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ABSTRACT:
One concept being considered for steam generation in innovative nuclear reactor
applications, involves water coming into direct contact with a circulating molten
metal. The vigorous agitation of the two fluids, the direct liquid-liquid contact
and the consequent large interfacial area give rise to very high heat transfer
coefficients and rapid steam generation. For an optimum design of such direct
contact heat exchange and vaporization systems, detailed knowledge is
necessary of the various flow regimes, interfacial transport phenomena, heat
transfer and operational stability. In this paper we describe current results from
the first year of this research that studies the transport phenomena involved with
the injection of water into molten metals (e.g., lead alloys). In particular, this
work discusses scaling considerations related to direct contact heat exchange,
our experimental plans for investigation and a test plan for the important
experimental parameters; i.e., the water and liquid metal mass flow rates, the
liquid metal pool temperature and the ambient pressure of the direct contact heat
exchanger. Past experimental work and initial scaling results suggest that our
experiments can directly represent the proper liquid metal pool temperature and
the water subcooling. The experimental variation in water and liquid metal flow
rates and system pressure (1-10 bar), although smaller than the current
conceptual system designs, is sufficient to verify the expected scale effects to
demonstrate the phenomena.
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BACKGROUND and PREVIOUS INVESTIGATIONS

Previous experimental studies have been conducted to provide measurements on direct
contact heat transfer and vaporization of cold, volatile liquid drops dispersed in a continuous
phase of hot liquid (Blair et al, 1976; Kinoshita et al, 1995,1997; Sideman and Gat, 1966;
Smith et al, 1982). Extensive data for the water/pentane pair were obtained by Sideman and
Gat (1966). A key measurement of these experimental studies is the evaporation zone height,
L, which is the approximate height of the continuous phase of the hot liquid needed for
complete evaporation of the injected dispersed liquid. This overall height, L, is related to the
overall volumetric heat transfer coefficient for the evaporation zone, Uv, by an energy
balance:

LAT' = (m"Ah)/Uv (1)

where m " is the mass flux of the dispersed phase, Ah is the change in enthalpy of the
dispersed liquid to vapor (primarily the latent heat of vaporization of the cold liquid), and AT
is the average temperature difference between the injected volatile liquid and the liquid metal
pool. This temperature difference between the two fluids is rigorously the log-mean
temperature difference (in this initial work we use the arithmetic difference). Basically Eqn.
(1) represents a method to determine Uv by measuring the overall height empirically for
volatile liquid flows and superheat, and correlating the observed results.

Measurements made by various investigators indicate that for low values of the mass flux, the
product of LAT is nearly constant (Kinoshita et al, 1995,1997; Sideman and Gat, 1966; Smith
et al, 1982). Similar behavior of the LAT product was observed for single-drop evaporation in
immiscible liquid media (Sideman and Taitel, 1964). If this constant behavior holds for
different mass fluxes of the dispersed phase (m"), Eqn. (1) would indicate that Uv is
proportional to m". However, as the mass flux increases one expects a flow regime transition
to a churn-turbulent flow pattern in the large liquid metal pool and these early investigations
may not be valid.

The data of Sideman and Gat do suggest this behavior for low values of m "; i.e., a bubbly
flow regime. The original Sideman and Gat data (Figure 6 of Sideman and Gat paper, 1966)
are reproduced in Figure 1. The volumetric heat transfer coefficient, Uv, is plotted against the
dispersed phase liquid volumetric flux, G4 (the term Gj is related to the mass flux m/'-'by
md"= Pdi Gd where pdi is the dispersed phase liquid density). In the experiments done by
Sideman and Gat (1966), the dispersed (pentane) and continuous (water) phases were in
countercurrent flow. Three curves are shown in Figure 1, corresponding to three different
volumetric fluxes of the continuous phase. The data for the water-isopentane system (Smith et
al, 1982), for the water-freon system (Blair et al, 1976), and for the Woods metal-water
system (CRIEPI Kinoshita et al, 1995,1997), though limited, are also depicted here for
comparison. The data of Sideman and Gat (1966) show that the volumetric heat transfer
coefficient initially increases with increasing volumetric flux of the dispersed phase. It
appears that Uv is almost proportional to Gd up to values of about 1.0 m3/hr/m2. Beyond this
point the heat transfer coefficient reaches a maximum and then decreases moderately for
higher flow rates of the dispersed phase. We currently attribute this observed behavior to a
transition region between a bubbly flow and a churn-turbulent flow regime (Kim et al, 2000).
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FIGURE 1: Effect of Superficial Velocity on the Volumetric Heat Transfer Coefficient
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SCALING CONSIDERATIONS

