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Abstract

Experimental data have been Obtainedfor the occurrence of flow instability in a
vertical annulus under steady state and transient down-flow conditions. The results show
that the primary factor affecting the onset of flow instability is the Qratio parameter. In
addition, it is shown that for steady state conditions good a_eement exists between the
single annulus data and single tube data based upon the same L/D ratio. The results also
indicate that under transient operation the Qratio can be used as a stability criterion.

Nomenclature

= specific heat at constant pressure, J/kg-K
= hydraulic diameter of channel, m

G = mass velocity, kg/sec-m 2
L = heated length of channel
St = Stanton Number
Tsa t = saturation, K
Tinle t = inlet temperature, K
Toutlet = temperature, K

Introduction

A comprehensive experimental pro_am has been conducted to investigate flow
instability in vertical channels under down-flow and sub-cooled boiling conditions. As
part of that program, tests were conducted in a fixed L/D ratio circular annulus. The
dimensions of the annulus and the flow direction, downward_ were selected to address a
particular reactor application.

Flow instability is an important consideration in the design of nuclear reactors
because of the possibility of flow excursion during postulated accidents. For the
purposes of this paper, the onset of flow instability point (OFI) is defined as the
minimum in the demand curve (i.e., the channel's pressuredrop versus flow-rate curve).
This is commonly referred to as a Ledinegg flow instability (see figure 1). In an
operational system with alternate flow paths, an increase in the pressure drop in one
channel can cause the flow to be diverted to an alternate channel. If the process



continued, the channel would eventually experience burnout. For controlled flow, where
the channel flow-rate is maintained independent of the pressure drop, data can be
obtained beyond the minimum point.

In addition to testing a vertical annulus, the overall program involved experiments
in circular tubes with varying L/D ratios, beat inputprofiles, and loop flow arrangements.

Background

Marshek [1_.]presented the earliest results based upon tests in short vertical annuli
with an unheated inner tube. Johnston [2] presented flow instability results for a vertical
channel in down-flow with an L/D ratio of approximately 600. The inner tube was
heated, and the outer tube was transparent. This author obtained demand curve data over
a range of heat fluxes. The relationship between OFI (onset of flow instability) and OSV
(onset of significant voiding) was also examined.

The experimental data base for non-annulargeometry is considerably larger and
mostly directed toward circular tubes. Dormer and Bergles [3] investigated the pressure
drop in small diameter tubes under sub-cooled boiling conditions. These experiments
were conducted with controlled flow so that data were obtained well beyond the
minimum point. The authors correlated a large amount of data using the ratio of the
pressure drop to the zero flux pressure drop versus the ratio of surface heat flux to the
flux required to raise the bulk fluid temperature to the saturation temperature at the
channel exit. Using these parameters, it was shown that the only remaining effect was
geometry. Maulbetsch and Griffith [4] studied flow instability in small diameter high
L/D ratio channels. They determined that during parallel flow operation excursive flow
instability occurred when the pressure drop versus mass flow curve reached a minimum.

Whittle and Forgan [ft] examined the pressure loss in rectangular and circular
channels under sub-cooled boiling conditions. These investigators determined that for a
given L/D ratio the minimum in the demand curve occurred at fixed values of the ratio of
the channel temperature rise to the inlet sub-cooling, (T outlet -T inlet )/(T sat-T inlet ).
Whittle and Forgan also determined that flow direction did not affect the flow-rate at
which the minimum point (OFI) occurred.

Duffey and Hughes [6] developed an analytical model to describe static flow
instability (Ledinegg) in vertical channels. They showed that a linear relationship exists
between the OFI point and power density. In this paper, the authors developed a
relationship for the flow-rate at the minimum point in the pressure drop curve based upon
the frictional pressure drop and the buoyancy-induced pressure drop. These investigators
assumed that the friction factor including the two-phase multiplier was independent of
flow-rate.

Dougherty et al. [7-8] presented results for flow instability studies in vertical
tubes with down-flow for L/D ratios from 100 to 150. These authors showed that the
results could be correlated using a Qratio defined by equation (1). This ratio was the
same as that developed by Dormer and Bergles [_3].The Qratio.i s a measure of the void
production in the channel. Since voids are the cause of the mlmmum point in the
demand, this parameter is useful in correlating results.

Qratio = q"Ah/mcp (Tsat-Tinlet) (1)

Dougherty et al. [9] presented results for non-uniformly heated vertical tubes.
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These investigators determined that the flow-rate at which OFI occurred was only
slightly affected by the local surface heat flux. The local heat flux was established by the
l;roduct of the average flux and the tube power shape factor.

