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ABSTRACT

HANARO is an open-tank-in-pool type reactor. Pool water is the only shielding to minimize the pool
top radiation level. During the power ascension test of HANARO, the measured pool top radiation level
was higher than the design value because some of the activation products in the coolant reached the pool
surface. In order to suppress this rising coolant, the hot water layer system(HWL) was designed and
installed to maintain 1.2 meter-deep hot water layer whose temperature is 5 °C higher than that of the
underneath pool surface. After the installation of the HWL system, however, the radiation level of the
pool-top did not satisfy the design value. The operation modes of the hot water layer system and the other
systems in the reactor pool, which had an effect on the formation of the hot water layer, were changed to
reduce pool-top radiation level. After the above efforts, the temperature and the radioactivity distribution
in the pool was measured to confirm whether this system blocked the rising coolant. The radiation level
at the pool-top was significantly reduced below one tenth of that before installing the HWL and satisfied
the design value. It was also confirmed by calculation that this hot water layer system would
significantly reduce the release of fission gases to the reactor hall and the environment during the
hypothetical accident as well.

1 . INTRODUCTION

HANARO is an open-tank-in-pool type reactor and has up-fiow forced convection cooling system.
The reactor located at the bottom of the pool, consists of four components: the inlet plenum supporting
the reactor tank and distributing inlet coolant, the lower grid plate holding fuel assemblies, the reflector
tank, and the chimney mixing coolant from individual flow tubes and bypass flow. About 90 percent of
primary coolant enters inlet plenum, flows through the flow tubes containing the fuel assemblies in the
core structure and exits through the two outlet nozzles which are mounted at the side wall of the chimney.
And the other 10 percent of the flow is branched to the bottom of the reactor pool.

At the design stage, it was supposed that all the bypass coolant which comes back to the bottom of
the reactor pool, flow into the top of the chimney and suppresses the core coolant in the chimney[l]. But
during the power ascension test, it was found that if the temperature of this bypass water was higher than
that above the chimney top, then it continued rising to the pool surface and pool top radiation became
much higher than the trip set point, 2.5mrad/hr.

To solve the pool top radiation problem, the radiation sources of pool water was analyzed and the
result showed that 24Na and 41Ar were the major sources[2]. 24Na is produced from the aluminum
cladding of fuel by 27Al(n,oc) reaction. In the case of 41Ar, the dissolved argon in the pool water is
activated by the reaction ^Arfa, y) 41Ar. It is released to the atmosphere in the reactor hall from the
surface of the reactor pool. These nuclides dissolve in the pool water and flow up to the pool top by
convection due to the unstable temperature distribution in the pool. Because the pool water is the only
shielding to minimize the pool top radiation level in HANARO, the hot water layer (HWL) system to
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maintain the pool surface water temperature higher than bypass water, was installed. The commissioning
of the HWL system was done and it showed that 1.2 meter thick hot water layer could be successfully
maintained. The pool-top radiation level, however, was not sufficiently reduced even after the operation
of the HWL system. To solve this problem, we made some efforts on the change of parameters which
might affect on the formation of the hot water layer. First of all, the operation mode of the heaters, which
are components of the HWL system, was changed. The original operation mode was that one heater
operated and the other one stood by. But it was changed to operate two heaters. This will help the hot
water layer form quicker and thicker. We also varied the flow rate of the bypass water and changed some
systems such as the hydraulic transfer system because these had an effect on the formation of the stable
hot water layer. After removing the factors that made the hot water layer unstable, the experiments and
analysis were performed to confirm the effectiveness of the HWL system.

This paper presents the description of the HWL system in HANARO, the results of the pool top
radiation during reactor normal operation after installation of the HWL system and the estimated result
of the effectiveness in case of hypothetical accident.

2. DESCRIPTION OF THE HOT WATER LAYER SYSTEM

2.1 Thermal design
The uppermost part of the reactor pool is continuously heated by the system and maintains a hotter

temperature than any part of the pool. In order to determine the necessary power of the heating unit, the
thermal design was performed. We estimated for the assumed depth of the hot water layer region all
possible heat losses by evaporation through the top surface, convection through the top and bottom of
layer, and conduction through the concrete wall. To compensate for the above heat losses, the electric
heater of 30kW was decided to be installed. To maintain the temperature difference of 5°C, nominal
mass flow rate was determined to be 1.44kg/s.

