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ABSTRACT
The GAMMA (Gap Apparatus against Molten Material Attack) experiments were performed using twodimensional (2D) circular slices employing the uniform heating method. The experimental facility consisted of a heater,
a pressure vessel, a heat exchanger and the pressure and temperature measurement system. Tests were carried out in the
pressure range of 0.1 to 1 MPa for the gap sizes of 1, 2 and 5 mm using demineralized water. In order to determine the
local wall heat flux and the wall temperature, thirty-eight Type-K thermocouples were inserted at eighteen locations
along the heated surface. The GAMMA 2D experiments were conducted to investigate the inherent cooling mechanism
in the narrow gap. The critical heat flux (CHF) took place at the bottom earlier than at the top. Symmetric two-phase
flows were not sustained in the 2D slice channel. There was thus a random flow pattern observed in the narrow gap
cooling. The bubble size for the case of downward-facing heating was greater than that for the upward-facing heating.
The counter-current flow limitation occurred due to transition from bubbly flow to slug and plug flow. The temperature
in the bottom region increases due to dryout in high void fraction. The reason is that coalescence and departure of the
isolated bubbles and slugs by the downward-facing heating are rather difficult to take place than in the upward-facing
heating condition.
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INTRODUCTION
Recent analysis of the Three-Mile Island Unit 2 (TMI-2) reactor accident in 1979 suggested that additional cooling
mechanisms not previously considered were present when the core melt relocated to form a continuous solid or partially
molten phase in a water-filled lower plenum of the reactor pressure vessel (RPV) [1]. A cooling mechanism due to
boiling in a gap between the debris crust and the RPV wall was proposed for the TMI-2 reactor accident analysis [2-5].
If there is enough heat transfer through the gap to cool the outer surface of the debris and the inner surface of the wall,
the RPV wall may preserve its integrity during a severe core melt accident.
The LAVA experiments performed at the Korea Atomic Energy Research Institute (KAERI) investigated the
influence of internal pressure load on the lower head vessel integrity along with the effect of the simulant materials on
gap formation [6]. In parallel, the VISU experiments at KAERI demonstrated that the heat transfer through the gap was
related to the counter-current flow limitation (CCFL) [7]. While relevant experiments are being carried out in the U.S.
[8] and Japan [9] as well as in Korea to understand the baseline heat transfer mechanism through the multidimensional
gap, the databank is quite limited and mechanistic predictive tools are yet to be developed. On the other hand, external
cooling of the RPV has drawn more attention than the complicated in-vessel cooling or gap-cooling [10,11]. The novel
COASIS (Corium Attack Syndrome Immunization Structure) technology is being developed as a prospective in-vessel
retention device for a next-generation light water reactor in concert with existing ex-vessel management measures at the
Seoul National University [6].
If the heat removal through gap cooling is pronounced, the safety margin of the reactor can be far greater than what
had been previously known in the severe accident management arena. Should a severe accident take place, the RPV
integrity will be maintained because of the inherent nature of degraded core coolability inside the lower head due to
boiling in a narrow gap between the debris crust and the RPV wall. As a defence-in-depth measure, heat removal
capability by gap cooling coupled with external cooling can be examined for the KSNP (Korean Standard Nuclear
Plant) and the APR1400 (Advanced Power Reactor 1400MWe) in light of the TMI-2 vessel survival.
Until now there have been only few experimental data for gap cooling in the hemispherical vessel geometry
excepting the CHFG experiments [12] and few studies on the critical heat flux (CHF) of the two-phase flow with
narrow gaps, especially with the hemispherical gap geometry.
To obtain a better physical insight into complex heat transfer situation, the GAMMA 2D (Gap Apparatus against
Molten Material Attack Two-Dimensional) experiments were performed to investigate the thermal hydraulic
phenomena dominating the gap cooling mechanism. The goal of these experiments was to find out the limits of heat
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removal within the range of heat flux with reference to gap size and system pressure. In this study, the experimental
results are presented with special focus on the critical heat flux in the gap.
THEORETICAL BACKGROUND
Since the gap size is of millimeter order, cooling mechanism through the narrow gap between the debris crust and
the RPV will most likely be governed by the CCFL or dryout. Therefore, it is important to identify the CCFL and
dryout characteristics in the narrow gap. Previous CCFL work centered about the entrance, inclination and gap effects.
However, the CCFL correlation applicable to the annular gap in the hemispherical geometry filled with debris is
nonexistent.
Although a great deal of studies on the CHF were carried out during the last decade, an exact theory of the CHF has
not yet been formulated. Since the CHF is a very complicated phenomenon, it is practically impossible to theorize an
exact model capable of explaining thoroughly the detailed mechanism of the CHF. However, there are at least two
primary models that are thought to be useful in explaining the CHF phenomenon, i.e. the hydrodynamic instability
model [13] and the macrolayer dryout model [14]. The CHF is a critical phenomenon in nucleate boiling involving the
dryout of liquid on a heated surface. It represents the upper bound of the excellent state of boiling where the heating
surface is wetted with liquid and the heat transferred to the liquid is absorbed by the latent heat of vaporization in the
immediate vicinity of the heating surface.