Fighetti et al. [LO_]presented results for the steady state Jesting of the same single
annulus test section as presented here. This paper included results for a variety of

operating conditions including controlled flow, controlled pressure, and non-symmetric
heating. The author established that the Qratio parameter, defined in equation (1), was
valid for the annular geometry. However, the OFI for the single annulus occurred at
slightly lower flow-rates than those for a single tube with the same L/D. This change
was attributed to the larger hydraulic diameter in the single annulus.

The present program involved down-flow experimental studies of a vertical :single
annulus with an L/D ratio of 261. Both the inner and outer tube of the annulus eoul[d be
heated electrically.

Test Apparatus

The experimental facility for this test program consists of a fl0w loop, power
system, and test section. Figure 2 presents a schematic of the flow loop and test section.
Table 1 presents the physical characteristics of the test section The flow loop contains a
number of bypass lines which were required to achieve a variety of test configurations.
The present results will be limited to controlled pressure drop operation with a transient

bypass.

Table 1 Test Section Physical Characteristics

Heater Material Inconel 625
Heated Length 3.66 m

Inner Heater Inside Diameter 56.31 mm
Inner Heater Outside Diameter 59.61 mm
Outer Heater Inside Diameter 73.63 mm

Outer Heater Outside Diameter 76.91 mm

In the controlled pressure drop mode, the test section was connected in parallel
with an unheated channel. For the transient tests, the bypass consisted of an unheated

' 100 mm diameter pipe connecting the inlet and exit plena. The resistance of the bypass
line was adjusted by means of an air-operated valve to provide the desired flow diversion
from the test section. The test procedure involved first setting the test conditions (test
section exit pressure, test section inlet temperature, and surface heat flux) and then
establishing steady state conditions. A quick acting valve on the bypass line was then
opened, and flow was diverted to the bypass line. The magnitude of flow diversion was
selected to provide test section flow-rates slightly above or below the steady state OFI
conditions. Unfortunately, pre-test predictions based upon steady state results did not
always result in flow excursion. The procedure was, therefore, modified lo yield
unstable data_ In some tests, the test section exit pressure was reduced for the same
magnitude bypass flow diversion, and in other cases, the exit pressure was maintained,
and the bypass flow increased.

The test section consisted of two concentric inconel 625 tubes with a uniform
wall thickness of 1.65 mm. The tube diameters were selected to simulate a specific
reactor flow passage. Each tube was independently heated by a DC electric current. The
center core of the inner heater tube contained ceramic plugs wlfich were used to position
the thermocouple instrumentation. In addition, thermocouples were cemented or brazed
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to the exterior of the outer heater. Taps for pressure measurements were located on the
unheated portion of the test section just upstream and downstream ofthe heated section.
The mdaeated portion was approximately 1.83 meters in length and consisted of
concentric, thick-wall, nickel pipe. The test section geometry was maintained by a series
of pins mounted on the inner heater, exterior stifteners, and positioning pins from the
outer heater to the inner heater.

The instrumentation of the test section and flow was extensive. A total of
approximately 120 measurements were made at each test point. These measurements
included flow-rate, absolute pressure, differential pressure, fluid temperature, current,
voltage, and wall temperatures. The primary measurements associated with the
determination of OFI were flow-rate, test section exit pressure, pressure drop, inlet
temperature, and surface heat flux (test section current and voltage drop). During
transient testing, approximately two dozen measurements were taken every 16
milliseconds. Table 2 presents the estimated uncertainty associated with the primary
measurements.

Table 2 Uncertainty Analysis

Measurement Estimated Uncertainty_
Exit Pressure 1.6 % of full scale

Differential Pressure 1.5 % of full scale
Inlet Temperature 0.3 °C

Flow-rate 0.5 % of full scale
Power 0.44 % of full scale

Results and Discussion

Figure 3 presents a typical controlled flow demand curve for a test section inlet
temperature of 50 tC. The minimum point in the pressure drop for each case is well
defined. A demand curve is a useful operational tool because it identifies for a given set
of conditions the point at which flow diversion would occur if a parallel flow path
existed. The reactor normal operating conditions can then be controlled so that the OFI
flow-rate will not be reached during a postulated accident.

To investigate correlations and trends, Dougherty et al. [.8_]have shown that the
Qratio parameter defined in equation (1) is a more useful coordinate. The frictional
pressure drop in the channel can be considered to be composed of a single phase
component and a two-phase component. The former decreases as the flow-rate
decreases. However, the two-phase pressure drop will increase as voids are formed with
decreasing flow-rate. Since the Qratio relates the channel temperature rise to the inlet
subcooling, it is a measure of the void production. Reducing the te_' :_ction exit
pressure with other parameters fixed will reduced the saturation and result in more voids
and a large Qratio. Figure 4 presents all the controlled flow single annulus steady state
heating results as a function of the Qratio. From this figure, it can be seen that the
minimum point for ali cases occurred at a Qratio of 0.96. In this figure, the lc_westflux
case has a very shallow minimum; however, a curve fit of the data shows that the Qratio
at OFf is approximately 0.91. This is within 5% of the rest of the data.

