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Downward Flow of Water with Entrained Air in a Nonuniformly Heated
Subdivided Annulus

B. S. Johnston and C. P. May
Westinghouse Savannah River Company
Aiken, South Carolina

ABSTRACT

This paper describes an experimental study in which water was fed to a
vertical annulus, entraining air in downward flow. The annulus was
subdivided by longitudinal fins into four subchannels and was heated
with an azimuthally varying heat flux. A bypass was provided to
simulate flow in parallel channels. For steady liquid flow, inlet
temperature, and pressure boundary conditions, the power was
increased until critical heat flux was reached. Overheating
characteristics were grouped according to the prevailing flow pattern.
In annular flows (jL < 0.3 m/s) overheating of the whole test section
occurs when steam production causes countercurrent flooding. In
intermittent flows (0.3 < jL < 0.9 m/s) the overheating is confined to a
portion of the hot subchannel. The mechanism is postulated to be
stagnation of a large bubble. In bubble flows (0.9 m/s < j) overheating
occurs by diverting inlet flow to the bypass and again involves the
whole test section. Except at the very lowest flow rates, critical heat flux
occurs when the effluent liquid temperature is below saturation.

Unstable operation of parallel heated channels carrying a two-phase flow is usually
discussed in terms of either the Ledinegg flow excursion or an oscillatory instability
(Boure et al, 1973). In the former, a heated channel may enter a regime of two-phase
flow in which the resistance to flow increases as the flow decreases. Flow is
consequently diverted to the other channels, and the starved channel may overheat.
Oscillatory instabilities are associated with fluctuation of the vapor content, flow,
pressure, and so forth among the various channels. This may lead to overheating,
as well.



This paper is also concerned with unstable operation and overheating in parallel
channels. The channels of interest, however, are necessarily vertical and are fed
water by gravity in such a way that air is entrained in a two-component, two-phase
downward flow. The flow discharges from the heated channels at the bottom of a
pool of liquid. Such a situation obtains in supplying emergency core coolant during
a major loss-of-coolant accident (LOCA) in some types of nuclear reactor.

In Savannah River Site reactors, the reactor fuel is contained in several nested
concentric tubes, which are separated by longitudinal fins and placed in an outer
housing tube. The reactor core comprises some number of these nested assemblies,
which are contained in a tank and cooled by downward flow from an upper
plenum. At late stages of the hypothetical LOCA, the coolant is expected to form a
pool in the upper plenum and flow by gravity through perforations in the outer
housing of each assembly. It would then fall within the housing as a heavy rain
until it reached the top of the fuel tubes. Here it would be distributed among the
parallel annular channels, where it would entrain air. The air/water mixture
would leave the bottom of each assembly into a common pool in the reactor tank.

The coolant must remove decay heat generated by the the fuel after the safety rods
have been inserted into the core. Core cooling thus depends on the distribution of
flow from the upper plenum pool into parallel assemblies, as well as the
distribution of the falling flow into nested channels within each assembly. Should
the coolant be prevented from entering at the top of any annular channel, there
exist alternate paths for it. Consequently, flow instabilities which interrupt the
delivery of coolant to a given channel will lead directly to overheating. Hence it is
hypothesized that reactor damage can be avoided by preventing flow disturbances in
the most limiting single channel.

The problem is then to examine a single heated annulus, fed by gravity with an
available bypass for flow. The outer tube of the annulus is heated; the heat flux
varies azimuthally to simulate unbalanced neutron flux in the reactor. The liquid
flow rate and the pressure boundary conditions are imposed on the heater.
Consistent with the context of parallel channels, the air flow rate is not set, but is
rather a dependent variable. The power is increased until the outer tube overheats.
Such information may be used to set appropriate limits on pre-accident reactor
power.

[}



BACKGROUND

Flow patterns for downward two-phase flow have been described by a number of
investigators [Golan and Stenning,1969, Oshinowo and Charles, 1974, Yamazaki and
Yamaguchi, 1979, Spedding and Nguyen, 1980, Barnea et al, 1982, Crawford et al,
1985]. These studies have primarily featured air and water at atmospheric pressure,
although Oshinowo and Charles [1974] used water-glycerol solutions and Crawford
et al. [1985] used refrigerant and its vapor. There is, of course, some variation in the
naming of flow patterns and the degree of discrimination invoked in description.
Similarly, the investigators disagree on the conditions for transition between
patterns, and how these are most effectively presented. However, the main features
may be described by designating three primary patterns of flow: annular,
intermittent, and bubble.

The annular flow pattern includes not only the sheared liquid film pattern which
is familiar by this name in upward flow, but also a falling film condition, as well.
Thus it exists at low liquid flow rates, whether gas flow is high or low. In eitner
case, the void fraction is high. The bubble flow pattern generally occurs at high
liquid flow rates. Neither Yamazaki and Yamaguchi [1979] nor Spedding and
Nguyen [1980] observed bubble flow. In the former case, this may have been because
the test section discharged into a gas space; in the latter case, relatively low
superficial liquid velocities were used.

The intermittent pattern between these extremes is less easily characterized, with
various investigators identifying slug, plug, froth, churn, intermittent, pulsating, or
oscillatory patterns. Although Golan and Stenning [1969] include the slug pattern
with bubble flow, the other investigators relate it more closely to the other
intermittent patterns. While slug (or plug) and churn flows are reasonably distinct
from one another in upward flow (see for example, McQuillan and Whalley [1985]),
this appears less the case for downward flow.

