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FOREWORD

The work described in. this report (Volume 2) covers the thermal-
hydraulic performance data and analysis of the sodium-heated steam
generator model tests at the Steam Generator Test Rig (SGTR). This
work was initiated as part of the 300 MWe Fast Ceramic Reactor Compo-
nent Development Program sponsored by the Empire State Atomic
Development Associates, Incorporated (ESADA); the preparation of
this report was financed by the USAEC under Task C of PA-61, LMFBR
Steam Generator System Development. A companion report
(Volume 1) covers the operational experience and the final inspection
and disassembly of the test models.
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NOTICE

This report was prepared as an account of work sponsored by the United States
Government. Neither the United States nor the United States Atomic Energy Com-
mission, nor any of their employees, nor any of their contractors, subcontractors,
or their employees, makes any warranty, express or implied, or assumes any tegal
liability or responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents that its use
would not infringe privately owned rights.
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ABSTRACT

The results of steam generator model tests conducted in a sodium-
heated test facility at sodium temperatures up to 950°F and steam
pressures of 1600 psia are presented. The results include overall heat
transfer coefficients and sodium-side heat transfer correlation for a
seven-tube bayonet tube evaporator employing swirl flow generator
inserts on the steam-side as well as departure from nucleate boiling
(DNB) data and a heat transfer correlation for this geometry. The steam-
side heat transfer characteristic beyond DNB was evaluated and the
wall temperature fluctuations associated with DNB were studied. The
steam-side stability characteristics of the evaporator were tested and
evaluated.

The results also include overall heat transfer coefficients for the coil
region of a helical coil superheater containing two active tubes with
steam exit temperatures up to 930°F. Sodium temperature distribution
data for both models are presented along with data on sodium flow,
temperature, and level fluctuations which were ohserved during the
tests.

¢

1. SUMMARY

A seven-tube model of a candidate forced-recirculation demonstration plant bayonet tube evaporator
and a helical coil superheater containing three tubes (two active) were tested In the Steam Generator Test
Rig (SGTR) under prototypical ptant conditions. The main objectives of the testing were to provide a rigorous
proof-of-principle test of the integrity and durability of the tubes and associated weld-joints at representative
plant conditions and obtain practical experience in the total process of component specification, design,
manufacture, quality control, installation and startup, and operation at plant sodium and steam conditions.
Furthermore, the objective was to obtain detailed thermal performance data needed to confirm or correct
the thermal design bases, in particular with respect to heat transfer surface area, departure from nucleate
boiling in the evaporator, and steam-side boiliny stability and flow uniformity. Substantial amounts of thermal
performance data were obtained in addition to sodium temperature fluctuation data near the sodium levels
in the two models. Sodium-side flow instability data associated with series operation of components containing
cover gas spaces were also obtained. The results of the tests with respect to these subjects are summarized
below, along with design implications and recommendations for further work.

1.1 HEAT TRANSFER PERFORMANCE

The overall heat transfer coefficient for the boiling region of the evaporator was tound to be muie
than 50% higher than predicted in the design of the test section. This is attributed mainly to the presence
of the tube support plates, which increase mixing effects on the sodium-side, and to the thermal cunduictivity
of the tubes, which is believed to be higher than originally assumed. A correlation for the sodium-side
Nusselt number was obtained and it is recommended that this, along with the thermal conductivity data

" used in this report, be applied to the prototypical evaporator design. This will result in a considerable reduction
of the heat transfer surface area. It is believed that additional savings can be realized by an appropriate
selection of the sodium exit temperature (a few degrees higher sodium exit temperature has a large effect
on the surface requirement) and an optimization study in this direction is recommended. It was shown
that insulation of the bayonet tubes to reduce the regenerative effect above the sodium level is practical;
however, the double bayonet tube wall arrangement tested was not as effective as expecled, and a careful
selection and testing ot ditterent arrangermentls i$ recommended.
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Although uncertainties exist in the pressure drop measurements, it appears that the steam-side drop
in the evaporator is approximately as predicted, while the sodium-side pressure drop was overpredicted
approximately by a factor of two.

The overall heat transfer coefficient for the coil region of the superheater was found to be more than
30% higher than predicted. This is attributed mainly to the steam-side heat transfer coefficient which, due
to secondary flow patterns, is larger for flow in curved tubes than in straight tubes. Also, the wall thermal
conductivity of the coils is believed to be higher than was originally assumed. It is recommended that the
curvature effect on the steam-side heat transfer coefficient be accounted for as suggested in this report
and that the tube thermal conductivity data used here be applied to future helical coil superheater designs.
Although uncertainties exist in the pressure drop measurements, it appears that the predicted steam-side
pressure drop for the superheater is in general agreement with the measurements. The sodium-side pressure
drop is too small to be measured.

1.2 SODIUM TEMPERATURE DISTRIBUTIONS

Large axial sodium temperature gradlents were measured near and immediately below the sodium
level in the evaporator at full load oporation, becuoiriny liicreasingly worse at lower power levels. The tempera-
ture gradients near the sodium level were caused by the high heat transfer rates in the calming region
which is used to calm surface disturbances, and thus reduce the thermal cycling of the tubes at the sodium
level cover gas interface. This produces a cold sodium region above the calming plate with the hottesl
sodium in the unit immediately below. Below the calming region, the axial temperature gradients were caused
by the high heat transfer rates in the region near the sodium inlet. Cross-sectional sodium temperature
maldistributions near the sodium inlet were also measured. These are caused by a combination of high
heat transfer rates and a loss in temperature as the sodium flows radially inward across the outer row
of tubes. There was also a contribution from cold sodium mixing into the center region from the calming
region, further Jowering the temperature in the center channel. This intermittent mixing in of cold sodium
also caused sodium temperature fluctuations immediately below the calming region of up to * 50°F at high
sodium level and less than this with lower sodium levels. The present calming region arrangement was
effective in reducing the thermal cycling of the tubes at the interface, but extensive redesign is necessary
to reduce the harmful side effects. In particular, it is recommended that sodium flow and heat transfer
rates in and out of the oalming regiun he rastricted or adjusted.

Cross-sectional sodium temperature maldistribution will aiways exist when the sodium has to flow radially
across rows of tubes before parallel flow starts. Application of the present tests resuits to the prototypical
plant evaporator unit indicates that a radial temperature drop of 50°F or more may occur near the top
of the unit; this will result in a substantial steam-side enthalpy unbalanoe being the worst In thé case of
the parallel sodium flow arrangement vs the disc and donut baffle arrangement. Modularization would be
advantageous in this respect, since the sodium would have to flow radially across fewer rows of tubes.

The available sodium temperature data in and near the calming region of the superheater indicate
that the problems noted in the evaporator are much less severe in the superheater. The sodium in the
calming region is generally lower than the sodium inlet temperaturo: thus, the lthermal ¢cycling ot the tubes,
particularly the cool downcomers, is reduced in the superheater. The sodium temperature gradients are
much smaller than in the evaporator because the overall sodium temperature drop between the sodium
inlet and outlet is substantially less in the superheater. Also, sodium temperature fluctuations in and near
the calming region were virtually nonexistent. The main reason for the more favorable results in the superheater,
apart from different geometry, is the much lower heat transfer rates in the superheater (film boiling vs
nucleate boiling).

Circumferential sodium temperature maidistributions of up to 30°F were found to exist in the superheater
at the exit from the coil region near the inactive downcomer. The maldistribution resulted from having one
of the three tubes purposely plugged, eliminating the cooling effect locally in one of the three downcomers.
This will result in thermal stresses in the flow shrouds and tends to emphasize the need for caution when
leaky tubes are plugged in larger helical coil units similar in design to the one tested.
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1.3 DEPARTURE FROM NUCLEATE BOILING (DNB)

Departure from nucleate boiling was obtained for two different swirl generator inserts in the evaporator.
It was found that the insert with the lower pitch-to-diameter (P/D) ratio (P/D = 3) did not perform any
better than the P/D = 6 insert (i.e., the onset of DNB at a given heat flux started at about the same local
steam quality for both inserts). It is recommended that the P/D.= 6 swirl generator inserts be used in
the high quality high heat flux region, mainly because these inserts result in less pressure drop.

Based on the critical heat flux design limit obtained from these experiments, the local steam quality
in the “hottest" tube is approximately 60%, as compared to a design value of 38%. Local partial film and
pure film boiling steam-side heat transfer coefficients and the inside wall temperature for these boiling modes
were evaluated. The results indicate that the wall temperature increases gradually after onset of DNB approx-
imately the same way as has been observed in coiled tubes without the traditional steep temperature rise
observed in straight boiling channels. This suggests that the magnitude of the wall temperature fluctuations
associated with transition boiling may be decreased by the use of helical inserts in the boiling channel.
This may prove to be very useful in the design of once-through steam generators.

It is recommended that the effectiveness of various swirl generator devices be investigated with respect
to ability to delay onset of DNB if operation below DNB is desired, and with respect to ability to reduce
wall temperature fluctuations in the case of once-through operation. The maximum inside wall temperature
fluctuation was deduced from measurements of magnitude and frequency at the outside wall by means
of a transient analysis. The temperature fluctuation was found to be approximately 40°F (peak to peak)
with a frequency of approximately 0.3 Hz. This is less than the design limit of 60°F and indicates that
operation with DNB may be feasible; however, more detailed experiments are necessary to' confirm the
present results. There is considerable economic incentive for once-through operation and most of the sodium
temperature gradients and sodium temperature fluctuations observed in the evaporator may be greatly reduced
due to the lower heat transfer rates in the sodium inlet region, which is"in film boiling with once-through
operation. The cross-flow sodium temperature unbalance would also be reduced in this case.

1.4 STEAM-SIDE STABILITY

The steam-side flow distribution in the evaporator was measured using orifices at the bayonet tube
inlets and was found to be very uniform at normal operating conditions. The water flow in the center tube
was approximately 4% less than the average flow and this was the maximum deviation observed. The
steam-side stability was checked in the load range of approximately 60 to 100% and was found to be
slable. However, if the unit is pushed far beyond the steam-side design range where the exit steam conditions
becomo cuperheated by approximately 100°F or more, severe boiling instabilities were observed. The
instabilities were characterized by very low overall pressure drop and periodic flow oscillations and possibly
complete flow stoppage occurring in the tubes in some sequential order. Temperatures corresponding to
superheated steam conditions were measured in the bayonet tubes that normally contained subcooled water,
which indicate boiling conditions in the bayonet tubes (possible with superheated conditions in the annulus
only). This was investigated analytically by performing a transient analysis of a single bayonet tube and
the analysis predicted that the observed instability would occur. Furthermore, it was shown analytically
that the cause of the instability (boiling in the bayonet tube) could be removed by insulating the bayonet
tubes. The observed boiling instabilities are of no practical interest at the present time, since they occurred
far outside thc steam side operating range considered; therefore. no further work on this particular data
seems necessary. However, more steam-side stability testing at very low power levels is desirable.

1.5 SODIUM-SINDE STABILITY

The superheater and evaporator, both containing cover gas spaces, were operated in series. Sudden
increases or decreases in the sodium flow between the two units and corresponding sodium level changes
in the superheater and evaporator were observed. The sodium flow gradually restored itself to the original
value if not interrupted by another flow rate perturbation in the opposite direction. It was not possible to
identify the mechanism that triggered the sodium flow rate perturbation, but low sodium-side pressure drop
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in the superheater is believed to be a contributing factor. The sodium-side instability disappeared when
hydraulic flow resistance (throttling of the superheater exit isolation valve) was introduced in the line between
the two units. Since sodium level changes introduce thermal cycling of the tubes, it is recommended that
the instability problem be investigated further, possibly by simulation in a water loop.
: I

1.6 TUBE THERMAL CONDUCTIVITY

Since the thermal resistance of the reference alloy (2-1/4 Cr-1 Mo) used for the heater tubes in the
evaporator in general constitutes more than 60% of the overall resistance, it is recommended that tests
be run on representative samples of tubing to be used for the demonstration plant to determine the thermal
conductivity accurately. This is particularly important in view of the apparent large scatter in available data
and strong influence of small variation\s in alloy composition. .
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2. INTRODUCTION

2.1 LMFBR STEAM GENERATORS

It has long been recognized that a reliable steam generator system is essential for successful operation
of a Liquid Metal Fast Breeder Reactor (LMFBR) plant. The structural integrity of the steam generator
internals is of utmost importance in this respect, but the ALCO/BLH steam generator tests at the Liquid
Metal Engineering Center' show that the stability and performance characteristics of steam generators are
important as well. The thermal-hydraulic performance of the steam generator system must be predictable
over the range of load conditions experienced under prototypical LMFBR plant conditions. This includes
the ability to predict the overall heat transfer coefficients and the departure from nucleate boiling point
as well as the thermo-hydraulic stability and flow uniformity of the steam-side. On the sodium-side, it is
important to ensure that the sodium flow and temperature distributions are as uniform as is practical.

2.2 DEVELOPMENT PROGRAM

In support of the development efforts in these areas, under a joint Foster Wheeler—General Electric
program, models of candidate steam generator units were designed and built. The models were installed
and tested in the 2 MWt sodium-heated SGTR in San Jose, California, during the period of approximately
~1d-157C through 1971. The evaporator test section was a bayonet tube forced-recirculation evaporator
employing seven full-size tubes approximately 49 ft long, which were about the same as the reference
design. The nominal design-point power was 1500 kWt at 1600 psia steam pressure. The superheater test
section was a helical coil unit employing three full-size tubes with nominal design-point power of 500 kWt
at 1525 psia, 905°F outlet steam pressure and temperature. Both models were operated at-prototypical
sodium inlet and outlet conditions.

2.3 PROGRAM SPONSORS

The sodium-heated steam generator model tests conducted at the SGTR comprised Subtask F of Task VI
of the 300 MWe Fast Ceramic Reactor Component Development Progrém sponsored by the Empire State
Atomic Development Associates, Incorporated (ESADA). The ESADA support for this work was supplemented
by Foster Wheeler Corporation, who provided the design and fabrication of the evaporator and superheater
test sections, and by General Electric Company, who financed the 1971 test operations and the Breeder
Test Facility (BTF) building. ESADA funding was employed to design and construct the SGTR facility and
to conduct the test program from mid-1967 through 1970. Much of the test data analysis and the preparation
of this report were financed by the USAEC under Task C of PA-61, LMFBR Steam Generator System
Development (in the period beginning January 1972).

2.4 TEST OBJECTIVES AND DATA OBTAINED

The general objective of the SGTR operation was to discover areas in which the perception and quantitative
understanding of factors affecting the design and operation of a long-lived steam generator may be inadequate.
A summary of the overall objectives and program priorities is as follows:

1. Provide a proof-test of the completeness of design and operating assumptions, and explore and
define practical remedies where such deficiencies are found.

2. Provide a proof-test of critical mechanical components, including portions of the tube-sheet, tube-sheet
welds, end-cap welds, and tube integrity under the thermal and flow forces experienced in service.

3. Provide extended term performance tests with multiple tube models to observe time-dependent
effects, and develop and practice surveillance methods to ensure continued satisfactory condition
of all critical components of the steam generator.

4. Determine adequacy of thermal design with respect to stability and unlformity of flow distribution
on the steam side.

5. Confirm, experimentally, and provide basis for improved modification of design predictidn, overall
thermal performance of the steam generator, including shell-side flow and temperature distributions.
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During the present test program conducted in the period from July 1970 to December 1971, large
amounts of steady-state thermal performance data for both the evaporator and superheater test sections
were collected over the operating range that can be expected in practice, as well as operation of the evaporator
on natural circulation and once-through boiling conditions. Data on departure from nucleate boiling in the
evaporator for two different swirl generator inserts were obtained and a check on the steam-side flow distribution
was made. The boiling stability characteristics of the evaporator were determined in the range -from approx-
imately hatlf- to full-load operation. The overall pressure drops on the sodium-side and on the steam-side
of the evaporator and superheater were measured. Sodium flow and level instabilities were studied during
operation of the combined system and sodium temperature fiuctuations believed to be associated with sodium
level changes and cross-flow in the evaporator were examined.

In this report, the thermal-hydraulic test results and associated data reduction and analysis of the data

obtained mainly during the latter part of the 1971 operation are presented. A companion report®* covers
the SGTR operating experience and the post-test examination of the evaporator and superheater tube bundles,

22
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3. BACKGROUND INFORMATION

3.1 SODIUM-SIDE HEAT TRANSFER AND PRESSURE DROPS

The prediction of heat transfer in liquid metal heat transfer systems encountered in practice is often
a difficult task. Analysis and experiments performed with weli-defined or “clean” geometries, such as in-line
flow-through unbaffled rod bundles with constant or approximately constant heat flux and fully developed
velocity and temperature profiles, are available in the literature.®*.5 However, in practical heat transfer systems,
such as are found in liquid metal steam generators, the applicability of such “clean geometry” correlations.
is often questionable for several reasons. As an example, consider the SGTR evaporator model. The
basic feature of this model is a seven-rod, triangular array bundle with in-line downward flow; thus, one
might at first think that available data for this geometry are applicable. However, there are many complicating
factors. First, the bundle has tube support plates approximately every eight hydraulic diameters; thus, the
velocity and temperature profiles may not become fully developed. Second, the presence of the support
plates and the springs between the tubes increases mixing and heat transfer. Finally, the heat flux is far
from constant along the axial length, and, in fact, constant wall temperature would probably be a better
approximation to the real system. An additional complicating factor found in real heat transfer systems
is the presence of nonuniform flow distribution that can make the heat transfer prediction a very difficult
task. :

The available literature on liquid metal heat transfer in rod bundles is summarized in Reference 3 for
the period up to 1968. The paper by Borishanskii et al.* presented what are probably the most recent
data for spacerless rod bundles, and are believed to be the best available at this time. In the design of
the evaporator, the correlation given by Seban and Shimazaki® was used. This correlation was selected
because it is believed to be the most conservative.

The sodium-side pressure drop in the SGTR evaporator is due mainly to the support plates. The pressure
drop across a plate was predicted by treating the plate as an orifice for which standard methods are available.

For the superheater, the sodium-side heat transfer for the coils was predicted by using the correlation
proposed by Rickard, et al.® The pressure drop across the coil bank was predicted by the methods proposed
by Gunter and Shaw.” :

3.2 STEAM-SIDE HEAT TRANSFER AND PRESSURE DROPS

3.2.1 Evaporalor .

A diagram of the basic heat transfer device ‘used in the SGTR evaporator test model (the bayonet
tube assembly) is shown in Figure 3-1. A unique feature of this heat transfer geometry is a swirl generator
device mounted in the annulus between the heater tube and bayonet tube, as shown in Figure 3-2. Subcooled
water enters at the top of the bayonet tube and flows downward while picking up heat through the bayonet
tube wall. As the water turns at the bottom of the tube and enters the annular region between the bayonet
tube and the heater tube, the water temperature is about 6 to 10°F below saturation temperature. The
water now receives heat through the heater tube wali from downward-flowing sodium and reaches saturation
condition about 10 ft.above the bottom end of the tuhe, depending on operating conditions.

The heating of the water continues in the nucleate boiling regime, whose main characteristic is a relatively
high heat transfer coefficient over the tube length up to the position of the sodium/cover gas interface. -
It is in this boiling region that the swirl generator serves its function by separating the phases and keeping
the inner wall of the tube wetted with water. The design steam quality at this point is 33 wt % for the
SGTR evaporator.® Above the sodium level, heat is lost from the steam-water mixture to the entering subcooled
water through the bayonet tube wall, referred to as the regeneration effect of this heat transfer device.



GEAP-10580-2

WATER

_ , l
[ X

— TUBE SHEET
\ /STEAM/WATER 'f s

COVER GAS

BAYONET TUBE

HOT SODIUM

| | ///— 1.5 i—n. o.de
N

HEATCR TUBE-—\

/— END CAP

Figure 3-1. Schematic Diagram of the Bayonet Tube Assembly Used as the Basic Heat Transfer Device in the
SGTR Evaporator Model
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The subcooled liquid phase heat transfer in the bayonet tube is well defined by the Dittus-Boelter
correlation,® and the pressure drop can be calculated by standard methods used for pipe flow.'° Initially,
the water entering the annulus between the heater tube and the bayonet tube contains no steam bubbles.
The heat transfer and pressure drop for swirl flow of water in an annulus has recently been investigated
by Seban and Hunsbedt."

Continued heating of the subooled water eventually results in subcooled boiling and bubble formation
along the heater tube wall. The heat transfer for this condition in straight pipes has been investigated by
Jens and Lottes;'2 however, the presence of the swirl generator complicates the prediction of the heat
transfer. In the design analysis, this problem was handled in an approximate way by assuming that the
subcooled heat transfer coefficient applied to the point where the mean steam quality was less than O
and nucleate boiling for the mean steam quality larger than 0.

When net bulk saturation conditions have been reached, the flow regime traditionaily denoted by the
bubbly flow regime starts and the boiling process is denoted nucleate boiling. The traditional sequence
of flow patterns the steam-water mixture will go through as the heating continues are the slug, slug-annular,
and the annular regime, respectively, nucleate boiling being the boiling process. It is believed that the wall
is completely wetted in the nucleate boiling regime. In the higher quality regions of the regime, it is thought
that part of the liquid flows as a continuous liquid film on the tube wall, the remainder being entrained
in the vapor core. Heat can be transferred in the nucleate boiling region by conduction through the postulated
liquid film and subsequent evaporation into the vapor core (“film evaporation™”), and by boiling with bubble
formation from nucleation sites in the boiler tube wall.

Data on nucleate boiling for swirl flow appear to be nonexistent; however, since the nucleate boiling
heat transfer coefficient is in general high, it contributes little to the overall thermal resistance of the heater
tube; therefore, to a good approximation, the nucleate boiling coefficient is given by Chen’'s correlation.'

Peterson, Converse, and Gutstein'* performed two-phase pressure drop experiments using air/water
mixtures and found that the Martinelli-Nelson'® correlation for prediction of two-phase pressure drop is applic-
able for the present geometry when the liquid phase pressure drop is known.

3:2.2 SBuporheater

The steam-water mixture exiting the evaporator flows to the steam drum where the two phases are
separated. The saturated or near-saturated steam enters the helical coil superheater test section and flows
downward in the downcomer tubes while being heated by sodium in cocurrent flow. The steam flow direction
is then reversed at the bottom of the unit, enters the helical coil section, and exits the superheater at
the top at about 905°F under normal operating conditions. The steam-side heat transfer in the superheater
is by film boiling and is well defined in the straight downcomers by the Hienemann correlation.'® Also,
the pressure drop can be calculated by the standard methods used for pipes.'® In the helical coil section,
the heat transfer and pressure drop characteristics are modified due to the tube curvature. The curved
flow path introduces centrifugal force fields that result in secondary flow patterns perpendicular to the main
flow direction, the magnitude of which depends on the curvature. The pressure drop in curved pipes has
been investigated by Ito'” and the heat transfer characteristics have been well-defined by Seban and
McLaughlin.'®

3.3 DEPARTURE FROM NUCLEATE BOILING (DNB) IN THE EVAPORATOR

At the beginning of the ESADA steam generator development program, it was specified that departure
from nucleate boiling should not occur in the evaporator unit, since it was anticipated that the thermal
cycling associated with DNB might strain cycle the heater tubes and thus reduce their lifetime. The design
specification is still in effect; however, there are economic incentives to relax this specification and operate
the evaporator with DNB at about 100% exit steam quality. This would reduce the size and cost of the
recirculation system and would reduce the recirculation pumping costs.

3-4
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The DNB point (sometimes called “dry-out,” “critical heat flux,” or “burn-out”), where the thin liquid
film is thought to be destroyed, terminates the high performance nucleate boiling region and marks the
onset of the lower performance “transition boiling” region. The lower heat transfer coefficients determined
~ for the transition region are thought to be caused by the heat transfer surface being only partially wetted.
Heat transfer in this region is visualized as a combination of heat transfer to patches or droplets on the
boiler tube wall and vapor phase heat transfer from the dry areas. The transition region is terminated by
the onset of “film boiling,” at which point the liquid droplets and patches, thought to wet the wall in the
transition region, become insulated from the heat transfer surface by a superheated vapor film. The film
boiling region extends to the point at which bulk superheating commences, and the subsequent “film boiling
region” is the final step in a “once-through” boiling process.

The problem of determining the point of critical heat flux with various geometries and conditions has
been given a lot of attention in recent years; however, data directly applicable to the annular swirl flow
geometry apparently do not exist. The annular geometry without the swirl generator has been studied.
Janssen and Kervinen'® ran tests with the inner surface of the annulus heated at pressures ranging from
600 to 1400 psig; DNB data for an annulus with the inner and outer surfaces heated at 1500 psia have
been obtained. Tippets®': # did an extensive analytical study of the problem of predicting DNB and arrived
at a general relationship for the critical heat flux vs steam quality curve. This result is applicable to the
present swirl flow geometry after a suitable correction to account for the acceleration field set up by the
swirl generator has been made; but the final correlation requires the determination of two constants from
experimental data.

Extensive experimental measurements have been obtained of heat transfer behavior beyond the DNB
point. These tests were run with forced flow at high pressure and intermediate steam qualities by Hench,23- 24
Quinn,?* and Kunsemiller.2® Beyond DNB, wall temperature fluctuations were found to occur over a very
narrow range of conditions. Hench reports the magnitdde of the wall temperature fluctuations to be as
much as 700°F at a frequency of approximately 0.5 Hz for a constant heat flux system. Further, it was
found that the temperature oscillations are reduced in magnitude as the steam quality and mass velocity
are increased.

