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ABSTRACT accident. To assure long-term retention and cooling
As part of the effort to evaluate the -concept of the core melt within the ractor vessel, it is

of external passive cooling of core melt by cavity essential to demonstrate that the lower vessel head
flooding under severe accident conditions, a subscale remains intact and mechanically strong enough to
boundary layer boiling (SBLB) facility, consisting of accommodate the core melt. One viable means of
a pressurized water tank with a condenser unit, a decay heat removal is to make water available on the
heated hemispherical test vessel, and a data external bottom surface of the reactor vessel by cavity
acquisition/photographic system, was developed to flooding, as illustrated in Figure .
simulate the boiling process on the external bottom For most ALWRs, the reactor cavity could
surface of a fully submerged reactor vessel. Transient be flooded with water under severe accident
quenching and steady-state boiling experiments were conditions. With water covering the lower external
conducted in the facility to measure the local critical surfaces of the RPV, should the accident progress to
heat flux (CHF) and observe the underlying the slumping of core debris into the lower vessel
mechanisms under well controlled saturated and plenum, significant energy (i.e., decay heat) could be
subcooled conditions. Large elongated vapor slugs removed through the vessel wall.by boiling of water
were observed in the bottom region of the vessel on the vessel outer surface. Owing to the downward
which gave rise to strong upstream influences in the facing orientation of the heating surface, a two-phase
resulting two-phase liquid-vapor boundary layer flow liquid-vapor boundary layer flow would develop as a
alohg the vessel outer surface. The local CHP values result of the boiling process (see Figure 1). Because
deduced from the transient quenching data appeared of the formation of the two-phase boundary layer, the
to e very close to those obtained in the steady-state critical heat flux on the vesselouter surface could be
boiling experiments. Comparison of the SBLB data substantially different than those for conventional
was made with available 2-D full-scale data and the pool boiling on upward facing surfaces. In particular,
differences were found to be rather small except in a the local CHF value could vary spatially along the
region near the bottom center of the vessel. The heating surface because of the boundary layer flow
angular position of the vessel outer surface and the effect. Thus, to evaluate the concept of external
degree of subcooling of water had dominant effects cooling of core melt by cavity flooding, the local
on he local critical heat flux. They totally dwarfed critical heat flux for this unconventional boundary-
the effect of the physical dimensions of the test layer type pool boiling process needs to be accurately
vessels. deten-nined.

For the case in which the critical heat flux on
INTRODUCTION the vessel outer surface is higher than the local heat

In-vessel coolability of core melt is an flux from the core melt to the vessel wall, nucleate
important issue in addressing a postulated inadequate boiling would be the prevailing mode of heat transfer
core cooling event in nucleate reactors. In such an on the vessel outer surface. Thus the temperatures of
event, a significant amount of core material could the vessel wall could be maintained well below the
become molten and relocate downward into the lower vessel failure temperature. On the other hand, for the
head of the reactor vessel, as happened in the TMI-2 case in which the !ocal heat flux from the core melt to
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Figure 1. Schematic of the Boundary Layer Boiling Process on the Outer Surface of a Reactor Vessel.

the vessel wall exceeds the critical heat flux, investigated in the SBLB facility. Two different

transition to film boiling would occur on the vessel types of experiments, i.e., transient quenching and

outer surface. Under such circumstances, the steady-state boiling experiments, were conducted to

temperatures of the vessel wall could rise rapidly determine the spatial variation of the critical heat flux

toward the vessel failure temperature, and the on the vessel outer surface under both saturated and

integrity of the reactor vessel lower head could be subcooled boiling conditions. The SBLB data so

severely jeopardized. obtained were compared with the CHF results

In spite of its importance, very few studies reported by Theofanous et al. 1994, 1995) and Chu

have been performed to determine the critical heat et al. 1994). In addition to the critical heat flux

flux fr pool boiling involving the formation of a measurement, now visualization was made of the

two-phase boundary layer on the heating surface. transient quenching and steady-state boiling processes

Most studies of critical heat flux for pool boiling, as to discern the underlying mechanisms for the

reviewed by Katto 1985) and Carey 1992), were occurrence of the critical heat flux.

conducted using heating surfaces that were too small

for a two-phase boundary layer to develop. The EXPERIMENTAL METHOD

works of Theofanous et al. 1994, 1995) and Chu et Subscale Boundary Layer Boiling (SBLB) Facility

al. 1994, 1995) appeared Lo be the only studies that The SBLB facility was developed

are relevant to the present work. Whereas specifically for simulating the phenomena of

Theofanous et al. employed a 2-D full scale slice to boundary layer boiling and critical heat flux on the

investigate the process of boundary layer pool boiling external bottom surface of a fully submerged reactor

on the reactor vessel outer surface, Chu et al. used a vessel. It consisted of four major components, i.e., a

torispherical vessel to study the boiling process. pressurized water tank with a condenser unit, a heated

In the present work, the boundary layer pool hemispherical test vessel, a data acquisition system,

boiling process on the outer surface of a heated and a high-speed photographic system. Figures 2 and

hemispherical vessel submerged in a water tank was 3 show the front and side views of the water tank with
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0 pressurized to 20 psig. Both transient quenching and
steady-state boiling experiments can be performed in

I too,, the facility under well controlled conditions.