Widely accepted hydrodynamic CHF models have been developed by Zuber[13] for upward-facing surface heating.
The CHF for upward-facing surface is determined by the balance between the vapor generation rate and the critical
vapor escape rate. However, the CHF mechanism for a hemispherical geometry in the present study is different from
upward-facing surface heating. For the downward-facing boiling underneath the surface of a heated hemispherical
debris in this study, the buoyancy force and the surface tension force that act upon the vapor bubbles are not opposing
to one another. Fig. 1 depicts the conceptual sketches of the bubble behavior with differing heating methods [15].
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Figure 1: Conceptual Sketches of Bubble Behavior with Different Heating Methods

Cheung and Haddad [11] intended to establish a proper scaling law and develop a design correlation for prediction
of the CHF on the external surface of a large hemispherical vessel. A theoretical model was developed to predict the
CHF limit for a saturated pool boiling on the outer surface of a heated hemispherical vessel. The model considers the
existence of a microlayer underneath an elongated vapor slug on a downward-facing curved heating surfaces. Since the
thickness of the two-phase boundary layer in the external cooling case is nearly of centimeter order, Cheung and
Haddad’s model may not properly be applied to prediction of the CHF within the hemispherical gap in the range of
millimeters. In the CHFG experiments for the hemispherical narrow gaps performed at KAERI, the CCFL occurred at
the top end of the gap and prevented water from penetrating the gap. That is, the CCFL brought about local dryout and
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finally the CHF in hemispherical narrow gaps [12]. When top flooding occurs in a hemispherical narrow gap, the
maximum heat removal capability can be determined.
The CHF studies were also carried out in various gap geometries. Sudo and Kaminaga [16] and Katto and Kosho
[17] performed the CHF experiments in gaps of rectangular channels and horizontal plates, respectively. Chang and
Yao [18] carried out the CHF experiments with test sections of vertical annuls. Monde et al. [19] carried out an
experimental study of the CHF at 1 bar in vertical rectangular channels. Three different heating surfaces were used and
the gap size varied from 0.45 to 7.0 mm. Results of the ULPU-2000 experiment[10,20] indicated that the CHF was
influenced by the inclination angle. In this study, the CHF mechanism is assumed to be influenced by two factors, i.e.
the CCFL at the upper portion, and the downward-facing heating at the lower portion. Fig. 2 schematically shows how
the CHF mechanism may be interpreted from the experimental observation.
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Figure 2: Analytical Model for CHF Mechanism
EXPERIMENTAL APPARATUS AND CONDITIONS
The principal operating characteristics of the experiment loop used are summarized in Table 1.
Table 1. Major Experimental Conditions
Maximum thermal power (kW)
Operating pressure (MPa)
Flow channel dimensions (mm)
Radius of copper (mm)
Boiling method

54
0.1~ 1
Gap clearance: 1, 2, 5
width: 100
250
Pool boiling

If the CHF phenomena are experimentally studied with azimuthal angle dependency, the complicated enough heat
removal mechanism in the narrow gap can physically be understood. A series of experimental investigations of the
cooling mechanism in the narrow gaps, focusing on the CHF, were carried out utilizing the GAMMA 2D apparatus.
Fig. 3 illustrates the GAMMA 2D test loop consisting of rod heaters, a heat exchanger and a coolant control system.
The boiling tests were conducted in a closed loop at elevated pressures. The stainless steel pressure vessel was
manufactured to provide the gap sizes of 1 and 2 mm between the copper shell and the pressure vessel itself. The
experiments were performed using demineralized water. The heat generated by the rod heaters was removed in a heat
exchanger. The heat exchanger functioned as a system pressure regulator as well.
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The first step necessary to run the experiments is to purge the air accumulated in the closed experimental loop. The
air trapped in the closed loop will tend to deteriorate the heat transfer in the heat exchanger so that the water circulation
may be slowed down. Initially the heater power was maintained at a low level and the pressure was then set at a predetermined value. All the temperature readings were processed by a data acquisition system and carefully observed. If
the temperature readings were believed to reach a quasi-steady state, the heater power was increased in a stepwise
manner. When all the temperature readings increased monotonically, the heater power was cut off. The heat flux data
were taken at different power levels with the rod heater power increased in steps, allowing for a steady state to be
reached prior to data acquisition. The power was increased until temperature picked up. The CHF was calculated from
the input power of rod heaters just before the boiling crisis.
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Figure 3: Test Loop Schematic Diagram
The temperature of the heating surface as well as the heat flux across the heating surface was determined by means
of two K-type thermocouples of 1 mm in diameter located along the radial axis of the 2D slice heater copper block.