The studies cited above have all concerned tubes. There appears to be no data
available for downward flow in annuli, and certainly not subdivided annuli in
particular. However, Kelessidis and Dukler [1989] identified the same four basic
flow patterns for upward flow in an annulus that McQuillan and Whalley [1985],



among many others, did for upward flow in a tube. Hence, there is reasonable
expectation that downward flow in an annulus might show similarities to those
tube patterns discussed above.

Downward flow has been recognized as a cooling mechanism for vertical channels
with bottom blockage. Block and Wallis [1978] describe how overheating, or critical
heat flux (CHF), in such a channel may be related to flooding, or countercurrent
flow limitation. Saturated liquid flows into the channel and is vaporized in its
downward passage. Vapor flows upward; the highest countercurrent flows are
found at the inlet. To determine the heat flux at the point of flooding, heat and
mass balances on the channel are combined with the well-known flooding
correlation of Wallis [1969] to obtain
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where the empirical constant C is between 0.7 and 1.0. For a heat flux in excess of
this, the vapor produced cannot admit the necessary liquid. Flooding thus reduces
the liquid supply and the channel overheats. Because the mechanism depends on
flow limitation and not local heat removal, it is the total heat duty of the channel
and not the actual distribution of heat flux which determines the limiting criterion.
For subcooled fluid inlet, the authors made an empirical correction to the latent
heat of vaporization and obtained
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The heated channel is characterized in Equations (1) or (2) by its flow area, heated
area, and a characteristic length Dy,. Block and Wallis [1978] noted that several
alternatives to the conventional hydraulic diameter have been used. Osakabe and
Kawasaki [1989] proposed that data for flooding in the top of a rectangular passage is
best correlated in terms of the span of the rectangle instead of its hydraulic diameter.
This implies that the presence of fins in the rectangle can reduce the liquid flow rate
by reducing the effective span. Their data for an annulus implied that the annulus



is effectively divided anyway, so that actual fins in the annulus may not influence
the liquid delivery.

For a channel not closed at the bottom, countercurrent flow limitation may only
apply at the lowest flow rates. Mishima and Nishihara (1985) heated a downward
flow of water in a 2.4 1.v 40 mm rectangular test section. At the lowest flows, the
vapor would rise against the liquid flow. Overheating indeed occurred near the
entrance of the test section by countercurrent flow limitation; Equation (1) provided
a good lower bound to the data. At larger flows, the bubbles were suspended in the
test section, and overheating occurred over large areas. For these conditions, and
greater than 35°C inlet subcooling, the outlet liquid was also subcooled. At yet
higher flows, overheating was due to dry patches forming in a churn or annular
flow. It was noted that the liquid tended to flow near the unheated narrow sides of
the channel.

Mishima and Nishikawa compared a test section heated from both sides to another
heated from only one. For a given mass flux, overheating in the two-sided channel
occurred at about half the heat flux as it did in the one-sided test section. Thus they
inferred that overheating was not dependent on the distribution of heat flux, but
rather on the total power delivered to the test section.

Sudo et al. (1985) obtained CHF data for downward flow in a rectangular test section.
To correlate their data, they invoked the notion of flooding, Equation (1), with the
assumption that the liquid would be completely vaporized. This may be written
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which is Equation (1) added to a sensible heat balance. The authors noted an
oscillatory regime of downward flow, at unspecified liquid flow rate, in which vapor
moved alternately with and against the downward liquid. In subsequent work,
Sudo and Kaminaga (1989) determined a new flooding correlation for a rectangular
channel and used this with their earlier CHF data to derive a new CHF correlation.



Guerrero (1990) studied CHF for downward flow with entrained air in a uniformly
heated annulus. His apparatus featured a stainless steel heater and insulating fins
attached to an unheated inner tube. CHF was signaled by either a temperature
excursion or reverse flow of liquid into the air inlet lines. This latter condition was
observed at the lowest and highest flow rates. By contrast, at intermediate flows
only localized overheating was observed. Guerrero suggested that the condition of
overheating depended on the total power supplied to the test section instead of the
local heat flux. For all but the lowest flows, CHF occurred at subcooled outlet
conditions.

The CHF studies of Mishima and Nishihara (1985) and Sudo et al. (1985) indicate
that overheating may be expected at subcooled outlet for at least part of the flow
range. Further, they indicate that it is the total power which is important to
determining the CHF, and not the local details of the heat flux. This is consistent
with observations by Guerrero (1990) in two-component flow. For flow in gravity-
fed parallel channels particular attention needs to be paid to events which might
lead to diversion of flow. Guerrero in particular discussed how inlet flow was
disturbed at the inlet to the heated section.

P D RATI

Figure 1 is a schematic of the piping and loop instrumentation. Deionized water
was circulated from a centrifugal pump through a strainer and flowmeter to the
water distributor, shown in Figure 2. Here the water and entrained air flowed down
into the annular test section. Air was fed to the distributor through a water-filled
pressure regulator, which could be arranged for positive or negative inlet pressure.

The test section effluent flowed into four separator tubes for air disengagement, and
then to an adjustable standpipe. The water returned to a mixing tank and then
through a heat exchanger to the pump. The mixing tank served to damp out short
term fluctuations in flow and temperature. Also, by using a recycle stream from the
pump discharge, the temperature of the test section effluent was lowered to avoid
flashing in either the pump or the heat exchanger.

Since the apparatus was intended to represent a heater in parallel with others, a test
section bypass was provided. This comprised four pipe nipples pointing up at the
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inlet to the heater, connected through vertical pipes to the base of the separator
tubes. In normal operation, there was no flow in the bypass, as verified by observing
the transparent sections in the pipes.