Concurrent measurement of wall temperatures at various positions along the heated wall and high-speed
photography of heated surface fluid behavior during transition boiling> have led to the conclusion that,
in the flow regime studied, transition temperature fluctuations are caused by temporal movements of the
liquid film terminus on the wall. The effects of the oscillating movement of the liquid film terminus on heat
transfer behavior are shown in Figure 3-3* for the two extreme positions. The lowermost position is seen
in the figure to be the location of the DNB condition. The uppermost position is near the location of the
onset of stable film boiling, because the wall does not rewet beyond this position. However, significant
variations in the heat transfer coefficient occur for a short distance beyond the uppermost film terminus
position, making the transition boiling iength slightly longer than the terminus travel.

The movement ot the liquid tilm terminus is ordinarily very slow and travels over a short distance
found to be approximately 10 to 20 sec/cycle and less than three hydraulic diameters for the single rod
tests reported in Reference 25. Ordinary irregularities of two-phase flow and slight unsteadiness of loop
conditions, such as small oscillations of absolute pressure, appear to be the cause of terminus movement.
The spatial dependence of wall temperature and heat transfer coefficient beyond the transition beiling location
are also shown in Figure 3-3.

The previous description of the transition boiling phenomenon applies to straight flow in a pipe, an
annulus, or a heated rod, and for constant heat flux systems (e.g., electrically resistance heated test sections).
In liquid-liquid systems, such as the liquid metal heated steam generators, the local heat flux is not constant
in the transition boiling region and the potential for obtaining large magnitude wall temperature fluctuations
is reduced. The presence of the swirl generator and the corresponding radial acceleration field also modifies

* The heat flux is uniform and constant in the figure.
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the straight flow description of the transition boiling region. Air/water flow tests* show that with the swirl
generator the heater tube inside- wall stays wetted up to about 80% qualities (Figures 5-15, 5-16, and 5-17).
At higher qualities, rivulets start to form at this surface and persist to about 95% qualities while the bayonet
tube outer wall remains wetted or partially wetted after the heater tube wall is completely dry.

A special feature with the present evaporator is the relatively low sodium to steam temperature difference
and the high temperature drop in the heater tube wall, along with the correspondingly low heater tube
wall to steam temperature difference. It has been observed? that there is an abrupt drop in the wall wettability
above surface to steam temperature differences of 250 to 450°F. The maximum wall-to-steam temperature
difference in the present system is approximatély 150°F and it appears, therefore, that the wall will rewet
after having been blanketed momentarily.

These observations suggest that the wall temperature fluctuations associated with DNB are not as
large as in straight channel flow. Also, it appears possible to delay the onset of DNB further it the water
film on the bayonet tube surface and swirl generator could be moved to the heater tube surface.

Experiments® with once-through steam generators using twisted tapes in straight tubes show that there
was a considerable increase in steam quality at DNB and the wall temperature fluctuations in the transition
region were much lower than for straight channel flow. Similar results were obtained* with coiled tubes
and it is clear from the illustration of Figure 3-4 that the annular swirl geometry can be interpreted as a
coiled tube in the limit, and therefore would be expected to have some of the same characteristics as
the coiled tube.

An interesting feature of the coiled tube vs the straight tube® is illustrated in Figure 3-5. A much smoother
transition to film boiling occurs with the coiled tube than with the straight tube; a. similar behavior may
be expected in the annular swirl flow geometry in view of the analogy pictured in Figure 3-4.

As illustrated in Figure 3-3, the heat transfer coefficient decreases from a very high nucleate boiling
coefficient to a fully developed film coefficient, and the film coefficient has been observed® to be space
dependent. This is a characteristic of any developing thermal boundary layer, but Quinn®' shows that there
is also a bulk superheat accumulation effect due to entrained droplets.

3.4 HEATER TUBE WALL THERMAL CONDUCTIVITY

The thermal resistance of the heater tube is a large fraction of the total thermal resistance (approximately
60% for the evaporator and approximately 30% for the superheater). The accuracy of the thermal conductivity
data will thus determine to a large degree the accuracy by which the overall evaporator and superheater
performance can be predicted. It turns out that there is a large scatter in the available data for the thermal
conductivity of the 2-1/4 Cr-1 Mo steel. This is apparent from Figure 3-6, where the data for the above
reference alloy and alloys with composition close to the above from four references are summarized.

It is not possible to tell with certainty the reasons for the discrepancies between the data. One possible
reason is that the thermal conductivity is sensitive to exact composition, impurities, etc., and may vary
trom batch to batch. This suggests that the steel supplier should be required to run thermal conductivity
experiments on each batch; this requirement should be specifically stated in the purchase specification.

+ Unpublished work performed at General Electric Missile and Space Division, Cincinnati, Ohio.
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24

CURVE MATERIAL REFERENCE

1 2,25 Cr=1.Mo - (a)
2 2,25 Cr-1.Mo (b)
3 " 3.00 Cr-8.Mo (€)
4 2.25 Cr=1.Mo C(d)
5 2,30 Cr=1.Mo (d)
6 2.25 Cr=1.Mo (a)

o
5 — S
[
] L L ] |
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TEMPERATURE (°F)
a. "Design Guide for LMFBR Sodium Piping,” Report SAN-781-1, Prepared for

USAEC by C. F. Braun and Company, February 1, 1971.
Standards of Tubular Exchanger Manufacturers Association, Fifth Edition, 1968.

Properties of Steel, 1969 Internationale Atomteaktorbau G.M.B.H. Bensberg,
West Germany, NP-18080.

Sandrik Steel Manufacturing Company, Sweden, Products Catalogue.

Comparison of Available Thermal Conductivity Data for the Heater Tube Reference 2-1/4 Cr - 1Mo
Alloy (T-22) : '
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4. TEST APPARATUS

4.1 SODIUM-HEATED STEAM GENERATOR TEST RIG (SGTR)

The Steam Generator Test Rig (SGTR), located at a General Electric site in San Jose, California,
is a gas-fired, air-cooled system. The rig is constructed primarily of Type-304 stainless steel, with bimetallic
joints to accommodate the chrome-molybdenum evaporator and superheater test sections. A schematic
diagram of the rig is shown in Figure 4-1. The operating capabilities of the test rig are:

@ POWET ..ottt 2000 kwt
o TOp SOIUM TEMPEIAtUIE .....ccceeiiiiiiieiiie ettt e e e et e e e e e et e e e e eanneeaee e e eennneneens 1100°F
e Sodium Flow Rate ..................................................................... 200 gpm
e Top Steam Temperature and Pressure..........cocccocccviiiiinnicereeeeneneen. 1000°F/2400 psi
o Steam FIow Rate......c.ccccooiiiiiiiiiiiiii et s 8000 Ib/h
e Recirculation Water Flow Rate..........ccccooviiiiiiiiiiiiiee e 60 gpm

(one recirculation pump)

The SGTR includes a complete sodium-water reaction vent-relief system and a leak detector system
which is representative of that planned for the reference plant steam generator (gas chromatograph, gas
thermal conductivity analyzer, and diffusion-tube hydrogen detector).

Figure 4-2 shows the flow diagram for the system, and instrument connection details are shown in
Figure 4-3. (The system isometric and system plan and elevation drawings, etc., are included in Volume 1.2)
Figure 4-4 shows a view inside the Breeder Test Facility (BTF), with the upper portion of the SGTR and
evaporator test section in view in the background. Figure 4-5is a view of the SGTR from below the superheater
model which is mounted adjacent to the evaporator model. .

4.2 EVAPORATOR TEST SECTION

The evaporator model was manufactured in the Foster Wheeler factory at Mountaintop, Pennsylvania,
and was delivered to the SGTR in October 1969. The model is a sodium-heated bayonet-tube recirculating
evaporator containing seven full-size tubes whose dimensions, weld-joints, and other structural features
are identical or similar to those for the reference evaporator design (except that the tube support devices
approximate rather than duplicate the reference design). The nominal design evaporator model power is
1500 kWt at 1635 psia boiling pressure and 855°F sodium inlet temperature (same pressure and temperatures
as the reference plant evaporator).

The outline of the test section is shown in Reterence 2. The subcooled recirculation water enters through
Nozzle N-1, flows downward through the inner bayonet tubes, reverses, and flows upward through the annuli
formed by the outer heat transfer tubes and the inner bayonet tubes where a portion of the water is converted
to steam. The two-phase mixture then leaves the evaporator through Nozzie N-2. The design point exit
steam quality from the evaporator is 30% (same as plant evaporator—see Reference 8). Fins are welded
to the outside surface of the bayonet tube to impart a swirling motion to the water in the annulus.

Figure 4-6 shows the details of the evaporator test section; Figure 4-7 shows details of the region

near the sodium inlet at the top. The heat transfer tubes are approximately 49 ft long and are constructed
of 2-1/4 Cr-1 Mo (T-22) alloy (same as the reference evaporator design).

4.1
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Figure 4-3. Steam Generator Test Rig
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Two different pitch/diameter ratio (P/D ratio; for definitions, see Figure 3-2) swirl generator inserts
were tested. Initially, the reference design employed noninsulated bayonet tubes over the total length; this
arrangement was also used in the model with the first swirl generator insert. The second swirl generator
insert used water-filled, double wall bayonet tubes for the upper 10 ft corresponding approximately to the
section of tubing above the sodium inlet, to reduce the regenerative heating and the corresponding reduction
in steam exit quality. Details of the insulated bayonet tube design are shown in Figure 4-8. Details of the
two swirl generator inserts and the tube dimensions are given in Table 4-1 below:

Table 4-1
DIMENSION OF EVAPORATOR TUBES

Tube Lengths (feet) Diameters (inches)
Swirl Generator Heater Bayonet Insulated Heater Tube Bayonet Tube Insulation
P/D Width Thickness Tube Tube Portion od. id. od. i.d. od. id
6 0.252 0.06 484 494 - 1.500 1.184 0.625 0.500 - -
3* 0.252 0.06 48.4 494 10 1.500 1.184 0.625 0.500 0.437 0.321

* This was the swirl generator P/D ratio used in the upper approximately 24-ft section; in the lower approximately 25-ft
section, the old P/D = 6 swirl generator inserts were used (Figure 4-8).

The problem of tube vibration is minimized by the use of tube support springs as shown schematically
in Figure 4-9. The springs are 1-3/32 in. 0.d. and are made of 3/16 in. 0.d. wire with a coil pitch of 6 in.
One coiled spring is inserted between three adjacent heat transfer tubes. The spring extends the full length
of the tubes. The force of the spring holds the tubes against the tube support/baffle plates, thereby dampening
any vibration that may arise. (Subsequent development resulted in the elimination of the spring in the reference
steam generator design.)

The heat transfer tubes were welded to annular projections on the tube-sheet by the internal bore-welding
torch developed by Foster Wheeler.®

The sodium enters Nozzle N-7 (Figures 4-6 and 4-7), flows upward for a distance of 10in., and into
the shroud enclosing the tube bundle assembly. The sodium then flows downward in parallel with the heat
transfer tubes, and exits at the bottom through Nozzle N-8. An annular seal at the bottom of the shroud
prevents bypass of the sodium around the tube bundle. In addition to channeling the sodium flow through
the tube bundle, the shroud serves as a protective shield for the vessel shell to prevent direct impingement
of sodium-water reaction products that would result from a tube leak.

The vessel shell is constructed of standard commercial pipe and fittings. The material of construction
is 2-1/4 Cr-1 Mo alloy. The lower portion of the shell is fabricated from heavy wall pipe (Schedule 120)
to minimize any damage that could result from the high peak pressures and temperatures that might occur
in the event of a large tube leak and associated sodium-water reaction. In addition to this precautionary
measure, rupture discs were mounted on the 6-in. nozzles (N-5 and N-16) at the top and bottom of the
shell, respectively, to relieve the generated pressure. A standpipe (N-6) is mounted on the side of the
shell for sodium level indication.

4.3 SUPERHEATER TEST SECTION

The superheater model was also manufactured in the Foster Wheeler factory and was delivered to
the SGTR in July 1970. The superheater model 1s a helical coll superheater consisting of three, 74-tt-long,
full-size (1-1/4in. 0.d. X 0.065 in. wall) heater tubes nested together in a single 18-in.-diameter coil bank.
The tubes were made up with representative samples of four candidate alloys: normal 2-1/4 Cr-1 Mo (SA-213,
Grade T-22), low carbon chrome-moly (0.03% C), nloblum-stabillzed chrome-moly (1% Nb), and lilaniurn-
niobium-stabilized chrome-moly (1/4 Ti, 1/2 Nb). Except for the associated differences in tubing materials,

4.9
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the same types and locations of welds were used as were planned to be used on the reference design
superheater.* Two of the three tubes are active heat transfer tubes, and one tube is inactive (plugged)
in order to provide a mechanical test of a tube that is out of service. The nominal design point thermal
power is 500 kWt at 1525 psia, 905°F outlet steam pressure and temperature. An outline drawing of the
test section is given in Reference 2. Figure 4-10 shows the internal arrangement. Views of the tube bundle
for the superheater are shown in Figures 4-11 and 4-12.

Saturated steam from the test rig steam drum enters Nozzle N-1, flows downward through the downcomers,
flows upward through the helical coil receiving heat from the sodium that flows downward in counterflow,
enters the risers, and exits through Nozzle N-2 as superheated steam. Hot sodium from the test rig heater
enters through Nozzle N-3 and is distributed around the coil circumference by a distributor plate. A calming
baffle is located above the entrance nozzle to minimize fluctuations of the sodium level. The sodium flows
downward over the coil in the annulus formed by the inner and outer shrouds. A high resistance baffle
is located in the annulus at the bottom of the coil to maintain a uniform sodium flow over the circumference
of the coil. The sodium then flows inside a bellows seal, which is used to prevent bypass flow around
the coil, and exits through Nozzle N-4. The tube/tube-sheet welds were made by use of the internal bore
welding technique.® The tube/tube welds were made by an orbital welding torch, which is also described
in Reference 8.

The coil is supported by three radial support plates which are welded to the inner shroud. The tubes
are clamped to the support plate by means of a clamping bar arrangement which uses a shear-type clamping
action.

To provide pressure relief in the event of a sodium-water reaction, two 6-in.-diameter rupture discs
are employed — one located in Nozzle N-10 at the top and the other in the bottom of the inner relief
duct. In the event of a large tube leak and associated sodium-water reaction, the rupture disc at the top
will burst and, depending on the location of the leak, the rupture disc at the bottom may also burst; in
this case, the reaction products will bypass the high-resistance flow path through the coil assembly and
will flow up through the inside of the inner relief duct, which is gas-filled and extends above the sodium
level into the cover gas space. Bursting of the rupture disc in Nozzle N-10 will allow the reaction products
to flow to the reaction products disposal tank pravided in the test rig. Further protection of the shell fram
damage in the event of a large sodium-water reaction is provided by the outer flow shroud around the
tube bundle.

4.4 AUXILIARY EQUIPMENT

A brief description of the major auxiliary equipment will be given below. For a more complete description
of this and other equipment and their operating experience, see the topical report on this subject, Volume 1,
Reference 2.

4.4.1 Sodium Heater

The sodium heater employed as the heat source is designed for a nominal heat load of 2000 kWt at
a sodium exit temperature of 1300°F. The sodium is heated inside a single helical coil, 558 ft long and
4.5 in. o.d. with 0.237-in. wall thickness, providing a total heat transfer surface of 656 ft2. The design pressure
is 250 psig and the sodium flow capacity is 200 gpm.

4.4.2 Air-Cooled Condenser

For dissipation of the heat transferred to the steam, an air-cooled condenser was used. The condenser
was designed for 2000 kWt at maximum pressure of 600 psi and 900°F. The horizontal tube bundle manufac-
tured from Type-304 stainless steel consisted of three rows of 10-in. o.d., 10 ft-long tubes across which
atmospheric air was blown upwards by a 6-ft-diameter fan positioned below the tube bank. The air flow
and the corresponding cooling capacity were controlled by louvers positioned above the tube bank.

* The helical coil concept for the reference design superheater for the demonstration plant has now been replaced with a bayonet tube
concept.
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4.4.3 Pumps

The electromagnetic pump used in the sodium loop is of the helical induction type rated at 200 gpm
and 125 psi developed pressure with a top sodium temperature of 800°F. The power supply is three-phase,
480 V, 60 Hz.

The water recirculation system contained a centrifugal pump rated at 60 gpm (20000 Ib/h) with a head
of 100 psi. The control of the recirculation flow rate was by a throttling valve located between the pump
and the evaporator inlet.

The condensate feed pump was of the reciprocal piston type rated at 20 gpm (8000 Ib/h) with a design
head of 2500 psia.

4.5 DATA ACQUISITION

The main componentin the data acquisition system is a Hewlett Packard HP 2114A small, general-purpose
computer with a 8K memory. With appropriate programming and auxiliary hardware, this computer stores
transducer signals, performs preliminary data reduction, and provides a permanent record of operating condi-
tions for subsequent analysis.

In addition to the above, one six-channel and one eight-channel Sanborn oscillograph recorder were
available and used for the DNB and stability tests.

The recorded data were used as input to the two data reduction codes (EVAP and SUPER) prepared
for this purpose, from which detailed information on the performance was deduced. These codes perform
complete thermal-hydraulic analysis of the two test sections using finite difference approximations and approp-
riate physical models of the two units. The codes use the actual measured inlet conditions as a starting
point. The calculated exit conditions and the sodium temperature profiles are compared to the actual measured
quantities and a near complete match is achieved by adjusting parameters in the heat transfer correlations
used in the codes. A summary description of these codes is given in Appendix A.

4.6 INSTRUMENTATION AND CALIBRATION

The initial test operation with the complete system on-line revealed a number of anomalies in the instrumen-
tation. A complete check of the instrumentation system was necessary in order to obtain useful test data.

4.6.1 Temperature Measurements

The locations of the thermocouples used to determine the sodium temperature distributions in the
evaporator and superheater test sections are shown in Figures 4-13 and 4-14, respectively. Also, the ther-
mocouples located on the outside of the evaporator are shown in Figure 4-13. The thermocouples used
to measure the departure from nucleate boiling characteristic of the evaporator were attached to the heater
tube walls as shown in Figure 4-15; a view of the tubes with the DNB thermocouples attached is given
in Figure 4-16.

Most of the chromel-alumel thermocouples were connected by continuous lengths of insulated cable
to a controlled reference junction maintained at 150°F *0.01. Thermocouples measuring the sodium
inlet/outlet temperatures of the models were connected to the cold junction by continous lengths of chromel-
alumel cable to minimize errors.

For measurements of loop temperatures such as heater inlet and outlet temperatures, evaporator inlet
and outlet temperatures, etc., chromel-alumel thermocouples were installed in"commercially designed ther-
mowells as shown in Figure 4-3.

To ensure accurate and consistent sodium temperature measurements, an isothermal calibration was
performed in which sodium was circulated at various temperature levels through the rig and test sections.
Subsequent analysis of the data in which the sodium heater exit temperature reading was selected as
a reference showed that the maximum deviation from this occurred at the evaporator exit which read about
7°F lower in temperature than the reference at the lowest sodium flow rate.
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The thermocouples attached to the outside surface of the vessel were subjected to considerably larger

_errors (approximately 60°F) due to convection of air vertically between the vessel and the insulation (approx-

imately one-in. gap). This condition was corrected on several key thermocouples and the deviation from
the reference isothermal sodium was reduced to approximately 12°F.

Since the deviations from the reference thermocouple reading did not vary much with flow rate or
temperature level and the heat losses were relatively small, a standard set of corrections at intermediate
flow rate and temperature level was selected and applied in the subsequent data analysis. Time limitations
did not permit the isothermal tests to be performed at regular intervals and some instrument drift could
have occurred; however, in subsequent data analysis, no anomalies were uncovered. Thus, the accuracy
ot the sodium temperature measurements is believed iv be within *0.5% of the reading after the standard
set of correction factors had been applied. The sodium thermocouples mounted inside the test sections
are believed to be more accurate than this. It should be noted that only two of a total of 50 internal sodium
and DNB thermocouples failed during the test program.

Steam temperature measurements such as condenser outlet, feedwater inlet, superheater outlet, etc.,
were measured using chromel-alumel thermocouples in thermowelis of the same design and output provision
as were used for the sodium loop temperature measurements. These thermocouples were calibrated by
circulating water at approximately 500 psia pressure through the entire steam-side system. It was impossible
to obtain completely isothermal conditions around the loop because sodium was present in the system
during the tests and some heat losses could not be avoided in the inactivated condenser and the connecting
piping. The thermocouples were found to be within 10°F of each other and the temperature readings at
locations where it was known that saturation conditions existed were in excellent agreement with the corres-
ponding saturation temperature at the existing pressure. This provided a check on the pressure measurements
as well. The accuracy of the steam-side temperature measurements is believed to be within *1%,

" Additional thermocouples were installed later in the test program as the need arose. This included
the insertion of two approximately 50-ft-long thermocouples into bayonet tubes B and G to measure the
subcooling of the water as it enters the annuli. These thermocouples were later pulled up to approximately
the elevation of the upper set of departure from nucleate boiling thermocouples. One thermocouple was
inserted into one of the stability pressure taps in the tube-sheet to indicate superheat in the once-through
boiling and stability experiments. In order to evaluate the steam temperature unbalance at the superheater
exit, two thermocouples were installed in the two active tubes through holes drilled in the tube-sheets.

-4.6.2 Pressure Measurements

System pressures and pressure differences were monitored on the sodium-side and on the steam-side
(see Figure 4-2 for measurement points). The pressure taps were installed in accordance with the manufac-
turer’s instructions as shown in Figure 4-3.

The cover gas pressures in the two test models were measured using GEMAC pressure transducers
‘connected directly to the data acquisition system; sodium outlet pressures were measured by Taylor pressure
transducers. The differential pressure drops were obtained from these by subtraction of the signals in electronic
summers. In-loop calibratinn procedures to ohecl the pressuty readings relative to each other were not
feasible; therefore, the transducers were bench calibrated using a dead weight tester. The accuracy of
the sodium-side pressure readings was estimated to be * 29 however, pressure differentals based on
electronic summation of absolute readings were not very accurate, especially when smatl pressure differentials
were involved. It was found that the pressure differentials obtained by subtraction of absolute pressures
were often more consistent; however, for small pressure differentials, the accuracy obtained by this method
too must be considered poor. '

The steam-side pressure measurements included the evaporator inlet and outlct, the steam dium, and

the superheater inlet and outlet pressures (Figure 4-2). Differential pressure drops were abtained from these
by subtraction of the signals in electronic summers. The pressure transmitters were bench calibrated and
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the relative readings compared under near isobaric loop conditions at normal operating pressure and were
found to be in satisfactory agreement. The pressure readings were also in good agreement with the saturation
pressure deduced from simultaneous reading of the saturation temperature. The accuracy of the steam-side
pressure readings is estimated to be +1%.

In addition to the above, a Barton differential pressure gauge was used to measure the pressure drops
across especially designed orifices at the bayonet tube inlets to measure the steam-side flow distribution
(Figure 5-24). This transmitter was later used to measure steam-side pressure drops during the steam-side
stability testing. ‘

4.6.3 Sodium Flow Measurements

The sodium flow measurements were provided by three different electromagnetic flowmeters, one located
in the line between the superheater and evaporator, one in the exit line from the evaporator, and one
between the electromagnetic pump and sodium heater (Figure 4-2). The flowmeters were of the permanent
magnet type using 2-in. i.d. X 0.165-in. wall stainless steel piping with approximately 3 ft of straight tubing
upstream and downstream of the flowmeters.

The flowmeters were calibrated using an ASME orifice plate installed in a bypass line for this purpose
(Figure 4-2) as a standard. The magnetic flux strengths of the magnets were checked and the magnets
stabilized. After these corrections, a final calibration was made in which it was found that the sodium flow
calculated from the pressure differential across the orifice plate was within 2% of the predicted flow rates
of the electromagnetic flowmeters. Time limitations did not permit this calibration procedure to be performed
periodically; however, there were no indications of any major drift between the individual meters. The signals
from the electromagnetic flowmeters were connected directly into the data acquisition system.

4.6.4 Water/Steam Flow Measurements

Water/steam flow measurements were made at three locations using ASME orifice plates. The feedwater
flow rate was measuréd between lhie coindensate feed pump and the steam drum, the recirculation flow
rate between the recirculation pump and the evaporator inlet, and the steam flow rate between the steam
drum and the superheater (Figure 4-2).

The orifice plates were installed using flange taps in accordance with the ASME code (Figure 4-3).
The impuise lines were connected to differential pressure transducers and the transducer signals were
taken directly to the data acquisition system using shielded cables.

Correction factors accounting for variations in the actual fluid densities which were often considerably
different from the reference calibration fluid conditions were applied to the output signals in the data acquisition
system using measured actual fluid conditions. The measured flow rates were found to be within 2% of
each other. This is well within the * 5% accuracy quoted by the manufacturer.

The recirculation fiow rate turned out to be one of the most important measurements and no direct
comparison could be made since there was only one measurement point. Indirect checks could be made
by using a sodium heat balance on the evaporator and the steam flow measurement. The accuracy was
found to be within * 5% when correction for the fluid density was made.

4.7 TEST PROCEDURE

4.7.1 Thermal Performance Tests

The test procedure generally followed was to establish the desired operation conditions. The system
was then allowed to stabilize at these conditions for approximately 30 min before the data were recorded
by the data acquisition system. Difficulties were sometimes encountered in holding for 30-min truly steady-state
conditions as a result of system control dynamics triggered by a slight drift in heater temperature.
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4.7.2 Departure from Nucleate Boiling Tests

In order to simplify the operation of the system, the evaporator was operated alone with the superheater
bypassed during the departure from nucleate boiling tests. The main parameters varied were the sodium
iow and inlet temperature and the recirculation 'flow rate. The general test procedure was to establish
conditions below the DNB point and let the system stabilize for about 25 min. The steam exit quality was
then generally about 50% with nucleate boiling over the entire boiling region. The recirculation flow rate
was then reduced in small steps, corresponding to increasing the exit steam quality, until the DNB thermocouple
traces on the Sanborn recorders started to deflect, indicating a change in heat transfer characteristics from
fully nucleate to partial film boiling. A complete recording of data was then made using the data acquisition
system. The recirculation fiow rate was further reduced in steps until the exit quality exceeded 100% and
film boiling prevailed near the DNB measurement point. This procedure was repeated for different sodium
inlet conditions in order to vary the heat flux and power level in the evaporator at DNB.

