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INTRODUCTION

Currently in the conceptual design stage, the Advanced Neutron Source Reactor (ANSR)
will operate at a high heat flux, a high mass flux, and a high degree of coolant subcooling.
Loss-of-coolant accident (LOCA) analyses using RELAP5 have been performed as part
of an early evaluation of ANSR safety issues. This paper discusses the RELAP5 ANSR
conceptual design system model and preliminary LOCA simulation results. Some previous
studies were conducted for the preconceptual design1*3.

The ANSR design features an axially split and offset core cooled by upward flowing heavy
water and is assembled from thin involute-shaped aluminum clad fuel plates and
cylindrical aluminum side plates. The core central region contains control rods cooled by
a portion of the heavy-water coolant flow. The core assembly is contained within an
aluminum core pressure boundary tube surrounded by a heavy water moderatortank. The
core inlet and outlet piping and the moderator tank are submerged in a light-water poo!.

The reactor cooling system features a single hot leg and multiple cold legs between the
reactor and the hot and cold leg distribution headers. Four coolant loops, three active and
one standby, are connected in parallel across the distribution headers. Each loop consists
of hot leg piping, a horizontal U-tube main heat exchanger, a horizontal U-tube
emergency heat exchanger, a centrifugal main coolant pump, and cold leg piping.

The submitted manuscript has been authored by a contractor of the U.S. Government
under contract No. DE-AC05-084OR21400. Accordingly, the U.S. Government retains a
nonexclusive, royalty-free license to publish or reproduce the published form of this
contribution, or allow others to do so, for U.S. Government purposes.

"Managed by Martin Marietta Energy Systems, Inc., under contract DE-AC05-
084OR21400 with the U.S. Department of Energy.



Emergency heat exchangers, cooled by natural circulation of pool water on the secondary
side, are placed in series with the primary heat exchangers. Primary coolant in both heat
exchangers circulates through the shell side for easier maintenance. Additionally, three
accumulators (gas pressurized liquid volumes), one per loop, are located between the
main circulation pumps and the emergency heat exchangers to decrease the system
depressurization rate in the event of depressurization transients.

Primary coolant system pressure is modulated through letdown valves and a pressurizing
pump system. Monitored by the core inlet pressure, the letdown flow is removed from
each of the heat exchanger inlet sides and circulated through a clean-up system and
returned to the pressurizing system by high head pumps. The injection point is located
at the common hot leg upstream of the hot leg distribution header.

A spectrum of LOCAs (76 mm-, 152 mm-, and 203 mm-breaks located between the core
inlet and the cold leg distribution header) was performed to understand thermal hydraulic
behavior and determine limiting break sizes. For the largest break, hot spot thermal limits
are encounted very early in the event before the accumulator can be activated, reactor
can be scramed, and main circulation pump begins coastdown. Because the closest
approach to burnout occurs within 30 ms after break initiation, results are presented only
in the first 200 ms and events which take place after that time are not discussed.

MODEL DESCRIPTION

The ANSR RELAP5 system model includes three major regions (see Fig. 1). The core
model (region 1) consists of the core halves, coolant bypasses, and a central hole region.
Core power is calculated using a point kinetics model with reactivity feedback from
coolant density change and control rod movement. Distributions of core power among the
various metal and fluid regions and uncertainty multipliers for the hot streak (1.14) and
the hot spot (1.31) are based on the preconceptual core design. Relative axial power
profiles in the average and hot channels are based on the 13 fuel loading design (an
internal designation representing a particular radial and axial distribution of fissile material
within the active fuel region) at the end of the cycle, which is the limiting condition under
steady-state operations*'5. A uniform aluminum oxide thickness of 13.17 jam is assumed
to be present on the fuel plates by selecting the maximum oxide layer present within the
hot channel after 14 days of operation.

The loop model contains four independent heat exchanger loops, three active and one
standby (region 2). The main and emergency heat exchanger models are adjusted to
provide correct flow rates and pressure drop characteristics at design conditions. The
single-phase homologous curve of the main circulation pumps was developed from three-
qi.adrant Byron Jackson design curves6 (model Ns 1840) and two-phase corrections were



based on Semiscale data7.

An open-loop representation of the letdown and pressurizing system (region 3) is included
in the model. In the design, primary system pressure is controlled through modulation of
the letdown valves. This is modeled using a specified letdown flow velocity. Trip sensor
locations, setpoints, and delay times remain the same as in the preconceptual design.
The accumulator model assumes a 2 m3 tank volume filled with 1.95 m3 of heavy water
and a 0.05 m3 nitrogen cover gas initially at the pool water temperature. These
assumptions are made so that an isothermal expansion of the gas bubble from the initial
state to atmospheric pressure would not result in emptying accumulator tanks.