9 A very important component of the tank that
needed to be properly designed was the vertical

A S guidance mechanism as shown in Figure 4 This
component allowed the tube connected to the test

r 10.001, vessel to slide freely in the vertical direction while
.00 5.00" keeping the tank leak tight. The tube was hollow and- - - - - - - - - - - it- - was used to position the test vessel below the water

lil
7.50" IiI level and to assure the vertical orientation of the test

45.00" T
'i� 17.50" ter level vessel. After the tube was slid to the desired position,T

11.001, I 0.'00-- :!I the o-rings around the tube were tightened by tuming
the outer nut, which pushed down against the upper

J.- -Iji J_ -.- brass cylinder placed on top of the upper o-ring. As a
35.00" 2

result, the two o-fings were, squeezed against the tube
A8.00" and the connection was sealed. When it was time to

3 010.4 move the tube again, the outer nut was loosened to
0.501, 3.001, D.25" allow the tube to move freely in the vertical -direction.

- - - - - - The guidance mechanism was part of the access hole

of the top cover, which was needed to mount the test

Icylindrical 'rank 7 Stopping Mechanism, vessels to the tube in preparing for a run. Power
2I leniapherical vessel A Harmile supply lines and thermocouples were connected to the
3Vic-ing Windo- 9 Prtmc Gage

4TWA C 10 Thermocouples wad Pa interior side of the test vessel through the hollow
5Tank Acen Hole Co Supply Una

6V.MkA G.;da-a Mechanism I I lmnw.;cn Hater tube.

The test vessel employed in the experiment
Figure 2 Front View of the SBLB Water Tank with was a hemispherical vessel made of aluminum having

Test Vessel. a diameter of 0.305m. The vessel was divided into

all its dimensions. The condenser was not included in
the front view so as to show the vertical guidance 12.00" 9

mechanism used to slide h test vessel vertically I I =:�
inside the tank. The condenser was used in the Dic-3.00- 2

experiment to maintain a constant water level inside
the tank and to measure the total vapor generation 6 Diu-8.00 3

rate. Two large viewing windows were placed on two
5.00-

opposite sides of the tank. One was used for the 4

photographic system along with light sources and the I.oter le�el

I )ic- 1.00other was used for additional lighting as deemed 22.50" -
Dio-22.00"

necessary. A small viewing window, located near the
top of the tank, was used to observe the water level 10.50" 42.00"

while the tank was being filled with water and to 35.01) .. ..... ..........
13

determine the location of the vessel inside the space I
(i.e., the air gap) above the water level. To heat the

17.50"

water to a desired temperature, the tank was equipped Diof4.00" 7

V-00"with three immersion heaters located near the bottom. 5

Thermal insulation was placed on the outside surface
of the tank that was not occupied by the three viewing
windows. This helped minimize the heat loss from I Lage Vimig wnd*- 7 VW-

the tank and allowed for better control of the water 2 S.01 Vic-i.g W.We. I Pip. Connection
3 C*.d,... 9 Conknee, A� Door

temperature during an experiment. Three 4 Condensate Return 10 I-asion fleme,
5 Drain I COW Wain Inlet

thermocouples were inserted through the tank wall to 6 Wata Inlet and Pretmim 17 Hot wale, Outlet

allow for the monitoring of the water temperature at iteii.r vice 13 Th.r,noe-pl. A-.9 Hole

different locations along the water column. The FigurcI SideViewoftheSBLBWaterTankwith

water tank was completely sealed and could be the Condenser Unit.
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presentation of the overall vents. The Eklapro video
system consisted of a motion analyzer, an imager, a
cassette conditioner and a TV set. Various settings in
the speeds of this video system were employed Lo

slopper
accommodate the boiling events taking place at
different heat flux levels.

Din-0.0381 rn Strawberry Tree ACPC-16 data acquisition
boards were installed inside an IBM personal
computer. These boards had a high noise rejection
integrating converter, which helped reject 50/60 Hz

slopmr AC power line interference when used in the low
noise mode. They were also capable of accurate cold
junction compensation and linearization for

Orsss cylinders thermocouple devices. The connections between the
ACPC 6 boards inside the PC and the
thermocouples embedded in the test vessel wall were

0.0162 m O.,igs accomplished by the use of Strawberry Tree T12
Weld

i terminal panels. These panels had a large isothermal
.777_17.11111z71177 plate with screw terminals for analog inputs and

digital input/output channels. The isothermal plate
Tani, access halt r attenuated temperature difference at the cold junction

0.0762 m connector. Each of these panels was precalibrated at
the factory with the ACPC-16 boards. These factory