4.7.3 Stability Tests

The steam-side stability test procedure was similar in most respects to the DNB test procedure. The
recirculation flow was reduced slowly in steps, allowing about 20 min between steps for one complete data
set to be recorded. Important hydraulic stability parameters were recorded on the Sanborn recorders, such
as steam-side plenum pressures, pressure drops, and thermocouples located in the boiling tubes and in
the sodium. The recirculation rate was reduced until instabilities were detected on the recorders. The unstable
mode was maintained long enough to allow several complete data sets to be recorded. The recircutation
flow rate was then increased in steps until stable conditions were reached. This entire procedure was then
repeated at other power levels by adjusting sodium conditions.
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5. EVAPORATOR THERMAL PERFORMANCE

The following subsections contain the bayonet tube evaporator test section thermal performance results.
This includes the measured overall heat transfer coefficients for the boiling region and the sodium-side
Nusselt nurmber correlation derived from these measurements. The departure from nucleate boiling results
are presented along with the steam-side heat transfer performance in the transition boiling regime. The
available data on the steam side flow distribution are presented along with the sodium-side and steam-side
pressure drops.

5.1 HEAT TRANSFER PERFORMANCE

The usual method used in evaluating the thermal performance of a heat exchanger device is to measure
the inlet and outlet temperatures and the flow rates of the two fluids. If the fluid properties can be considered
constant and the geometry is clean (i.e., a well-defined geometry), a convenient measure of the thermal
performance of the heat exchanger device is the overall heat transfer coefficient calculated from the measured
heat transfer rates and logarithmic mean temperature difference.

In liquid metal steam generators, the ideal conditions considered above rarely exist. In the present
evaporator, the heat transfer rate has to be derived from measurements at the sodium-side only because
the exit enthalpy of the steam-water mixture cannot be measured. The sodium-side geoemtry is rather
complex and the sodium properties are changing to some degree. On the steam-side, there are two heat
transfer regions where the heat transfer coefficient varies from a relatively low subcooled forced convection
coefficient to a very high nucleate boiling coefficient near the exit. Nevertheless, the logarithmic mean tempera-
ture difference and the overall heat transfer coefficient are usefut concepts if evaluated over certain sections
with relatively clean geometry and within a well-defined boiling regime.

In the present investigation of the evaporator performance, the overall heat transfer coetfticient in the
boiling regime was evaluated using the above methods and by using the EVAP data reduction code. This
procedure is based on the concept of matching analytic calculations of the axial sodium temperature distribution
as obtained from EVAP to the measured axial sodium temperature distribution by varying parameters in
assumed functional forms of the heat transfer correlations.

5.1.1 Data Reduction Proceduufe

A summary description of the EVAP code is given in Appendix A-1. Basically, the code performs a
detailed thermal-hydraulic analysis of the evaporator test section using the best possible nodal mathematical
model of the evaporator. This includes mathematical descriptions of the heat transfer coefficients and pressure
drops throughout the unit. The heat transfer correlations governing the performance in the hailing region
and used as models in the EVAP code are presented below..

For the sodium-side, the Nusselt number is given by:*

hya D : .
Nu = % = C, +C, (Pe)’8 (5-1)

where C, and C. are constants to be determined.

Selection of the right tube wall thermal ¢conductivity is especially critical since the thermal resistance
of the wall constitutes about 60% of the overall resistance. Available data on thermal conductivity of the
heater tubes are summarized in Figure 3-6. The spread in the-data is great and it is difficult to decide
what value should be used. Since the actual value is likely to he somewhero botween the exlieme values,
the Jala ul Reétérence 32 were selected and used in all subsequent data reduction. These data can be
described by: :

k = 25 - 0.005 T (Btu/h-ft-°F) (5-2)

* For notation see the nomenclature at the front.
7
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The steam-side nucleate boiling heat transfer coefficient for the present swirl flow geometry is not
known from previous experimental data. However, since the thermal resistance of the steam-side is generally
a small fraction of the total, Chen's correlation'® is believed to describe the steam-side nucleate boiling
coefficient to a sufficient degree of accuracy. Chen’s correlation is given by:

0.79 0.45 0.49 0.25
kf X Cpf X P X 9 X ATO-24.
sat

h = S 0.00122 X

00 .5 X “fo 29 X Hfgo 24 X pgo 24
(5-3)

k
X AP‘;E;ZS + F0023 X Re® X Prl4 X D_f (Btu/h-Ft-°F)
- H

Using these correlations, the measured inlet conditions of the sodium- and steam-sides, and the measured
sodium and recirculation fiow rates as input, the EVAP code was run for a few cases with different values
of Ci and C. in the sodium-side correlation until a reasonable agreement between measured and calcutated
axial sodium temperature distribution was achieved. A typical example of the match achieved for operation
at approximately full load is shown in Figure 5-1 and a similar comparison is made for approximately half-load
conditions in Figure 5-2. In these figures, the measured sodium temperatures at different axial locations
are averages of the thermocouple readings in the edge channel and the center channel. Referring to Figure 5-3,
the edge flow channel is here defined by the shell-side flow area between the flow shroud and an imaginary
circle through the center of the edge tubes, while the center channel is defined by the shell-side flow area
inside this circle. The locations of -the sodium thermocouples used to measure the sodium temperature
distribution are shown in Figure 4-13. The reason for using average thermocouple readings was that some
temperature fluctuations were observed in the sodium in the upper portion of the unit; by taking averages,
a better estimate of the real sodium temperature was obtained. (Details about these sodium temperature
fluctuations are given in subsection 7.1.2.)

Once a trend in the performance was established, the remainder of the data was processed; a comparison
between the measured and calculated sodium temperature distributions was made in each case. Only slight
changes in the constants C, and C: in Equation 5-1 had to be made in a few subsequent cases, after
which excsllent agreement between measurement and analysis was consistently achieved. Due to temperature
and heat flux variations along the evaporatér, the Individual conduetanooc given by the previous correlations
were found to vary considerably with axial pusiliun aloing the ovaporater. The rnrrespanding local values
of the overall heat transfer coefficients varied by about 25% axially in the boiling region with the largest
values occurring in the upper portion of the unit near the sodium inlet. An average value of the overall
heat transfer coefficient was needed for comparison with design predictions. This average value was calculated
from the following relation:

V0gyap = (Vh)dy/d; + (d /2k)Inld/dy) + 1/, (5-4)

where the mean values of the individual conductances were calculated using the formula:

-
n
b N

N
o &9
i =1

i

where N is the total number of heat transfer coefficients used in the boiling region of the EVAP computer
model. The heater tube mean thermal conductivity was calculated using the average of the steam temperature
and the sodium inlet temperature.
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In addition to the thermal performance evaluation procedure just described, the overall heat transfer
coefficients over the boiling region were aiso evaluated using the standard logarithmic mean temperature
difference procedure mentioned earlier. This was accomplished by assuming that the sodium temperature
distribution in any one axial plane was uniform. The coefficients were evaluated between the plane at elevation
492.0 in. where six thermocouples are located (Figure 4-13), and the plane at elevatuon 257.5in. generally
above the start of the boiling region. :

It is apparent from Figures 5-1 and 5-2 that considerable cross-sectional temperatdre 'variation exists
near the upper measurement location. A mean temperature at elevation 492.0 in. was obtained by averaging

all the thermocouple readings.

"A schematic diagram of the system under consideration is shown in Figure 5-4. Neglecting heat losses,
the rate of heat transfer in the boiling region on the sodium-side is:

Q, = W(H;, - Hg,,) (Btu/h) - A (5-6)
The logarithmic mean temperature difference for the boiling region is:
M0y = [T = tour = Mour = tiad] /00 [Ty = toud(Toue = )] CF1 (5

The boiling region overall heat transfer coefficient is then:

—_ N 2 0 -
Umtp = Q/(A, X LMTD,) (Btu/h-f*-°F) (5-8)

The steam-water temperatures used in evaluating LMTDy were taken from the corresponding EVAP
runs.

5.1.2 Boiling Region Overall Heat Transfer Coefficient

The ovorall heat transfer nnefﬁcient'was evaluated for 116 runs, of which 16 were regular thermal
performance runs of relatively low exit steam quality. The majority of the data, nowever, were takon during
the departure from nucleate boiling tests at high exit steam quality corresponding to some partial film boiling
near the upper portion of the unit. The ranges of conditions maintained for the evaporator during the tests
were as follows:

e Sodium Inlet Temperature — 740 to 912°F (855)*

o Sodium Outlet Temperature — 595 to 621°F (632)

e Sodium Flow Rate — 39,293 to 94,962 Ib/hr (75,000)

e Steam Drum Pressure — 1,555 to 1,674 psia (1,635)

e Steam-Water Flow Rate — 5,882 to 21,020 Ib/hr (22,500)
e Water Inlet Temperature — 454 to 575°F (565)

s Steam-Water Exit Quality — 15 to 98% (31.5)

e Thermal Power — 740 to 1,516 kWt (1,500)

* The numbers in parentheses indicate rated or design values.
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The measured boiling region overall heat transfer coefficients are presented in Table B-1 in Abpendix
B-1 along with test parameters.

The overall heat transfer coefficients in the column denoted by Ug,,5p Were evaluated using Equation 5-4
with the mean values of the individual conductances from the EVAP code as explained in subsection 5.1.1.
The second set of measured overall heat transfer coefficients was evaluated using the log mean temperature
approach also explained previously. For comparison, the overall heat transfer coefficients predicted using
design methods (no fouling effect) at actual test sodium flow rates but with the design wall thermal conductivity
of 16.25 Btu/h-ft-°F and a steam-side heat transfer coefficient of 5102 Btu/h-ftz-°F for all cases* are also
presented in Table B-1. '

A more detailed comparison of the overall heat transfer coefficients based on the EVAP code results
with the design prediction at near-ratéd conditions is shown in Table 5-1.

Table 5-1
SUMMARY OF EVAPORATOR THERMAL PERFORMANCE
FOR THE BOILING REGION AT NEAR-RATED CONDITIONS
HEAT TRANSFER COEFFICIENTS (Btu/h-ft> °F)

SGTR Experiment(@) .

Location Predicted Coefficients Exit Steam Quality = 0.34
Overall U~ , , o 586 923
Steam Side,FS (Chen’s Correlation) 5105 8959
Equivalent Wall, hW (Wall Thermal Conductivity 16.25) 1046 1376
Sodium Side, hNa (Seban-Shimazaki Correlation) 1966 4713
Fouling Coefficient, hy No Fouling Effect No Fouling Effect

{a) Run 3-29-71 {2010)

Thormal Poswer ., , , ., . . . . . . . 1517 kWt
Steam Drum Pressure .« . . . . .. . 1650psia
Sodium Inlet Temperature . . . . . . . . .856°F
SodiumFlowRate . . . . . . . . . . .69100Ib/h

It can be seen from Table B-1 that the measured overall heat transfer coefficients are considerably
higher than the predicted values. The scatter in the log mean temperature based values is great, due '
mainly to the difficulty in determining the actual small temperaturc ditference batween the sodium-side and
steam-side at the start of the boiling region in the lower part of the unit. A summary of the original data
for all runs is given in Table B-2 in Appendix B-1.

The overall heat transfer coefficient was evaluated for the boiling region only since approximately 80%
of all heat transfer takes place in this region. In the subcooled region (Figure 5-4), the heat transfer is
small and the temperature ditferences are difficult to determine accurately; therefore, a direct experimental
evaluation of the calculated overall heat transfer coefficient was impossible for this region.

The excellent performance of the evaporator compared to design predictions is postulated to be due
to the following: - ¢

1. The sodium-side conductance is believed to be somewhat higher than one would normally find
for paralle! flow in rod bundies because the evaporator contains a baffle .or support plate with

=This steam-side coefficient was calculated in the original design calculations® at a particular fiow rate, exit steam quality and heat
“flux. Although the actual test conditions were generally somewhat diffcrent, this value was used for convenience to avoid extensive
recalculations since it has small effect on the overall value. :
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an area ratio* of approximately 0.5 approximately every eight hydraulic diameters along the bundle
(for details see Figure 4-6). The heater tubes are held against'the support plates by three springs
along the entire length of the tubes as indicated schematically in Figure 4-8. The net effect of
this geometry is to introduce additional mixing effects as compared to a “clean” rod bundle, thus
increasing the effective Reynolds number of the flow. Also, in the 'upper portion of the unit where
the sodium flows across the six-edge tubes (Figure 4-7) and enters the tube bundle, there is
a considerable cross-flow component; and, since the heat transfer rate is the largest here, this
could have some effect on the overall performance. Finally, the sodium-side conductance was
estimated using the Seban-Shimazaki® correlation which is believed to be very conservative for
this geometry.

2. The heater tube wall thermal conductivity is probably higher than the value of 16.25 Btu/h-ft-°F
used in the design prediction. The compilation of thermal conductivity data shown in Figure 3-6
support this assertion, since it falls on the very low side of the available data.

3. Finally, the steam-side heat transfer coefficient may be somewhat higher than predicted by the
Chen’s nucleate boiling correlation'® due to the swirl flow in the annuius. However, this effect is
believed to be small, since the steam-side contributes little to the overall heat transfer resistance.

The previous evaluation has yielded overall heat transfer coefficients for the boiling region based on
matching of the calculated sodium temperature profile and based on measured sodium temperatures and
log mean temperature differences. The EVAP calculations resulted in a heat transfer corretation for the
sodium-side by the determination of C, and C. in Equation 5-1.

The object of the next subsection will be to separate the sodium-side conductances from the measured
overall conductances by the Wilson-plot technique®* and obtain a sodium-side heat transfer correlation that
is based on direct measurements. Of course, one. would expect to obtain near identical correlations by
the two methods.

5.1.3 Boiling Region Sodium-Side Heat Transfer Coefficient

When the overall heat transfer coefficient is available from measurements, it is often possible to separate
the individual conductances making up the overall conductance and obtain a correlation for one of the
conductances by a method otten referred to as the Wilson-plot technique.* The method is particularly useful
when one of the heat transter coefficients is known or has little effect on the overall heat transfer coefficient
and the wall conductance can be specified accurately.

In the present investigation, it was desired to obtain a oorrclation for lhe sodlum-sidé heat transfer
coefficient in the boiling region of the evaporator. The average sodium-side heat transfer coefficient may
be evaluated from the following equation obtained by rearranging Equation 5-4:

hyg, = WWigtp - (1/h do/d; - (d/2k) £n (dy/d.) (5-9)

In this equation, the average overall heat transfer coefficient U js availahis from direct meacuroment
based un (he log méan temperature approach in Table B-1.

Two other quantities are needed for the evaluation: (1) the steam-side heat transfer coefficient ?15 and
(2) the mean thermal conductivity k of the heater tube wall. The steam-side conductance for the nucleate
boiling regime is assumed to be given by Chen’s correlation.'®* This is a reasonable assumption, since
the overall heat transfer.coefficient is influenced only slightly by the steam-side coefficient in the boiling
' regime. The heater tube wall, however, constitutes a significant heat transfer resistance and influences
the overall heat transfer coefficient strongly (approximately 60% of total). The wall thermal conductivity
used in Eauatinn 5-9, therefore. must be selected with care. In this evaluation the data of Reference 32
given by Equation 5-2 were assumed to be correct. The effect of this assumption will be considered later.

The area ratio equais the sodium flow area through the plates/total sodium flow area in bundle.
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In order to correlate the sodium-side heat transfer coefficient, a functional form of the correlation must
be specified. In the present case, the form of the Seban-Shimazaki correlation given by Equation 5-1 is
assumed where the exponent of 0.8 on the Peclet number is retained and the coefficients C, and C. are
to be determined. Substitution of Equation 5-1 into Equation 5-9 and rearranging results in:

= C, +C, (Pe)°?®

VU prp — (1/hy) do/di — (do/2k) n (dy/d;) (5-10)
This equation is of the linear form:

y = C, + Cyx

where

vy - N - e On Dk (5-11)

k VU pyrp = (1/hy) do/d; — (d/2k) 2n (dy/d))

and

x = (Pe)°? | (5-12)

For each run, x and y can be calculated and the data points plotted. If the assumption of the functional
form of the correlation is reasonable, the data points should fall on a straight line, the slope of the line
being given by C: and the intercept with the y-axis (x = 0) given by Ci..

The available heat transfer data obtained from direct measurement were treated in this manner; the
resulting Wilson-plot is shown in Figure 5-5. The scatter in the data is considerable, mainly because the
scatter in the measured overall heat transter coetticients is large as Is evidenl om Table B-1. | lowever,
considering the complexity of this system, some scatter must be expected, and lhe results are probably
reasonable. The line drawn through the data has the slope C. = 0.1, and the intercept with the y-axis
is C. = 5. The resulting sodium-side correlation is then:

Nu = 5 + 0.1 (Pe)°-8
(5-13)

This is in excellent agreement with the initial trial and error result using the EVAP code.

The extrapolation of the data to very small Peclet numbers is not valid and the selection of C: =5
was guided by previous work in this area (e.g., that by Seban-Shimazaki®). However, more recent experiments*
have shown that the Nusselt number is about lwice the value given by Equation 5-13 for Peclet numbers
less than approximately 200. Therefore, the range of validity of Equation 5-13 is approximately:

200 < Pe < 1200

Equation 5-13 is valid for this particular geometry (i.e., tube bundles with triangular array configuration
with a P/D ratio of 1.5 and with similar tube support geometry). In general, the type of heating is specified
to be approximately constant heat flux as in electrically heated rods and nuclear-heated fuel pins or approx-
imately constant wall temperature. The present system is somewhere between the two cases and probably
is closer to the constant wall temperature case: this imposes an additional limitation on Equation 5-13 for
application to other systems. :
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A comparison of the present results with two other correlations is made in Figure 5-6, where Nusseit
number is plotted vs Peclet number. Curve 1 is Equation 5-13 and Curve 2 is the Borishanskii correlation®
for the same P/D ratio. The Seban-Shimazaki® correlation which was used for the design prediction is
shown as Curve 3. The present correlation is approximately 50% higher than the Borishanskii data which
is considered to be the most recent available for straight tube bundle geometry without spacers. There
is no question that the present geometry has higher sodium-side heat transfer than the corresponding “‘clean”
tube bundle geometry; rather, the question is how much higher? In that connection, it is interesting to
look at the key assumption made, the heater tube wall thermal conductivity. If the very low conductivity
values of the data on Figure 3-6 had been assumed. the Nusselt number would have been somewhat
higher than indicated in Figure 5-6. On the other hand, if the highest thermal conductivity value had been
used, the resulting correlation would have been close to Curve 2. The question raised above cannot be
answered fully at this time, but it should be pointed out that the equations for the steam-side, wall, and
sodium-side conductances given by Equations 5-3, 5-2, and 5-13, respectively, together predict the evaporator
performance in the boiling region; therefore, the absolute values of the individual conductances are unimportant
for the desngn of similar systems. The breakdown into individual conductancee is only important when the
general vahdlty of Equation 5-13 is to be established.

5.2 DETERMINATION OF SODIUM BYPASS FLOW IN THE EVAPORATOR

The evaporator test model was designed to allow some of the hot sodium entering at the top to flow
downward in the bypass flow channe! between the vessel and the flow shroud and exit through a piston
type seal at the lower end of the tube bundle. The general arrangement can be seen from Figure 5 3.
Details of the seal are shown in Figure 4-6.

The prediction of the bypass flow rate through the 0.010-in. radial clearance gap is complicated by
several factors. First, the prediction of the pressure drop across the seal is uncertain because it is approximately
the same as the frictional pressure drop through the tube bundle. This is so because the sodium heads
are approximately equal and the friction pressure drop in the bypass ¢hannel Is cluse to zero. Additionally,
the eccentricity of the seal is now known (i.e., it is not known if the radial gap adjusts itself to be close
tn zero on one side and approximately 0.020 in. on the other, etc.). Finally, it is not known whether the
flow in the gap is laminar or turbulent, or some combination ot both.

It was the intent in designing the seal to select the radial clearance ir} the hot operating condition
so that approximately 95% of the flow would pass through the tube biindle and the balance through the
bypass channel. Significantly higher bypass flow rates would hurt the thermal performance; too small a
gap and correspunding bypass flow rate would increase the risk for self-welding, etc., preventing relative
thermal expansion between the flow shruud aind the vesacl.

An indirect experimental method of evaluating the approximate bypass flow rate through the seal was
used. The temperature profiles in the bypass channel at various bypass flow rates were calculated using
the EVAP code. The results were compared to temperalure measurements from the cxternal thearmocouples
along the vessel shuwii in Figuré 4-13. Thosw lhermocouples did not read the sodium temperature directly,
but were calibrated to yield the bypass channel sodium temperature distribution by applying correction factors
to the thermocouple readings obtained during the isothermal thermocouple calibration described in subsec-
tion 4.6.1.

The results of such a parametric study are shown In Figure 5-4, where the analytic axial and cross-sectional
temperature distributions are compared to measurements for bypass flow rates of 6, 7.5, and 12%. In this
figure, the predicted results for the center and edge channels are for the 6% byvpass flow rate case. (For
the higher bypass flow rates, the temperature unbalance between the center ‘and edge channel is somewhat
larger, but it is not included on the figure due to obvious space limitations.)
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From Figure 5-7, it can be seen that the actual bypass flow rate is approximately 6% of the total
flow. The same process was repeated for a different case with higher inlet temperature and lower sodium
flow rate; this also resulted in a bypass flow rate of approximately 6%. These results are in general agreement
with the 5% design prediction. The only major assumption involved in arriving at the above results is the
prediction of the heat transfer through the flow shroud. The thermal conductivity of the shroud was calculated
from Equation 5-2, the same as for the tubes, and the heat transfer coefficients were calculated from
Equation 5-13.

it is interesting to note from Figure 5-7 that relatively large bypass flow rates (e.g., 12%) do not hurt
the thermal performance noticeably, since most of the heat is transferred through the flow shroud into
the tube bundle anyway. However, it should be noted that the temperature unbalance between the edge
channels and the remaining channels is increased by the higher bypass flow rates, due to more heat transfer
from the bypass channel. Increasing the bypass flow rate much above 12% would hurt the thermal
performance, since the sodium-side conductance would decrease and the bypass channel sodium would
not be able to transfer all its heat through the flow shroud. Also, the power unbalance between the seven
tubes would increase.

5.3 DEPARTURE FROM NUCLEATE BOILING MEASUREMENTS

Presented below are the departure from nucleate boiling test results and associated analytical evaluations.
The nature of the departure from nucleate boiling phenomenon and the importance of knowing when it
occurs were discussed in subsection 3.3.

In general, for most geometries and types of systems, a criterion for the onset of DNB can readily
be found. For the present swirl flow geometry, however, it appears that the onset of DNB is not a very
distinct phenomenon; but rather it appears to happen more gradually than in some of the more common
systems. This required the establishment of a rather arbitrary criterion in establishing the actual onset of
DNB for all of the data points for use in this study.

In order to evaluate the local steam quality at the DNB measurement location, data on the overall
heat transfer coefficient of the bayonet tube were needed, sirice there is a reduction in steam quality along
the tube due to regenerative cooling by the colder inlet water inside the bayonet tube. This presented
no problem with the P/D = 6 insert, since the bayonet tubes used with these inserts were noninsulated.
However, the insulation ¢characierislics of the double wall bayonet tubes employed with the P/D = 3 inserts
were unknown and had to be evaluated before the overall coefficient could be determined. This evaluation
is described below. :

5.3.1 Evaluation of Bayonet Tube Insulation Characteristics .

Details of the douhle wall bayonet tubes are shown in Figure 4-9; a schematic diagram is shown in
Figure 5-8. The approximately 10 ft of double wall section at the top have lower heat transter conductance
than the single wall section. This reduces the regenerative effect (i.e., heat transfer from the steam-water
mixture to the subcooled water entering the bayonet tubes at temperatures approximately 100°F or more
lower than the saturation temperature).

The insulation characteristics of the double wall tube will depend on the media present between the
two concentric tubes (e.g., air or steam vs water), and aiso on the degree of fluid movement in the gap.
In the present case, small holes were drilled in the inner tube (Figure 4-9) which allowed water to enter
the gap. Since there was some clearance between the enlarged portions of the inner tube and the bayonet
tube, some small flow of water in the gap is to be expected due to pressure gradients in the main stream.

The evaluation of the insulation characteristics was accomplished by using two long thermocouples

" lowered into the bayonet tubes and positioned immediately above the end of the double wall, as indicated

in Figure 5-8. The thermocouple leads were taken through the evaporator head by Conax fittings along

with five wires of the same diameter as the thermocouples lowered into the remaining tubes to avoid flow

unbalance on the steam-side. The temperature gradient in the subcooled water is relatively small in the

insulated section, but becomes larger immediately below, as indicated in Figure 5-8. Therefore, the ther-
mocouples had to be positioned cagefully just above this point.
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The calculation of the overall heat transfer coefficient for the double wall portion of bayonet tube B
was accomplished by calculating a log mean tempcrature difference from the measured temperatures Tip,
Tout. Ts, and Ty (Figure 5-8). The total heat transier in the region was calculated from the flow rate and
the temperature increase of the subcooled water, after which the overall heat transfer coefficient can be
calculated using Equation 5-8 where the area is based on the outside diameter of the bayonet tube and
the length is as given in Figure 5-8. ’ ‘

The available data and the results of these calculations are shown in Table 5-2. Also shown in the
table is the estimated steam quality which was different for each case. The corresponding water inlet tempera-
ture and the log mean temperature difference were also different for each case.