Fighetti and Cheh [11] colrelated data for a range of single tobe tests in t_zrmsof
the Qratio and L/D. Fibre 5 presents their results and those obtained by Dougherty et al
[8]. From this figure the importance of L/D can be seen.

Qratio = 1/(1 + D/(4.StL)) (2)

I
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Saha and Zuber 1[_] predicted the onset of significant voiding (OSV) in terms of
the Stanton number and Peclet number. Using an adiabatic calculation of the exit
temperature, it is possible to represent the Qratio in terms of I./D and the Stanton number
(see equation (2)). For Peelet numbers greater than 100,000 which is the case for ali the
data in figure 5, Saha and Zuber showed that OSV occurred for a Stanton number of ',

0.0065. The solid curve in figure 5 is a plot of equation (2) with Stanton number equal
to 0.0065 and represents the Qratio at OSV. Since the curve fits the data qu'.,_ well,the
results show that OFI and OSV at least for down-flow occur at the approximately the
same flow-rate. Using the L/D for the single annulus, the Qratio calculated from
equation (2) is 0.87 with Stanton number equal to 0.0065. The average minimum point
for the single annulus data occurs at a slightly higher ratio (0.96); however, the OFI point'
is still within 10% of the predicted value based upon equation (2). For comparison the
single tube.data for the same I./D indicates an OFI at a Qratio of 0.906. The data
presented in figure 5 covers a large L/D range but were restricted to one heated length,
and, therefore, no diameter effects were investigated. Dormer and Bergles [3] showed
that the primary factor affecting the minimum point was the L/D ratio; however, _hey
also determined that diameter had a secondary effect. The current results appear to agree
with this observation. The hydraulic diameter of the single annulus is approximately 14
mm, compared to 9 mm for the single tube data with the same IJD.

Figure 6 presents a the test section flow-rate versus time for a series of four tests
in which the flow diversion through the bypass was held constant and the exit pressure
was reduced to cause flow instability. For test SAT0612M, the exit pressure was
379 kPa. The test section flow-rate dropped to the expected value after the bypass was
opened and maintained this value for approximately 10 seconds, at which time the test
was terminated. In test SAT06120, the exit pressure was reduced to 365 kPa. In this
case, the test section flow-rate dropped to the bypass diversion setting; however, it then
continued to drop until the test was terminated by a low flow power trip. The selection
of the low flow-rate trip setting was somewhat arbitary; however, the level was always
well below the test section flow-rate expected after the bypass was opened. Prevention
of damage to the test section was the main concern. A total of thirty five transient tests
were conducted; however, only six resulted in flow instability° The test section pressure
drop results oscillated violently due to the presence of subcooled boiling as can be seen
in figure 7. Figure 8 presents the wall temperature history at several locations along the
channel for test SAT06120. This particular test experienced significant flow diversion
after the bypass was opened; however, the wall temperature rose only slightly in
proportion to the channel flow decrease.

The applicability of the Qratio to transient conditions was also investigated.
Figures 9, 10, and 11 present results from several tests involving stable and unstable
conditions. Each figure also presents the steady state OFI Qratio. Tests in which the
Qratio was not exceeded were stable. Depending upon the degree to which the Qratio
was exceeded determined whether instability or flow diversion occurred. In figure 10,
the conditions for test SAT0612M resulted in a Qratio, after bypass opening, of less than
10% greater than the steady state limit, and the test section did not become unstable.
However, for tests SAT0612N and SAT06120, the Qratio after initiation of the transient
was more than 10% greater than the steady state value and flow instability occurred. For
these discussions, flow instabilty is identified by a power tripped within ten seconds of
the bypass opening. As noted earlier, ali power trips were caused by low flow conditions
in the test section.

Conclusions
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Down-flow experimental flow instability data have been obtained in a single
annulus under controlled flow conditions and controlled pressure drop conditions. The
following conclusions can be drawn from these results:

Based upon steady state results, the experimental data are well correlated using
the Qratio, defined by equation (1), parameter.

The agreement between the calculated OSV Qratio and the measured OFI Qratio
shows that for the present flow arrangement OSV and OFI occur at approximately the
same flow-rate.

The quick opening of a bypass line, which provides an alternate flow path, can
result in the test section becoming unstable and experiencing flow diversion.

For conditions where the steady state OFI Qratio was not exceeded, flow
instability did not occur. Exceeding the steady state OFI Qratio by 10% or less will not
result in an unstable case.

The Qratio at OSV agrees very well with the measured Qratio at OFI. This
indicates that at least for down-flow conditions, the onset of significant voiding and the
onset of flow instability occur at the same flow-rate.
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