Figure 4 Schematic of the Vertical Guidance calibrations were found to be satisfactory when the
Mechanism Employed in the SBLB thermocouple readings were checked against
Water Tank. thermometer readings at the freezing and boiling

points of water.
five segments that could be heated independently at In order to take full advantage of the speed
prescribed power levels. Heating elements were offered by the ACPC-16 boards, a program
placed on the interior side of each of these segments. DATACOL was written to monitoF- the thermocouple
The. heat flux level delivered to each segment was signals for the ransient quenching and steady-state
adjusted using power controllers. Subminiature boiling experiments. At the beginning of the
thermocouple probes with stainless steel sheathing program, the resolution, the number of thermocouples
were inserted through the interior side of the test to be traced, and the type of sensors used were
vessel inside the walls of the five segments at various declared. Then the program performed a calibration
locations of the hemispherical surface. The test of all the analog input channeln. The driver of the
vessel was attached to the hollow tube controlled by ACPC boards read all ffie thermocouple signals
the guidance mechanism through a pipe coupling. multiple times while storing the readings in its
The thermocouples and power supply lines embedded memory. At the end, all the data collected were
on the interior side of the vessel were connected to dumped into a file. In the transient experiments it
the nrumentation through the hollow tube. During was necessary to preheat the vessel to a desired
a run, the test vessel was suspended vertically in the temperature before quenching it into the water tank.
tank and positioned at a proper location suitable for To do this, a second program TEMPDIS was written
videotaping and photographing of the boundary layer to allow for the monitoring of the vessel temperature
boffing process. while it was being heated by displaying the vessel

A Minolta X-370 camera camera with a 70- wall temperatures at various locations on the screen.
210 mn zoom was used for direct photographing of This program scanned all the thermocouples once
the boiling events. The speed of the camera could be during a specified time period. Then the temperature
adjusted to a value as high as 000 frames per collected were displayed on the screen before the
second. Videotaping of the boundary layer pool thermocouples were scanned again.
boiling phenomenon was performing using a Kodak
Ektapro high-speed video system as well as a high Transient Quenching Experiments
resolution CCD video camera by Sony. Whereas the To prepare for a run under transient
former was used to observe te detailed events in conditions, the tank was first filled with water to the
slow motions, the latter was used to obtain a clear desired level. A pump was then used to circulate the
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water through a high grade filter. This was repeated boiling heat flux and the local wall superheat. The
several times until all suspended particles were local boiling heat flux was checked against the power
completely removed. The water was then heated to input to the local segment corrected for heat loss.
the boiling point and was allowed to boil for an Once the steady-state nucleate boiling data were
extended period of time to degas. When the water collected for given water temperature and heat flux
cooled down to room temperature, it was circulated level, the power supply to the heaters inside the test
through the filter again to remove any particles that vessel was discontinued. The system was then taken
might have precipitated during the boiling. After the apart, and the outer surface of the test vessel was
water had been conditioned, the outside surface of the polished with emery paper and -cleaned with acetone.
test vessel was polished with 220 emery paper and This was important to remove any fouling that might
cleaned with acetone. The vessel was then mounted have accumulated on the vessel surface during
to the vertical guidance mechanism by connecting it boiling.
to the hollow tube with the power supply lines and the When the critical heat flux condition was
thermocouple wires being inserted through the hollow reached in a steady-state boiling experiment, a further
tube. The various thermocouples embedded in the power input could result in local burnout of the vessel
vessel wall were connected to the terminal panels of wall. This was characterized by a sudden abrupt
the data acquisition system. The iunersion heaters increase in the local vessel wall temperature. To
were then turned on to heat the water to the desired protect the test vessel from any possible meltdown, a
temperature. In the meantime, the power supply lines power control system was used in the steady-state
were turned on to heat the vessJin the air gap above boiling experiments to discontinue the power supply
the water level and the program TEMPDIS was used to the heaters embedded in the vessel once a
to monitor the heating of the vessel by displaying the significant jump in the vessel wall temperature
vessel wall temperatures at various locations on a beyond a set point value was detected in the high-
computer screen. The power inputs to various heat-flux nucleate boiling regime. The power control
segments of the vessel were adjusted to assure a system consisted of a data acquisition system, a
uniform wall temperature distribution. This heating constant DC power source, a solid state relay, and
procedure was followed until the vessel temperature thermocouples to measure the vessel wall
reached 310'C. At this point, the computer was temperatures, as shown in Figure 5. The solid state
activated to start the data collection program relay had a low voltage side connected to the constant
DATACOL, and the test vessel was quenched in the DC power source, and a high voltage side connected
water tank. The stoppers on the hollow tube were to the variac: supplying power to the beater. To carry
preset in advance to allow the vessel to be submerged out the control strategy, a control routine was created
about 0.3m below the water level inside the tank. to collect the temperatures of the vessel wall at
Local boiling curves were deduced from the recorded several desired locations. These temperatures were
transient vessel wall temperatures.

Steady-State oiling Experiments
To prepare for a run under steady state

conditions, the water in the tank was conditioned in 7
the same manner as described above. The test vessel
was then polished and submerged about 0.3m below i Power Variac
the water level in the Lank. The power to each 6 2 Electric. Wire
segment of the vessel was turned on to give the 3 Test Vessel
desired heat flux at the vessel surface. In the 4 Ilemocouple Wire
meantime, the condenser unit was turned on and the 5 Solid State Relay