Table 5-2

INSULATED (DOUBLE WALL) BAYONET TUBE HEAT TRANSFER DATA
AND THE DEDUCED OVERALL HEAT TRANSFER COEFFICIENTS

Log Mean Overall
Inlet Outlet Steam/Water  Temperature Water Heat Heat Transfer Heat Transfer Steam Exit

Temperature Temperature  Temperature Difference Flow Rate  Transfer Area Coefficient Quality

Date Time T, (°F) Tou CFV TU=T(F) LMTO (°F) W (ib/h)  Q {Btu/h) A (ft}) U (Btu/hft* °F) X (%)
11-30-71 0012 504.7 517.2 556.4 45.2 : 1481 22210 15 3258 28
11-30-71 0112 513.8 528.8 574.2 525 1366 24804 15 3127 32
11:30.71 0212 525.1 541.7 596.7 62.9 1349 27394 1.5 288.4 41
11.30-71 0312 508.5 528.5 598.0 791 1356 32757 1.5 2744 . 47
11:30-71 0412 506.4 527.1 603.0 85.8 1300 " 32456 15 250.5 52
11.30-71 0512 499.9 522.8 603.8 92.0 1319 36252 15 261.1 65
11.30:71 0612 505.9 527.6 605.7 88.5 1353 35402 15 265.0 .. 68
113071 0712 410.5 469.0 603.0 161.5 655 43354 1.5 1779 94
11-30:71 - 0915 410.4 486.9 600.1 148.2 622 54249 1.5 2426 98

11-30-71 0945 4116 473.4 608.4 164.0 695 48716 1.5 196.8 92

The deduced overall heat transfer coefficients are plotted in Figure 5-9 vs the log mean temperature
difference. The behavior shown in Figure 5-9 is surprising, since one would think that larger temperature
differences between the two tubes would enhance natural convection in the gap which would result in

" increasing the overall heat transfer coefficient, rather than the reverse indicated behavior. On the other
hand, the pressure gradients in the tube are smailer at the higher temperature differences (Table 5-2),
pecause the flow is generally lower; this could possibly resuit in lower flow through the gap and thus more
than offset the increased natural convection effects. Since the thermal resistance is mainly in the gap between
the two tubes, the effect of changing coefficients on the outside surfaces is not considered to be significant.

iLis interesting to compare the experimental results with the overall heat transfer coefficient calculated
assuming stagnant water in the gap. This coefficient is lower than the experimental by a factor of approx-
imately 4. it was thought initially that the assumption of stagnant water in the gap was reasonable. The
present evaluation stresses the need for careful selection and testing of a bayonet tube insulation arrangement
for the demonstration plant evaporator. '

hY

In the reduction of the DNB data to be described next, a value of 280 Btu/h-ft*-°F was used for the
doubie wall section of the bayonet tubes. From Figure 5-9 it can be seen that this is the approximate mean
value of all data points. '

5.3.2 Data Collection and Data Reduction Procedure

The basic instrumentation used to study the departure from nucleate boiling characteristics of the annular
swirl flow geometry were thermocouples located on the outside heater tube walls, Details of the method
by which the thermocouples were attached to the wall_are shown in Figure 4-15; locations of the DNB
thermocouples are shown in Figure 4-13. Due to the considerably better than expected thermal performance,
only the thermocouples at elevation 490.5 in. were used, because the heat flux at the lower elevation was
much smaller than at the top elevation . in the region of which the departure from nucleate boiling is of
greatest importance.
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The swirl generators were carefully positioned equidistant relative to the DNB thermocouples as indicated
in Figure 5-10 for both P/D swirl generator inserts tested. However, in tube F, the swirl generator was
rotated 135 degrees counterclockwise for the P/D = 3 insert to position one thermocouple 180 and the
other 90 degrees away from the swirl generator in order to get some feel for local circumferential effects.
The symbols “W" and "D" associated with the DNB thermocouples stand for “wet” and “dry,” respectively,
and originated from the idea that the water would tend to pile up on the upstream surface of the swirl
generator (wet) while the downstream surface would have more steam around it (dry).

The thermocouples were connected directly to two Sanborn oscillograph recorders along with other
parameters important to the test. Typical Sanborn traces of the DNB thermocouples and other pertinent
parameters are shown in Figure 5-11 for the P/D = 6 insert and in Figure 5-12 for the P/D = 3 insert taken
during DNB runs.

The test procedure followed is described in subection 4.7.2. In general, the procedure consisted of
establishing steady-state conditions at relatively low steam quality and fully nucleate boiling conditions. The
recirculation flow rate was then reduced in steps, thus increasing the local steam quality at the measurement
points until the DNB thermocouples indicated some change (e.g., an increasing temperature level or showed
increased fluctuations,* both of which are evident from Figures 5-11 and 5-12). A complete set of data
was then recorded using the data acquisition system. The increased activity of the DNB thermocouples
and/or temperature level change is evidence of a breakdown in the nucleate boiling process and the beginning
of the partial film boiling regime at the measurement location.

The recirculation flow rate was then reduced further until a distinct jump in the wall temperature was
noted. This increase in the wall temperature indicates a definite change in the local steam-side heat transfer
conductance from an intermediate partial film boiling coefficient to a local film boiling coefficient. The recircula-
tion flow rate was then increased in steps approximately to the starting point of fully nucleate boiling conditions
and new test conditions were established. During any one of these tests, it was difficult to keep the system
pressure constant and the pressure could increase by approximately 20 to 30 psi. A familiar problem in
any test system is that changing one parameter inevitably is accompanied by small perturbations of other
parameters. In the present system, however, the changes occurred mainly in the pressure, while the total
heat transferred remained essentially constant.

It is apparent from Figures 5-11 and 5-12 that each thermocouple behaves differently compared to
the others with respect to temperature level and temperature fluctuations near the DNB point. Also, there
was some variation from run to run due to slightly different steps taken in the reduction of the recirculation
flow rate. Some variation between the characteristics of the Sanborn traces for the two different swirl generator
inserts tested was noted. This is apparent from Table B-3, where the mean values of the temperature rise
for the four DNB thermocouples from the state of fully nucleate boiling to the time of data acquisition
are tabulated. In order to compare the performance of the two swirl generator inserts on the same basis,
a criterion that could be applied uniformly to all data had to be defined.

The DNB criterion arrived at is basically that the average temperature rise of the four DNB thermocouples
should be identical for all runs. This criterion was arrived at mainly from practical considerations in that
a mathematical linear expression for the recirculation flow rate near the DNB point in terms of a standard
DNB thermocouple rise to be applied for all runs, and the actual avorags teiiweralure rise 167 the particuiar
run could be obtained. This model is illustrated in Figure 5-13, where the assumed relationship between
the recirculation flow rate is plotted vs the average temperature rise of the DNB thermocouples. The point
“1" is given from the data collected near the DNB point (e.g., as shown in Figures §-11 and 5-12). The
point “0” can be found from the Sanborn traces of the recirculation flow at the point just before the DNB
thermocouples start to indicate a transition, or where the average rise of the DNB thermocouples is zero.
The slope of the line through these two points can be found and an equation written for the recirculation
flow rate as:

Wpng = W - S XWX (AT, - AT) (5-19)

* The tluctuations shown by the DNR thermocouples, even in the nucleate boiling mode, are due to outside sodium temperature fluctuations,
also indicated by the sodium thermocouple (T/C 1) in Figures 5-11 and 5-12, and will be discussed separately later.
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The slope S was evaluated for all DNB runs using the data from the W and Wo columns in Table B-3
for both P/D ratio inserts. It was found that the slope varied from run to run; to ensure uniformity, the
average value of the slope, S, was evaluated for both sets of data. The value of ATs, the standard average
temperature rise of the DNB thermocouples to be applied for all runs, was arbitrarily selected to be 5.091°F,
since this was the mean AT for all the P/D = 6 DNB runs as indicated in Table B-3. Also, the mean
value of the slope, S, was selected from the P/D = 6 data to be 0.0235. The choice of these two standard
parameters will affect the results to some degree, but this particular choice is believed to be reasonable.

Ongce the recirculation flow rate at DNB had been determined (given in the Wpng column in Table B-3),
the data were processed in the EVAP code as for the thermal performance runs and the local steam quality
at the DNB measurement point determined. The heat flux just prior to the onset of DNB can be evaluated
from the local temperature difference and the local overall heat transfer coefficient corresponding to nucleate
boiling obtained from the thermal performance evaluation. However, at the DNB point, the overall heat
transfer coefficient no longer corresponds to the fully nucleate case, since a small wall temperature rise
did occur, corresponding to a slight change in the average steam-side coefficient. This was accounted
for by evaluating the local steam-side coefficient as described in subsection 5-4. The local heat fluxes calculated
this way were in general only slightly different from the fully nucteate boiling heat fluxes.

5.3.3 Departure from Nucieate Boiling Results

The departure from nucleate boiling data obtained consisted of 57 points for the first swirl generator
insert tested (P/D = 6) and 43 points for the second insert tested (P/D = 3). (For definitions of the pitch
and the diameter used in the P/D ratio, see Figure 3-2.) Approximately 10 of these runs were disregarded
in the final DNB evaluation, because the corresponding Sanborn traces were not well defined (i.e., they
did not include the full range of possible boiling modes or the traces were recorded during a much longer
time period and thus made the interpretation difficult). The range of system conditions experienced during
the tests are given in subsection 5.1.

The sodium-side data used as input to the EVAP code are shown in Table B-2. The heater tube wall
temperature data are shown in Table B-3, along with measured recirculation flow rates and the recirculation
flow at DNB deduced from the temperature data according to lhe DNB oriterion defined in the previous
subsection. The output from the EVAP code yielded the local nucleate boiling heat flux and the steam
quality at the DNB polint. The nucleate boiling heat fluxes were adjusted according to the procedure outlined
in the previous subsection lu account for the change In stea-side hoat transfer cnefficient. These heat
fluxes were then muiltiplied by a correlation factor given by:

C = (Dy/D)™7 (G/GG)™*/(1+AR)*%* (5-15)

where Ag is the radlal acceleration in “g's” experienced by the fluid due to the swirling motion imposed
by the swirl generatdr. This cofrelatlon factor wasa proposed hy Tippets® in the early stages of lhe ESADA
project for this particular geometry. The radial acceleration Ag is a function of the mass flux, the steam
quality; the P/D ratio of the swirl generator and a mathematical expression for it is given in Appendix C-3.
The value of the correlation factor is plotted in Figures C-3 and C-4 vs the local steam quality with the
mass flow rate, G, as a parameter. '

A summary of the reduced nucleate boiling data is given in Table B-4 in Appendix B-1. The local critical
heat fluxes multiplied by the correlation factor are plotted in Figure 5-14 vs the local steam quality at the
DNB measurement point. The local steam qualities at which DNB occurred range between 70 and 95%
far this particular range of heat flux. It would have been desirable to extend the range of heat fluxes to
higher values, but the maximum heat flux was limited by the maximum sodium inlet temperature which
was approximately S00°F.

It is apparent from Figure 5-14 that the P/D = 3 data tend to fall slightly below the P/D = 6 data.
This is an indication that the exponent of 0.25 in the correlation factor, Equation 5-14, is too high and
.an adjustment might have been desirable. However, it is felt that a detailed investigation of the effect of
swirl generators with various P/D ratios on the DNB characteristics in the laboratory is needed and that
a detailed examination of correlation properties should be made then.
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By considering the data on Figure 5-14, it appears that the DNB steam quality for the P/D = 3 swirl
generator insert is generally lower than for the P/D = 6 insert (i.e., the data appear to be shifted to the
left by about 3%). This is inconsistent with the idea that increasing the P/D ratio would delay the onset
of DNB and requires some discussion. The .explanation may be that more of the water phase is tied up
on the bayonet tube surface and the swirl generator with the P/D = 3 insert than with the P/D = 6 insert.
To explain this further, consider Figures 5-15, 5-16, and 5-17, which show the results of air/water tests
at NSP* for a similar geometry to the present. It can be seen that the water clings to the bayonet tube
surface and the swirl generator surtace even after the heater tube surface is completely dried out. With
the P/D = 3 insert, there is twice as much swirl generator surface for the remaining water to cling to;
a corresponding earlier dry-out of the heater tube surface might be expected.

The main conclusion that can be drawn at this point is that there does not seem to be any advantage
with the P/D = 3 insert vs the P/D = 6 insert as far as onset of DNB is concerned. '

Since the departure from nucleate boiling ¢could only be detected immediately after the transition boiling
regime had started corresponding to an average wall temperature rise of approximately 5°F, a design limit
must be drawn below all data. The curve drawn in Figure 5-14 has the equation:

1/[0.66 + 3.75X /(1 - X)) (3-16)

The functional form of Equation 5-16 was established by Tippets?' and has been used successfully
in previous work.*” The critical heat flux design limit is then given by the relation:

Cq, = 1/[0.66 + 3.75X./(1-X )] (5-17)

when C is the correlation factor given by Equation 5-15. The value of q. calculated above for the “hottest”
tube (i.e., the tube with the largest local steam quality should be greater or equal to the actual maximum
heat flux at this point). For the present system, the local critical steam quality is estimated to be between
60 and 70% for the hottest tube. The original design was based on a maximum critical steam quality of
38% as estimated from Tippets’ design criterion.?s

5.4 HEAT TRANSFER PERFORMANCE BEYOND DNB

It was pointed out earlier while considering the Sanborn traces of the two typical DNB runs shown
in Figures 5-11 and 5-12 that thermocouple traces were taken over three different boiling regimes. Region 1
in these figures represents fully nucleate boiling conditions, while Region 2 represents the partial film boiling
regime which is an intermediate transition condition before the pure film boiling condition starts; this condition
is denoted by Region 3. The information contained in these traces, along with the complete data recordings
at the approximate DNB point and at fully nucleate boiling conditions, will be used to estimate the local
steam-side heat transfer coefficients and the local inside wall temperature at the DNB point as a function
of the local steam quality.

5.4.1 Measurement of Steam-Side Heat Transfer Coefficient Beyond DNB

in Region 1 of Figures 5-11 and 5-12, the boiling is fully nucleate: therelore, the steam-side heat transfer
coefficient can be estimated. As described previously in subsection 4.7.2, complete data sets were normally
recorded twice for each DNB run, once near the DNB point and once approximately 20 min prior to this.
This corresponds to a point in time to the left on the traces in Figures 5-11 and 5-12. The average DNB
and sodium thermocouple data for this recording are shown in Table B-5-1 in Appendix B-1. The average
values of the thermocouple data can be used to estimate the effective overall heat transfer coefficient of
the DNB thermocouple insuiation shown schematically in Figure 5-18.

* These results were made available from Nuclear Systems Programs of General Electric Company, Cincinnati.
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Figure 5-15. Phase Distribution of Air/Water Mixture in Annular Swirl Flow Geometry at Approximately 82
Percent Quality (Photograph Courtesy of General Electric Missile and Space Division, Cincinnati,
Ohio)
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Figure 5-16.
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Figure 5-17.
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Figure 5-18. Diagram of Bayonet Tube at the DNB Thermocouples
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The steam-side heat transfer coefficient is large compared to that of the wall and, therefore, for fully
nucleate boiling conditions, can be selected to be approximately 10,000 Btu/h-ft-°F. Then the effective
overall heat transfer coefficient from point 2 to point 3 (Figure 5-18) can be calculated from the relation:

d
w,, = (/) (j_f’ + (dg/2k) In (dy/d;) - (5-18)
[

f

where k is given by Equation 5-2. The effective heat flux from 2 to 3 can then be caiculated by using
the above value for U,, and the measured temperature difference as foliows:

e j— 2 -1
9eif = U, (Tpng - Tg  (Btu/hft?) (5-19)

The effective heat flux from 2 to 3 is also the effective heat flux from 1 to 2 and, together with the
measured outside sodium temperature, the effective overall heat transfer coefficient for the DNB thermocouple
insulation can be calculated as follows:

Uett = 9tf/(Tna — Tpns! (5-20)

This evaluation was made for the DNB runs where data were available; the data, along with calculated
results, are shown in Table B-5-1. Some scatter in the value of Uesfis observed and is believed to be due
to uncertainty in the value of Tna. This quantity was obtained from individual sodium temperature measurements
at Elevation 492.0 in., and these thermocouples did show considerable fluctuations as will be shown later.
Physically, Ueff cannot vary much for the sodium flow and temperature range tested; therefore, a mean
value of Ueftis believed to be representative for the actual situation. Averaging of Ueffapproximately 2900
for the P/D = 6 data and Q,ffapproximately 2700 for the P/D = 3 data. These values were used in subsequent
data analysis to obtain the local steam-side heat transfer coefficient.

At the point near DNB where data were recorded, the average temperatures TNa and TDNB are available,
and since Uy is available from the previous evaluation, the effective heat flux from 1 to 2 which is the
same as from 2 to 3 can be found from:

Gt = YerrTna = Tong! >-21)
From this, the average overall heat transfer coefficient from 2 to 3 can be calculated from:
Uy = 9e¢/(Tpng = T (5-22)
and finally, the steam-side coefficient can be evaluated by rearranéing Equation 5-18 to:
h, = (difdg)(1/0,, ~ (do/2K)In (dy/eh) (6-23)

The average temperature data and the results of this calculation are given in Table B-5-2, along with
the tube inside wall temparature caloulated from.

- = _
T, = T, + agg/hg CF) (5-24)

The local steam quality at this recording was obtained from the EVAP output of the corresponding
thermal performance runs; these are also included in Tahle B-5.2,

5-31



GEAP-10580-2 . .

In the region denoted by 3 in Figures 5-11 and 5-12, film boiling prevails locally in the tubes near
the DNB measurement point. This is the general case; however, for some runs, the recirculation flow rate
was not decreased as low as in most cases resulting in boiling conditions between partial film and film
boiling, as will be evident later. In Region 3, no complete data set was available; however, the average
sodium temperature and average DNB thermocouple reading could be read from the Sanborn traces; (e.g..
the reading from T/C 1 in Figures 5-11 and 5-12) by adding the average differences to the previous data.
These data, along with the calculated local film boiling calculations, are shown in Table B-5-3. Also shown
in the table is the local steam quality for each run that was evaluated from the trace of the recirculation
flow rate and an energy balance assuming no change in the total heat transfer rate. '

5.4.2 Partial and Film Boiling Results

The available data were treated as outlined above and the results are summarized in Tables B-5-2
and B-5-3, along with the local steam qualities. For each DNB run, two sets of steam-side heat transfer
coefficients and the corresponding local steam qualities are available and these data points are plotted
on Figure 5-19 for both P/D ratio inserts. The general trend in the data is as expected. At steam qualities
larger than about 70%, a decrease in the steam-side heat transfer coefficient is noted. At approximately
100% local steam quality, the local heat transfer coefficient has dropped from a fully nucleate boiling coefficient
to approximately 1500 Btu/h-ft2 and continues to decrease as the steam becomes superheated. The theoretical
asymptotic vatue of F‘s for fully developed film boiling for the range of conditions tested is approximately
500 Btu/h-ft* and this is approached for high steam qualities. '

The steam-side heat transfer coefficient in Figure 5-19 is a local value at the DNB thermocouple location.
Quinn?' studied the general behavior of the partial film coefficient as a function of steam quality for rod
bundles and found that its local value depends on the development of the thermal and hydrodynamic boundary
layers and on bulk superheat effects. The heat transfer coefficient is generally higher for developing flows
than for fully developed flows. The development length is the approximate distance from the axial location
in the tube where the steam-water mixture consists essentially of steam only. Thus, the high value of hs
at approximately 100% and larger steam quality can be explained partially as being due to a developing
boundary layer effect. Furthermore, there will always be water droplets mixed in with the steam due to
nonequilibrium effects even at steam qualities > 100%. These will hit the wall and partially evaporate, thus
resulting in an apparent higher heat transfer coefficient than with the steam alone.

The apparent scatter in the data is large. This is believed to be due in part to the fluctuating behavior
of the thermocouple readings the averages of which may still be off a few degrees. However, the DNB
tests were run over a large range of conditions as stated in connection with the DNB ‘evaluation (in particular,
the heat flux) and, of course, this will influence the partial film boiling coefficient if not to as large a degree
as it does for the fully nucleate boiling coefficient. The stear-side heai lransler coefficient io aloo affected
by the mass flux, but since the mass flux did not vary much, this effect is probably smaller than the heat
flux effect.

An analysis to predict the transition region behavior is outside the scope of this work, but an empirical
fit through the average of the data on Figure 5-19 is given by the following formula valid for the local quality
range of 0.70 < X <1.05

_ h D 2 :
Nu - s H = pebX (5-25)
S K .
f
where
A = 200.000
b = 4.539

This formula was used in adjusting the nucleate boiling heat fluxes at DNB as described in subsection
5.3.3.
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The heater tube inside wall temperature calculated from Equation 5-24 is plotted in Figure 5-20 vs
the local steam quality for the two P/D ratios tested. Since the temperatures are calculated from average
quantities, they are also average values and do not contain any wall temperature fluctuation component.
In Figure 5-20, the effect of heat flux is more apparent than in Figure 5-19, especially at large X, in that
the points corresponding to the P/D = 3 insert are generally higher than the P/D = 6 points. The reason
for this is that the average heat flux for the P/D = 3 insert tests was higher as indicated in Figure 5-20
where the maximum values of the sodium temperature for each data set are given.

The S-shaped behavior of the wall temperature data is reminiscent of the trend observed by Carver,
et al.,* for boiling in coiled tubes shown in Figure 3-5* (modified form of»Fig'ure 24 in Reference 30). Carver
found that the breakdown of the nucleate boiling process was a gradual process occurring over a range
of steam qualities and not uniformly around the tube (i.e., the breakdown in the nucleate boiling process
started at a lower average local steam quality at some angular positions than at others). This resuited
in a gradual transition as opposed to the corresponding behavior for straight channel flow also indicated
in Figure 3-5.

The results in Figure 5-20 show that the departure from nucleate boiling in the present swirl flow geometry
occurs gradually by some mechanism similar to that for boiling in coiled tubes. In Reference 30, however,
the circumferential effect was carefully studied using a number of circumferentially located thermocouples
al different axial locations. In the present tests, some feel for angular effects can be obtained from the
DNB thermocouples. As noted earlier and seen in Figures 5-11 and 5-12, it appears that some thermocouples
respond earlier than others or have a consistently larger temperature rise than others. This is also apparent
from Table B-3, which lists all DNB thermocouple AT's. In particular (Figure 5-10), it is noted that DNB
T/C 26, which is a “wet" thermocouple, almost consistently has higher AT's than the other thermocouples
for the P/D = 6 tests. A similar trend is noted with DNB T/C 34 which is also “wet,” but not to as large
a degree as with T/C 26. On the other hand, for the P/D = 3 tests, the DNB T/C 25, which is “dry,” has
the largest response followed by T/C 26 which is located in the same tube and is “wet.” Also, in the P/D = 3
tests, T/C 29 did not show any unexpected behavior even though it was located 180 degrees from the
swirl generator (see Figure 5-10). The previous observations indicate that there is an angular effect in
the present geometry; however, the evidence is insufficient to draw any conclusions of exactly what the
angular effect is.

The present experiments have shown that the DNB point is difficult to define because it appears to
occur gradually, and the inside wall temperature behavior vs local steam quality appears to be similar to
that observed for coiled tubes. The angular effect observed for coils is there, but more experiments have
to be performed in order to get a better understanding of how the gradual transition process occurs. This
could be done in conjunction with experiments to investigate wall temperature fluctuation behavior associated
with the transition in detail. Analytic efforts in this direction will be considered next.

5.4.3 Transient Analysis of the Heater Tube Wall

The temperature fluctuations experienced by the heater tube in the transition region is of vital importance
to the design of once-through steam generators. For the present bayonet tube evaporator, certain economic
advantages can be gained if operated with exit steam qualities of ~100%. This, of course, implies operating
with DNB somewhere in the tubes which, according to present thinking, is not acceptable.

The wall temperature fluctuations are caused by a changing steam-side heat transfer coefficient associated
with the drying out and rewetting of the steam-side surface. Intuitively, one might expect that the magnitude
of the wall fluctuation is a maximum for a very low frequency change in the steam-side heat transfer coefficient
and approach zero for very high frequency changes due to thermal inertia effects.

* Note that this is for a constant heat flux system.
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In order to study the above effects, a transient analysis of the tube wall was made using a finite difference
approach on the computer. The transient model is described in Appendix C-1 and consisted of a 2-D, 91-point
grid of the half-section of the tube to the left of the swirl generator (Figure C-1), since aline through the
swirl generator is a line of symmetry.

The presence of the DNB thermocouple "insulation” was simulated by using the effective mean overall
heat transfer coefficient of 2900 Btu/h-ft? evaluated earlier as a boundary condition on the surface covered
by the “insulation.” The sodium-side heat transfer coefficient on the remainder of the surface was kept
at 4000 Btu/h-ft2-°F, which is a typical value. The total steam-side surface was subjected to a periodic
varying heat transfer coefficient of different forms including the sine wave, the saw-tooth wave and the
square wave. These fluctuations were constructed so that the maximum steam-side heat transter coefficient
was ~12,000, which corresponds to fully nucleate boiling conditions and a minimum value of 500, which
is an average value for film boiling. The sodium temperature was held constant at the current prototypical
value of 855°F, and the steam temperature was fixed at 605°F.