In developing the model, each component within the primary loop was first calibrated
independently and then all were combined to form the full core/loop model. A steady-state
full power operating condition was established by iterative reinitialization until the heat
addition balanced heat rejection and all nominal operating conditions (such as core
power, core inlet temperature/pressure, and core pressure drop) are met. This steady
state was used as a starting point for the LOCA transients.

Execution of the system model was made with the RELAP5/MOD2 computer code8 on
an IBM RISC system 6000, model 320 workstation. The critical heat flux (CHF)
correlations existing in this version of RELAP5 were modified. For high mass flux (above
200 kg/m2 -s ), the Costa flow excursion model9 (used when subcooling is larger than 5
°C) is incorporated with the Biasi CHF correlation10 (used when subcooling is less than
5 °C); for low mass flux (below 100 kg/m2 -s), the modified Zuber correlation11-12 is
applied.

RESULTS AND DISCUSSION

When the break opened at 10 s, a depressurization wave propagated around the primary
coolant system from the break location. The depressurization (Fig. 2) wave reached the
core outlet within 15 ms. This delay agrees reasonably with the 10 ms required for a
wave to travel the 15.6 m from the break point to the core outlet at an approximate sound
speed of 1540 m/s. The declining core outlet pressure first resulted in accumulator
injection at about 14 ms. The letdown flow was isolated at roughly 17 ms upon a low core
inlet pressure trip. For the 203 mm break, the CHF was exceeded at about 26 ms. A
reactor trip signal on low core exit pressure (1.68 MPa) was generated at about 20 ms
but scram rod insertion did not start until 80 ms because of a 60 ms delay due to sensor
and mechanical factors.

Events taking place after 200 ms for the 152 mm break are included for completeness.



The main circulation pump began coastdown at 5 seconds, the accumulator drained at
7 seconds, and the pump reached pony motor speed (15% of normal pump speed) at 15
seconds after the break opened.

The rate of pressure change within the break volume is determined by the sum of
incoming and outgoing mass flow rates across the volume boundaries. For this volume,
the incoming mass flows include three pump flows and three accumulator flows and the
outgoing mass flows are core inlet flow and the break flow. When the incoming flow is
less than the outgoing flow, the pressure in the volume decreases. When the reverse is
true, the volume pressure increases. Immediately after the break is initiated, the break
flow overwhelms the accumulators injection flows and a rapid depressurization results.
Soon after, the depressurization wave reaches the pump discharges and pump flow
increases. As a result, the cold leg pressure recovers, the break flow increases, and the
cycle is repeated until the oscillations are damped.

Break and total accumulator mass flows are compared in Fig. 3. For each break, the
accumulators do not become active rapidly enough to significantly slow the rapid
depressurization early in the transients. It takes about 14 ms after break initiation to begin
injecting flow into the system, while break flow begins immediately upon break initiation.
Consequently, it is suggested that relocation of accumulators closer to the break, rather
than increasing accumulator size alone, would shorten the reaction time and thereby
improve the system depressurization rate.

Temperature transients at the hot spot, located at the hot channel exit of the upper core,
are shown in Figs. 4 and 5. For the 152 mm break, wall temperatures exceed saturation
temperatures by a maximum of only 30 'C at the times of 26 ms and 140 ms where
insignificant voiding occurred as seen in Fig. 6. On the contrary, for the 203 mm break,
the hot spot wall temperatures exceed saturation temperatures at about 26 ms and
continue to rise sharply when the CHF limit is exceeded by the local heat flux (Fig. 7).
During the post-CHF period, significant void generation at the hot spot occurs as shown
in Fig. 6. Interested readers should refer to the report by Fletcher and Ghan2 for
discussions of processes of void growth and collapse in the hot channel bounded by fuel-
and side-plates.

The hot spot heat flux, expressed as a fraction of Costa-flow-excursion-predicted values,
is plotted verses time in Fig. 7. The Costa correlation is linearly proportional to coolant
subcooling and the square root of velocity. For the 76 mm break, the fraction is calculated
to be relatively small, fluctuating around a mean of about 0.25. For the 152 mm break,
two peaks were observed with considerably greater values. The first and second peaks
with values of 0.75 and 0.95 occurring at times of 26 and 140 ms correspond closely to
the first and second core outlet pressure minima (see Fig. 2). The second peak shows
a higher value because a lower pressure leads to a lower saturation temperature, and



consequently a lower Costa prediction. This latter peak significantly reduces core thermal
margin. Contrary to the other two breaks, the 203 mm break displays a fraction exceeding
unity at 26 ms. At that time, the local heat flux exceeds the flow excursion limit and film
boiling is indicated by the rapid drop in surface heat flux and resulting sharp surface
temperature rise. Values above unity are not captured because of the sparse data plotting
frequency.