4 6 DC Power Source
program TEMPDIS was used to keep track of the 9 7 Terminal Panel
temperature distribution inside the vessel wall. The 8 IBM PC
thermocouple readings were used to determine 9 kC Power Supply
whether the system reached steady state or not. Once
it was decided that steady state conditions were I
achieved, the program TEMPDIS was terminated, 2 3

and the program DATACOL was executed to scan the
thermocouple readings for a specific period of time
and save then into a file. The recorded wall Figure 5. Schematic of the Power Control System
temperature distribution was used to deduce the local for the Steady-State Boiling Experiments.
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then compared to a set point vlue of 20011C, which local CHF values was about ±050 MW/rn 2 for
was much higher than the expected wall temperatures saturated boiling and ±0.075 MW/M2 for subcooled
characteristic of nucleate boiling in water. Wall boiling.
temperatures higher than 200'C could have only been
due to the occurrence of the critical heat flux. Under RESULTS AND DISCUSSION
normal operating conditions, the vessel wall Transient Quenching Phenomenon
temperatures would be less than 200"C and the digital Quenching of the hemispherical test vessel
input/output channel connected to the solid state relay was performed with water temperatures ranging from
would be closed. This allowed he high voltage side 90'C to 100'C. The rate of quenching was found to
of the solid state relay to stay closed and for the increase significantly with the subcooling level.
desired power to be delivered to the various segments However, the evolution of the boiling process with
of the vessel. When a wall temperature greater than time remained essentially the same for both saturated
200'C was detected, the digital 0 channel became and subcooled boiling. In all cases, three sequential
open. As a result, the low voltage side of the solid stages of quenching were observed. These are (i) the
stat ray was not powered anymore and the power initial stage of quenching during which the entire
supply to the heaters was discontinued. Based on the outer surface of the vessel was in film boiling, (ii) the
abrupt local temperature rise so detected, the local intermediate stage of quenching during which film,
CHF limit was determined. transition, and nucleate boiling occurred

simultaneously in various parts of the vessel outer
Data Reduction and Error Estimates surface, and (iii) the final stage of quenching during

An inverse heat conduction code was which nucleate boiling was the only mechanism for
developed to deduce the boiling data from the vapor generation on the vessel outer surface. A
recorded vssel wall temperatures. Fr the steady- schematic of the configuration of the two-phase
state boiling data, the code employed a constant heat boundary layer on the vessel outer surface observed
flux boundary condition on the interior side of the during quenching is shown in Figure 6 In the initial
vessel wall. The local wall heat flux was set equal to
the resistance heating delivered by the heating
elements embedded in the wall of each segment. For

the transient quenching data, the time variation of the note 11-hrb.0-1 ....
local wall temperature was used to determine the Q-thi.9 U.001.

change of the sensible heat of the local wall element.
Th� conduction inside the wall of each segment was
described by the conduction equation in spherical V.P� Fit.
coordinates. It was assumed that the wall temperature VW.

was symmetric with respect to the axis that passed
through the bottom center of the test vessel. Thus the (b) 0:

spatial variables were the radial location along the 13-I.Ph-1-1 .... I

depth of the vessel wall and the azimuthal angle along
the hemispherical heating surface. Based on these
assumptions, the conduction equation was discretized
using the finite difference method. An inverse heat CV-,, -d U1--bil)

conduction code was so developed as reported in the
thesis work of Liu 1995).

For both the transient quenching and steady-
.0,state boiling experiments, a selected number of runs

were repeated under the same set of conditions to C-I'd
S.K."

check the reproducibility of the data. In all cases, the
results obtained in two sparate runs under identical
conditions were found to be highly comparable, with T-rh- ... d.,y Lyl

the CHF values well within ±15%, which is quite
good for boiling data. The uncertainty in the
embedded thermocouple locations was ±0.001m, the Figure 6 Schematic of the Three Sequential Stages
maximum error in the temperature readings was of Quenching Observed in the SBLB
±0.1'C, and the maximum error in the calculated Experiments.
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stage of quenching, the ntire outer surface of the test vessel was submerged first in he wter tank, it took
vessel was covered by a vapor layer indicating the longer to quench than the rest of the heating surface.
existence of film boiling everywhere on the surface. When the water was subcooled, the time
The configuration of the vapor film, however, was not duration occupied by each of the three stages of
uniform but varied considerably along the surface. quenching was found to decrease substantially. In
Near the bottom of the vessel, the film appeared to be general, the larger the subcooling, the shorter was the
very smooth and stable whereas it appeared to be individual time duration. The rate of quenching
highly wavy and unstable in the upper portion of the depended strongly on the water temperature and was
vessel. This was due in part to the fact that the highly non-uniform over the -vessel outer surface.
bottom center of the vessel was facing horizontally Also, the dynamic behavior of the two-phase
downward. The local vapor film was very stable boundary layer changed not only with time but also
under the influence of gravity. This was not rue for with the spatial location along the vessel outer
the upper portion of the vessel which had relatively surface. Thrse observed phenomenon revealed that
large angles of inclination with respect to the the boiling characteristics, particularly the local
horizontal direction. Another factor was that all the critical heat flux, could vary significantly along the
vapor generated in the lower portion of the vessel outer surface of the vssel wall.
flowed upward along the curved surface. This
resulted in a significant increase in the vapor velocity Steady-State Boiling Phenomenon
as well as the film thickness in the upper portion of Steady-state boiling experiments were
the vessel. The local film Reynolds number based on conducted under both saturated and subcooled
the local vapor velocity and film thickness became conditions covering a wide range of heat flux levels
large enough to render the film highly wavy and up to the local CHF limits. In all cases, a two-phase
unstable. liquid-vapor boundary layer flow was found to