5.4.4 Comparison of Maximum Heater Tube Wall Temperature Fluctuations to Experiment

The effect of the functional form of the steam-side heat transfer coefficient variation was first investigated.
The results for saw-tooth, sine-wave, and square-wave functions are shownin Figure 5-21, where the maximum
inside and outside wall temperature fluctuations are plotted vs the cycling frequency of the steam-side
heat transfer coefficient. At high frequency, thc maximum wall temperature fluctuation is small and the
effect of the surface cycling is not felt throughout the wall due to thermal inertia effects as indicated on
the plot of percent wall penetration. The inside wall temperature fluctuation and the wall penetration depth
increase with decreasing cycling frequency, and at about 5 Hz the inside variation is felt on the outside
surface as well. At low frequencies the thermal inertia effect is less important and the constant value that
one would calculate by the slide rule corresponding to the two extreme values of the steam-side coefficient
is approached.

Even though the maximum and minimum values of the steam-side coefficient (equal to 12,000 and
500 Btu/h-ft*-°F, respectively) were the same for all functions, the square-wave variation is the most severe
and results in the largest temperature variation throughéut e tube wall. The analycie revealed that. in
this respect, the determining factor was the fraction of the totai cycie fur which the hcat transfer coetficient
was at or near its lowest value (i.e., the longer the tube was diied out momontarily, the mnre severe the
fluctuation). '

The results in Figure 5-21 apply for the total steam-side surface subjected to film blanketing, and at
an angular location of 90 degrees (Figure C-1) away from the swirl generator. If a smaller portion of the
surface is film blanketed, the resulting local fluctuation is somewhat smaller; however, the decrease is not
as great as one might expect due to relatively small circumferential temperature gradients. The maximum
temperature fluctuation at an angular location of 45 degrees (Figure C-1), or the DNB thermocouple location,
is, in general, 5 to 10% lower than at 90 degrees due to a reduced heat flux at this point, caused by
the presence of the DNB T/C “insulation.” ;

It is apparent from the previous analysis that the frequency of the varying steam-side coefficient is
a determining factor in surface temperature fluctuation behavior as well as the functional form. The Sanborn
traces of the DNB thermocouples, such as shown in Figures 5-11 and 5-12, contain information about the
frequency of the wall temperature fluctuations actually occurring in this system as well as the magnitude
of the outside wall temperaturc variation in the transition region. However, most of the DNB runs did not
show any definite signs of outside wall temperature fluctuation, but rather a shift or rise of the wall temperature
at the beginning of the transition region. For some runs, and in particular for T/C 25, the wall temperature
fluctuation (due to transition boiling) could be clearly distinguished from that due to outside sodium temperature
variation. In addition, the rms value of the peak-to-peak ftuctuation and the mean frequency could be obtained.
An example of such a DNB run is shown in Figure 5-22 from the P/D = 6 insert tests. The available data
on the wall temperature fluctuation are shown in Table 5-3.
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Table 5-3
OUTSIDE WALL TEMPERATURE FLUCTUATION
AND FREQUENCY DATA IN THE TRANSITION REGIME FROM
SANBORN TRACES OF THE DNB THERMOCOUPLES

Peak-to-Peak

Amplitude Frequency
Date Time DNB T/C (°F) (1/sec)
8-17-71 1435 25 8.5 0.31
8-17-71 1435 29 45 0.27
8-17-71 1543 25 ’ 4.0 0.32
8-19-71 0856 25 4.0 0.36
8-19-71 1020 25 3.5 0.32
P/D=6 8-19-71 1128 25 3.0 0.33
Swirl Generator 8-19-71 1128 26 25 0.24
Inserts 8-09-71 1602 25 6.0 0.28
8-09-71 1057 25 5.0 0.30
8-09-71 1057 29 4.0 0.22
8-06-71 1508 25 7.0 0.36
[ 8-06-71 1508 29 6.0 0.20
[10-19-71 1129 25 6.0 0.22
10-19-71 1317 25 35 0.20
P/D =3 10-19-71 1753 25 4.0 0.26
Swirl Generator ‘
Inserts " ho-19-71 © 1429 25 5.0 0.28
10-19-71 1506 25 6.0 0.28
_10-19-71 1542 25 4.0 0.24

The observed outside wall temperature fluctuations correspond to certain fluctuations on the inside
surface. The computer program used to generate Figure 5-21 was used again assuming the square-wave
behavior for the steam-side heat transfer coefficient over the lotal surface. The minimum value of the steam-side
coefficient had to be raised from 500 to 3300 Btu/h-ftt °F tor the calculaled inslde waii temperature fluctuation
to fall above the experimental data. The calculated results for both values of the steam-side coefficient
are shown in Figure 5-23 along with the experimental data from Table 5-3. The calculated outside wall
temperature fluctuation denoted by "2" in Figure 5-23 is above all measured data for this value of the
steam-side coefficient; thus, the corresponding inside wall temperature fluctuation represents an upper bound
on the wall temperature fluctuation that did occur in the present systerm. The severity of the actual fluctuations
is believed to be less than implied here because, as noted earlier from the Sanborn traces, only part of
the surfare appears to axporicnce fluctuations ul these magintudes.

It is interesting to nnte the range of frequencies of the observed tluctuations is ~0.20 to 0.35 Hz,
which is comparable to the results of Hench,?*> which reported ~ 0.5 Hz for transition boiling in rod bundies.
The frequency may depend on the mass flux on the steam side; however, no such effect could be noted
here because of the narrow range of mass flux ratec tootod. It appeais fiurn Figure 5-23 that the average
frequency is smaller for the P/D = 3 than for the P/D = 6 data. This etfect may be a real one; however,
more tests are nceded before definite conclusions can be drawn on this point.

The above results show that there is reason to believe that a once-through bayonet tube steam generator

may be feasible. A development program to optimize the swirl generator with respect to minimizing the
wall temperature fluctuations is recommended.
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5.5 STEAM-SIDE FLOW DISTRIBUTION

A limited amount of steam-side flow distribution data for the evaporator is available. The flow in each
tube was measured by orifices located at the top end of the bayonet tubes (Figure 4-6), and a diagram
of the orifice arrangement is shown in Figure 5-24. The orifices were manufactured and calibrated with
water by Foster Wheeler Corporation before being installed in the evaporator with the P/D = 6 swirl generator
inserts.2®

The pressure drop across the orifices was measured as the difference between the inlet plenum pressure
. and the pressure tap. The impulse lines from the pressure taps were taken out through the head by Conax
'fittings and fed directly to a Barton differential pressure transmitter. Each of the seven tubes, denoted arbitrarily
by A through G, had to be valved in separately, and, thus, only one reading couid be obtained at a time.
It was thus imperative that the recirculation flow rate was held constant during the time period necessary
for the pressure drop across each tube to be recorded in sequential order on the Sanborn recorder; however,
no problems were experienced in this respect.

" The Sanborn trace from the first test made is shown in Figure 5-25 for a relatively low flow rate. At
higher flow rates, difficulties were experienced with the reading from Tube E, the impulse line of which
appeared to have become partially blocked up after the recirculation flow rate had been approximately
doubled. That partial blocking had occurred, was inferred from the fact that the trace went far off scale
and did not show any’ similarity to the traces from the other tubes and to the previous trace at low flow
rate. Further confirmation that something had happened to the impulse line was gathered when the flow
was decreased again to about the same level as with the first run, and the problem still existed for Tube E.
The problem was not pursued any further due to time limitations.

The pressure drop data are shown in Table 5-4, along with actual water flow rates and percent deviation
from the mean flow rate. The water flow rates were obtained from the calibration curves supplied by Foster
Wheeler Corporation.?® -

Table 5-4
STEAM SIDE FLOW DISTRIBUTION DATA FOR THE
EVAPORATOR OPERATING AT NEAR RATED CONDITIONS(a)

Bayonet Tube Average Flow
Run A B . c D E F G {Ib/h)
AP (psi) 0.65 0.69 0.66 0.66 0.65 0.65 0.64
1 W (Ib/h) 1100 1120 1110 1100 1080 1105 1090 1100.71

% Deviation 0.00 1.75 0.84 0.00 -1.82 0.39 -0.91

AP 2.3 2.40 2.3% 2.35 (b) 2.36 2.22

2 W 2030 2000 2020 2010 2050 1930 2006.67
% 1.16 -0.33 0.66 0.17 2.16 -3.82
AP 2.15 2.2% 2.20 2.22 2.23 2.07

3 W 1960 1940 1955 1950 2000 1860 194417
% 0.81 -0.21 0.56 0.30 2.87 -4.33
AP 1.90 2.00 1.98 1.97 1.96 1.87

4 w 1850 1840 1860 1850 1880 1775 1842.50
% 0.41 -0.14 0.95 0.41 2.04 -3.66

{a) Exit steam quality was in the range of approximately 30% to 60%.
(b} Value not given due to instrument problems.
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Figure 5-24. Diagram of Orifices Installed on the Bayonet Tubes and Used to Measure the Steam Side Flow
Distributions with the P/D = & Inserts
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Figure 5-25, Sanborn Trace of Pressure Drops across the Bayonet Tube Orifices with the P/D = 6 Insert

It is apparent from Table 5-4 that the flow distribution is quite uniform with the center tube having
about 4% less flow than the average tube for the higher flow rates. There seems to be no reason why
the center tube should have less flow than the edge tubes. It was noted in Figures 5-2 and 5-3 that the
average sodium temperature in the center channel was less than in the edge channel. Thus, the center
tube runs “cooler” or receives less heat than the others; this was predicted by the EVAP code to be approx-
imately 1 to 2%. This results in a lower average steam quality and thus a lower friction pressure drop.
Thus, with a constant plenum-to-plenum driving pressure, the flow should be higher in the center tube
than in the edge tubes. One other factor that might influence the flow distribution is dimensional tolerances.
In Reference 36 it was found that the center tube orifice had slightly higher pressure drop than the others
and this might have caused the indicated flow unbalance.

From the previous discussion, it can be concluded that the flow distribution is very uniform. It is believed
that the relatively large fraction of the pressure drop occurring in the bayonet tubes contributes greatly
to this result. .

5.6 PRESSURE DROPS

The measured sodium- and steam-side pressure drops for the evaporator are compared to calculated
results in this subsection. This subject will not be treated extensively because the pressure drop data are
not considered to be very accurate. The appioach here will be to present the various pressure drop measure-
ments for 25 runs selected over as wide a range of flow rates as possible and compare to calculated
results using the prediction methods used by Foster Wheeler Corporation for the original design.3?

5.6.1 Sodium-Side Pressure Drops

Absolute pressure measurements at the inlet and outlet of the evaporator were recnrded automatically
by the rdata acquieition systen. The pressure difference was formed by summation in an electronic summer
and this reading was also recorded. Locations of the pressure drop transmitters and instrument connectlon
details are shown on Figures 4-2 and 4-3, respectnvely
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The pressure difference as recorded by this instrumentation does not represent the friction drop directly
due to the static head of sodium involved. The friction pressure drop on the sodium side is obtained by
subtracting the measured pressure difference between outlet and inlet from the static head. The pressure
drop reading, as obtained by subtraction of absolute readings between the outlet and iniet, did not check
the reading obtained from the AP instrument as can be seen from Table 5-5. By comparing the static
head to the AP instrument reading, it is clear that there is something wrong since the friction pressure
drop given by the difference between the static head and the AP reading is often negative. On the other
hand, the difference between the static head and the AP reading, based on absolute pressures, shows
reasonable numbers and are also given in the next to last column in the table. Aiso shown for comparison
are the pressure drops which were derived by the procedures used in the Foster Wheeler design calculations.*
The measured and calculated pressure drops are plotted vs the sodium Peclet number in Figure 5-26.
The solid line in this figure represents the predicted friction pressure drop from the last column in Table 5-5.
The points in Figure 5-26 are those given in the next to the last column in Table 5-5 and probably represent
the most accurate data available. In view of the uncertainty in the data, no definite conclusions can be
drawn; however, it appears that the sodium-side pressure drop may have been over-predicted aprpoximately
by a factor of two. The reason for this is difficuit to assess bbut must be due to over-prediction of the
effect of the baffle plates since this is where the majority of the pressure drop occurs.

4

5.6.2 Steam-Side Pressure Drops

Absolute pressure measurements were made at the inlet and outlet of the evaporator and at the steam
drum. The steam drum pressure and the evaporator exit pressure should read close to the same pressures
under most conditions which provided a check on these readings. In addition to these absolute readings,
the difference between the steam-side inlet and the outlet was measured by summation of absolute pressures
in an electronic summer. The pressure data were recorded automatically by the data acquisition system.
Pressure instrumentation connection details are shown in Figure 4-3, and the measurement.points are shown
in Figure 4-2.

Pressure drop data for 25 runs are shown in Table 5-6, along with recirculation flow rate and exit
steam quality. The run$ were selected over as wide a range of these two guantities as practical. From
the table it is clear that the steam drum pressure and the evaporator pressure are in reasonable agreement,
except for the last few runs and the corresponding pressure drops are shown in the table. The differential
pressure drop measured by the summer is also shown for comparison and the agreement is reasonable
except for the first 5 runs.

)

The three columns of pressure drops do not represent the friction pressure drop directly. The net static
head of water/steam in the bayonet tube and annulus must be added to these. This was done using the
Foster Wheeler design methods,** making the simplification that the subcooled length was the same for
all cases, and the results are shown in the two columns next to the last column in Table 5-6 for the pressure
drops based on absolute readings. The last column shown in the table is the predicted friction pressure
drops, using the methods of Reference 33, except that the swirl flow friction was predicted using the methods
of Reference 11.

The numbers in the last two columns are plotted in Figure 5-27 vs the Reynold’s number in the bayonet
tube. The bayonet tube Reynold’'s number was used in the plot because most of the pressure drop is
in the bayonet tubes. The predicted pressure drop is represented approximately by the solid line in Figure 5-27.
The agreement between prediction and the particular data set used is very good except at low bayonet
tube Reynold's numbers where the pressure drop is small and the'accuracy of the measurement poor.
Aithough no definite conclusions can be drawn, the results are encouraging, and it appears that the steam-side
pressure drop can be predicted with considerable confidence.
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Date
3-29-71
3-29-71
3-29-71

3-30-71
3-30-71

5.20-71

5-2071

5-21-71
5-21-71
5-21-71
5-21-71

5-28-71
5-28-71
5-28-71
5-28-71

8-6-71

8-671

8-6-71
8-6-71

8-9-7

8-13-71 .

8-13-71
8-13-71
8-13-71
8-13-71

Time

2010

2125
2155

0530
1133

1647

1848 -

1334
1349
1419
1434

1131
1201
1231
13N

1199
1228

.1432

1546

1057

1009
1042

1115
1206
1346

Peclet
Number

695
657
656

610
599

734
735

634
632
665
663

588
575
579
576

897
926
918
926

851
402
. 406
442

471
489

Sodium
Flow Rate
(Ib/h)

69100
65100
65100

60300
59000

73400
75200

62800
62100
63100
62800

58100
57800
58000
56800

91053
94962
93700
94632

85909

+39243
39749
43293
46239
48015

Staric Head
(Inches of
Sodium)

521
521
522

522
520

519
515

509
511
513
515

517
518
517
517

520
517
517
520

-518

516
516
517
518
517

Static
Head
{psi)

16.37
16.37
16.40

16.40
16.34

16.31
16.18

15.99
16.05
16.12
16.18

16.24
16.27
16.24
16.24

16.34
16.24
16.24
16.34

16.27

16.21
16.21
16.24
16.27

16.24 |

Table 55
SODIUM-SIDE PRESSURE DROP DATA FOR THE EVAPORATOR

Sodium

Inlet
{psig)

33.7
429
422

331
17.8

21.6
27.0

224

220 -

20.7
20.7

258
245
257
24.6

3041
334
28.1
25.7

20.1

250
23.2
21.9
204
27.8

Sodium
Outlet
(psig)

476
57.0
56.4

479
323

34.7
40.2

36.0
36.7
34.7
34.7

40.0
38.7
399
38.7

422
446
39.3
37.2

32.6

41.2
39.4
37.8
36.1
429

Outlet-
Inlet
(psi)

13.9
141
14.2

14.8
145

131
13.2

13.6
13.7
140
14.0

14.2
14.2
14.2
14.1

121
11.2
11.2
1156

125

16.2
16.2

159 .

16.7
15.1

AP From
Instrument
{psi)

15.8
16.0
16.1

16.9
16.8

15.1
15.0

16.0
16.2
16.4
16.3

16.8
16.8
16.7
16.7

13.8
12.8
13.0
129

14.4

18.7
18.7
185
18.3
17.6

Measured Friction
Pressure Drops
{psi)

2.47
247
2.20

1.60
1.84

3.21
2.98

2.39
2.35
2.12
2.18

2.04
2.07
2.04
2.14

4.24
5.04
5.04
4.84

3.77

0.01
0.01
0.34
0.57
1.14

Predicted Friction
Pressure Drops
{psi}

5.76
5.10
5.10

4.38
4.19

6.49
6.81

4.75
4.64
4.80
4.75

4.07
4.02
4.05
3.89

9.98
10.86
10.57

10.78

8.89

1.85
1.90
2.26
2,57
2.78
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Table 5-6
STEAM-SIDE PRESSURE DROP DATA FOR THE EVAPORATOR

Friction Friction Calculated
Racirculation Exit Steam Bayonet Tube Steam Drum Outlet Inlet Difference Difference AP From Pressure Drop Pressure Drop Friction
Flow Rate Quatity Reynolds Numbes Pressure, Pd Fressure Pressure Pin'Pd Pin-P t Instrument Based on Pin'Pd Based on Pin’ou( Pressure Drop

Date Time (Ib'h) (%) x10™2 {psig) Pom (psig) Pin {psig) (psi) {psi {psi) {psi) (psi) (psi}
329 2010 20967 34 ’ 404 1635.7 1634.0 1665.5 29.8 315 6.5 36.1 37.8 40.1
329 2125 © 15762 46 304 . . 1594.3 1521.7 1610.3 16.0 186 35 239 . 25.7 231
329N 2155 16523 43 8 1577.2 1574.0 1594.3 171 20.3 4.0 24.0 27.2 25.2
330711 0530 21020 30 - 405 1569.7 1555.1 1597.8 28.1 327 7.0 341 ’ ;!8.7 40.2
3-30-7 1133 20663 . 35 398 1623.6 §620.7 1653.6 30.0 329 7.2 36.3 39.2 38.9
5-20-71 1647 19109 35 ’ 368 1587.2 1534.6 1613.8 26.6 29.2 288 329 35.5 335
5-20-N 1848 19086 36 368 1572.8 1557.3 1597.9 251 30.6 313 315 37.0 334
5-21-71 1334 19819 k3l 382 1603.7 1538.3 1630.9 27.2 326 325 33.3 38.7 35.8
5-21-71 1349 17064 37 329 1579.1 15740 1598 .4 193 244 245 25.8 309 26.9
5-21.71 1419 12915 47 249 1555.8 1550.3 1562.9 721 126 1.7 14.3 19.8 15.7
5-21.71 1434 9249 48 178 1591.8 15855 1590.5 1.3 5.0 34 59 12.2 8.2
5-28:71 1131 19775 30 381 1578.6 1574 5 1604.1 255 29.6 30.2 31.5 35.6 35.7
52871 120 14832 39 286 1589.5 1535.4 1601.4 19 16.0 15.3 18.5 226 204
5-28-71 121 12078 49 233 15726 1558.4 15784 5.8 10.0 9.0 13.1 17.3 13.7
5-28-71 1300 9907 . 51 19 1607.2 1693.2 1608.5 1.3 5.3 .34 8.7 12.7 9.3

£6-71 109 7403 94 143 1646.8 16434 1638.3 8.5 5.1 1.34 04 38 5.3

£6-71 1228 6651 83 128 1657.5 1656.1 1650.1 74 6.0 1.19 1.2 26 4.3

867 1432 6803 87 13 1637.5 1637.5 1629.2 -8.3 -8.3 - 095 0.4 04 . 4.4

£6-7 1546 882 87 158 1652.6 1653.7 1647.8 4.8 59 11.16 ) 39 28 6.4

8971 1057 8612 81 166 1620.2 . 1618.0 16191 - -1 0.1 214 74 8.6 7.1
81371 1009 6°05 82 118 15728 1550.8 1560.2 12,7 -0.6 2.1% 4.2 7.9 36
81371 1042 6125 80 18 1557.3 1545.3 1544.2 <1341 -1 2.05 4.6 7.4 36
8137 115 6019 80 116 16279 16169 1615.7 -12.2 -1.2 1.97 -3.7 7.3 35
81371 1206 6998 68 ° 135 1599.8 1589.1 1590.1 9.7 1.0 2.46 -1.5 9.2 4.7

813N 1346 6396 76 123 1634.3 1626.5 1623.6 -10.7 -29 1.69 23 5.51 39

2-08501-dv3D
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6. SUPERHEATER THERMAL PERFORMANCE
6.1 HEAT TRANSFER PERFORMANCE

The thermal performance results of the helical coil superheater are given in this section. The results
.include the overali heat transfer coefficients evaluated for the coil region and the steam-side pressure drop.
The sodium-side pressure drop will be discussed only briefly because the pressure drop was very small,
as expected, which made an evaluation difficult. The data reduction procedure used to obtain the overall
heat transfer coefficients is discussed in the following subsection.

6.1.1 Data Reduction Procedure

The complex geometry of the helical coil superheater makes it difficult to measure the overall heat
transfer coefficient directly. The approach taken, therefore, was to use an indirect method based on matching
of calculated sodium temperature profiles with measured sodium temperature profiles. The locations of the
sodium thermocouples used to measure the sodium temperature profiles are shown in Figure 4-14. A circumfe-
rential sodium temperature profile at the lower end of the coil region is obtained from thermocouples 1
through 9, and an axial sodium temperature profile is obtained from thermocouples 9 through 12. The sodium
temperature distribution was calculated from measured inlet test conditions by using the SUPER data reduction
code developed for this purpose. This code works much the same way as the EVAP code developed for
the evaporator. A summary description of the SUPER code is given in Appendix A-2.

The SUPER code is based on a nodal model of the superheater. Given the inlet conditions of the
steam and sodium along with the flow rates, the temperature and pressure distribution of the steam in
the tubes and the sodium temperature distribution are calculated. Approximately 60% of all heat transfer
is in the helical coils and evaluation of the overall heat. transfer coefficient was made for this region. The
overall heat transfer coefficients used in the code were calculated from the following correlations:

The sodium-side heat transfer coefficient was calculated for cross flow using the Rickard® correlation
given by

D
Ne = NaH - 402 + 0028 Pee?
k (6-1)

For the wall thermal conductivity, the data from Reference 36 given by Equation 5-2 were used. The
steam-side heat transfer coefficiant for the rnil is'®

h, D
veo= o St - 00133 (Rt (Pei? Gy

(6-2)

Since the steam-side heat transfer coefficient is the controlling conductance in the superheater, the
constant miltiplier C; was introduced; this was the parameter varied to achieve matching of the calculated
and measured sodium temperature profiles. This choice was guided by the observation that, in general,
the heat transfer in curved tubes or coils is higher than in straight tubes approximately as the ratio of
the friction factors for the coiled and straight tube.'® This ratio is given by Tto's correlation:'?,

, - 4l /131005 ’
fc/f = (Rel{t/R)?) (6-3)

A comparison of the axial sodium temperature profile obtained with the SUPER code for one run is
shown in Figure 6-1 and the corresponding circumferential temperature distribution near the lower end of

the coils is shown in Figure 6-2. The value of .Cs in this case was 1.4 and was found after several trials;
this resulted in the best fit for most of the data considered.
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The local heat transfer coefficients given by Equations 6-1 and 6-2 varied considerably, especially
on the steam-side, because the thermal properties of superheated:s,tgam are changing strongly. Itis convenient
for comparison purposes to calculate an average overall heat transfer coefficient for the coil region. The_ .
approach used for the evaporator boiling region was used here also (i.e., first the average surface coefficients
and the mean thermal conductivity were calculated, and these were used in Equation 5-4 to yield the mean
overall heat transfer coefficient).

6.1.2 Coil Region Overall Heat Transfer Coefficient

A limited amount of the available thermal performance data was reduced. The range of operating conditions
maintained during these runs is given below:

e Sodium Inlet Temperature — 907 to 959°F (935)*
e Sodium Outlét Temperature — 834 to 858‘;F (855)
e Steam inlet Témperature — 600 to 611°F (607)

e Steam Outlet Temperature — 882 to 936°F (905)

- 'e - Thermal Power — 335 to 487 kW (500)

e Steam Drum Pressure — 1555 to 1693 psia (1635)

© * The numbers in parentheses indicate design or rated conditions.

x

The measured mean overall heat transfer coefficients for the 25 runs considered are given in Table
B-6, along with some test parameters. Also given in the table are the predicted mean overall heat transfer
coefficients using the same prediction methods as were used in the original design calculations.* In calculating
these coefficients, the actual test sodium and steam flow rates and a wall thermal conductivity of 16.25 Btu/h-
ft-°F (the same as in the original design calculations) were used. The overall heat transfer coefficients
given in the table have no fouling effect included and they can therefore be compared directly. ‘

It is apparent that the thermal performance in the coil region is considerably better than predicted.
A tabulation of the individual average conductances and the overall conductance is given in Table 6-1 below.
. Table 6-1
SUMMARY OF SUPERHEATER THERMAL PERFORMANCE
FOR THE COIL REGION AT NEAR-RATED CONDITIONS

Heat Transfer Coefficients (Btu/h-ft® °F)

Location Predicted Coefficients SGTR Experiment
Overall U _ - 280 , 383
Steam Side, hS {(Heinemann Correlation) 594 883
Equivalent Wall, h (Wall Thermal Conductivity = 16.25) 1015 o 1287
Sodium Side, by, (Rickard Correlation) , 3251 3396

Fouling, h¢ No Fouling Effect No Fouling Effect

64 -
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The main reason for the better-than-predicted performance is believed to be that the steam-side heat
transfer coetficient is larger in the coils due to the curvature than in a straight tube. Although this is in
agreemcent with observations,'® lhere is no way to establish the validity of the assumed split between the
individual conductances arrived at in Table 6-1. However, the overall heat transfer coefficients caiculated
using the above methods (i.e., the steam-side heat transfer coefficient given by Equation 6-2 with C; equal
to 1.4, the wall conductivity given by Equation 5-2, and the sodium-side coefficient given by Equation 6-1)
predict the performance in the coil region. The complexity of the geometry made it impossible to evaluate
a meaningful logarithmic temperature difference and evaluate an overall heat transfer coefficient directly
from measurements. If this had been possible, the Wilson plot technique used for the evaporator boiling
region might have been used here also to correlate the steam-side heat transfer coefficient.