When the heat flux is compared with the electric input, it is found that the heat loss from the 2D slice heater copper
block is less than 10% of the total input. Fig. 4 demonstrates a diagram of the installed thermocouples in the 2D slice
heater copper block. In order to determine the local wall flux and the wall temperature, thirty-eight Type-K
thermocouples were inserted at eighteen locations along the heating surface as illustrated in Fig.4. The K-type
thermocouples were calibarated for a maximum uncetainty of ±1oC. At each location, the thermocouple beads were
epoxied into small holes which were precisely drilled with respect to each other and the heated wall. The temperature
data from thermocouples were obtained from the computer based data aquisition system mainframe of HP VXI-E8406A
functioned with the module of HP-1413C. Temperature readings were manually taken 10 times in a sec and this
information was filed by the HP-VEE5.0 measurment software.
The CHF was defined as the largest steady-state flux attained during testing. At the CHF condition, vapor covered
the heating surface essentially insulating it. Consequently, heat supplied by the cartridge heaters could not effectively be
removed by the liquid, but rather remained in the copper to cause a temperature rise and subsequent temperature
gradient decrease. Therefore, the CHF was detected during testing by an unsteady increase in the wall temperature
accompanied by a sudden decrease in the wall flux.
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The heating surface of the 2D slice heater copper block shown in Fig. 4 was lightly nickel coated to prevent from
becoming oxidized. Additionally, the heating surface was cleaned with acetone before the tests. The water in the
thermostat was deaerated by running the immersion-type heaters for at least an hour prior to reading data. Although this
study is focused on the quantitative investigation of the CHF, data were also obtained in the nucleate boiling regime
prior to reaching the CHF. Maintaining the thermostat of a saturated condition by using the pressure control device, the
heat flux of the heating surface was gradually increased through the catridge heater rods conrolled by the silicon
controlled rectifier (SCR). The surface tempreature behavior was monitored by HP-VEE5.0 and stored in the data file
format. While monitoring the tempreature, the CHF was determined to occur when the surface tempreature was not
sustained in a steday-state manner or escalated in a gradual slope. The CHF value was determined as the highest
average heat flux yielding a stable tempereature reading. The input to the heaters in the 2D slice heater copper block
was increased in increments less than 3% of each preceding heat flux until the point was finally reached at which the
surface temperature began to run away. At this point, the CHF was determined with an error of 0 to 5%.
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Figure 4: Thermocouples Installation in Heating Surface of 2D Slice Heater Copper Block
RESULTS AND DISCUSSION
For each experimental run to obtain the CHF value, the temperature curve was obtained. Fig. 5 presents the
temperature curve for the system pressures of 0.4 MPa. Fig. 5 indicates that the temperature at the bottom is lower than
at the upper region in the steady-state condition prior to the CHF. At the CHF, Fig. 5 shows that the temperature at the
bottom is rapidly increased. After the temperature at the bottom is increased, the temperature at the upper region is
successively increased. In this study, the temperatures are observed to increase successively from the bottom to the top
region in all the cases. Hence, the mechanism of the CHF for the 2D slice narrow gap is considered to be global dryout.
It was mentioned in the previous section that the CHF mechanism was assumed to be influenced by two factors, viz. the
CCFL in the upper portion, and the downward-facing heating in the lower portion. The increasing temperature in the
bottom region is due to dryout by downward-facing heating.
Although the local dryout occurred in this experiment, the dryout did not result from the CCFL, but rather from
downward-facing heating. However, in the CHFG test carried out at KAERI with a three-dimensional (3D) geometry,
the CCFL brought about local dryout and finally global dryout in the hemispherical narrow gaps. The freedom of
bubble motion at the bottom of the hemispherical geometry is greater than that of the 2D circular slice geometry.
Therefore, the CHF did not occur in the bottom region as is the case in this study. Increase in the gap size leads to
increase in the critical power. Fig. 6 displays results for the 1, 2 and 5 mm gap experiments with varyingpressure
conditions.
CONCLUSION
Boiling heat transfer experiments were conducted in the 2D slice gap as a first step to investigating the inherent
cooling mechanism in the narrow gap. In the CHFG experiments for the hemispherical narrow gaps and visualization
experiments performed at KAERI, the CCFL occurred at the top end of the gap and prevented water from penetrating
the gap. That is, the CCFL brought about local dryout and finally the CHF in hemispherical narrow gaps. However, the
starting point of the CHF in the GAMMA 2D experiment differed from the results of the 3D CHFG. The CHF took
place at the bottom earlier than at the top. Hence, the mechanism of the CHF in the 2D geometry with the narrow gaps
is not the CCFL, but rather the dryout. Symmetry was not be achieved about the vertical axis in the 2D slice channel.
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There was observed a random, erratic motion of two-phase flow in the GAMMA 2D narrow channel. The bubble size in
downward-facing heating was larger than in upward-facing heating. The flow limitation occurred due to transition from
bubbly flow to slug and plug flow. The increasing temperature in the bottom region was considered to be due to dryout.
The reason is that coalescence and departure between the isolated bubbles and slugs by downward-facing heating were
not sufficiently achieved according to the GAMMA 2D observation.

Figure 5: Temperature Behavior at Pressure of 0.4 MPa
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