The test section comprised an outer heater tube and a finned, adiabatic inner piece.
The fins separated the annulus into four subchannels, designated A through D. The
overall test section dimensions are given in Table 1. The equivalent diameter was
calculated considering the entire wetted surface and flow area, including that in the
narrow gap between fins and outer wall.

Table 1.
Test Section Dimensions
Inner housing OD 68.2 mm
Rib circle diameter 75.3 mm
Heater ID 76.2 mm
Heater tube OD (before flame-spray) 82.7 mm
Rib width 3.2 mm
Cross-sectional area (incl fin clearance) 863 mm?2
Hydraulic diameter (incl all surfaces of fins) 7.2 mm

The heater was made by a flame-spray process. An aluminum base tube was rotated
on a lathe bed, while a flame-spray jet traversed its length. The tube was first flame-
sprayed with a 0.08 mm thick layer of nickel/aluminum composite. This served as a
bonding layer for a subsequent 0.25 mm layer of aluminum oxide/titanium oxide.
Following this, a layer of aluminum, nominally 0.15 mm thick, was applied. The
aluminum layer actually varied in thickness with azimuthal position; this was done
by making a regular variation in the rotation speed of the tube. It was this final
aluminum layer which served as the heater, insulated from the rest of the apparatus
by the underlying 0.7 Mohm ceramic layer. The heat flux distribution per
subchannel, as percent of average heat flux, was A: 110%, B: 98%, C:90%, D: 102%.

Loop instrumentation included liquid turbine flowmeters, a thermal air flow meter,
and thermocouples for the inlet air, inlet water, and the effluent water. Voltage was
measured across the heater and calibrated shunts in the DCC power supply circuit.
Pressure taps were spaced at 0.6 m along the test section. At each axial station there
was one tap per subchannel. These were joined by a common impulse line to a
pressure gauge. Deionized water was used to purge the lines prior to reading.



Sheathed thermocouples were pressed against the heater wall for 24 mm, parallel to
the axis of the tube, before being led radially away. These thermocouples were
supported on a ring attached locally to the heater, and thus able to move with the
heater as it expanded. Other sheathed thermocouples protruded from the inner
housing and bent upward 12 mm into the fluid space, midway between the walls.
The heater and fluid thermocouples were arranged at 0.3 m spacing over the heated
length. Most of these axial stations featured one thermocouple in the center of each
subchannel. Two stations, however, featured three fluid and heater thermocouples
per subchannel, spaced at 22.5°; an additional four heater thermocouples were
deployed over the fins.

The data acquisition system comprised two microcomputers, each scanning 80 A/D
channels at 1 Hz. At each scan of the channels, calibration constants were applied to
the flowmeters, pressure gauges, and voltage measurements to produce quantities
in engineering units for display and storage. Scanning was done continuously for
monitoring; logging of data was done on demand. In a log file, each scan had a date
and time-of-day stamp; in addition, each scan read a millisecond timer to document
any variations and skips in the scan record.

In normal operation, the rig was run at a series of steady states until a condition was
found at which the tube overheated. A given inlet pressure and standpipe level, as
well as inlet temperature, were set. The liquid was circulated at a given flow rate.
The power was increased, usually in 2 to 3 kW increments, and the equipment
allowed to run for 10 minutes. At the end of this period, the instruments might be
logged, and the power was increased again. In the event of any wall temperature
rising to 250°C, the power was shut off as the instruments were logged. New flow,
temperature, and pressure conditions were set, and this process was repeated. All
data reported in this paper were taken with inlet at 45°C and atmospheric pressure,
and the outlet standpipe at 0, 0.9, or 1.8 mn.

Thermocouples were checked against flowing isothertnal water and condensing
atmospheric steam and found to read within #2°C of standard. The inlet
temperature measurement was separately corrected to £0.5°C uncertainty. Pressure
gauges were good to 0.3 kPa, flowmeters to 1% of scale, and power measurements



to £1 kW. The uncertainty in calculated results is estimated by conventional sum-
of-squares combination.

UNHEATED FLOW

Data for unheated flow are used to determine flow patterns. These are then shown
to exhibit distinctive characteristics in normal heated operation, as well as the
process of overheating.

Visual Identification of Flow Patterns in a Transparent Test Section.

Liquid/gas flow patterns were observed in a demonstration rig comprising a finned
tube forming a subdivided annu:lus in an outer transparent tube. Like the heated
apparatus described above, this transparent rig was arranged to draw in air from the
atmosphere and discharge into a pool of liquid. These observations apply to the
flow of liquid with entrained air between fixed pressure boundary conditions. A
comprehensive description for all combinations of liquid and gas flow rates is not
intended.

With no flow, the bottom of the test section is filled with water at the level of the
discharge pool. As liquid is supplied at low rates, the water flows in a film down the
walls and fins of the annulus. Increasing the flow rate causes the film to develop
surface waves and entrain some bubbles into the standing liquid, but no net gas is
carried through. The test section thus exhibits two distinct regions. Both liquid and
gas are continuous in the upper part of the test section; liquid is continuous in the
lower. This is termed the annular flow pattern.