Clearly, the flow regime plays an important role in determining the heat transfer
characteristics and the evaporating zone height. It is well known that the interfacial area
concentration is reduced when a gas-liquid two-phase flow undergoes a transition from
bubbly to churn-turbulent flow. The maximum heat transfer coefficient exhibited in Figure 1
demonstrates this and mass transfer behavior in absorption/desorption show a similar effect
(Shulman and Molstad, 1950). It appears, however, that some observations are difficult to
explain based on flow region considerations alone. For example, the data of Sideman and Gat
(Figure 4 of Sideman and Gat, 1966) indicate that the LAT product is not constant for high
values of m", but increases with increasing values of AT, implying that the volumetric heat
transfer coefficient decreases with increasing temperature driving force. This trend cannot be
predicted by a simple consideration of flow regime transition. Further, the CRIEPI data of
Kinoshita et al (1995,1997) show that the LAT increases with increasing system pressure.
Again, this effect of system pressure cannot be explained by a consideration of flow regime
transition. Additional scaling considerations would be needed to account for these effects of
the temperature driving force and system pressure. Possible reasons may be the effect of
pressure on fluid properties or on the interfacial area for effective heat transfer (which could
decrease with increasing superheat), such as the dispersed droplet or bubble sizes.

To demonstrate the effect of system pressure on this multiphase flow let us consider a direct-
contact, control-volume analysis for bubbly flow at low void fractions; i.e., where individual
bubbles do not interact. Consider recent experiments by researchers at CRIEPI as the example
of this direct heat exchange. The work of Kinoshita et al (1995) at CRIEPI involved a direct
contact heat exchanger operated at elevated pressures with subcooled water injection. A liquid
metal bath (0.3m ID, L/D=l), composed of a lead-bismuth alloy was connected to an
electrically heated natural convection loop to simulate a direct contact steam generator. The
liquid metal flowed into the bath from below and exited at the top of the pool after it was
cooled by water injected through a central feedwater tube. This central tube was submerged to
a depth of about 25 cm. The experiments were conducted at an elevated pressure up to IMPa
with inlet feedwater flow of about 12 kg/hr and an inlet temperature of 372 K. The liquid
metal bath was at an average temperature of 500 K. The water was vaporized in this direct
contact heat exchanger and superheated to a temperature of about 462 K while the liquid
metal experienced a total temperature drop of about 5 K. The operating conditions of this
device are such that the vapor produced was at a low flux (<1 cm/s) and bubbly flow existed.

Our intent is to examine the effect of system pressure on the overall vaporization zone height,
and thereby the volumetric heat transfer coefficient. For this purpose, the operating conditions
from the CRIEPI experiment are used to demonstrate the effect. This phenomenological
model considers the injected coolant as a population of coolant droplets vaporizing into a
bubbly flow, with the following assumptions:

• The water jet fragments into individual droplets vaporizing into vapor bubbles,
• These droplets encapsulated in their vapor do not interact with each other,
• The major heat transfer resistances are located within the vapor and liquid metal.

The vapor bubble length scale for this analysis is given by a simple force balance to be
proportional to the Laplace constant for the bubble in the liquid metal. The largest stable
vapor bubble size would be given by the Rayleigh-Taylor instability analysis as:

Db ~ 2nA (2)
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where

A=[3<T/(Afg)f5 (3)

where <T is liquid metal surface tension, Ap is the density difference between the metal,
and the coolant, p ^ and# is the gravitational acceleration. For an isolated vapor bubble, the
terminal bubble rise velocity is given by

vo = 1.53(gDb)
0s (4)

The total vaporization zone height, L, needed to saturate, evaporate and superheat the coolant
is equivalent to the liquid metal pool depth. Thus, L can be subdivided into three regions of
subcooled water droplet heatup, Lsub, saturated water droplet vaporization, Lsab and vapor
superheating, Lsup:

L = *->Sub <~ Lsat "•" L>sup iy)

In the subcooled region, a thin vapor film may surround water droplets, as the liquid droplets
heat to saturation. The liquid metal depth needed to heat the water droplets to saturation is

Lsub = [PnVoDbCpnCTsat-TiJ]/[6(1- Owv)hsub(Tm - TsaJJ (6)

Here iXm, is defined as the water vapor void fraction, Tsat is the saturation temperature at the
system pressure, 7/« is the water inlet temperature, Tm is the liquid metal temperature and hsub
is the overall heat transfer coefficient between the water droplet and the bulk liquid metal
pool. This heat transfer coefficient, hSUb, is assumed to be dominated by the liquid metal heat
transfer resistance and is given by a general correlation for hm as