Comparisons between the measured axial and circumferential sodium temperature profiles are shown
in Figures 6-1 and 6-2 for a typical run. The sodium temperature in the calming region (Figure 4-10) near
the sodium level is lower than the sodium inlet temperature as shown in Figure 6-1 and measured by ther-
mocouples 13 and 14 (Figure 4-14). Although insufficient data are available to show what the sodium tempera-
ture profile was like in this region, the measured temperatures are given in Table B-7, along with other
thermocouple data. The steep temperature gradients noted in the evaporator near the calming region area
are not present in the superheater. The main reason for this is the much lower heat transfer rates to the
tubes in this region due to the film coefficient on the steam-side.

The temperature distribution at the outlet of the coil region is shown in Figure 6-2. It is worthwhile
to note the relatively high sodium exit temperature in the region near the inactive downcomer tube (Tube 3).
The maximum spread in the measured exit temperatures is about 30°F as compared to a total temperature
drop of about 90°F. This is a significant temperature unbalance and gives rise to some thermal stresses
in the flow shrouds. These problems should be kepl in mind when leaky tubes are plugged in any steam
generator. The points denoted “analytic” in Figure 6-2 were the temperatures calculated by the SUPER
code using the standard circumferential flow distribution arrived at based .on these temperature measurements
from the early runs (more on this in Appendix A-2). The main lesson to be learned from these results
is that extreme care must be taken by the designer to ensure good flow distribution and avoid temperature
maldistributions as the ones measured here.

-

6.2 STEAM-SIDE FLOW AND TEMPERATURE DISTRIBUTION IN THE SUPERHEATER

In order to measure the exit steam temperatures from the two active helical coils, thermocouples were
installed in the tube-sheet near Nozzle N-2 (Figure 4-10). The thermocouples were inserted into holes
drilled perpendicular to the flow direction and attached by appropriate fittings

Temperature data recorded at near-rated conditions for a few runs are given in Table 6-2 below.

Table 6-2
STEAM EXIT TEMPERATURE DATA
FOR THE SUPERHEATER

Temperatures (°F)

Date Time Tube 1 Tube 2
11-20-71 1752 904.3 907.0
11.21.71 " 1054 920.3 y2y.4
11-23-71 1927 917.4 920.8

12-4-71 0115 912.7 9155
12-10-71 0243 913.1 916.4

6-5
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The steam exiting Tube 2 appears to be consistently 3°F higher than in Tube 1, which is within the
accuracy of the thermocouples. However, it the measured temperatures had been substantially different
from each other, one reason could have been poor flow distribution.” This is unlikely since each tube is
of the same length, has the same number of bends, etc., and thus has the same hydraulic resistance.
The other possibility would have been temperature maldistribution due to different heat rates to the tubes.

The present results indicate that the steam-side flow and temperature distribution in the tubes is gdod.
In view of the substantial sodium-side temperature maldistribution indicated in Figure 6-2, this is encouraging.

6.3 PRESSURE DROPS

6.3.1 Sodium-Side Pressure Drops

The absolute pressures of the sodium at the inlet and outlet of the superheater were measured (Figure
4-2). The signals from the corrrsponding pressure transmitters were connected to an electronlc summer
to get the ditferential pressure drop across the sodium-side of the superheater.

Some of the recorded data are shown in Table 6-3, along with the average sodium Peclet number
and the static head of sodium between the two measurement locations. Comparison of the AP reading
from the instrument and the differential pressure drop obtained by subtracting the absolute pressure drop
readings shows some discrepancy between the two. The frictional pressure drop is obtained by subtracling
these AP values from the static head of sodium and the corresponding frictional pressure drops are shown
in the last two columns of Table 6-3.

Table 6-3
SODIUM-SIDE PRESSURE DROPS FOR THE SUPERHEATER

Static
Sodium Head Inlet Outlet AP From Friction Friction

Peclet hnga  Pressure  Pressure  PoPi= PQ) Instrument Pressure Drop  Pressure Drop

Date Time WNuiviber (psi)  Pp{psly) Py (psig) {psi) {psi) hpa:APQ) Ipsi)  hpga-AP (psi)
3-30-71 1728 77 5.62 41.59 46.79 5.20 8.23 0.32 -2.71
3-31-71 0430 76 542 31.81 37.79 5.98 9.07 -0.56 -3.65
3-31-71 1536 69 5.70 22.76 27.96 5.20 8.03 .- 0:50 -2.33
3-31-71 1551 72 5.69 22.68 27.77 5.09 7.87 0.60 -2.18
3-31-71 1606 72 5.72 22.65 27.88 5.23 7.75 0.49 -2.03
3-31-71 1635 86 5.79 2282 27.51\ 4.69 7.41 1.10 -1.62

From these two columns, it is evident that the measurements are not going to be of much value.
The basic problems involved in attempting to measure the pressure drop are (1) small magnitudes of the
pressure drops from which static heads have to be subtracted, and (2) instruments that are not accurate
enough. The frictional pressure drop for the superheater was estimated to be less than 0.1 psi in the original
design calculations.®® The major conclusion that can be drawn from this evaluation is that a measurement
of a pressure drop of this magnitude should not be attempted.

As for the actual frictional pressure drop in the superheater, there is no reason to believe that it deviates
substantially from the prediction. This very small prssure drop is believed to play a major role in the sodium
side hydraulic instability observed during these tests. This will be discussed in Section 7.

6.3.2 Steam-Side Pressure Drops

Steam-side absolute pressures were measured at the steam drum, at the inlet to the superheater,
and at the superheater outlet (Figure 4-2). The steam-side pressure drop was obtained by electronic summation
of the transmitter signals from the absolute pressure readings at the inlet and outlet.
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During this evaluation, it was noted that the absolute pressure reading at the superheater inlet'showed
an inconsistent behavior and will be substituted by the steam drum pressure reading, which is measured
upstream of the superheater inlet (Figure 4-2). Presure drop. data for the 25 runs considered in the thermal
performance evaluation are given in Table 6-4, along with the mean steam-side Reynolds number. The
two columns giving the measured steam-side pressure drops (the first based on subtraction of absolute
values and the other the instrument reading) differ by a substantial amount. These same values are plotted
. in Figure 6-3 vs the Reynolds number.

The predicted friction, momentum, and total pressure drops are listed in the last three columns in-
Table 6-4, and the last column is represented by the solid line in Figure 6-3. The method of Reference 38
was used in predicting’the frictional pressure drop. The predicted pressure drops fall between the two
sets of measured pressure drops and it is impossible to decide which measurement to believe. The results
of this evaluation are largely inconclusive as to the exact magnitude of the actual steam-side pressure
drop; however, evaluation serves to illustrate the need for careful selection and calibration of instrumentation
if reliable results are to be expected. A
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Daze

3-20-71
3-21-71
3-31.71
3-21-1
331N
3-31-71

5-20-71
5-20-71

€-8-71
€-8-71
6871

7-24-71

7-25-71
7-25-71

71271
7:22-71
72371
7:24.71

73111
7-31-71

8-2.71

11-3-71

7311

12-4-71

12-10-71

Time

1728
0430
1636
1551
1606
1635

1327
1458

" 1153

1524
1908

2056

0352
1228

1932
0540
0856
0625

0251
2221

2324
0615
0120
0115

0243

Mean
Reynolds
Number X 107
672
651
652
669
686
733

555
649

691
752
764
709

722
679

698
675
692
722

765
686

729
717
712
647

632

Table 64

STEAM-SIDE PRESSURE DROPS FOR THE SUPERHEATER

3team Drum

Pressure

Po {psig)
1572
1540
1586
1606
1629
1678

1597
1604

1633
1640
1645
1636

. 1642
1615

1635
1609
1643
1637

1602
1633

1601
1617
1640
1643

1610

Sup:rheater

Cutlet

Pressure

Pc (psig)
1557
1524
1574
1593
1€17
1665

1683
1589

1620
1627
1631
16521

1625
1600

1623
1593
1627
1621

1580
1618

1583
1600
1623
1628

1596

Pressure
Difference
PoPo (psi)
125
16.3
124
13.0
12.4
12.6

14.1
14.9

12.6
138
135
145

17.0
16.3

12.1
16.5
15.4
16.0

221
147

17.2
16.9
17.3

146

AP From

Instrument
{psi)
42.0
420
376
425
48.7
59.8

41.6
426

478
48.1
48.1
49.2

48.9
444

499
w2s
51.0
490

35.6
473

409
425
479
518

43.0

Calculated
Friction
Pressu-e Drop
(psi)
32.7
307
308
324
34.1-
3€.0

222
305

34.6

412
425

‘39
334

H4
331

48

426
34.2

18.6
373
36.8
303

289

Calculated
‘Momentum
Pressure Drop
(psi)

1.1
1.04
1.04
1.10
1.156
1.31

0.75
1.03

1.17
1.39
1.43
1.23

1.28
1.13

1.28

1.43
1.15

1.03

0.98

Calculated
Total
Pressure Drop
{psi)
338
31.7
318
335
35.3
40.3

229
315

358
42.6
439
378

392
345

36.6
34.2
35.9
39.2

441
35.3

40.0
38.6
38.1
13

29.8

¢-08901-dv3D
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7. SYSTEM STABILITY

The observations regarding sodium-side and steam-side stability are presented in this section. The
stability of boiling systems has been studied extensively*-<%! for various geometries and boiling conditions.
Sodium-side instabilities, on the other hand, do not seem to have been reported in the literature. The main
feature of the present sodium-side instability is a sudden change in the sodium flow rate between the
two units, accompanied by level changes in the superheater and evaporator. This general level shift, along
with a smaller amplitude periodic. level variation observed in the evaporator, are believed to contribute to
large sodium temperature fluctuations in the evaporator in-and near the calming region area.

The steam-side of the evaporator was found to be stable for the range of operating conditions considered
for the reference demonstration plant evaporator design; however, when the steam exit quality was increased
to about 120%, or net superheated conditions of approximately 100°F, the boiling system was unstable.
These observations will now be considered in more detail. '

7.1 SODIUM-SIDE STABILITY

A diagram showing details of the part of the sodium system of interest with regard to stability is shown
“in Figure 7-1. For more details, see the flow diagram on Figure 4-2 and the evaporator and superheater
details on Figures 4-7 and 4-10, respectively.As can be seen from Figure 7-1, there are three different
electromagnetic flowmeters; flowmeter F1 is located between the superheater and evaporator; flowmeters
F2 and F3 are located near the evaporator exit and after the electromagnetic pump, respectively.

If the sodium levels in the superheater and evaporator, as well as in the expansion tanks, are not
changing, all three flowmeters should read the same. Variations in sodium ievels, however, will cause temporary
changésinthe flow rates. it was notedinitially that the mV signals from the flowmeters, in particular flowmeter F1, -
seemed to have a considerable amount of what was thought initially to be “noise” when connected to
a Sanborn recorder. Closer examination of the “noise,” however, showed that the signals were real. This
prompted a more detailed study of the phenomenon by connecting more instrumentation to the Sanborn
recorders. This included the cover gas pressures of the superheater and evaporator which are essentially
the sodium inlet pressures in the two units. Also, the sodium levels in the two units were recorded, along
with thermocouples in and irmmediately below the calming regions of the two units. The thermocouples
were included in both units because large temperature fluctuations had been observed just below the calming
region in the evaporator.

By using the isolation valves denoted by V1, V2, etc., in Figure 7-1, it was possible to have sodium
flow through both models or through either one of the units. The models could also be bypassed altogether
with flow of isothermal sodium through the lines only. The steam-sides of the two units could also be vaived
off and sodium-circulated at near isothermal conditioins Lhrough the system.

7.1.1 Sodium Flow and Level Fluctuations

A systematic study of the observed sodium flow and level fluctuations was made in order to identify
the parameters causing the problem. It was observed initially that the magnitude of the flow variations
was a function of the sodium fiow rate and this parameter was therefore varied over as wide a range
as possible. )

The tests were conducted with the steam-sides of both the superheater and evéporator isolated, or
_at near isothermal sodium conditions. Tests were also run with both models operating at near-rated conditions,
but the sodium flow rate could not be varied over as wide a range under nonisothermal conditions. Also,
tests were run for isothermal sodium conditions with sodium flow through the evaparator nr superhoatcr
alone and with hnth units isolatcd.

The results of these tests with the superheater and evaporator on line are shown in Figures 7-2 through 7-5.
These figures are the Sanborn traces of the three electromagnetic flowmeters, the superheater sodium
level and cover gas pressure, and the evaporator level and cover gas pressure. The mV signals have
been converied 10 the equivalent engineering units. The symbol appearing along each measurement corres-
ponds to the symbols on Figure 7-1.
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- Figure 7-2. Sanborn Traces of Sodium Flow and Level Variations in the SGTR at Isothermal Conditions and

Sodium Flow Rate of 205 gpm, Superheater and Evaporator on Line
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Figure 7-3. Sanborn Traces of Sodium Flow and Level Variations in the SGTR at Isothermal Conditions and
Sodium Flow Rate of 205 gpm, Superheater and Evaporator on Line (Same Conditions as in
Figure 7-2, but at Higher Chart Speed)
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7-5



GEAP-10580-2

F3, EM FLOWMETER
(4 gpm."div)

[ERNITEN

48 J I

[ L]

F1, EM FLOWMETER
(4 gpm/div)

1

F2, EM FLOWMETER
(4 gpm/div)

B ANE

Ls‘ S/H LEVEL
(0.43 in./div)

P1, S/H COVER GAS
PRESSURE
(0.5 psi/div)

_ Lg. E/P LEVEL
(0.73 in./div)

— P3, E/P COVER GAS
— PRESSURE
3 (0.5 psi/div)
-
I I
—"'1 |'<— 5 sec TIME —————P
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The results for a large sodium flow rate are shown in Figure 7-2. The sodium flow rates as measured
by flowmeters F1, F2, and F3 have high-frequency signals superimposed on general low-frequency flow
variations. The high-frequency signals might, at first, appear to be electronic noise, but a look at Figure 7-5
reveals that the signals almost disappear at a low flow rate; therefore, it is a real signal. it is not clear
what is causing the high-frequency signal, but it may be due to larger turbulence intensity in the sodium
or some other flow- or vibration-induced problem. (Another theory is that the electromagnetic pump is introduc-
ing the high-frequency fluctuation, but this is doubtful because the high-frequency component would be
damped out in the cover gas regions.)

The main concern of the tests, however, is the low-frequency, erratic fluctuation in the sodium flow
between the superheater and the evaporator given by F1. It is apparent that this flow rate either drops
or increases rapidly and is gradually restored to some mean value if not interrupted by another sudden
drop or increase. Corresponding to a sudden increase in the flow rate, there is a drop in the sodium level
in the superheater and an increase in the evaporator sodium level and vice versa. When the sodium levels
change, the pressures change due to volume changes; thus, a level increase results in higher pressure
and vice versa. ’

By comparing Figure 7-2 to Figures 7-4 and 7-5, which are for sodium flow rates of 120 and 34 gpm,
respectively, it is apparent that the magnitude of the erratic sodium flow fluctuations between the superheater
and evaporator is decreasing with decreasing flow and the fluctuations are almost absent for the 34 gpm
run. The corresponding level and pressure variations are, of course, also decreasing with decreasing flow.
It was found that the nature of the flow fluctuations was independent of the sodium conditions (i.e., whether
the sodium system was isothermal or not), thus ruling out the possibility that density gradients in the units
due to temperature gradients could cause the problem.

It is apparent that there must be some kind of triggering mechanism that initiates the flow perturbation.
A suspect in this respect is the cover gas pressure. It is obvious that a sudden, rapid change in a cover
gas pressure in the superheater or evaporator would result in a problem like this. However, by considering
Figure 7-3 with the same sodium conditions as in Figure 7-2, but recorded at five times the chart speed,
it is apparent that the pressure change in the superheater and evaporator is a result of the tlow change
and not the opposite, since the pressure change appears to occur a short but tinite time after the flow
rate change has started. Also, it is difficult to visualize any mechanisms by which the cover gas pressures
can change in this irregular manner.

Returning now 1o Figures 7-2 and 7-3, it is apparent that, in addition to the general low-frequency
level change, there is a higher frequency, periodic variation superposed, especially in the evaporator. In
the evaporator, this corhponent exhibits a beating effect. A look at Figures 7-4 and 7-5 reveals that the
magnitude of the high-frequency component decreases with decreasing flow rate. Note that the P1, Lg,
and P3 signals have some 60-cycle noise superposed because high-sensitivity settings of the amplifiers
had to be used. A '

With regard to the evaporator sodium level measurement, it is worthwhile to note that the ievel probe
is located in a side arm on the vessel (Figure 7-1), while the superheater level probe measures the level
directly. Thus, one cannot say with certainty whether the sodium level in the evaporator itself varies with
the magnitudes indicated by the probe; the cover gas pressure reading should have shown a corresponding
variation which is not evident from Figure 7-3. Therefore, the indicated high-frequency variation in the
avaporator level may not be real. The superhealer has a much larger cross section than the evaporator
and, therefore, the magnitude of the level and pressure variations is generally smaller.

An attempt was now made to identify the cause of the instability problem. The superheater was isolated -
and the sodium was flowing through the evaporator alone. The results of this test are shown in Figure 7-6
for a large flow rate and in Figure 7-7 for a low flow rate. The traces of F2 and F3 are similar to those
of Figure 7-2. The superheater level is, of course, constant and the low-frequency general level change
is absent for both flow rates. However, the high-frequency level variation in the evaporator is the same
as with the superheater on line. Thus, the high-frequency periodic level change does not depend on the
superheater; but the low-frequency erratic flow and level changes are associated with the superheater.
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Figure 7-6. Sanborn Traces of Sodium Flow and Level Variations in the SGTR at Isothermal Conditions and
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The traces obtained with the superheater on line and the evaporator isolated are shown in Figures 7-8
and 7-9 for high and low flow rates, respectively; the traces obtained with both the superheater and evaporator
1solatea are snown In tigure /-10 tor high and low tlow rates. The low-frequency erratic variation in the
superheater flow rate, indicated by F1, is now absent. It is clear that there is a coupling effect between
the superheater and evaporator, since the low-frequency erratic flow and level fluctuation only occur with
series operation of the two units. It was felt that the coupling effect could be due to the low pressure
drop in the superheater. To test this hypothesis, hydraulic flow resistance was introduced near the superheater
exit by throttling the isolation valve V3. The results of this are shown in Figure 7-11 for a high sodium
flow rate and in Figure 7-12 for a lower flow rate. From these figures, it is apparent that by introducing
the hydraulic flow resistance corresponding to 50 to 60% closure of V3, the superheater and the evaporator
became decoupled and the instability problem disappears.

This finding is the answer to the design problem but does not give any clue to what type of hydraulic
instability or what mechanisms are involved to trigger the flow and level shift. It has been suggested that
there is a U-tube manometer type effect, the superheater constituting one leg, and the connecting sodium
line and upper portion of the evaporator the other. Thus, with the elevations of the levels in the two units
being different, there could be an equilibrium problem involved which may be triggered by small flow and
corresponding pressure drop changes in the units and connecting piping. In general, very little can be
said about the problem at this time. An investigation using water flow model tests should be conducted
to define the instability in greater detail, since it is believed that whenever series operation of units with
cover gas spaces is involved, this type of instability may occur.

7.1.2 Sodium Temperature Fluctuations

Sodium thermocouples in and below the calming region were recorded on the Sanborns at near-rated
operating conditions. Sanborn traces of these thermocouples are shown in Figures 7-13 and 7-14. The
locations of the sodium thermocouples are indicated in Figure 7-1 and shown in more detail in Figures 4-13
and 4-14. Thermocouples 13 and 14 in the superheater have a considerable amount of noise, but the edge
of the traces represent approximately the variations in these temperatures.

Itis clear from Figures 7-13 and 7-14 that there is little sodium temperature fluctuation in the superheater;
however, the temperature fluctuations in the evaporator are extensive, particularly immedialely Lelow the
calming plate, where approximately * 50°F was recorded for the worst conditions. The maximum fluctuation
appears to be a function of the sodium level or amount of sodium above the calming plate. This is evident
from Figure 7-13, where the sodium level was approximately 25 in. above the calming plate, while the sodium
level for the conditions of Figure 7-14 was only 11 in. above the calming plate. This reduced the magnitude
of the temperature fluctuation by a factor of about two. However, it is clear from these figures that the
temperature fluctuation in the calming region itself increased when the sodium level was decreased.

It is difficult to explain fully why these large amplitude, high-frequency temperature fluctuations occur.
It is believed that one factor is the radial flow of sodium across the six-edge tubes near the top of the
tiow shroud to reach the flow area around the center tube (for details of the geometry, see Figure 4-7).
The heat transfer rate for nucleate boiling on the steam-side is large here, and intermittent mixing with
hotter sodium arriving from some other direction could cause some temperature variation; however, it is
not likely that this large magnitude could result. The major contributor, therefore, is believed to be cooler
sodium from the caiming region mixing in with the hotter entering sodium. This is possible through holes
in the calming plate, and it is believed that the previously described sodium level fluctuation tends to “pump”
sodium 1n and ot of the calming reyiun lhrough these holes. Also, the cooler sodium contained in the
calming region has a higher density than the hotter entering sodium and a natural circulation effect may
result.

Whatever mechanisms are involved in removing cold sodium from the calming region and replenishing

it with hotter sodium, it appears that the large temperature fluctuation couid be explained by mixing from
the calming region. It is apparent from Figures 5-1 and 5-2 that the average sodium temperature in the
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Superheater Nine Inches above the Calming Plate, Sodium Level in Evaporator 25 Inches above the
Calming Plate
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calming region is approximately 100 to 150°F less than the sodium entering the evaporator. With high
sodium level, the amount of cool sodium present above the calming plate is larger; thus, the potential
for getting a larger burst of cool sodium mixed in with the hot sodium below the calming region is present
due to the larger natural circulation potential. '

It appears then that the problem can be solved at least in part by making the volume of sodium above
the calming plate as small as possible and limiting the flow to and from the calming region. Water fiow
model tests may be useful to investigate the problem further. It should be noted that sodium thermocouple 2
showed the largest fluctuation, but all thermocouples at elevation 492 in. showed considerable fluctuation
‘and followed the same general trends as thermocouple 2. At lower elevations, no temperature fluctuations
were observed.

7.2 STEAM-SIDE STABILITY

One of the objectives of the testing of the Steam Generator Test Rig (SGTR) bayonet tube evaporator
was to verify the ability of the evaporator to operate stable over the range of boiling conditions experienced’
in practice. The consequences of boiling instabilities occurring in the evaporator may be unpredictable perfor-
mance, unnecessary thermal cyclmg of the tubes, and the pOSSIbIllty for vibration of the tubes and support
structure.

The potential for boiling instabilities exists, in general, when the pressure drop from the inlet plenum
to the outlet plenum is small and the heating rate is high. A slight change in the heat rate can then cause
a change in the two-phase flow pattern with corresponding change in the two-phase pressure drop; thus,
a different fluid flow rate may result. The interaction between the heat input and fiuid dynamics can thus
result in periodic flow oscillations or “chugging” in a boiling channei.

The instability tharacteristics of a boiling system can often be improved by introducing flow resistance
at the boiling channel inlets. In the present bayonet tube geometry, the pressure drop occurring in the
bayonet tube is generally a large fraction of the total pressure drop, and thus the bayonet tube geometry
is inherently stable. This was indeed verified during the present' tests; however, under the very special
conditions of once-through operation with considerable superheat at the exit, it was found that boiling may
occur in the baypnet tubes and a very unstable system resulted.

Operation at conditions' even approaching the unstable range is of no interest at the present time,
but the results obtained will be reported here for later reference, and may be of general interest to people
working with stability problems of boiling systems. The particular instability problem of boiling in the bayonet
tubes was analyzed using a simple single bayonet tube model. The observed boiling in the bayonet tubes
was predicted by this model; however, by insulating the bayonet tubes along the total length, the analysis
" showed that boiling in the bayonet tubes would not occur, and this particular type of mstabmty would not
be a problem, even at the off design, once-through operation conditions.

7.2.1 Experimental Results

In a boiling system where several boiling channels operate in parallel, the pressure drop across each
channel, as well as the pressure drop from the common inlet and outlet plenums, are constant when the
system is operating stable. However, with instable operation, the plenum pressure drop and the pressure
drop across each boiling channel will vary while the total flow rate may be constant. This principle was
utilized to verify the stability characteristics of the bayonet tube evaporator.

In order to measure the pressure drop across the tubes, holes were drilled in the tube-sheet into the
annular space between the bayonet tube and the tube-sheet for Tubes B, D, and F near the steam/water
exit nozzle as indicated in Figure 4-6. The holes served as pressure taps and impulse lines from these
points and from the inlet plenum were connected to a Barton differential pressure transmitter. Since only
one transmitter was available, each tube had to be valved in separately. In the tests that will be described
subsequently, Tube B was connected to the transmitter.
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A schematic diagram of the steam system showing most of the quantities recorded during the stability
tests is given in Figure 7-15. The steam drum pressure and the inlet and outlet plenum pressures, along
with the difference between the plenum pressures, were connected to the Sanborn recorders. In addition
to these measurements, the recirculation flow rate and the steam flow rate leaving the steam drum were
recorded. A number of temperatures were also recorded. These included the water temperatures near the
lower end of the bayonet tube double wall insulation in Tube B and the center tube, Tube G. In order
to get an indication of superheat at the exit, a thermocouple was inserted into the pressure tap in the
tube-sheet for Tube D. The Tube B outside wall temperature was recorded at two elevations by utilizing
DNB-thermocouples 34 and 20 (Figure 4-13).