At higher flow rates, the liquid is observed to bridge the channel gap and thus break
up the continuous column of gas. In addition, the liquid velocity is sufficient to
carry bubbles through the column of liquid to the outlet. Thus net entrainment of
gas begins. With further flow increase, the occlusions begin to take the form of long
bubbles. In analogy with flow in circular conduits, these will be called Taylor
bubbles. The rounded nose is upward, against the flow; the lower end is ragged.
The Taylor bubbles are confined to individual subchannels, with occasional leakage
across a fin clearance. They are alternately broken up and then increased by
agglomeration to lengths about ten times the circumferential distance between fins.
They alternately rise against the flow and are swept downward. Because of the



strong axial mixing, this is termed the intermittent tlow pattern. In general, the
flow has lost its two-region character; the bottom of the test section appears to be
little different from the top.

With further increase in liquid flow, the Taylor bubbles become shorter. They tend
to be largest in the middle of the test section, and break up in the bottom. The gas is
dispersed in the liquid as small spherical bubbles, with occasional cap-shaped
bubbles. The vigorous axial mixing of the intermittent flow pattern is not so
pronounced. This is the bubble flow pattern. Further increases in the liquid flow
rate would ultimately force the apparatus to fill up. Air entrainment would cease as
the liquid flooded the inlet flow distributor. At this point the pressure gradient
would be that for single phase flow in the test section.

Pressure Profiles and Air Entrainment

In the heated apparatus, there is no visual access. Hence, the flow patterns described
above must be inferred from flow and pressure measurements. The transition
between intermittent and bubble flow is indicated by two considerations. First, the
frictional pressure drop is estimated. The mixture momentum balance for one
dimensional downward adiabatic flow relates the static pressure gradient to its
frictional and gravitational components.

dP dP
- .a=_[a]f— gl<a>p, + (1 - <a>)p)] 4)
The cross-sectional average void fraction in the gravitational term is assumed to be
described by the drift flux model of Zuber and Findlay [1965].

<jg>

—Jl— = C°<j> + «V&j» (5)
<a>

Clark and Flemmer [1984] found Equation (5) to describe their data for downward
air/water flow in a pipe. In the absence of information specific to a finned annulus,
the distribution coefficient is assumed to be 1.2 and the weighted mean drift velocity
to be -0.25 m/s. These values were intermediate in the ranges quoted by Clark and
Flemmer, representing their data and that of others. The drift velocity is negative
because it opposes the downward flow.
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The void fraction model and experimental measurements of static pressure allow
the frictional pressure drop to be found from Equation (4). This is expressed as a
liquid pressure drop multiplier plotted versus the Martinelli parameter (see, e.g.,
Butterworth and Hewitt [1977]) in Figure 3. The data for three sets of standpipe
liquid level tend to a common asymptote as liquid flow rate increases. This
asymptote is taken to be representative of a fully-developed flow regime. Each data
set reaches the asymptote at a liquid superficial velocity between 0.9 and 1.0 m/s.

Further information is derived from considering the fluctuating nature of the
intermittent flow pattern. Because of the strong axial mixing, there is considerable
time-variation in the rate of gas entrainment and movement through the test
section. In Figure 4 is shown the standard deviation of the measured gas flow
versus the imposed liquid superficial velocity. After a domain of fluctuating air
flow, the fluctuations fall to a minimum at about 1 m/s, regardless of standpipe
liquid level. This smoothing of the gas flow rate is indicative of the smaller bubbles
and uniform downward motion in bubble flow. It occurs at about the same liquid
superficial velocity which marks the asymptotic behavior of the pressure drop in
Figure 3. These two characteristics are taken to define the intermittent-to-bubble
flow pattern transition at a liquid superficial velodity of 0.9 to 1.0 m/s.

Figure 4 also shows the initiation of the fluctuations to begin between 0.2 and 0.3
m/s. Since the onset of intermittent flow is associated with the initiation of air
entrainment, this should mark the transition from annular to intermittent flow.
Further support for this is obtained by solving Equation (5) for the liquid superficial
velocity at which the gas superficial velocity <jg> is just zero.

«ng»

o (6)

<Gp =-
Equation (6) represents the liquid flow necessary to begin downward entrainment of
gas bubbles in the liquid column at the bottom of the test section. From the drift

flux parameter values specified above, <ji> is found to be 0.2 m/s.

Figure 5 shows how the axial pressure profile varies with imposed liquid flow for a
test with a 1.8 m standpipe level. In each profile, the inner four points represent the

11



test section itself. Note the positive pressure gradients in these gravity-fed flows.
The profile at 0.29 m/s liquid superficial velocity is characterized by a two-region
distribution, corresponding to a continuous gas column above a liquid column.
This is characteristic of the annular flow pattern. On transition to intermittent flow,
the gas phase is no longer continuous. The pressure profile at 0.44 m/s thus
becomes almost linear. Further increases in liquid rate result in a lesser slope,
indicating an increase in the frictional loss component. Other than differences in
slope, there is little in the pressure profile to distinguish intermittent from bubble
flow.

Figure 6 presents gas versus liquid superficial velocities at three different standpipe
levels. Increasing the standpipe level, which steepens the positive pressure
gradient, suppresses the flow of air. The annular-to-intermittent flow pattern
transition criterion marks the onset of air entrainment for the cases with an exit
liquid level. With no liquid in the standpipe, by contrast, it is not necessary to
entrain gas bubbles through a liquid column. Hence, air entrainment begins at the
lowest liquid flow. The points which are connected represent conditions on the
friction loss asymptote in Figure 3. It may be noted that the transition to bubble flow
portends a decline in gas flow rate.

The proposed flow pattern transition criteria are simple and provide a serviceable
representation of various observations in unheated flow. They are intended to help
organize the heated flow data to be presented below. Certainly refinements could be
made, but this is neither possible, without more direct information on the void
fraction, nor justified for the intended use.