2.2 System function and component
The pool water is withdrawn at the elevation of 83.9m which is 0.6m below the pool surface. The

water, then, enters the pump, the ion exchanger, the heater and returns to the pool at the same elevation
as the extraction. The extraction and exhaust piping are located at the southwest and north side of the
pool. Normal exhaust water temperature is set at 40 °C. The system consists of electric water heaters, ion
exchangers, pumps and connecting pipes. For the uninterrupted operation, 100% load auxiliary system is
installed in parallel. The heating unit consists of five 6kW electric heaters using 440VAC. The
temperature of the water inside the water tank is controlled with a thermostat. The temperature setting
can be accessed by manual digital controller. A self-priming pump of 3HP is used for the system and its
head is 25mWg. The inlet and outlet of the pump are connected with 2 and 1.5inch pipes. Piping is
designed under ANSI B31.1 and the design pressure and temperature are IMpa and 100 °C. To avoid
back flow from the reactor pool in case of pipe rupture, siphon hole of 5mm diameter is prepared at the
elevation of 84m. Outside the pool the pipes are insulated with 40mm thick glass wool. An ion exchanger
will be installed between the heater and pump to purify the water in the hot water layer after the
experiments. The resin is protected by the 18-meshed screen at the top and bottom part of the exchanger.
The differential pressure across the exchanger is monitored for replacement of the resin.

3. The effectiveness of the hot water layer system

After the HWL system was installed, the distributions of temperature and 24Na activity in the pool
were measured[3]and the results are shown in Figure 1. The temperature was measured in the state of
reactor operation and shut down, while the activity was measured in the state of reactor operation only.
All measurements were performed in the four sides and center position of the pool along to depth. As
shown in the figure the HWL system makes 1.5m thick hot water layer below pool surface with

- 125 -



JAERI-Conf 99-006

Pool depth (m)

-Na~24 activity—H—Temp, distr ibut ion(Rx. Shut down) A Temp, distr ibut ion(Rx. Operation)

Figure 1. The distribution of the temperature and "Tsla activity in the pool
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Figure 2. Pool-top radiation level before and after installing the HWL system

temperature above 40 °C. Beneath the hot water layer, the pool temperature has a uniform distribution
throughout the pool during the reactor shutdown. In case of reactor operation, however, a rapid decrease
of the temperature occurred again near the top of chimney and then pool temperature under the chimney
becomes almost same as bypass water temperature. The water samples were taken at the similar position
as in the temperature measurement to measure 24Na activity of the pool. The 24Na is the major nuclide
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which makes the pool-top radiation high. During the reactor operation the 24Na activity level shows
reverse trend against the pool water temperature. The average activity of 24Na in the hot water layer is
about 12 Bq/cc, which corresponds to 1/30 of the bottom region activity. It was confirmed from these
measurements that most of the bypass water flows downward into the chimney, but little portion is going
up to the pool-top.

Figure 2 shows examples of the operation data of the pool-top radiation level. One was measured in
the power ascension test period at 20MW without the HWL system, the other was measured during the
normal operation at 20MW. These data were monitored by pool-top radiation monitoring system
mounted around the pool surface. The pool top radiation level increases after start up and saturates after
about one day. The radiation level was very high in the range of 13mrad/hr to 25mrad/hr before the
HWL system was installed. These values were much higher than reactor trip set point. And there were
many peaks during reactor operation. These peaks occurred when the bypass water temperature is higher
than that of chimney top. In this case, the reactor operator made bypass water temperature low by
controlling the secondary cooling system. After the HWL system was installed, the pool surface radiation
level was maintained in the range of 1.2mrad/hr to 1.7mrad/hr. The HWL system usually starts before
reactor start up and operates all the time during reactor operation and stop one day after reactor shut
down. The hot water layer plays an important role that the upper region of the chimney top maintains
higher temperature than bypass water and prevents the activated bypass water from rising to the surface.