Nu = hmDi/km = 2+ U2Reb
0S PrJ'3 (7)

where the coefficient, 1.12, is determined by the slip boundary condition at the bubble
interface (Bang, 1988) and Reb is the vapor bubble Reynolds number and Prm is the liquid
metal Prandtl number. Using the experimental parameters from CRIEPI test data, yielded an
estimate for LSUb for the subcooled region that is less than lcm. For the saturated water
evaporation region, Lsat, the water droplets will produce a growing vapor volume, which
would increase the vapor-side heat transfer resistance within the bubble. If we assume that the
vapor void increases linearly along this depth, then an energy balance over this depth yields

Lsat = pyVoDbljg /[6hsat(Tm - TsaJ] (8)

where, the total heat transfer coefficient, hsat, is the inverse sum of the liquid metal heat
transfer resistance and laminar film boiling heat transfer, hfitm for spheres (Collier, 1972),

hsai^h^+hfih,;1 . (9)

Again using the CRIEPI test conditions, this analysis yields an estimate of about 10cm for the
. liquid metal depth in this vaporization region, consistent with Kinoshita (1995). For the
superheating section of the liquid metal bath, the vapor bubbles will continue to grow in size
as the vapor is superheated. In this case the major heat transfer resistances (hsup'1) occurs at
the liquid metal boundary layer, at the bubble interface and within the vapor bubble due to
transient conduction from the interface into the vapor. If one uses this as the total heat transfer
coefficient in an energy balance over this superheating length, Lsup, one obtains
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where

and

LSUp = /

"sup =

htrans =

hm-'

Uy/(i

DbCpv(TSUi

+ htrans

mt*>°-$

p ~*sa t)/[6hSUp(Tm-Tsat)J (10)

(11)

(12)

where htrans is the average transient heat transfer coefficient as the vapor bubble rises and Tis
the characteristic rise time of the bubble through the superheating section of the liquid metal
pool ( T = Lsup/vg). Using CRIEPI data results in an estimate of 10cm for the superheating
observed in the tests. This total evaporation zone height of ~20cm agrees well with data.

The effect of system pressure can be illustrated by variation over the test range; i.e., 0.1 -
IMPa. This is shown in Figure 2, for the case where the water subcooling and the vapor
superheat remain constant. One notes that as the system pressure increases by an order of
magnitude the vaporization zone height increases by more than a factor of four. This observed
behavior is caused by two competing effects. On one hand, the vapor density increases in
direct proportion to the system pressure causing the interfacial area concentration to decrease
for a given water injection flow rate, thereby, causing the zone height to increase. Conversely,
the heat transfer coefficients in the saturated and superheated regions (fifdm, htrans) increase
due to the increase in the vapor thermal conductivity and the vapor density. Figure 2 also
indicates that the transient heat transfer resistance (htrans1 noted by THTC) within the rising
vapor bubble is dominant compared to the liquid metal boundary layer resistance included
with htrans1 (THTC includes both thermal resistances as given in Eqn. 11).
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FIGURE 2: Effect of System Pressure on the Total Vaporization Zone Height
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One should note that the conditions for the CRJEPI data were in the bubbly flow regime with
a low coolant mass flow. These experimental conditions permit this phenomenological
modeling approach, whereas larger flows will cause bubble-bubble interactions and eventual
transition to a churn-turbulent region. These more prototypic conditions will require us to use
a more general drift flux approach and to benchmark the model by measuring the local area
concentration, in order to ascertain the local heat transfer coefficients. Thus, a more
comprehensive experimental effort with a supporting analytical approach is underway for this
range of conditions. In addition, the scaling analysis of our experiments can be compared to
proposed prototypic operating conditions and related design features for the innovative liquid
metal reactor being proposed by other researchers (Buongiorno et al, 2000).

STABILITY and IMAGING EXPERIMENTS

Figure 3 details a schematic of the Argonne test facility under construction that will be used to
study the stability and heat transfer of the water liquid metal system. As shown the apparatus
consists of a test section and associated components (e.g., water supply tank, condenser, water
collection tank, and melt vessel). The test section consists of a 4.5- in. OD, 3.75-in ED steel
pipe section (type 410 SS) with sidewall penetrations for thermocouples and pressure
transducers as well as for a water injection port. The top and bottom flanges of the test
section also have penetrations for melt transfer and water injection as well as for
instrumentation. Two identical test sections, each two feet long, were constructed, so the
combined test section has a maximum length of four feet.
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Figure 3: Schematic diagram of Argonne Lab stability experimental facility

The melt vessel is a 1-m long section of a Schedule 40, standard 4-inch pipe heated by band
heaters. It is located next to the test section. A mass of lead alloy will be loaded in this melt
vessel and melted and transferred to the test section. The test section and the melt vessel will
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be placed in a containment chamber as shown in Figure 3. The body of the containment
chamber is a 1.8-m long section of a 0.91-m O.D., 25-mm thick carbon steel pipe. The
containment chamber provides 1) blast protection from potential explosive interactions
between molten lead alloy and water, 2) environmental protection from lead alloy
contamination, and 3) the capability of conducting tests at elevated system pressures up to 1.0
MPA. The exhaust from the containment will go through a condenser before venting to the
atmosphere. The containment chamber may not be necessary for tests that will be conducted
under stable operating conditions. In this case, the test section will simply be ducted to the
condenser.