HEATED FLOW

In this section are described the characteristics of heated operation at non-boiling
conditions. The entrained air produces marked differences from single phase
convective heat transfer. In particular, there is considerable transient behavior
within an overall steady operation.

Time-Averaged Temperature

Due to the azimuthal variation in heat flux, the four subchannels differ in power
input. If the fins provided a tight seal between them, the axial distribution of liquid
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temperature for single phase liquid flow would take the form of four straight lines
diverging from a common inlet temperature. These lines would be arranged about
the equilibrium temperature calculated from the total power. As it happens, there is
some mixing of liquid between subchannels. This reduces the spread between the
temperature profiles and introduces some slight non-linearity, especially since the
fin clearance is likely to vary in an undetermined manner with axial position.
However, the profiles still cluster about the equilibrium temperature.

In two-phase flow, there are further divergences based on the distribution of phases
and the possibility of axial mixing. Figure 7 shows time-averaged temperature
profiles for an intermittent flow pattern. These are highly non-linear and, excepting
subchannel C, lie above the expected equilibrium value. At the inlet of the test
section, subchannels A and D heat up rapidly, while C runs cool. After about 1 m,
these trends are arrested, as if some liquid has left subchannel C for the others.
Subchannel A actually becomes cooler with increasing axial position. Guerrero
[1990] noted that a contrived liquid distribution would change with axial position in
his finned test section.

In a highly voided flow, like annular or intermittent, the air and vapor tend to flow
near the subchannel center, while much of the subcooled liquid stays near the fins.
This means that the temperature indicated by a fluid thermocouple does not
represent the bulk averaged, or mixing-cup temperature. Rather, it is more
indicative of the vapor temperature tempered by occasional passage of cooler liquid.
Hence the fluid temperatures in Figure 7 must be understood not to represent the
subchannel average.

Time-averaged temperature profiles for annular flows resemble those in Figure 7,
with a significant difference. While the subchannel profiles will lie above
equilibrium for most of the test section, they return to cluster around the
equilibrium temperature for those fluid thermocouples immersed in the liquid
column at the bottom. These, then, actually provide bulk temperature readings.
On the other hand, bubble flow profiles resemble those for single-phase flow. The
dispersion of air and vapor into small bubbles allows a thermocouple to spend a
greater fraction of its time in the liquid, and hence, the near-single phase behavior.
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In addition to this transverse phase distribution effect, temperature profiles are also
influenced by axial distribution of the phases. The intermittent flow pattern
features significant axial mixing. The rise of Taylor bubbles can transport vapor
upstream to thermocouples in what would be expected to be a cooler region. Direct
evidence for axial mixing comes from fluid thermocouples which are placed in the
channel upstream of the start of heating. In Figure 7, subchannel A is significantly
above the fluid inlet temperature at the left of the plot. This behavior is not
observed in bubble flows, nor, curiously, in annular flows.

Figure 8 shows the azimuthal distribution of time-averaged wall and fluid
temperature. Note that the temperatures are high in subchannel A and low in C. In
addition, there is no particular effect associated with the fins. Although the actual
geometry (that is, whether the fins are in contact) is not known at the thermocouple
locations, it seems that no portion of the heated wall is blocked from effective heat
transfer by the presence of the fin.

Fluctuating Temperatures

In heating single phase liquid flow, the time trace of a typical thermocouple placed
in the fluid stream will feature a standard deviation of about 0.2°C. By contrast, if
air is admitted to the flow at the same power, the measurement standard deviation
may rise by a factor of 25 or so. Electrical noise and variation in the supplied power
affect the two traces equally, and the liquid flow rate and inlet temperature are well
controlled. This fluctuation in fluid temperature instead depends on the temporal
and spatial distribution of the two phases under heating.

As an indicator of fluctuation level, the standard deviation was calculated for each
of the 68 fluid thermocouples at a given power and flow rate. These were then
averaged to produce a measure of variance for the entire test section at the
prevailing conditions. Figure 9 is a plot of this averaged standard deviation versus
power. The power has been normalized by the power required for saturated outlet
temperature at the prevailing flow. The annular and bubble flow patterns are
remarkably convergent, considering that the actual power levels vary significantly
between them, and that the flow patterns are quite different. The intermittent flow
pattern is distinctive in showing a much higher degree of temperature fluctuation.
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This results to some extent from the axial mixing, as discussed above, and transient
overheating, which will be discussed below.

Air Entrainment and Pressure Profiles

Figure 10 shows how air entrainment varies with increasing power at a given liquid
flow rate. For intermittent and bubble flow patterns, the air intake drops off with
increasing power. To a first approximation, this can be represented by assuming the
void fraction to be determined solely by the liquid flow. By Equaticn (5) then, the
gas phase flow should remain constant with increasing power. Water vapor makes
up an increasing proportion of the gas phase, and less air is required. Representing
the air/vapor mixture as an ideal gas, the results are shown on the figure. The trend
is correct, but does not agree in detail with the data. To improve the description
would require more detailed flow pattern modeling, incorporating appropriate
interfacial stresses.