In the intermediate stage of quenching, the develop on the vessel outer surface as a result of the
vessel wall temperatures dropped below the minimum boiling process. Because of the formation of the two-
film boiling temperature and breakup of the vapor phase boundary layer, there were strong upstream
film occurred. However, changes in the boiling flow effects on the vapor growth and departure in the
regime from fm to transition and then to nucleate downstream locations. When the entire test vessel
did not take place uniformly over the vessel outer was heated uniformly at the same heat flux level, the
surface. Rather, transition boiling followed by the vapor size and shape along the hemispherical heating
occurrence of CHF first took place at the upper edge surface were found to vary significantly. For
(i.ei, the equator) of the vessel, with the rest of the saturated boiling, the vapor bubbles in the bottom
vessel outer surface still in film boiling covered with region were an order of magnitude larger than those
a vapor layer. The point of transition then propagated observed in the upper portion of the vessel. The
do�vnwarcl until it reached the bottom center of the vapor masses that formed in the bottom center region
vessel. Thus, all three regimes of boiling, i.e., were elongated and resembled a pancake having a
nucleate, transition and film boiling were observed to diameter varying from 10mm to 60mm, depending on
take place simultaneously in various parts of the the local heat flux level. On the other hand, the vapor
vesselin this intermediate stage of quenching. bubbles in the upper portion of the vessel were

After the point of transition reached the considerably smaller and almost spherical in shape.
bottom center of the vessel and the CHF took place Upon departure, the large elongated vapor bubbles
throughout the entire vessel outer surface, nucleate from the bottom center region of the vessel flowed
boiling became the only means of vapor production. upward along the heating surface while carrying away
The transient process entered into the final stage of the gowing bubbles in the downstream locations. As
quenching. In this end stage, most of the vapor a result, the nucleate boiling process in the upper
masses were generated in the rgion around the portion of the vessel depended strongly on the
bottom center while the rest of the vessel outer upstream flow conditions in the two-phase boundary
surface was non-boiling. The presence of vapor layer and could not be treated as a localized event.
bubbles in the upper portion of the vessel was mainly When the water was subcooled, the bubble growth
due to the upstream effect of the two-phase boundary and departure frequencies increased whereas the
layer flow. Eventually, vapor bubbles ceased to grow bubble sizes decreased substantially. The vapor
as the local wall temperature at the bottom center bubbles, especially those from the bottom center
cooled down toward the saturation temperature. It region, shrunk quickly after departure due to
should be noted that although the bottom center of the condensation in the subcooled liquid. Depending on

the level of subcooling, the bubble sizes could be an
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(a) Side V_ vapor masses appeared to be explosive and highly
chaotic. The characteristic frequency of the vapor

0 ejection cycle tended to increase with the heat flux
level. However, the frequency increased very slowly

Bested Demiyph"ical Vessel as the CHF limit was approached. A closeup view of

Study-State Boiling Cut the vapor slugs revealed the existence of a thin liquid
film, i.e., a micro-layer, underneath each elongated
vapor slug that was growing on the heating surface.
The small vapor masses that were generated at
numerous discrete locations (i.e., the nucleations

Elongated Vpor Sh.Z sites) on the heating surface weie fed in a continuous
De..dary manner to the large vapor slug through the liquid

film. Apparently, it was the thin liquid film
lb) Dttm Vic� underneath the large vapor slug that prevented ocal

dryout of the heating surface from occurring. Near
the local CHF limit. the characteristic frequency was
found to be approximately 4 Hz for the case of
saturated boiling. This implied that the vapor
ejection cycle was about 025 s in duration. Over
90% of this duration, the heating surface was covered
by the vapor slug. The waiting period was less than
10% of the cycle duration. At the bottom center of

Incipient Stage Expansion Stage Druktip Stage the vessel, only a single large vapor mass was present

in the local boundary layer region. On the other
hand, several large vapor slugs could be present in the

Figure 7 Side View of the Two-Phase Boundary local boundary layer region at the same time as
Layer and Bottom View of the Cyclic depicted in Figure 7 The local boundary layer
Vapor Ejection Process Observed in the thickness increased considerably from the bottom
Steady-State Boiling Experiments. center to the upper edge of the vessel.

The vapor dynamics and cyclic ejection
order of magnitude smaller han their sizes in the frequencies recorded in the bottom region of the
corresponding saturated boiling case. vessel at various heat flux levels were analyzed in

At high heat flux levels, a cyclic vapor slow motions. Results are summarized in Figure .
ejection process was clearly observed in the bottom
region of he vessel. Large elongated vapor masses, 5
being squeezed up against the wall by the local
buoyancy force, were found to grow rapidly on the 4
heating surface. The video record in slow motion 0%
revealed that the individual nucleation sites were
feeding the envelope of each large vapor mass. As 3
the vapor mass grew to a certain critical size, it was
ejected violently upward in all directions. The C,
ejected vapor mass formed a ring as it traveled 2
radially upward, with a new vapor mass starting to T�Ialer�lofflc

grow inside the ring. The ring was subsequently 1 0 < /D < 02

broken into several large vapor slugs due to the 0
diverging area of the vessel. The vapor slugs carried
away the local vapor bubbles but tended to bypass 0
those large vapor slugs growing on the heating Cf.0 0.1 0.2 0.3 0.4 0.5

surface in the downstream locations. As a result, Wall Heat Flux (MVV/m2)

large vapor slugs were present throughout the wo-
phase boundary layer on the vessel outer surface, as Figure 8. Variation of the Cyclic Vapor Ejection
shown schematically in Figure 7 Frequency with the Wall Heat Flux

