at towers

CPBT inlet

CPBT outlet

Neutron poisons




5. SAMPLE PROCEDURES

Within the ACSL the user can define macros to execute procedures in a consistent manner. Appendix
D shows the standard ANSDM macro file (ANS.CMD) that defines the most common procedures that can
be exercised with ANSDM. In this we show and describe an example procedure to run a natural circulation
transient.

Either at ACSL run time or by loading a command file, the user defines the following procedure,
called natcir, that sets a transition to natural circulation by tripping the pump at the beginning of the
transient. The procedure is defined as follows:

proced natcir
set hvdprn=.true.
! Pry pump speed will be set to 0 (natural circulation) at time 0
set hvdprn= false.
action /var = 0., /val = 0., floc = znOmcp
p2off
end ! of procedure natcir

The first line defines the name of the procedure; this is further defined by the lines that follow and is
delimited by the end statement. Comments following an exclamation mark (/) are ignored. Variable hvdprn
is an internal ACSL variable that controls the high-volume display to the screen; it is originally set to .true.
to output the comment to the screen and then set to .false. to avoid unnecessary screen I/O. The action
statement instructs ACSL to set variable znOmcp (i.e., the main coolant pump speed setpoint) to zero (val
= 0.) at time zero (/var = 0.). The final statement p2off executes a procedure (or macro) that has been
defined previously in file ANS.CMD (see Appendix D); this procedure trips the secondary cooling circuit
pumps and resets the temperature control parameters.

To execute a transition to natural circulation, the user must invoke the natcir procedure and then start
the simulation. In ACSL run time language, the following steps are performed:

ACSL> natcir
ACSL> start

After the simulation is completed, the user may print or plot any of the variables that have been prepared

(or saved). Appendix D lists the standard variables prepared automatically by ANS.CMD. Appendix E
shows nominal operating conditions predicted by ANSDM.
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Appendix A
HEAVY WATER CORRELATIONS
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Appendix B
COOLANT-RELATED CORRELATIONS
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Appendix C
HEAT TRANSFER AND CRITICAL HEAT FLUX CORRELATIONS
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Appendix D

STANDARD MACRO DEFINITION FILE (ANS.CMD) FOR
THE ADVANCED NEUTRON SOURCE DYNAMIC MODEL
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Appendix E

NOMINAL ADVANCED NEUTRON SOURCE OPERATING CONDITIONS
PREDICTED BY THE ADVANCED NEUTRON SOURCE DYNAMIC MODEL
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Appendix F

LIST OF ALL ADVANCED NEUTRON SOURCE DYNAMIC MODEL VARIABLES
AND THEIR NOMINAL VALUES
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