For annular flow, by contrast, the air rate suddenly rises when the outlet
temperature nears saturation. As was shown in Figure 6, annular flow entrains
little air when it is cold. However, the vapor produced as the power rises must be
accomodated. In the other flow patterns, it has been suggested, vapor replaces air in
the gas phase. In the annular flow pattern, the vapor may actually force a transition
to intermittent flow. Evidence for this is given by the axial pressure profiles shown
in Figure 11. Here the flow of liquid has not changed, but the two-region profile of
the cold condition changes to indicate holdup of liquid in the test section. This
occurs at about 90% of saturation, the point at which air entrainment begins, as
shown in Figure 10. Furthermore, the fluid temperatures at this condition are at
saturation over the lower two-thirds of the test section.

OVERHEATING

In boiling systems, the critical heat flux (CHF) represents a marked reduction in the
ability of a flow to transfer heat from a solid surface. The result of this, for nuclear or
electric heating, is a sharp increase in the temperature of the heater. In the present
experiment, this took the form of a temperature excursion in response to an
increase in applied power. A temperature excursion was declared when any wall
temperature exceeded 250°C. The CHF was then defined as the mean of that heat
flux which resulted in a temperature excursion and the previous lower
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measurement. The resolution of this value was typically £2.3 kW/m?2 at any flow
rate. The various observations at the occurrence of CHF are collectively termed

overheating.

The somewhat arbitrary 250°C wall temperature limit assumes that (1) without
interrupting power, the test section would be damaged, or (2) the actual power
necessary to cause this damage is negligibly larger than that necessary to set the wall
at 250°C. In fact, plots of maximum measured wall temperature versus applied
power do feature a steep gradient in the vicinity of the arbitrary 250°C criterion.
Other temperature criteria would have given the same result, within the scatter of
measurement.

Figure 12 presents the overheating power as a function of supplied liquid flow rate.
Most of the data were obtained by increasing power, as described above. However,
some were determined by holding power s¢ 1dy and decreasing flow in steps. In the
figure, the power has been normalized by the power required for saturated outlet
temperature. This leads to a pronounced minimum in the curves. Note that this
normalization may be thought of as a measure of the eificiency of use of the coolant.
Thus, the lowest flows are used the most efficiently, the mid-range are used the least
efficiently, and the highest flows are intermediate. The efficiency of coolant use is
one of several characteristics of the overheating which vary in a regular way with
flow rate. In what follows, these observations will be related to the prevailing flow
patterns.

The results are shown in Figure 12 for three different standpipe liquid levels.
Increas‘ing the liquid level in the standpipe is seen to reduce the efficiency of coolant
use at a given flow rate. From Figure 6, the effect of increasing the standpipe level is
to reduce the capacity of the liquid flow to entrain gas. According to the discussion
concerning Figure 10, this implies reducing the capacity of the flow to remove vapor
from the test section. The inability to remove vapor would be related to the
stagnation of flow, cessation of cooling, and the onset of overheating.

Annular Flow

As indicated by the low flows in Figure 12, the annular flow pattern allows the test
section effluent to reach saturation before overheating occurs. Saturation
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temperatures are measured in all subchannels for some distance upstream of the
exit. Naturally, subchannel A reaches this condition upstream of the others. At
CHEF, the tube temperature is high over a significant fraction of the length; all
subchannels are generally affected. The fluid thermocouples read saturation
temperature throughout the entire test section. Pressure profiles reach a maximum
in the middle. The temperature excursion is accompanied by a heavy flow of liquid
through the bypass lines.

Figure 13 shows wall temperatures averaged over five seconds just as power was
shut off. Subchannel A is the hottest, but in all subchannels a temperature
excursion is well underway. At powers just below the condition illustrated in
Figure 13, the wall temperature in subchannel A was observed to rise significantly
above its normal reading for periods of five to 20 seconds. With no variation in
fluid temperature to cause the fluctuation, this indicates transitory dry conditions.
These fluctuations were observed at 2.6 m, just above the standpipe level. By
contrast, the overheating is focused upstream of this at 1.8 m, while the tube outlet
is the coolest portion.

Guerrero [1990], Mishima and Nishihara [1985], and Sudo et al. [1985] suggested that
low flow CHF could be explained by a flooding mechanism. The subcooled equation
of Block and Wallis [1978] may be applied, as may the model of Sudo et al., following
the recommendation of Osakabe and Kawasaki [1989] that the subchannel span be
used as the characteristic length. Equations (2) and (3) are written in terms of the
normalized power and plotted in Figure 14. Equation (3) does not consider
subcooled boiling, and thus predicts only saturated outlet temperatures. Equation
(2) can describe CHF at subcooled outlet conditions, but overpredicts at low flow
rates.

In spite of the general unsatisfactory fit of these particular models to the data, the
countercurrent flow limitation is thought to provide a valid CHF mechanism. Note
that a conventional CHF experiment will feature overheating at the exit of a heated
section. In this test, by contrast, the overheating occurs in the middle rather than at
bottom. This indicates that upward flow of vapor diverts the inlet liquid, and is
consistent with the observed flow in the bypass lines. The remaining liquid in the
test section falls to the bottom or boils away, and the middle region overheats. The
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axial position of overheating varies somewhat from test to test, but tends to be near
the middle of the tube.

By contrast, the bottom of the tube remains relatively cool. Presumably, this occurs
because the liquid level in the standpipe keeps this portion of the test section under
water. It was noted from Figures 10 and 11 that the structure of an annular flow
changes near saturation. However, this apparently prevents neither flow reversal
in the upper test section nor effective cooling in the lower.