As the heat flux level was further increased Measured in the Steady-State Boiling
toward the local CHF limit, the cyclic ejection of the Experiments.
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conditions. Typical temperature-time histories at
350 three separate locations of the test vessel recorded in

a transient quenching experiment are shown in Figure

300 I/D-0.35 9. In his figure, the azimuthal location is given in
Point terms of LID, where D is he total arc length (i.e., total

250 - Submergence I/D-0.50 heating length from the bottom center to the upper
I/D=0.75 edge of the vessel and the arc length (i.e., local

heating length) corresponding to the location on the
200 - vessel outer surface. Initially; the test vessel was

suspended in the air gap near the top of the water tank
150 - CHF Locatiow and thus it was cooling down very slowly by natural

convection. As soon as the vessel was submerged in
100 - T..'_=100 water, the cooling rate increased substantially,

marking the onset of the initial quenching stage. The
50 local wall temperature kept going down as the regime

0 5 10 15 20 of boiling changed from film to transition boiling in

Time (s) the intermediate stage of quenching. At the CHF

point, an abrupt decrease in the local wall

Figure 9. Typical Temperature-Time History temperature occurred marking the peak cooling rate.
Recorded in the Transient Quenching Consistent with he observed phenomenon, the
Experiments. location closest to the upper edge of the vessel

reached the local CHF limit first, whereas the one
No apparent changes in the vapor dynamics and closest to the bottom center reached the local CHF
cyclic ejection process were observed as the CHF limit last. In the final stage of quenching, the wall
point was attained. The vapor/liquid morphology and temperature gradually approached the saturation
the local flow behavior were essentially the same temperature of water. From these transient local
throughout the high-heat-flux regime up to the CHF cooling curves, the local critical heat fluxes were

point, although the characteristic frequency of the accurately determined.
vapor ejection cycle tended to increase with the heat Typical time responses of the local wall

flux level. Evidently, the CHF point is a continuation temperature following a step increase in the local wall

of. the nucleate boiling region and simply represents heat flux observed in the steady-state experiments are

the� upper limit of the high-heat-flux regime. shown in Figure 10. Curve (a) corresponds to the

Throughout the entire high-heat-flux region including case for which the final steady-state wait heat flux

the, CHF point, nucleate boiling is subjected to

Helmholtz instability. The conventional assumptions 170 150

that the critical heat flux is A peculiar point different

radically from the nucleate boiling regime and that

Helmholtz instability acts only. on the CHF point Curve (b)

causing a sudden collapse of the vapor removal path

are not valid for boundary layer pool boiling on the

vessel outer surface under consideration in the
160 - 140

present case. Rather, the occurrence of the local

critical heat flux is due to the depletion of the liquid Curve (a)

film underneath the elongated vapor slug on the

heating surface. It was based upon this new

observation that an advanced hydrodynamic CHF

model for boundary layer pool boiling was recently

developed by Cheung and Haddad 1997). 150 .130

0 20 40 60 so 100 120

Critical Heat Flux Data Time s)

The critical heat flux data were obtained by

performing two distinctly different types of Figure IO. Typical Time Response of the Local Wall

experiments, i.e., the transient quenching and steady- Temperature Following a Step Increase in

state boiling experiments. Both types of experiments the Input Power Recorded in the Steady-

were conducted in the SBLB facility under similar State Boiling Experiments.
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conditions. It was found that the nucleate boiling
heat fluxes at given wall superheats measured under

111) - T,� - 1 DO'C steady-state boiling conditions were consistently
(O O.) higher than those determined from the transient

quenching experiments, particularly at low heat flux
levels. This relatively large difference between the

%
%b two sets of data was probably due to the fact that

.1% there were some errors associated with the data0'P
105 7 deduced from the transient experiments in the final

stage of quenching. The vessel wall cooled down
very rapidly once the critical heat flux was reached.
Thus the time scale associated with nucleate boiling

Z� Steady-Statc Data in the final stage-of quenching was not large enough

0 -v=g DM for the transient heat flux to approach the steady-state
value. In spite of this, the difference between the

104 transient and steady-state data became smaller as he
5 1 50 100 500 heat flux level was increased. The local CHF value

T Tsa, (IC) obtained in the steady state experiments appeared to

be very close to those deduced from the quenching
data. The two sets of data tended to merge together

Figure I L Comparison of the Steady-State Boiling as the condition of critical heat flux was approached.
Data with the Transient Quenching Similar results were obtained under subcooled boiling
Results. conditions as reported by Haddad and Cheung

(1996).
was below the local CHF limit, whereas curve (b) The CHF data obtained in the SBLB facility
corresponds to the case for which the final wall heat under saturated and subcooled conditions are
was at the local CHF limit. Initially. the wall presented in Figure 12, where the local CHF lin-Li is
temperature was at a steady state. Following a step plotted as a function of the vessel outer surface
increase in the wall heat flux, the local wall
temperature rose rather gradually toward a new
steady-state value in case (a). On the other hand, an
abr upt increase in the oal wall temperature beyond
the set point was detected by the power control 1.2

sys�tem in case (b) which triggered the solid state %W 0.4 0.02 i e - O.DO70)1) W/M,

relay to cut off the power to all heating elements 1.0 I 0.0366T..