Figure 4 shows the schematic of the test section being constructed by the University of
Wisconsin to allow X-ray visualization of the water/liquid metal interaction and study the
vaporization length and heat transfer of the molten metal water system. The overall design is
similar to that of Argonne's consisting of test section, melt tank, water injection system, and
steam condensation/suppression pool.

Figure 4: Schematic of Wisconsin 2D Experimental Facility

The test section has been constructed specifically for the visualization of the 2D flow field
with a high energy X-ray imaging system. An improved technique based on the work of
Baker etal (1997) will be used to image water injection and vaporization in the metal alloy.
The test section is constructed out of 410 SS with inner dimensions of 18-in wide 4-in deep
and 72-in tall. A series of immersion 316 SS clad heaters will be placed in the test section to
maintain a temperature sufficient to keep the metal at the desired temperature during water
injection. They are offset to the side of the test section to allow a 7-in clear unobstructed view
of the water injection with the high energy X-ray imaging system. The melt reservoir has been
constructed out of 410 SS and will be situated on a force transducer balance to allow the
monitoring of the quantity of the liquid metal injected into the test section prior to the test.
The suppression tank is a 3501 pressure vessel that will condense the steam generated from
the direct contact evaporation of the injected water by the liquid metal. The whole
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experimental system is housed at the UW-Tantalus facility where it can be monitored
remotely by video and controlled via a LabView™ data acquisition code and other control
circuitry.

The University of Wisconsin and Argonne National Laboratory have been working
extensively together on the determination of the experimental conditions to be studied in the
above mentioned experimental facilities. The first series of tests will consist of defining the
stability envelope of the injection of the water into the molten metal. This will be done with a
single water injection nozzle (Figure 5) for the proposed conditions outlined in Table 1 at the
Argonne facility. At the same time experiments will be conducted in the X-ray imaging
facility at the University of Wisconsin to compare data to the CREIPI data. Table 2 shows the
parameters of the CREIPI data and the parameters scaled for our experimental apparatus.
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Figure 5: Schematic of water injector

Water mass flow rate
(g/s)

0.5 to 5.0

Melt Superheat
(°Q

50 to 400

Water Subcooling
(°C)

zero to 70

System Pressure
(MPA)

0.1 to 1.0

Table 1: Experimental Conditions for Stability Experiments
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Table 2: Experimental Conditions for Imaging Experiments

Continuous Phase

Continuous Phase Height

Dispersed Phase
Dispersed Phase injection

Injection Level
(From liquid metal free surface)

Injection Nozzle

Injected Water Flow Rate
System Pressure

CREEPI
Wood's metal

Tmelting = 345 K
p = 9700 kg/m3

0.3 m

Water
From top

0.1-0.2m

3 - 9 m m
Has no significant
effect on the reported
results

5.3-13 kg/hr
1-10 bar

Current Experiment
Lead

Tmelting = 600 K
p = 10,320 kg/m3

0.303 m

Water
From bottom

0.2-0.1 m

6mm

5.3 kg/hr
lbar

The second series of test will be conducted in the stable regime to study the heat transfer
characteristics of the direct contact liquid metal water interaction under a variety of
conditions. A selected number of tests will be performed at elevated containment pressures up
to 1 MPa to investigate the effects of heat transfer with pressure.

OBSERVATIONS and FUTURE WORK

One concept being considered for steam generation in innovative nuclear reactor applications,
involves water coming into direct contact with a circulating molten metal. In this paper we
described current results from the first year of our research that studies the transport
phenomena involved with the injection of water into molten metals (e.g., lead alloys). In
particular, we provided initial scaling considerations related to direct contact heat exchange,
our experimental plans for investigation and a test plan for the important experimental
parameters; i.e., the water and liquid metal mass flow rates, the liquid metal pool temperature
and the ambient pressure of the direct contact heat exchanger.

Past experimental work and initial scaling results suggest that our experiments can directly
represent the proper liquid metal pool temperature (300-500C) and the water subcooling (0-
70C). The experimental variation in water flow rates (0.5-5gm/sec) and system pressure (1-10
bar), although smaller than the current conceptual reactor system designs, is sufficient to
verify the expected scale effects in bubbly and churn flow regimes to demonstrate the
expected phenomena.
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