Bubble Flow

In bubble flow, CHF occurs with subcooled outlet, as shown at the high flows in
Figure 12. At the power setting just below the onset of overheating, the fluid
temperature profiles are generally straight and close to the equilibrium temperature.
The wall temperatures are correspondingly well-behaved. On increasing the power,
the overheating is violent. The wall temperatures undergo a rapid rise, usually in
all subchannels. There is heavy liquid flow in the bypass lines and significant
amounts of water blown out of the air/water separators at the test section outlet.
There were instances of water being driven into the air inlet line, closing the air
supply check valve. Pressures during the excursion are highest in the middle of the
test section, and indeed the vapor and liquid are forced out both ends.

Guerrero {1990] suggested that excursions in his low void regime were the result of
excursive, or Ledinegg instability. This corresponds to the bubble flow pattern of the
present study. The trigger for instability is the production of significant vapor in the
test section, causing an increase in the resistance to flow. Inlet water backs up in the
distributor to overcome this resistance and is diverted into the bypass lines. With
inlet flow reduced, the rate of vapor production quickly rises and results in the
overheating phenomena described above.

In one-component boiling flows, the correlation of Saha and Zuber [1974] is often
used to predict the point of net vapor generation.

¢

— = 0. 70, 7
GCT, Ty 00065 Pe>70000 (M

18



If it may be presumed that net vapor generation corresponds to an increase in flow
resistance, Equation (7) may be used as a lower limit for the onset of intrachannel
flow excursion. Combining Equation (7) with a sensible heat balance for the present
apparatus, the normalized power for net vapor generation is plotted in Figure 14.
Just as the characteristics of the bubble flow pattern approach those of single phase
flow, it can be seen that the CHF data approach this one-component boiling limit as
an asymptote.

Once again in contrast to conventional CHF behavior, it is observed that the axial
position of bubble flow overheating varies, but tends to be in the middle of the test
section. This is hypothesized to be the result of the tendency of the boiling flow to
exit both ends of the test section after the inlet has been diverted to the bypass. The
top and bottom are cooled by the escaping two-phase flow; the middle, having
supplied the flow, is left to overheat. However, this is not always the case.
Overheating has occasionally occurred at the bottom of the test section, and in one
instance, the highest temperatures actually occurred at the very inlet.

Intermittent Flow

In intermittent flow, the least efficient use is made of coolant, as indicated by the
minima in Figure 12. As power is increased, subchannel A will exhibit significant
rises in wall temperature; the high temperature may persist from 5 to 30 seconds,
and then decreases. CHF, in marked contrast to the other flow patterr.:, involves no
diversion of flow through the bypass lines. Furthermore, the overheating in
intermittent flow involves only about one-fourth the length of the hottest
subchannel, occasionally with portions of another. Time-averaged wall
temperature profiles for intermittent flow, in contrast to those in Figure 13, will
show subchannel A overheated and the other subchannels in their normal state.

The CHEF is less clearcut in intermittent flow than in the other flow petterns.

Instead of temperature excursions marked by bypass flow and heating of the whole
test section, the intermittent pattern required that the 250°C temperature criterion be
invoked. The characteristic fluctuations often left the operator poised to shut off
power while a temperature trace meandered along just under 250°C, finally to cool
off without his intervention. Furthermore, overheating was not always observed
immediately on increasing power. There were instances of the temperature
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criterion being reached nearly seven minutes after the power had been increased.
This variability in the behavior may account for some degree of scatter among
repeated tests.

The proposed mechanism for this mode of overheating is local dryout under a
stagnant bubble in a single subchannel. Visual observations indicated that Taylor
bubbles could move up or down and were a frequent feature of intermittent flow.
In a ten minute period, there are quite a number of bubbles formed. Only a small
fraction of these would need to satisfy the right balance of forces to remain
motionless while the wall film dried out. The supply of vapor within a bubble
tends to maintain it against the disruptive forces of the downward flowing liquid.

This mechanism would explain the localized nature of the overheating and the lack
of disturbance to the overall flow. It would also explain the transient heating and
spontaneous cooling which is peculiar to the intermittent flow regime. This
behavior is a great contributor to the overall level of fluctuation of temperature
which was illustrated above in Figure 9. The annular and bubble flow patterns have
no similar mechanism for producing variation in temperature.

Earlier, Equation (6) was used to estimate the onset of gas entrainment at a liquid
superficial velocity 0.2 m/s. Also using drift flux arguments, Mishima and
Nishihara [1985] calculated a liquid superficial velocity of 0.17 m/s to stagnate flow
in their rectangular test section. Clift et al. [1978] correlate the terminal velocity of a
large bubble in a rectangular channel by

U 0.13D
‘ DL 0234 =2 (8)

JeD; (p1=py) D,

where D2 < D1. Using the channel gap and the distance between fins as the smaller
and larger dimensions respectively, the rise velocity for a subchannel is computed to
be 0.17 m/s. These results indicate that Taylor bubbles would be swept out of
rectangular channels at much lower liquid superficial velocities than those
characteristic of the intermittent flow pattern. If the stagnant bubble dryout
mechanism is correct in the present application, the bubble must be causing the
diversion of liquid flow to other subchannels. Thus the formation of a local dry
spot would be affected by the behavior of the entire test section.
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Data at near 1.8 m standpipe level were culled from Guerrero [1990] for comparison
in Figure 14 with 1.8 m standpipe data from the present study. In the range of
intermittent flow, the data from the present study fall under those of Guerrero by
about 10%. Assuming the mechanism of stagnant bubble dryout, the CHF should
depend on the local heat flux. Hence, the present test section would behave no
differently were the whole heater at a heat flux corresponding to that of the hot
subchannel. If the normalized power is calculated on this basis, the intermittent
regime data come into agreement with those of Guerrero, which were determined
in a uniformly heated annulus.