embedded in he test vessel. Thus by detecting an
abrupt jump in the wall temperature using the power
control system, the local critical heat fluxes can be 0.8

0accurately determined. It should be noted that in the

actual experiments, the wall heat flux at a given C�D

location was increased in an incremental manner. A +
2 0.6 -

very small step increase (e.g., 0.005 MW/m ) was Cy
employed as the local CHF limit was approached. o AT, - O C

The relatively large step increase (0-1 MW/rn') 0.4 A%, - 3 C
shown in the figure was used for illustration purpose. AT.. - 7 IC

The local CHF limits obtained by the 0 AT., - I O'C

transient quenching and steady-state boiling methods

were found to agree well within the experimental 0.2 0 15 30 45 60 75 90
uncertainties. They also compared satisfactorily with

those deduced from the nucleate boiling curves. O,

Typical results are shown in Figure 11 where the

nucleate boiling data obtained in the steady-state

experiments were compared with the nucleate boiling Figure 12. Correlation of the Local Critical Heat Flux

portion of the local boiling curve deduced from the Measured under Saturated and Subcooled

transient quenching data under saturated boiling Boiling Conditions.
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Comparison with 2-D Full-Scale Results
The CHF data obtained in the SBLB facility

1.4 are compared to the full-scale data in Figure 13 In
SBLB Data this figure, the local critical heat flux is plotted
- T.ter� 100 :C against the dimensionless location, VD, with the

1.2 T t 97 C
%: 93 C degree of subcooling as a parameter. The two solid

w& L.r 90 curves represent the ULPU data reported by
Theofanous et al. 1994, 1995) using a 2-D full-scale

1.0 slice of a reactor vessel as the heating surface. The
Subcooled Boiling with

Natural Circulation lower curve corresponds to the case of saturated
boiling without natural circulation whereas the upper

Ep 0.13 curve corresponds to the case of subcooled boiling

with natural circulation. The data point 'with an error

0.6 bars in it represents the CHF data reported by Chu et
al. 1994) using a orispherical heating surface. As

SNL can be seen from the figure, the small-scale and the
full-scale CHF data compare quite well among

0.4 aturated themselves, except near the bottom center of the
001 Boiling ULPU vessel. Specifically, the CHF data for'saturated

boiling obtained in the SBLB facility are similar to
0.2 those obtained in the ULPU facility (i.e., the lower

0.0 0.2 0! 4 0.6 0.0 1.0 curve) except near the bottom center of the vessel.

1/V The CHF data for subcooled boiling obtained in the

SBLB facility are also comparable to those obtained
in the ULPU facility (i.e., the upper curve). At the
bottom center ( = 0), the local CHF value for

Figure 13. Comparison of the CHF Data Obtained in saturated boiling measured in the SBLB experiments
the SBLB and the UPLP Experiments. was 04 MW/m 2 whereas it was 028 MW/m 2 in the

ULPU experiments. This difference was probably
due to the shape of the test vessels used in the SBLB
and ULPU facilities ki.e., 3-D versus 2-D) rather than

location, 0, measured upward from the bottom center the size of the vessels. The divergence effect, which
of the vessel with the level of water subcooling, could not be simulated in a 2-D configuration, was
AT,,b, as a parameter. In constructing this figure, the most important at the bottom center. Elsewhere, the

3 divergence effect was less important. As shown in
effect of subcooling was taken into account by using a Table 1, the CHF values measured in both the small-
linear function of AT b In doing so, the subcooled scale and full-scale facilities at locations away from

boiling data were found to merge nicely with the the bottom center were quite close. It should be
saturated boiling data. The spatial variation of the noted that for both the 2-D and 3-D cases, the critical
critical heat flux data was represented by a parabolic heat flux were strong functions of the spatial location
function using the least-square technique. A and the water temperature. The angular position of
correlating equation was derived accordingly as given the heating surface and the level of subcooling of the
below: water had dominant effects on the local critical heat

q 0.4 (I 0036 AT,b) flux. They totally dwarfed the effect of the physical
CHF dimensions of the test vessels.

[I 0021 - 0.007E))2 ] MW / M2 The SBLB data are further compared to
those conventional CHF data reviewed by Carey

where ATUb is the level of subcooling in degree (1992) in Figure 14. Two sets of conventional data,

Kelvin and the angular location measured from the one for spherical objects and the other for horizontal
bottom center of the vessel. The above equation cylinders, are presented in the figure. Both sets of
correlated all the CHF data within ±0% accuracy, data were obtained using small objects with diameters
which is within the experimental uncertainty of varying from a few millimeters to several centimeters

which were an order of magnitude smaller than the
±15%. hemispherical vessel employed in the SBLB facility.
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Table 1. Comparison of the Local Critical Heat Fluxes Measured at Various Test Facilities Under
Saturated and Subcooled Boding Conditions.