The test procedure generally followed for the stability tests was to establish steady-state conditions
at various power levels with sodium-side and steam-side conditions near prototypical. The Sanborn traces
of the stability instrumentation were observed; and, if there were no signs of instabilities (e.g., a periodic
variation of the Tube B pressure drop could be detected), the recirculation flow rate was decreased slightly
after a complete data recording by the data acquisition system had been made. Decreasing the recirculation
flow rate results in lower plenum-to-plenum pressure drops and higher exit steam quality; the potential
for instabilities is increased. This process was continued until instabilities were detected, even if this meant
decreasing the recirculation flow rate to the point where superheated conditions at the exit were reached
and the evaporator was operating as a once-through forced circulation boiler.

During the process of decreasing the recirculation flow rate, many changes occurred in other loop
parameters (e.g., the system pressure and sodium exit temperature were changing and often did not have
time to come to equilibrium before a complete data recording was made). Therefore, quantities calculated
from these data recordings (e.g., the steam exit quality) have a considerable amount of uncertainty associated
with them, and this unsteadiness should be kept in mind when the results given in the following are interpreted.

The stability tests were run near the end of the test program with the P/D = 3 swirl generator inserts
and the bayonet tubes were partially insulated for the top 10 ft (Figure 4-9). The three stability runs to
be described in the following were at approximately 900, 1100, and 1500 kWt (1500 rated). The steam
system pressure was in the range 1550 to 1650 psia and the sodium inlet temperature was in the range
of approx&mately 830 to B9O°F during the tests.

The Sanborn traces of the stability instrumentation during a stability run at approximately 1100 kWt
are shown in Figures 7-16 through 7-21 and summaries of the data recordings by the data acquisition
system taken during the run are shown in Table B-8-1. These figures and tables give the conditions for
normal stable operation, approximate conditions immediately before initiation of instabilities and during unstable
operation, as well as trancition to stable cunditions.

From Figure 7-16 it can be seen that there are no periodic oscillations. In particular, the pressure
drop across Tube B, denoted by A Pg and the differential pressure instrumentation, do respond to a decrease
in the recirculation flow rate. At this point, it should be noted that the plenum-to-plenum AP reading is
not very accurate because this reading is a result of electronic summation of the plenum pressure readings,
and with small pressure differences, this is not a satisfactory arrangement. In Figure 7-17, the departure
from nucleate boiling point is passed as indicated by a rise in the tube surface temperature (readings T.
and T.). The pressure drop is now very low and the flow sustained mostly by natural circulation: the steam
exit quality is approximately 100%.

Decreasing the water flow rate still further resuits in complete natural circulation flow as indicated in
Fiqure 7-18+ and considerable superheated stearn exil conditions. As indicated before, however, the steam
exit conditions at this point cannot be determined very accurately due to the changing sodium conditions
and water inlet conditions.

+ The diference between the static pressures at the inlet and outlet is zero. The head developed by the recirculation pump. which is
still running, is dissipated in the flow control valve downstream of the pump.
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Things start to happen very rapidly now. By considering Figure 7-18, it is observed that there is a
dip in the system pressure (indicated by P, Py, Pp), and also in the water temperature in the bayonet
tubes as given by Ty and Tg, followed by a small rise in the system pressure (no manual controls were
made at this time). A short while after, there is a repeat of this occurrence, but this time there is a rise
in the pressure drop across Tube B, denoted by APg, and the water temperature in the center tube starts
to increase and reaches a saturation temperature of approximately 604°F corresponding to the existing
system pressure. This temperalure stays constant for a short while and then makes a few ups and downs
before a temperature of approximately 654°F is reached. After this, the temperature T, drops down to
a very low value, but now the water temperature in Tube B starts to increase and the system pressure
as well as the pressure drops have started to oscillate. This is more apparent from Figure 7-19, where
it is seen that everything except the recirculation flow rate and sodium inlet and outlet temperatures show
a periodic oscillatory behavior. At this point, it is worthwhile to mention that the thermocouple (denoted
by Tgon the figures) did not show any sign of superheat when the steam exit conditions should be superheated
according to heat balances based on the sodium-side measurements. Additionally, this thermocouple shows
only approximately 60°F superheat on Figure 7-19, which does not agree with calculations. However, it
was verified later that this thermocouple was not inserted far enough into the pressure tap hole in the
tube-sheet to see the steam directly. Therefore, the thermocouple was surrounded by water in the cavity
until the tube-sheet had been heated sufficiently to boil off all the water in the cavity; under these circumstances,
the magnitude of the reading cannot be relied upon.

It is interesting at this time to take a look at Figure 7-22, which shows the average sodium temperature
profiles measured in the evaporator during this test run at normal stable operation, just before initiation
of instabilities, and at unstable conditions. This figure tends to verify that the exit steam conditions were
indeed superheated, since the slope of the profile indicates the rate of heat transfer in the various regions
of the unit; for film boiling, the heat rate is generally very low compared to nucleate boiling.

It will take too much space to describe what happens further in detail; therefore, attempts to concentrate
on important characteristics will be made. First, by considering Figures 7-19 and 7-20, it is observed that
the period of the temperature oscillations in the bayonet tubes changes, and so does the phase shift; the
characteristics of the various traces change slightly. By increasing the water flow rate, transition to stable
conditions occurs as shown in Figure 7-21.

The Sanborn recordings for the approximately 1500 kWt run are shown in Figures 7-23 through 7-26,
the corresponding summaries of the data are shown in Table B-8-2. Essentially, the same behavior is observed
at this power level. The evaporator is stable at normal operating conditions, but becomes unstable when
a considerable amount of superheat is reached at the exit; however, in this case, there is some net pressure
drop across Tube B when the instability starts.

The Sanborn recordings for the approximately 900 kWt run are shown in Figures 7-27 through 7-30;
summaries of the data are shown in Table B-8-3. The conclusions reached for the two previous runs can
be reached here too, and the general characteristics of the observed instability are similar to the previous
runs. The detailed study of all traces, however, is left to the reader.

Ihe previous results have shown that the boiling system tends to get unstable when the exit conditions
become superheated. When considerable superheat at the exit has been reached, it just happens that
the imposed driving pressure drop on the evaporator is small or nonexistent due to the low water flow
rates (approximately 3000 Ib/h to 5000 Ib/h while the design flow rate was 22,500 Ib/h). It is then easy
to draw the conclusion that the low pressure drop is the main reason for the instability; however, it is
clear from the previous liaves, parlicularly frum the traces of the water temperatures in the bayonet tubes
Tg and Tg, that there is boiling occurring in the bayonet tubes. This is evidenced from the fact that the
temperatures often increased rapidly to the saturation temperature, then remained constant, while all water
locally evaporated, and then often increased again lo lemperatures higher than the saturation temperature,
indicating superheated conditions. This is only possible if the steam in the annulus is superheated, because
the pressure in the bayonet tube is always higher than in the annulus.
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Figure 7-24. Sanborn Traces of Selected Stability Instrumentation on the Evaporator
Operating at Approximately 1500 kWt Showing Initiation of Instabilities
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Figure 7-29.  Sanborn Traces of Selected Stability Instrumentation on the Evaporator
During Stable Operation at Approximately 1100 kWt and 65 Percent
Exit Steam Quality, Time Approximately 1342 Hours
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This type of boiling instability may not have been encountered before. A simple analysis of a single
bayonet tube will be made to see if the observed behavior can be predicted.

7.2.2 Analysis of Single Bayonet Tube

In an attempt to explain the observed boiling instability, a simple model of the bayonet tube assembly
as shown in Figure 7-31 may be used. In this figure, the bayonet tube assembly is thought of as being
a U-tube, where the left leg is the bayonet tube and the right leg the annulus between the -bayonet tube
and the heater tube.

On the left-hand portion of Figure 7-31, normal operation of the bayonet tube assembly is pictured.
The inlet pressure is larger than at the outlet and the water/steam temperature profile as is shown in
the sketch. In the right-hand portion of Figure 7-31, unstable operation in the early stages is pictured. The
static pressure at the inlet is approximately equal to the static pressure at the outlet, as observed in the
tests. Thus, the flow is sustained mainly by natural circulation. The steam in the annulus is superheated
also according to observations, and there is a high heat transfer rate through the bayonet tube wall to
the fluid in the bayonet tube immediately below the insulated portion. This high heat transfer rate may
heat the water in the bayonet tube until steam bubble or void formation starts.

This is believed to be the point where the instability starts. The void results in higher pressure drop
due to the two-phase multiplier involved; thus, the flow rate must drop because the applied pressure difference
is negligible. Additionally, the natural circulation head is diminished when the void is introduced in the bayonet
tube; this also tends to decrease the flow rate. With the lower flow rate, the potential for more void formation
is there, and eventually flow stoppage and expulsion of the mixture in both directions may occur. However,
when this occurs, the superheated region in the annulus will be pushed out and the high heat transfer
rate across the bayonet tube is no longer there. The void formation in the bayonet ceases and the flow
is restored. '

At this time, interaction between the other tubes, the increased plenum-to-plenum pressure drop due
to more total void in the system, and changing system pressure and corresponding flashing must be taken
into account. It is worthwhile to note that the total flow rate is constant; therefore, the periodic void formation,
etc., in each tube must be out of phase and must happen in some sequential order.

As a first attempt to analyze the praoblem, a single bayonet tube was considered. The one-dimensional
conservation equations were written in finite difference form and a calculation technique similar to that
used by Meyer and Rose*® was employed. The major assumptions involved were that the static pressure
drop across the tube was ¢onstant and the effect of flashing was neglected. A more complete description
of the problem formulation and the model is given in Appendix C-2.

The predicted water temperature profiles in the bayonet tube corresponding approximately to the conditions
of instability run 1 are shown in Figure 7-32. The temperature profile fqrt = 0 corresponds to the steady-state
profile reached with boundary condition 1, pictured in the adjoining sketch, corresponding to a saturated
condition in the annulus. At t = 0, a change to boundary condition 2, also corresponding approximately
to the observed steam temperature profile for this run, was made. Of course, in the real system, the steam
temperature change was naot a step change, and the adapted behavior is an idealization.

From Figure 7-32 it is apparent that after a short time interval, thc water in the Layunet tubes becomes
saturated and void formation starts. This is indicated more clearly in Figure 7-33, where the void fraction,
the water temperature, and the mass flow rate ‘are plotted vs time for the point in the bayonet tube where
the saturation condition is first reached. The water temperatures shnw a meoro rapid increase than in lhe
expetiments, due to the idealized boundary condition behavior. As soon as saturation conditions have been
reached and void formation occurs, the expected decreasing trend in the mass flow rate does occur.

This simple analysis predicts that boiling does occur in the bayonet tube in agreement with experimental

evidence. More could be learned about the phenomenon by introducing a time-varying steam boundary
condition and perhaps a time-varying pressure drop behavior using the same analysis techniques. It is
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interesting to see how this boiling instability can be prevented. The first idea that comes to mind is to
insulate the bayonet tube along its total length. This was accomplished by changing the overall heat transfer
coefficient U from 1000 to 280, the approximate value for the insulated portion of the bayonet tube. The
result is shown in Figure 7-30, where the water temperature profile is shown at different times. The profile
at t = 4 sec is approximately the steady-state profile, and it can be seen that boiling is not predicted
to occur.

It is apparent that boiling in the bayonet tubes can be avoided to the degree needed by an appropriate
choice of bayonet tube design. Another method to avoid boiling may be to decrease the diameter of the
bayonet tubes and thus obtain higher pressure drop and flow velocity; however, the effect of this was
not studied.

As mentioned before, the instability problem observed is of little interest to the present steam generator
design because it occurs far outside the planned operating range; therefore, it is questionable whether
any more analytic efforts should be applied. The problem, however, is of academic interest'and appears
to be an extremely difficult problem to analyze in its full glory. In a complete description of the problem,
the coupling between boiling in the bayonet tubes and in the annuli, as well as the interaction between
the steam/water mixture and the tube walls, must be taken into account. Additionally, the sodium temperature
profile must be accounted for and the system pressure variation in the tubes and in the external system
must be considered. The problem then becomes so difficult that a soiution is probably impossible. However,
a useful case to analyze would be the case of compietely insulated bayonet tube wails, which, in a way,
uncouples the water in the bayonet tubes from the steam/water in the annuli. Another limiting case would
be an extension of the analysis that was performed here to include all seven tubes with more realistic -
boundary conditions. o '
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APPENDIX A
DATA REDUCTION CODES

A-1 SUMMARY DESCRIPTION OF EVAP CODE

Orne aspect of the steam generator testing in the Steam Generator Test Rig (SGTR) is to evaluate
the steady-state thermal performance at different power levels of the evaporator test section. The EVAP
computer code is a tool to be used in this evaluation. The main idea is to make a complete analysis correspond-
ing to a particular operating condition using measured inlet conditions and compare the results to the corres-
ponding outlet and axial temperature distribution data. After adjusting constants and factors in the correlations
used in the analysis and the analytic results match the corresponding measured data, a lot more detailed
information than could be obtained by direct measurement becomes available. The code can also be used
to study in depth the effect a particular parameter has on the operation of the evaporator test section.

The EVAP code solves the energy equation in a plane for a small axial portion or cut of the evaporator
at a time in the steady-state. The solution is accomplished by finite difference techniques for a number
of axial sequential planes along the evaporator starting at the top.

The EVAP code can, at the present time, handle steam with exit qualities in the range of approximately
50 to 100%. However, the code can be extended to handle superheated steam. With this modification,
the analytic portion of the EVAP code could become a useful tool in designing a once-through bayonet
tube steam generator.

Analytic Approach

There are three different geometries and corresponding heat transfer problems to be considered along
the evaporator. In the cover gas region (the space between the sodium level and the tube-sheets), the
main heat transfer occurring is between the steam/water in the annuli to the subcooled water in the bayonet
tubes (Figures 4-6 and 4-7). However, some heat is transferred from the hot cover gas by convection and
there is some radiation from the vessel wall and the sodium surface to the heater tubes.

In the calming region (the space between the calming plate and the sodium surface), heat is transferred
from the steam/water to the subcooled water in the bayonet tubes. Approximately 5% of the total heat
transfer from sodium through the heater tubes is transferred in the calming region. This heat transfer is
assumed to be by natural convection.

In the long section between the calming plate and the lower end of the bayonet tubes, the geometry
is fairly regular. This section Is divided into a number of axial sections referred to as shroud regions. The
length of each region can be varied in the analysis, but was normally about 20 in.; this resulted in about
20 axial nodes. In the shroud regions, heat is transferred by forced convection from the sodium to the
steam/water in the annuli. Also, there is heat transfer from the steam/water to the subcooled water in
the bayonet tubes. ’

Each of the regions mentioned above is treated as a separate heat transfer problem. Detailed description
of the heat transter models, heat transfer and pressure drop correlations, and solutions used in the different
regions will not be given here; however, the nodal model used for the shroud regions where most of the
heat is transferred is shown in Figure A-1. The model consists of 22 nodes, of which 14 are on the steam-side
and the balance on the sodium-side. The nodal description of the sodium-side is somewhat arbitrary but
is thought to represent the physical mechanisms involved, excluding the presence of the suppnrt plates
and springs whioh aro accouinted fur by a nighér sodium-side conductance. The sodium-side flow distribution
inside the flow shroud was based on pressure drop considerations and on a cross-flow model at the top
of the unit arrived at from sodium temperature measurements. The complete solution is obtained by solving
each problem separately in sequential urder, starting at the top of the evaporator.

A
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. To start the'solution, boundary conditions must be specified for the subcooled water entering the bayonet
tubes and the steam/water exiting the annuli. Since the steam/water exit condition is an independent variable
in this analysis, an initial guess is made by performing a heat balance using measured loop temperatures,
flow rates, etc. The condition of the subcooled water entering the bayonet tubes is set equal to the corresponding
measured conditions and is held fixed throughout the talculations. Also, the sodium inlet température; sodium
flow rate, measured recirculation flow rate, and individual bayonet flow rates are held fixed.

The solution proceeds downward through each region using the outlet conditions from the previous
node or region as inlet or boundary conditions for the next node. At the lower end of the bayonei tube
where the flow reverses, the enthalpy and pressure of the subcooled water in the bayonet tube must equal
the enthalpy and pressure of the subcooled water in the annulus for all seven tubes. If this criterion is
not met, the assumed steam/water outlet condition is changed using the discrepancies found at the lower
end of the bayonet tubes as a basis for the correction. The process is then repeated until convergence
is achieved. Normally, two to four iterations are necessary for satisfactory convergence.

Once a solution has been obtained that matches sodium-side measurements, detailed circumferential
and axial sodium temperature distributions are available along with the steam-side entbalpy, temperature,
and pressure distribution in each tube. Additionally, the variations of the individual heat transfer conductances,
as well as the local overall heat transfer coefficients and heat fluxes, are given.

The heat transfer and pressure drop correlations were programmed on the computer and evaluated
for each node. The sodium properties using the recommendation of Reference 42, and the steam properties
from the ASME steam tables,** were also programmed on the computer.

A-2 SUMMARY DESCRIPTION OF SUPER CODE

The purpose and the basic functional operation of the SUPER code developed for the superheater
model are the same as the EVAP code for the evaporator model. The geometry is more complex and
is basically different from the evaporator; therefore, a slightly different approach has to be used. :

The SUPER code solves the energy equation in a “coil plane” for a small axial portion of the superheater
at a time in the steady-state. The solution is accomplished by finite difference techniques for a number
of axial sequential coil planes along the superheater starting at the top. The SUPER code can handle
steam with inlet moisture contents in the range of approximately 0 to 1%. It is also possible to extend
the analysis so that then it could handle once-through operation. '

Analytic Approach

There are four different geometties and corresponding heat transfer problems to be considered along
the superheater. In the cover gas region (the space between the sodium level and the steam inlet/outlet
nozzles), the heat transfer is small but is included for completeness. However, some heat is transferred
from the hot cover gas by free convection and there is some radiation from the vessel wall and the sodium
surface, especially to the downcomer steam tubes.

In the inlet region (the annular space between the coil banks and the sodium surface), heat is transferred
to the steam mainly in the downcomers. Approxirmnately 10% of total heat transfer from the sodium to-the
steam tubes is transferred in the inlet region. This heat transfer is assumed to be by natural convection
since the flow velocity is low in the upper portion of the superheater.

In the coil region, the geometry is fairly irregular. This region is divided into a number nf avial planoc
called “coil plance.” Each coil plany has a mickness corresponding to the pitch between the coils. In the
coil planes, heat is transferred by forced convection cross-flow from the sodium to the steam in the coils
and by forced convection parallel flow to the downcomers. The heat transfer problem in the bottom loop
" region is similar to the one in the inlel reglon. ‘

A3
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Each of the regions mentionea above is treated as a separate heat transfer problem. Detailed description
of the heat transfer models and solutions used in different regions will not be given here; however, the
nodal model used in the "coil plane” is shown in Figure A-2. The kinds of nodes existing in this plane
showing flow directions, etc., are shown in Figure A-3. The division of the shell-side into nine segments
is somewhat arbitrary, but the presence of the tube supports form natural boundaries and nine thermocouples
were located near the lower end of the coil bank to check the analysis (Figure 4-14). The complete solution
is obtained by solving each problem separately in sequential order starting at the top of the superheater.

L

The sodium flow in each segment was first based on pressure drop considerations alone; however,
early measurements revealed poor agreement between the calculated circumferential sodium temperature
distribution near the lower end of the coil region and measurements. The sodium flow distribution was
therefore adjusted by trial and error until a standard flow distribution was arrived at that resulted in close
agreement between measurements and analysis in subsequent runs.

To start the solution, boundary conditions must be specified for the saturated steam entering and the
steam exiting the, superheater. The conditions of the steam entering and exiting the steam tubes are set
equal to the corresponding measured conditions and the inlet steam conditions ‘are held fixed throughout
the calculations. Also, the sodium inlet temperature, measured steam flow rate, and sodium flow rate are
held fixed.

The solution proceeds downward through each region using the outlet conditions from the previous
node or region as inlet or boundary conditions for the next node. At the lower end of the bottom loop
where the flow reverses, the enthalpy and pressure of the steam in the downcomer tube must equal the
enthalpy and pressure of the steam in the upcomer tube for both active steam tubes. This is the main
convergence criterion. In case the criterion is not met within certain limits, a second iteration with modified
steam exit conditions is made and the process continued until convergence occurs. The measured outlet
conditions of the steam and sodium as well as the measured axial and circumferential temperature profile
are then checked to see if they match the calculations. If they do not check within certain limits, adjustments
must be made to heat transfer correlations, pressure drop calculations. etc., and the program run again.
When the analytical solution matches the measured results, detailed information is available on temperature
distributions, pressure distributions, heat fluxes, surface and overall conductances, efc.

The heat transfer corrélations, steam properties, and sodium properties were programmed the sdame
way as for the evaporator. o
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@ Nodal points (Steam in Coils)
Nodal points (Sodium)

B  Nodal points (Steam in Downcomers)

—MM—  Thermal Resistance

(Segmeht #)

Temperature of
surroundings

Figure A-2. ‘ Cross-Section of Superheatéer Test Section Showing Basic Nodal Structure Used in the SUPER Code

. A5



GEAP-10580-2

Sodium flow

- Steam flow

- a1

Heat loss to Coil pitch
surroundings '

Steam flow down (second kind)
"(No steam flow  third kind) .

Sodium flow
down

Downcomer

Sodium contro]

: o
) ’ ~
volume . y s ~o :
Coil ~ .
Heat loss Vi

to surroundings

. v ‘ ‘ \
Figure A-3.  Diagram of the Three Different Kinds of Nodes Used in the SUPER Code
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APPENDIX B
EXPERIMENTAL DATA

APPENDIX B-1
EVAPORATOR PERFORMANCE DATA
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Table B-1
OVERALL HEAT TRANSFER COEFFICIENTS

. — Sodium Inlet Thermal Exit Steam Steam Drum
Experimental U

_ Predicted 1 0 Temperature_ Power Qua]ity Pres§ure
Test Date Time U . __EVAP "LMTD °F kW % psia
3-29-71 1740 541 756 707 . 835 740 15 " 1606
3-29-71 2010 583 . 923 937 856 1516 34 1635
3-29-71 2125 579 928 922 867 1509 46 1594
3-29-71 . 2155 579 926 928 864 1504 43 - 1577
3-30-71 0530 574 920  932. 864 1406 . 30 1565
3-30-71 1133 572 922 935 893 1503 35 1623
5-20-71 1647 587 947 957 832 1472 35 1587
5-20-71 1848 589 941 911 830 1497 36 1572
5-21-71 1334 577, 938 926 855 1393 31 1603
5-21-71 1349 576 933 922 859 1409 37 1579
5-21-71 1419 577 923 914 951 1392 47 - 1555
5-21-71 1434 577 916 899 853 1380 48 159
5-28-71 1131 571 917 913" 866 1366 30 1578
5-28-71 1201 571 914 903 865 . 1338 39 1589
5-28-71 1231 571 907 900 863 1336 49 1572
5-28-71 1301 570 904 869 865 1308 51 1607
8-05:71 1022 584 900 871 847 1400 64 1619
8-05-71 1340 572 875 834 892 1388 91 1659
8-05-71 1519 577 894 875 869 1344 87 1688
8-06-71 1910  ..583 866 833 826 1383 77 1667
80671771030 592 909 897 804 | 1319 86 1657
8-06-71 1109 602 897 892 785 ' 1336 75 1661
8-06-71 1228 605 909 906 741 1381 74 1672
8-06-71 1336 605 908 890 755 1076 86 1637
8-06-71" 1432 605 922 908 762 1188 87 1652
8-06-71 1508 605 937 910 779 1237 Y 1610
8-06-71 1546. 605 898 897 790 1402 84 1653

8-09-71 0851 588 . 907 877 836 1480 85 1652
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Table B-1 (Continued)

Eﬁperimenta1'U Sodium Inlet Thermal Exit Steam Steam Drum

. Predigﬁed . U ."Temperqtqre .’quer . Quality 'Pres§ure
Test Date Time U EVAP “LMTD. °F kW % psia
8-09-71 0927 593 - 883 863 825 1484 83 1666
8-09-71 1020 595 885 864 " 813 1512 92 1633
8-09-71 1057 598 917 890 803 - 1481 88 1652
8-09-71 1338 581 856 856 839 1449 82 1617
8-09-71 1415 581 866 866 849 1373 78 1666
8-09-71 1451 580 853 852 857 1420 84 1668
8-09-71 1526 576 877 855 868 1437 83 1636
8-09-71 1602 578 889 874 866 1428 82 1665
8-10-71 0827 559 858 845 912 - 1444 77 1674
8-10-71 0901 562 863 850 900 1277 79 1649
8-10-71 0935 565 864 853 890 1293 80 1609
8-10-71 1008 567 870 857 883 1321 75 1649
8-10-71 1042 567 870 851 © 870 1316 81 1647
8-10-71 1116 567 869 855 859 1267 82 1649
8-10-71 1149 570 869 852 836 1212 89 1665
8-10-71 1313 573 876 867 845 N30 -~ 85 1639
8-10-71 1527 577 881 868 822 1242 83 1658
8-10-71 1601 582 891 877 813 1192 80 1632
- 8-13-71 1009 = 547 833 829 093 1226 83 1588
8-13-71- 1042 548 833 813 885 1047 80 1572
8-13-71 1115 553 839 817 878 1000 73 1643
8-13-71 1206 557 839 813 864 1037 75 1639
8-13-71 1346 559 838 827 856 1051 72 1649
8-13-71 1420 559 842 820 - 840 1055 72 1670
8-13-71 1510 561 . 851 833 834 893 77 1603
8-13-71 1635 572 871 854 823 993 79 1664
8-17-71 1328 572 866 841 . 815 102+ 75 1627
8-17=71 1401 575 867 839 801 1086 79 1566
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Table B-1 (Continued)