This comparison provides only indirect support for the proposed mechanism, and
several questions remain. It is not clear why the overheating should occur in the
mid-region of the test section rather than at the exit, where the liquid is presumably
hotter. Furthermore, the minima in the data of Figure 12 might imply a competion
of influences whose effects vary with the overall liquid flow rate. Quantitative
predictions and proof of this mechanism must await further study of the details of
the intermittent flow pattern.

DISCUSSION

Figure 14 shows data from Mishima and Nishihara [1985] and Sudo et al. [1985],
plotted without regard for the variations in inlet temperature and test section
dimensions. The Mishima data were run at lower liquid superficial velocities than
those used in the present study. Both subcooled and saturated outlet conditions are
observed. The Sudo data extend to higher flow rates and are in general agreement
with present observations.

The data of Guerrero [1990] are most directly comparable in apparatus and manner
of operation. The relationship of CHF to local heat flux has been discussed above for
the intermittent flow pattern. In annular flow, the data are not available at
comparable standpipe levels to allow a comparison. In bubble flow, however, the
few comparable data of this study and that of Guerrero are in agreement. This
provides some support for the assertion that the total power determines the CHF in
this regime. Even though the Guerrero data were determined by flooding of the
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apparatus and not by actual flow diversion and overheating, these results may be
directly compared.

In this study, downward flow with entrained air has been shown to exhibit
distinctive characteristics according to the prevailing flow pattern. These are
evident in unheated flow, in heated operation, and in the manner of overheating.
The annular flow pattern is indicated by a two-region pressure profile and entrains
little air. Fluid thermocouples are primarily in the gas phase and provide time-
averaged readings above the equilibrium temperature, except in the liquid region at
the bottom of the test section. CHF occurs when countercurrent flow limitation
prevents cooling in the mid-region of the test section. The upward flowing vapor
diverts the inlet flow to the bypass, and the whole test section overheats.

The intermittent pattern is dominated by axial mixing, driven by large bubbles. The
rate of gas entrainment is high, and pressure, flow, and temperature signals
fluctuate strongly. The presence of interacting parallel channels within the test
section is hypothesized to allow a large bubble to stagnate and dry out the heater
wall. This process has some random character to it, in that CHF often occurs only
after some time has passed after increasing power. Furthermore, it has some
arbitrary character, in that the power 1aight be somewhat different if the
temperature criterion were set to another value. The high wall temperatures are
confined to a small part of a single subchannel. Overheating occurs significantly
below saturated outlet conditions.

In the bubble flow pattern, the gas phase is broken into smaller dispersed units.
Entrainment rate decreases, the flow behavior is more steady, and the time-averaged
temperature profiles approach equilibrium. Overheating occurs in the channel at
large, displacing the inlet flow to the bypass. The higher heat fluxes associated with
the higher flow lead to rapid temperature rise and violent flow behavior. While the
overheating occurs at subcooled outlet conditions, the efficiency of coolant usage is
still greater than in the intermittent flow pattern. The approach to CHF resembles
that of a single component Ledinegg instability.

In all the flow patterns, there is a need for improved mechanistic understanding.
Although fairly plausible concepts have been advanced to explain the observed
manner of overheating, there is no satisfactory means of quantitative prediction.
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CONCLUSION

This study has examined the cooling of a heated vertical annular channel by gravity
flow of water with entrainment of air. A bypass made the test section typical of a
heated channel in gravity-fed, parallel array. The annulus was divided into
subchannels by four longitudinal fins, and the heat flux varied around the
periphery of the heater tube.

Visual examination of the air/water flow in a subdivided annulus indicates three
main flow patterns. These - annular, intermittent, and bubble - have previously
been observed in tube flow. In the present study, these patterns have exhibited
distinct differences in their flow, heating, and overheating characteristics.
Approximate conditions for their transition have been set.

Critical heat flux occurs at subcooled outlet conditions for all but the lowest flow
rates. The azimuthal tilt causes one subchannel to run hot. This is most influential
in the intermittent flow pattern, where the local heat flux seems to determine the
rate of dryout under a stagnant bubble. The presence of fins, by providing partial
segregation of the flow, probably exacerbates the dryout. In other flow patterns, it is
rather the overall power which seems to be significant, in agreement with previous
investigators.

Characteristics have been identified, and some discussion of mechanisms has been
made, but further work is required to provide a complete description of the
overheating behavior. While this paper has atternpted to contrast the flow patterns,
future experimentation may concentrate on the transition of one pattern into
another.
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NOTATION

Ag flow area



An heated area

C empirical flooding coefficient

Go distribution coefficient characterizing radial profiles of void and velocity
Cp liquid heat capacity

D, large dimension of rectangle

D2 small dimension of rectangle

Dh hydraulic diameter, or other appropriate characteristic length
g acceleration due to gravity

G mass velocity

hig latent heat of vaporization

<j> area-average total volumetric flux, <jg> + <jl>

<jg> area-average gas volumetric flux, or superficial velocity

<j1> area-average liquid volumetric flux, or superficial velocity

P pressure

Pe Peclet number

Ty bulk temperature of liquid at some axial position

T; inlet temperature of liquid

Ts saturation temperature at prevailing pressure

Ut terminal velocity of a large bubble in a rectangular channel

<<Vgj>> weighted mean drift velocity

z axial position

<a> area-average void fraction
Pg gas phase density

Pl liquid phase density

) heat flux
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