4. The effectiveness of hot water layer system under the hypothetical accident.

The reactor pool radiation level under the hypothetical accident condition was estimated by a simple
calculation. For this purpose it was assumed that the whole fission products contained in a 36-element
fuel bundle are spread uniformly over the primary cooling loop at a moment of fuel failure. ORIGEN2,
isotope generation and depletion code [4], was used to estimate the total and individual activities of all
fission products within the failed fuel bundle after 180 MWD's burnup, and these values are used as
initial inventory of calculation. Total activity emitted from a failed bundle is 5.09 x 106 Ci including
about 40 % of very short lived (less than few seconds) nuclides and about 15 % of fission gases such as
krypton, xenon, and iodine. For the convenience of this calculation it was also assumed that the reactor
pool is divided into three regions; primary cooling loop (Region-1), reactor pool under the hot water
layer (Region-2) and hot water layer (Region-3), and that radioactive nuclides are exchanged only
through the boundaries between the two neighboring regions, and nuclide number density(i.e. pool
activity) is independent of the position within a region. According to this assumption, the changes of
number density of each fission product in each region are;

1 Mj =-mb{nx -n2)-nx
dt
dn •M2 = mb(nx -n2)-mx{n2 -n^)-n
dt

dn3
1V1 •y — ifl If l* II-, I ff-isuvj. •} i / /t^ i

dt 3 A 2 3^ 3 3 ^ 3

where «, , Ms : number density of a specific nuclide and total pool water mass of Region-/,

nrb : the mixing rate of pool water between Region-1 and Region-2,

mx : the mixing rate of pool water between Region-2 and Region-3,

X : decay constant of a specific nuclide,

n\ , Xk : number density and decay constant of the parent nuclide k in i-th Region
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These equations are easily solved by the finite difference method. The total mass of water in each
region isM, = 16100 kg,M2= 221000 kg, andM3= 106000 kg respectively. And mb is taken as 40 kg/s
which is corresponding to the flow rate of bypass water. The mixing rate between Region-2 and Region-
3 (mx) is determined as 0.067 kg/s by comparing the saturated pool-top radiation levels of the normal
operation with and without hot water layer. In the former study[5], the pool-top radiation level
concerning only 24Na was calculated using above equations and parameters, and compared with the
actual measured value according to elapsed time after reactor startup. The result showed well agreement
each other. This calculation based on hypothetical accident would give rather conservative result because
some factors are ignored, which make the pool-top radiation level high such as catch of fission products
by purification system or stagnation of fission gases inside primary cooling loop. Actually it is found that
the bulk of small bubbles which come out of the flow tubes do not float but flow through the outlet
nozzles.

Figure 3 shows the activity in each region depending on time. Within half an hour, nuclides with
relatively short lives decay out, after then the specific activities in Region-1 and Region-2 become to
equal and decay with very long lifetime. If the hot water layer does not exist, the pool-top radiation
would have the same trend as Region-2 and the radiation level would be about 70 % of Region-2
considering the mass of water in each region. Eventually after very long time elapsed the whole pool
water will have the same specific activity, the hot water layer can delay the increase of pool-top radiation
and reduce the release of fission gas to reactor hall and environment.
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Figure 3. Specific activity in the pool and primary cooling loop after accident

5. CONCLUSION

The pool-top radiation level was high in HANARO due to the floating of the highly activated bypass
water to the pool-top, which was not considered at the design stage. Although the radiation level at the
pool-top was higher than the design value, the occupational exposure was negligible because the
operational personnel stay at the pool-top for a short time and the radiation level is the values at 1.5m
below the pool-top floor. But it was necessary to reduce the radiation level below the design value,
2.5mrad/hr, which had been determined on the basis of ALARA(As Low As Reasonably Achievable)
philosophy. The hot water layer system in HANARO maintains the temperature of the pool surface
water higher than the bypass water temperature and prevents bypass water from rising to the pool-top. It
was confirmed by experiments and analysis that the HWL system drops the pool-top radiation level. The
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results of the accident analysis based on a fuel assembly failure show that the hot water layer reduces the
release of the radioactive gas and particle out of pool surface. To reduce the pool-top radiation level
further, the bypass flow rate was recently changed and then the pool-top radiation level maintains below
lmrad/hr. The ion-exchanger for the purpose of removing the radioactive nuclides has been added the
HWL system and has started operation from this year. The pool-top radiation monitoring system will
indicate the radiation level lower than lmrad/hr.
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