
. J che submitted manuscript has tin author~

.~ .Zn
,

d\

~y+k , MJqk /c? - WM3 ‘:”trm~~~Accordingly. the U. S. Government retains a

$ ~=- +>’ nonexclusive, rovaltwfre llmn* to Wbflsh,,

%$?$ e.

or reprcduce the publiifwd form of this
contribution, or allow otheix to do so, for

~cl , ~ 1$$$

~\

Decay Heat Removal by Natural Convection — The RVACS System*

~s

The most recent U.S. advanced liquid metal reactor designs, 1’2the advanced PWR design AP600,3

and the advanced Simplified Boiling Water Reactor4 have all given prominence to shutdown heat

removal by passive safety systems that rely on natural convection. This improves safety by making

the availability of shutdown heat removal independent of power availability. The potential

advantages of liquid lead or lead-bismuth as a coolant has recently renewed the interest in liquid

metal cooIed systems, including reactors and accelerator driven reactors.5sGIn PRISM,l the most

recent U.S. advanced liquid metal reactor design, decay heat was removed passively by the safety

grade reactor vessel auxiliary cooling system (RVACS). During operation of the RVACS, heat is

transferred by natural convection from the liquid metal pool to the pool-tank wall. From the pool-

tank it is transferred by radiation (mainly), and natural circulation of the argon gas in the gap

between the pool-tank and the containment, to the containment. Finally, it is transferred to the

atmosphere by the air flowing in the gap between the containment wall and a collector shell. This

work presents an analysis of the potential and limitations of the RVACS system for decay heat

removal in a liquid metal reactor system.

Because at this time design information on lead cooled systems is limited or unavailable, to assess

the performance of the RVACS system, analyses have been performed with sodium cooled reactor

designs and inferences are made for the lead cooled systems. In these analyses, designs varying in

power output from 470 MW(th) to 1575 MW(th) were considered and for the results presented here

the 1575 MW(th) design is used as a reference. Its main design features that are relevant to this

analysis are shown in Table 1.

In the RVACS system, the largest thermal resistance is that of the air flowing by natural convection

in the gap between the containment and the collector shell. The heat transfer coefficient of the air

in the gap can be improved by placing ribs on the walls of the gap.7 An optimization study was

performed to determine the optimum ribbed configuration. In this study, the peak cladding
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temperature during the decay heat removal transient was used as a measure of RVACS performance,

while the rib pitch, height and inclination angle were varied. For a rib pitch variation from 2.54 cm

to 25.4 cm, and a rib height variation from 0.32 cm to 1.6 cm, the configuration with the smallest

pitch, the largest height, and horizontal ribs gave the lowest peak cladding temperature. It has been

suggested that for economic considerations ribs should be considered only on the containment wall,

their pitch should not be reduced below 10.2 cm, and their height (height of weld bead) should not

exceed 0.64 cm. The configuration with a rib pitch of 10.2 cm and a height of 0.64 cm gave a peak

cladding temperature of about 50”C lower than that of an RVACS system with smooth air-flow

channel walls. Reducing the pitch to 2.54 cm would further reduce this temperature by 10‘C, while

increasing the rib height to 1.6 cm would reduce the peak cladding temperature by only another 4“C.

Finally, placement of ribs also on the collector shell reduced the peak cladding temperature by only

about 5 “C. Thus, the parameters dictated by economic considerations provide most of the benefit

(temperature reduction).

Expansion of the pool sodium during the decay-heat removal transient increases the RVACS heat

transfer area (increase in RVACS heated height). This results in a peak cladding temperature

reduction of 30”C (compared to that predicted if expansion is neglected). Accounting for the natural

circulation of argon in the gap between the pool-tank and the containment wall reduced the peak

cladding temperature by only 4“C.

Roughening of the containment wall, and accounting of sodium pool expansion, as well as of natural

convection in the gap between the pool-tank and the containment wall reduced the peak cladding

temperature from 723 “C to 639 “C. To fhrther reduce this temperature (desirable limit about

600°C), or to be able to remove the decay heat from a reactor with a higher power output, the heat

transfer in the gap between the containment wall and the collector shell has to be improved. Using

water (water boiling) instead of air in this gap would drastically improve heat transfer. The heat

transfer coefficient in this gap was artificially increased from the ribbed configuration value of 33

W/m20C to 400 W/m20C. The peak cladding temperature leveled off to about 596°C as this heat

transfer coefficient increased by a factor often. Avery drastic increase in the outer gap heat transfer

coefficient resulted in a small peak cladding temperature reduction. As the heat transfer coefficient
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in the outer gap increases, the overall heat transfer coefficient is controlled by the value of the

effective heat transfer coefficient of radiative heat transfer in the inner gap (pool-tank to

containment), h~. Figure 1 shows the latter coefficient as a function of the heat transfer coefficient

in the outer gap. For smooth RVACS walls h~ has a value of 86 W/m20C. As the temperature of

the pool-tank decreases (heat transfer coefficient of outer gap increases), hn~ also decreases and

levels off to a value of about 40 W/m20C. The peak cladding temperature can be further reduced by

either reducing the heat flux out of the pool tank (by increasing the heat transfer area), or by

improving the heat transfer in the inner gap. The heat transfer in this gap imposes a limitation on

the decay heat that can be removed by the RVACS.

A significant amount of the decay heat is stored in the large mass of the coolant in the reactor tank.

Compared to sodium, lead has about ten times larger density and about ten times smaller specific

heat. To store the same amount of heat in lead as in sodium, the volume of the reactor pool should

be about the same. This imposes more demanding requirements on the lead or lead-bismuth system

that has to support a ten times larger mass. Lead also has a significantly smaller volumetric thermal

expansion coefficient than sodium. This results in a smaller increase in RVACS heat transfer area

during the transient heatup.

In conclusion, this work shows that for sodium coolant the RVACS is an effective passive heat

removal system if the reactor power does not exceed about 1600 MW(th). Its effectiveness is limited

by the effective radiative heat transfer coefficient in the inner gap. In a lead cooled system,

economic considerations may impose a lower limit.
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Table 1. Design Data

Reactor Power, MWth 1575 MWth

Fuel Material U-PU-10% Zr

Cladding and Duct Material HT-9

Number of Pins per Assembly 271

Fuel Pin Diameter 7.50 mm

Cladding Thickness 0.56 mm

Pitch/Diameter Ratio 1.18

RVACS Heated Length 13.03 m

Stack Height 45.00 m

Sodium Tank OD 14.08 m

Containment OD 14.57 m

Air Flow Gap 0.15 m

Sodium Tank Thickness 0.032 m

Containment Wall Thickness 0.025 m
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