CONCLUSIONS

Three transient simulations, starting from 350-MW full-power conditions, were completed
for 76 mm-, 152 mm-, and 203 mm-breaks located between the core inlet and cold leg
distribution header. These calculations indicate that the ANSR conceptual design can
survive both 76 mm- and 152 mm- breaks, but flow excursion would be exceeded for a
203 mm break. This fuel damage occurs at about 26 ms, early in the transient before
scram insertion (initiated at about 80 ms) can reduce core power. Design modifications
to accelerate scram reactivity insertion or slow the depressurization rate by accumulator
relocation may eliminate the early fuel damage. Other design modifications involving
elimination of the cold leg distribution header, preferred direction flow orificing at the cold
leg connection to the core pressure boundary tube, larger accumulator surge lines, and
larger accumulators are under consideration and may also help to eliminate early fuel
damage.

REFERENCES

1. C.D.Fletcher, A.E. Ruggles, N.C.J.Chen, "Advanced Neutron Source System Modeling
Using RELAP5," Trans. Am. Nucl. Soc, 61, 385 (June 1990).

2. C.D.FIetcher.LS.Ghan, "Analysis of Loss-of-Coolant Accidents in the Advanced
Neutron Source Reactor," EGG-EAST-8700, Idaho National Engineering Laboratory (May
1990).

3. N.C.J.Chen, C.D.Fletcher, "Modeling Advanced Neutron Source Reactor Station
Blackout Accident Using RELAP5," 1990 Joint RELAP5 and TRAC-BWR International
Seminar, Chicago (September 1990).

4. N.C.J.Chen, G.LYoder Jr., W.R.Gambill, "Advanced Neutron Source Reactor Fuel
Element Steady-State Heat Transfer Analysis," Trans. Am. Nucl. Soc., 61, 478 (June
1990).

5. G.L.Yoder et al.,"The Effect of Aluminum Corrosion on the Thermal Hydraulic Design
of the Advanced Neutron Source Reactor", National Heat Transfer Conf., (August 1991).



6. A.J. Stepanoff, Centrifugal and Axial Flow Pumps, 2nd ed., John Wiley & Sons, Inc.,
New York, 1957.

7. D.B.Collins et al., "Pump Operation with Cavitation and Two-Phase Flow," Proc. 4th
Western Canadian Heat Transfer Conf., Winnipeg, Manitoba (May 1972).

8. V.H. Ransom et al., "RELAP5/MOD2 Code Manual," NUREG/CR-4312 (EGG-2396),
Idaho National Engineering Lab. (August 1985).

9. J. Costa, "Measure de la perte de pression par acceleration. Etude de I'appartition de
la vapor et evolution de taux de vide en ebullition locale a basse pression",
Communication Presentee au Meeting du Group European Double-Phase, Winfrith, 1967.

10. L. Biasi et al., "Studies on Burnout Part 3 - A New Correlation for Round Ducts and
Uniform Heating and its Comparison with World Data," Energia Nucleare, Vol. 14, No.
9 (September 1967).

11. N. Zuber et al., "Hydrodynarnic Crisis in Pool Boiling of Saturated and Subcooled
Liquid," 2nd International Heat Transfer Conference, Paper 27, Denver, Colorado, 1961.

12. P. Griffith et al., "Counter Flow Critical Heat Flows" American Institute of Chemical
Engineers, Paper No. 25, 15th National Heat Transfer Conference, 1975.



PRESSURIZING SYSTEM (REGION 3)

hCZhOCZM

HZKMZH

I

I

I UPPER
i FUEL
1ANNULUS

i

!CORE L
I (REGION 1)

' LOWER
'FUEL
J ANNULUS
i
I
I

BREAK

•

t t

t

1 • 1

I

0nNl-DWG91M-2554nET0

LETDOWN SYSTEM (REGION 3)

HEAT EXCHANGER LOOP (REGION 2) 1 OF 3 ACTIVE

A = ACCUMULATOR
CLDH = COLD LEG DISTRIBUTION HEADER
EXH = EMERGENCY HEAT EXCHANGER
HLDH = HOT LEG DISTRIBUTION HEADER
MHX = MAIN HEAT EXCHANGER
P = PUMP

Figure 1. Nodalization of the RELAP5 ANSR
conceptual design system model.
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Figure h. Hot Spot: Temperature Response - 152 mm break.
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Figure 5. Hot Spot Temperature Response - 203 mm break.
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