Local Angle Local Critical Beat Flux, MW/m2
of

Inclination' SBLB at PSU CYBL at SNL ULPU at UCSB

0 Saturated Subcooled Saturated Saturated Subcooled
Boiling Boiling" Boiling+ Boiling Boiling++

00 0.40 0.59 0.50 0.28 0.50

300 0.61 0.86 0.65 0 89

600 0.8s 1.05 A - -- 1.18

goo (.1.00) (1.35) 1.50- --- - I

O' corresponding to the bottom center and = 900 corresponding to the upper edge
of the test vessel
Pool boiling with a subcooling of 10 'C

+ Based largely on small-scale quenching data
++ Natural convection boiling with a subcooling of 14 C at the bottom center

No spatial variations of the critical heat flux were boundary layer flow behavior from two distinctly

reported in these conventional data. Only the overall different views.
averaged CHF values were reported for given sizes 2. Because of the development of a two-phase

and shapes of the heated objects. As can be seen boundary layer flow, a heated vessel could not be

from the figure, the averaged critical heat flux quenched uniformly in either saturated or

normalized by the value reported by Zuber 1954) for subcooled liquids. Rather, transition from film to
upward facing flat plate, is a strong function of the nucleate boiling first occurred at the upper edge

size of the heating surface only when the radius, R, of of the vessel and then propagated downward

the heated object is on the same order as the toward the bottom center. The rate of heat

characteristic bubble size, Lt. When the physical size removal was highly non-uniform from the vessel

of the heating surface is considerably larger than the outer surface and depended strongly on

characteristic bubble size, the critical heat flux is subcooling.

essentially independent of the size of the heated

object. Since the size of the test vessels employed in

the SBLB experiments was much larger than the

characteristic bubble size, the measured local CHF 10

values were weakly dependent upon the vessel size. Cm rey 1992)

This also provides an explanation for the finding that

the SkB data were comparable to the full-scale pbere

ULPU data.

CONCLUSIONS 7

Based on the observed phenomena and the Ho
critical heat flux data obtained in this work, h Cylin r

following conclusions can be made: SBLB Dau

I . Both the transient quenching and the steady-state

boiling techniques employed in the SBLB

experiments were effective in determining the

spatial variation of the critical heat flux for RJLb 10

boundary-layer pool boiling on the outer surface

of a heated hemispherical vessel. These two Figure 14. Effect of the Size of the Heating Surface
techniques also allowed direct observations of on the Critical Heat Flux.
the boiling events and the resulting two-phase

442



3. For steady-state boiling, large elongated vapor REFERENCES
masses tended to form in the bottom region of 1. Carey, Liquid-Vapor Phase-Change
the vessel whereas those in the upper portion Phenomenon, Hemisphere Publishing
were considerably smaller. In the high-heat-flux Corporation, 1992.
regime, boiling around the bottom center region 2. Cheung and K.H. Haddad, "A Hydrodynamic
of the vessel was cyclic in nature with violent Critical Heat Flux Model for Saturated Pool
ejection of large vapor masses or slugs from Boiling on a Downward Facing Curved Heating
underneath the heating surface. Throughout the Surface," International Journal of Heat and
entire high-heat-flux region including the CHF Mass Transfer, 1997 (In press).
point, nucleate boiling was subjected to 3. Chu, B.L. Brainbridge, J.H. Bentz and R.B.
Holmholtz instability. Simpson, "Observations of Quenching

4. The nucleate boiling heat fluxes measured under Downward Facing Surfaces," Sandia Report,
steady state conditions were consistently higher SAND 93-0688, 1994.
than those measured under transient quenching 4. Chu, J.H. Bentz and R.B. Simpson, "Observation
conditions. However, the local CHF values of the Boiling Process from a Large Downward-
deduced from the transient quenching data Facing Torispherical Surface," 30'h National
appeared to be very close to those obtained in the Heat Transfer Conference, Portland, Oregon,
steady-state experiments. This was the case 1995.
under both saturated and subcooled boiling 5. Haddad and F.B. Cheung, "Steady-State
condition. Subcooled Nucleate Boiling on a Downward

5. The critical heat flux was essentially independent Facing Hemispherical Surface," 31" National
of the size of the heating surface as long as the Heat Transfer Conference, Houston, Texas,
vessel was much larger than the characteristic 1996.
bubble size. The differences between the SBLB 6. Katto, "Critical Heat Flux," Advances in Heat
data and the UPU data were quite small when Transfer, Vol. 17, pp. 165, 1985.
compared at the same dimensionless downstream 7. Liu "Inverse Heat Conduction in a Segmented
locations of the vessel. The angular position and Hemispherical Vessel with Downward Facing
the water subcooling had dominant effects on the Boiling Boundary Conditions," M.S. Thesis,
local critical heat flux. They totally dwarfed the Department of Mechanical Engineering, The
effect of the physical dimensions of the test Pennsylvani State University, 1995.
vessels. 8. Theofanuous, S. Syri, T. Salmassi, 0.

Kymalainen and H. Thomisto, "Critical Heat
ACKNOWLEDGMENT Flux Through Curved, Downward Facing Thick

This work was supported by the U.S. Walls," Nuclear Engineering and Design, Vol.
Nuclear Regulatory Commission under Contract No. 15 1, pp. 247-258, 1994. '
NRC-04-93-061. 9. Theofanuous and S. Syri, The Cooling Limit of

a Lower Reactor Pressure Vessel Head,"
Proceedings of NURETH-7, 1995.

10. Zuber, "Hydrodynamic Aspects of Boiling Heat
Transfer," AEC Report, AECU-4439, June 1959.

443



444



SESSION VIII

GLOBAL TECHNIQUES AND
INDUSTRIALLY APPLICABLE

INSTRUMENTATION

1
445



446