Egperimenta] T Sodium Inlet Thermal Exit Steam Steam Drum

: Predicted A N Temperature‘A‘Power ._"Qqq1jty A Pressure
Test Date Time U EVAP " “LMTD °F kW % .__'psia
8-17-71 1435 575 869 840 806 1073 77 1580
8-17-71 1509 574 .863 849 786 1098 81 1517
. 8-17-71 1543 580 880 850 789 1007 .78 1590
8-18-71 0903 569 872 850 898 1075 79 1602
8-18;71 0937 571 880 862 885 1455 87 1618
g-18-71 1010 574 882 860 874 1418 71 1614
8-18-71 1151 - 58] 886 864 797 1433 81 1604
8-18-71 1225 591 909 888 797 1136 75 1625
8-18-71 1315 596 914 888 . 774 1296 78 1580
8-18-71 1349 596 897 896 - 783 1250 88 1606
8-18-71 1423 595 917 898 789 1286 79 1654
8-18-71 1530 578 892 865 842 1282 81 | 1612
8-19-71. 0856 587 893 872 782 . 1350 84 ‘ 1597
8-19-71 0940 584 890 859 781 1141 1 1620
8-19-71 1020 584 891 876 V 778 1081 76 1583
0-19-71 1128 590 886 865 749 10R1 77 1534
8-20-71 1028 579 891 854 854 1008 76 1660
10-13-71 1234 576 902 873 862 1413 84 1635
10-13-71 1328 574 873 834 868 1493 a8 1630
10-13-71 1432 568 885 843 880 147 93 ' 1615
10-13-71 1532 = 578 896 874 852 - 1452 97 1620
10-14-71 0917 576 892 871 850 1325 89 1630
10-14-771 1002 580 899 884 840 1357 91 . 1630
10-14-71 1026 583 904 901 830 1368 83 1615
10-14-71 1101 590 913 912 825 © 1449 87 1630
10-14-71 1147 592 921 924 817 1450 87 ' ;1625
10-14-71 1306 - 591 918 917 828 1488 85 1627
10-14-71 1345 589 916 899 833 1478 92 1642
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Table B-1 (Continued)

L

Experimental T Sodium Inlet Thermal Exit Steam Steam Drum-

Predicted (PTG T Temperature  Power Quality  Pressure
Test Date Time U EVAP “LMTD °F kW % psia
10-14-71 1424 584 911 894 859 1549 89 1637
10-14-71 1504 583 895 870 856 1462 97 1612 . -
10-14-71 1604 589 915 898 - 836 1494 98 1640
10-15-71 0843 583 904 891 848 1467 94 1638
10-15-71 0922 584 909 902 850 1481 94 1640
10-15-71 1002 583 905 905 859 1535 99 . 1632
10-15-71 1042 584 912 896 868 1594 85 1645
10-15-71 1102 580 903 889 878 1577 92 1648
10-15-71 1142 578 903 892 885 1572 86 1649
10-19-71 0942 576 890 868 857 1382 98 1599
10-19-71 1018 579 895 876 836 1297 80 1647
10-19-71 1053 579 895 870 842 1338 91 - 1632
10-19-71 1129 578 899 889 851 1378 75 1640
10-19-71 1317 583 896 885 | 828 . 1351 75 . 1600
10-19-71 1353 586 895 872 803 1229 92 1654
10-19-71 1429 586 903 878 828 1585 90 1648
10-19-71 1506 586 907 893 . 819 1328 79 1660.
10-19-71 1542 586 905 885 815 1310 88 ‘ 1633
10-20-71 0857 577 897 875 864 1418 96 ’ 1643 -
10-20-71 0936 574 898 892 874 1422 75 1630
10-20-71 1015 568 879 869 883 1373 77 1587
10-20-71 1055 564 884 ° 877 894 1311 - 86 1640
10-20-71 1135 559 870 853 912 1280 86 - 1666
10-20-71 1154 561 875 861 907 1314 9 1649
10-20-71 1314 563 878 869 q10 1361 96 1631
10-20-71 1353 563 878 863 906 1359 86 1621
10-20-71 1433 566 912 883 895 1375 77 1630
10-20-71. 1512 571 889 871 891 1432 91 - 1650
10-20-71 1552 576 901 887 875 1468 85 1652
1h-21-71 0913 577 891 853 857 1380 a3 1651
=21-71 1032 578 877 874 855 1406 96 1636
10-21-71 1152 584 901 887 856 1522 90 1641
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Test Date Time

3-29-71 (1740)
3-29-71 (2010)
3-29-T1 (2125)
3-23-7% (2155)
3-20-71 )
3-320-71 (1133)
5-20-T1 (156L7)

NI RG RV, RV, AV, R, R, RUIRN,]
]

Z-C5=-71 (1508
G-70-T1
§-O9-71 (ca51)
5-C3-71 (C927)
8-25-71 (1020)
-09-7L (1C57)
-71 (2338)
1 (1k15)

DGO

v

1
OO, OO

OO
]

Outlet
mp. (OF)

al
=

601
613
610
608
605
610
608
608
606
606
606
608
604
605
607
609
615
615
617
617
617
621
618
618
620
618
621
618
620
619
619
613
617
618
616
617
613

SUMMARY OF EVAPORATCR THERMAL PERFORMANCE DATA FOR P/D = 6

Table B-2

SODIUM TEMFERATURES

éé Elev.: 508" Elev.: 492" Elev.: 437" Elev.: 377" Elev.: 257" Elev.: 137"
¢S Tewr., (°F) Temp., (°F) Temp., (°F) Temp., (°F) Temp., (°F) Temp., (°F)
=— edge* cent, cent, 2dge cent. edge cent. edge cent., edge cent. edge
35000 699.3 634.2 T766.4% 805.0 670.0 685.8 625.1 630.0 605.9 606.9 599.4 599.7
69100 T21.6 638.2 836.8 847.0 T32.2 734.0 670.8 673.6 629.3 631.7 617.3 616.5
65100 707.5 648.0 835.1 846.9 T77.7 732.4 664.7 669.2 623.6 625,7 612.6 612.1
65100 725.8 638.9 8LkL.3 845,2 T16.6 729.3 662.4 664.8 621.9 624.,0 611.1 €10.9
60300 T716.4 68,0 834.5 84k2.9 711.0 723.3 656.3 661.3 618.6 620.5 607.3 €06.6
59000 T41.0 652.4 E56.6 871.2 T26.7 738.3 665.3 670.2 624,0 627.2 612.5 611.5
73400 714,3 628.6 £€15.7 815.8 703.8 725.5 659.0 663.9 621.1 €23,2 610.8 €03.9
75200 T15.3 641.1 789.5 807.3 7T08.6 727.1 661.1 665.4 621.1 623.7 610.6 £09.4
62800 716.G 642,5 813.% 831.1 708.3 727.5 655.1 661.2 615.0 613.7 605.9 60k.7
62100 700.7 639.9 815.5 831.8 7T08.6 729.7 65k.5 658.6 615.9 618.4 607.4 606.3
63100 715.5 631.8 805.6 829.6 703.7 72k.0 651.0 656.8 613.4 616.0 8&06.0 604.8
62800 T70k.4 623.7 811.8 822.4 T08.6 728.2 653.9 657.6 616.4 618.8 608.7 €03.0
5810 T710.k 639.0 815,0 8hk4.5 7T03.2 726.6 651.3 656.3 ©615.0 617.0 605.9 €04.7
57800 696.2 630.6 823.0 849.,6 TOL.2 T26.2 652.2 657.4 516.0 617.8 608.1 607.2
58000 70W.5 622.2 827.1 840.1 T01l.9 727.6 650.2 654.2 61k.3 616.2 607.2 €06.3
56800 T13.8 627.9 817.5 846.8 703.7 727.% 652.5 656.8 616.9 618.9 610.4 609.6
70440 69k.k 635.5 B806.5 821.8 7T18.8 738.6 666.4 670.6 625.9 628.6 615.6 61L4.9
58731 711.0 656.1 811.T 327.6 712.3 736.6 659.3 664,9 621.5 62,1 615.0 6512.8
63559 T726.2 649.5 B820.1 841.2 T2L.2 T49.1 667.4 672.6 626.7 629.0 617.6 617.h4
69279 709.1 642,2 787.2 810.1 Ti1.6 728.8 633.1 667.5 625.0 628.6 517.5 615.7
78804 T15.2 640.9 780.2 793.6 711.0 726.5 666.8 669.4 628.6 630.9 617.2 616.L
91053 713.7 657.1 T68.5 776.3 T12.5 725.8 671.0 6T4.1 632.% 635.5 620.4 €19.2
9kg62 679.0 625.3 T22.& 733.2 683.1 694.2 655.9 657.8 628.5 630.1 618.7 519.0
93854 688.3 629.8 736.1 T47.0 691.5 T03.2 659.5 663.4 628.3 630.12 617.6 616.7
93700 699.5 623.2 7T48.5 753.4 698.1 708.9 666.4 666.6 630.4 633.1 619.3 618.3
94061 707.5 622.1 T61.3 770.9 T05.7 719.2 667.5 670.8 630.6 633.5 617.0 £16.8
9l632 T705.7 628.% T769.7 780.6 T2k 726.2 €72.8 676.7 €3k.7 637.8 622.7 621.6
Th485 717.0 661.0 B805.6 816.3 T16.3 736.3 668.7 673.0 628.2 631.0 619.5 €18.4%
80251 TO3.k 654.,2 791.3 809.k 7T16.3 736.1 671.1 677.1 631.k 6L3.3 619.L4 {18.4
82580 T10.6 625.0 758.3 802.1 717.k 735.1 670.9 675.9 30.0 633.4 618.0 616.6
85909 708.7 633.5 781.0 793.7 T14.0 729.7 670.8 674.8 631.6 634.7 619.2 £18.2
66940 7CT7.2 640.2 T799.9 817.4 T13,3 734.8 661.7 666.7 622.4 525.0 612.6 £11.9
67507 Tlk.h 667.4 806.3 825.0 7T12.8 T3k.9 663.7 668.,0 625,7 628.3 616.5 €15.3
66157 T16.7 673.1 814.7 B826.8 716.1 7TH.2 664.8 662.9 626.0 628.6 617.0 £16.2
61971 T26.k4 671.2 613.3 849.3 T11.3 738.1 661.0 66Lk.7 622.0 624.7 513.6 612.7
63735 Te5.4 650.4 823.5 849.9 T24.1 Th7.1 666.7 672.5 625.3 628.0 616.1 615.2
47835 751.9 637.7 85%.4 881.9 71k.9 TH1.6 65k.1 657.9 619.6 621.2 610.9 €10.7

**’Edge’’ refers to average sodium temperature in edge flow channel (see Figure 5-3), “‘cent.”” has a similar meaning.

.(°F)
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Flow, (1b/hr)
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Table B-2 (Continued)

C-10-T1 (0901) 900 61: L9goh 7T25.2 652.6 850.2 868.1 " Tik.1 Th2.,7 653.7 657.1 618.1 619.7 608.8 608.8 4k 7587 18435
8-10-71 (0935) 892 610 5223 734.8 655.8 BUT.0 866.3 7T17.8 T43.h 65k.1 658.7 615.2 618.1 606.7 606.5 L1 7370 16039
£-10-71 (1€c03) 883 61> s5k171 729.2 638.7 836.5 859.7 7T15.4 ThO.5 657.5 661.6 619.6 621.3 £09.6 609.5 301 7731 1645
¢=-10-71 (1ck2) 870 612 sSklhg2 720.8 651.5 822.4 842,k T710.6 733.6 65h.3 657.1 619.0 620.9 609.3 £09.2 5C5 8224  1€LT
€-10-71 (1216) 852 612 54549 697.7 648.8 811.3 836.6 T0T7.8 731.3 65k.0 657.7 619.0 620.5 609.6 609.6 35C0 6998 164G
$-10-71 (1:k9) 835 61k 56651 710.6 658.0 T799.4 813.7 7T01.8 720.8 652.9 655.2 620.6 622.2 611.4 611.5 509 6738 1E55
£-10-72 (1313) 8k5 615 59206 720.2 653.6 816.6 824.0 709.7 732.4 657.6 661.8 620.5 622.9 610.6 610.1 485 6573 1633
€-10-72 (1527) 822 616 63488 7T00.6 632.0 T791.1 807.3 T02.1 T21.5 654.8 659.2 622.1 624.3 612.2 611.8 507 7T2u8 1658
{-10-71 (1801) 813 616 67683 721.8 629.6 T83.1 797.1 TOk.6 724,k 658.1 661.2 622.2 624.,6 611.2 610.8 35C2 6537 1632
6-23-72 (1009) 903 603 39243 T715.6 630.7 829.0 862.0 688.6 T10.3 633.7 636.6 608.8 609.4 600,7 601.0 452 6105 1533
6-13-7% (10k2) 3885 600 39749 T72L.0 625.1 818.0 842,7 683.5 T06.0 631.2 633.0 606.7 607.2 597.9 597.9 5C0 6125 1572
&-13-71 (1215) 873 607 L3293 T16.9 647.9 814,.8 840.1 694.1 T16.2 641.0 6L3.6 614.0 614,8 £05.5 £05.8 485 6019 1542
£-13-71 (1206) 864 609 U6239 715.7 655.0 808.2 827.5 692.7 T1h.3 642.4 6454 614.8 615.9 E06.5 606.7 450 6998 2632
C-13-71 (1346) 855 610 48015 T11.3 640.8 808.0 826.8 694.0 T16.3 645,0 64B.6 616.5 617.6 608,3 08.5 483 6396 16%¢
€-13-71 (1z20) 84) 610 L7945 T04.3 629.4 791.8 815.0 690.3 709.2 643,1 647.1 617.h 618.1 608.3 609.4 493 5695 1570
£-13-7% (1510) 83% 612 49022 705.0 634,k 787.k 815.5 685.5 708.2 639.7 643.8 €12.5 614.7 606.0 605.1 Uu4E1 5918 1£0%
€-13-71 (1635) 823 608 58537 7T04.8 6U6.7 T81.5 809.3 697.6 T1T.4 653.0 656.2 621.0 622.5 611.5 611.6 483 €377 1&L4L
t-17-71 (1328) 815 61k 5909 695.8 630.7 T75.5 798.9 69L4.7 7T12.8 652.1 656.5 621.5 623,2 611,2 611.0 279 6409 1427
©-17-71 (1k0l) 801 608 60929 687.2 629.4 761.1 785.6 685.1 703.5 645.0 648.4 615.9 617.5 605.8 605.8 461 6331 1556
6-17-71 (2k35) 805 608 60996 7T01.1 642,0 T63.6 790.7 686.6 706.5 6U45,5 648.9 616.7 618.2 609.9 £09.6 uG1 6369 1530
C-17-71 (1509) 786 602 60547 693.2 624,8 753.7 768.1 683.1 694.3 636.9 640.5 609.9 611.3 603.4 03,2 483 €289 1517
£-17-71 (1543) 787 603 65915 686.,2 618,1 7TLB.2 T76.0 684.3 707.3 647.0 648.6 617.6 619.1 610.3 610.0 485 €17 1590
£-15-71 (0%03) 893 61 56185 T728.4 640.3 839.2 871.0 T19.3 Ts6.6 659.3 665.0 619.8 622.1 612,0 611.3 492 B8uLs 160z
0-15-71 (0937) 865 613 57513 7T49.7 655.6 8LO.3 855.6 T21.7 T46.5 661.6 667.5 621.8 624.1 613.5 612.9 LE2 7915 1618
5-13-71 (1010) 87% 612 60305 721.3 647.9 827.9 848.5 716.0 Th2.6 661.0 664,9 622,0 624,1 613.4 612.7 431 8595 151k
5-18-71 (2351) 797 €13 67072 691.k 638,0 768.3 780.7 693.5 T10.1 651.7 655.3 620.4 622.5 612.8 612.4 1466 6337 1604
=18-7T1 (1225) T97 616 77902 708.2 653.5 7T66.0 786.3 TOL.6 718.8 £60.5 665.1 626.7 629.0 617.1 616,1 46T 7283 1625
£=13-71 (1315) 77+ €12 8371k 690.7 633.9 Th4.3 T61.hk 687.6 703.6 653.6 656.5 622.5 624,8 €13.3 612.4 %03 7537 1'33
5-15-71 (1349) 783 615 83350 690.4 637.9 7T51.2 T65.5 693.5 T08.8 657.4 661.1 625.2 627.6 615.8 515.0 LS2 7672 1406
L-13-71 (1&23) 789 619 31753 690.6 633.9 T765.0 Thh.1 700.6 715.9 662,3 665.0 629.1 631.8 619.8 518.9 486  TL6O 1E5M
£-28-71 (1530) 842 613 64627 T12,4 650.1 798.7 B10.2 T05.6 72%6.5 657.3 662.0 622.0 624,3 613.8 513.2 489 7798 161z
2-19-71 (0356) 782 61 73162 680.8 625.7 T58.7 766.4 6350.4 T07.5 652.2 655.9 621.6 623.8 613.7 512.8 45k  62ks5 1597
0-19-71 (0346) 781 61% 70075 685.5 640.3 7T4k.8 760.7 68L.2 T00.4 648.8 652,6 521.1 622.6 613.9 513.4 L70 6267 1620
o-19 71 (1020) 773 61: 70088 678.3 626.1 T50.0 T68.6 68L4.3 699.9 646.6 651.4 618.3 620.0 611.0 510.4% LE3 6153 1333
3-13-71 (1123) 749 605 76785 669.6 623.2 T28.8 Th0.2 676.5 689.6 642.9 645.8 615.0 616.4 606.9 £06.5 4SO 5342 153k
3-20-71 (1028) 85+ 616 65643 T16.1 633.7 787.9 835.4 7T1i.1 736.7 661.8 666.4 625.4 627.6 617.1 516.L 1496 7822 160
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Test Date Time

10-13-71 §123L)*
10-13-71 (1328)
10-13-71 (1432)
10-13-71 (1532)
10-1k=-71 (0917)
10-14=71 (1002)
10-14-71 (1026)
10-14-71 (13101)
10-14-71 (1147)
10-1L4-71 (1306)
10-14-71 (1345)
10-1k-71 (142%)
10-14-71 (150L)
10-14-71 (1604)
10-15-71 (0843)
10-15-71 (0922)
10-15-71 (1002)
10-15-71 (1042)
10-15-71 (1102)
10-15-71 (11k42)
10-19-71 (Cou2)
10-19-71 (1018)
10-19-71 (1053)
10-19-71 (1129)
10-19-71 (1317)
10-19-71 (1353)
10-19-71 (1k2g)
10-19-T1 (150€)
10-19-T1 {1542)
10-20-71 (0857T)
10-20-T1 (093€)
10-20-T1 (1015)
10-20-71 (1055)
10-20-71 (1135)
10-20-71 (1154
10-20-T1 $131u
10-20-T1 (1353

850
859
868
878
885
857
836
8L2
851
828
803
8238
819
815
864
874
883
89k
912
907
910

605
605
617
618
617
612
618
616
617
€15
€17
616
616
613
616
615
617
613
615
617
618
616
615
613
607
610
609
610
609
609

Table B-2 (Continued)

FORP/D =3

SODIUM TEMFERATURES

Elev.: 508" Elev.: 492" Elev.: 437"
Temp., (°F) Temp., (°F) Temp., (°F)
edge cent. cent, edge cent, edge

T733.9 645.4 800.1 B13.5 T16.8 736.3
710.,7 657.5 802.5 Bis.4 718.4 737.5
T27.7 660.0 820.6 835.8 723.7 T47.6
T24.6 6L3.,6 T9B.T 327.3 7T13.4 T33.h4
733.2 646.2 805.3 34,2 T16.T T39.2
738.1 677.1 816.0 329,2 717.6 738.9
717.7 752.7 803.6 333.9 7T19.2 Th1.6
737.9 637.9 819.0 336.5 720.5 T43.9
751.3 666.1 830.4k 3i5.0 7T27.6 753.2
729.5 654.7 833.7 356.7 727.3 753.9
749.9 653.9 839.0 360.8 7T28.4 753.5
734.3 652.6 810.3 336.2 710.0 733.8
737.9 667.8 801.8 310.8 7T09.4 733.7
722.4 634.5 T99.2 317.7 708.2 727.9
735.2 665.8 815,5 330.0 T1k.9 738.6
722.0 636.1 T797.3 313.3  T06.7 727.3
701.7 630.1 T70.1 784.2 €99.5 T17.2
T13.2 675.9 787.6 301.8 7T05.7 725.6
719.0 656.5 790.8 303,2 7F10.9 728.0
707.7 641.8 782,0 796.6 TO4.3 T2L.5
728,2 638.9 814.2 835.% 7F16.3 TLO.T
753.8 665.6 B834.9 851.9 7F20.4 Thk.5
T49.2 651.6 834.2 861.3 712.1 T37.%
721.9 657.5 836.3 363.9 711.8 734.9
745.9 652.0 844,7 361.% T10.2 T736.5
T46.5 647.1 839.% 875.1 T12.5 736.7
752.1 653.2 843.6 879.7 T13.2 Th3.1
T45.4 6hk.9 835.8 BET.6 T11.5 739.7

of order far

# The data acquisition system was out

Elev.: 377"
Temp., (OF)
cent, edge

Elev.: 257"
Temp., (°F)
cent, eggg

670.6 675.7
670.8 674.6
671.5 677.9
664.1 669.2
669.5 6Th.L
667.7 671.5
667.9 671.0
669.4 672.2
672.5 676.0
672.2 677.3
671.3 677.2
660.6 664.6

59
652.2 656.
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654.9 657.5
653.2 657.3

629.6 632,2
630.9 633.2
629.2 631.6
€25.1 627.5
€29.8 632.6
€27.5 63,0
€28.3 630.4
€27.8 630.2
€29.4 632,0
€28.8 631.5
€27.9 630.
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Elev.: 137"
Temp., (°F)

cent. eggg

618.6 617.7
619.7 518.8
615.3 51L4.6
619.0 618.3
617.5 616.9
617.9 617.1
617.2 616.5
613.5 517.6
613.4% 617.7
617.8 517.3
61+.1 613.2
617.% 616.7
615.1 615.k4
617.1 616.2
61+.,0 613.3
617.8 617.2
617.9 617.2
619.2 618.4
617.1 616.2
616.8 615.9
615,1 614 .4
610.0 609.4
613.6 613,2
612.8 612.6
613.6 613.1
612.5 611.9

‘61L.6 611.2

k79
475

Evap. Recirec.
Flow, (1b/hr) -

7841
7537
8209
7841
7409
7162
7664
1779
7672
7122
7326
7671
8358
7333
7238
7282
7939
7889
7632
7629
6664
5382
€855
657L
6506
6303
€681
6513
6488
7555
6660
6611
6599
6612
7218

A

the following 9 runs and the listed data wes rezorded by hand.
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Table B-2 (Continued)

10-20-71 (1433) 395 611 53784 TuL3.5 671.3 B45,9 B6B.3 " T715.8 The.5 657.7 651.3 620.8 621.9 613.4 €12.8 475 6752 1€30
10-20-71 €1512) 891 614 57368 T730.7 649.7 836.7 857.9 7T16.7 Thl.3 661.9 657.2 623.7 627.0 616.6 £15.9 483 7025 1650
10-20-71 (1552) 875 616 62u6h 738.2 652,1 831.2 84,2 720.3 TH6.1 66€.5 672.6 625.4 627.3 - 617.4 616.,8 w71l 7205 1652
10-21-71 (0913) 857 616 §29oh 730.1 647.3 811.4 824,2 T13.9 736.7 66=.1 668.1 625.4 628.1 617.5 616.6 475 7033 1451
10-21-T1 (1032) 855 614 64605 T719.2 654.5 805.4 830.9 T13.6 736.9 66£.9 666.3 62k.8 627.2 616.2 615.4 yB83 T2k3 1636
1c-21-71 (1152) 856 617 6964h Thl.T 658.4 820.9 837.6 7T20.3 TH5.0 665.6 672.7 628.5 630.9 618.4 617.6 471 7326 15L4

2-08501-dv3D



GEAP-10580-2

Table B-3
DNB THERMOCOUPLE DATA AND RECIRCULATION FLOW RATES

DNB Thermocouples

S < & & %:C Recirculation Flow
ow QL ou ou s Rates (1b/hr)
Date Time < <l <1 < << < W 0] -“DNB

P/D = 6 Swirl Generator Inserts

8-5-71 1022 0 0 3 0 0.8 8279 8820 7488
8-5-71 1340 o 0 3 0 0.8 8734 9211 7894
8-5-71 1519 3 3 1 2 2.3 8080 8746 7550
8-6-71 1910 0 2 1 1 1.0 8039 8193 7266
8-6-71 1030 12 18 4 5 9.8 7372 8303 8188
8-6-71 1109 16 22 8 8 13.5 7403 8236 8866
8-6-71 1228 5 7 2 > i 4.0 6651 7457 6481
8-6-71 1336 5 . 8 0 0 3.3 6803 7191 6516
8-6-71 1432 11 15 2 2 7.5 6602 8040 7180
8-6-71 1508 6. 10 3 3 5.5 7716 8729 7791
8-6-71 1546 8 9 4 4 6.3 .8182 8889 8414
8-9-71 0851 7 4 4 3 4.5 8583 9062 8464
8-9-71 0927 0 1 3 2 1.5 8887 9585 8137
8-9-71 1020 0 5 5 0 2.5 8757 9480 8224
8-9-71 1057 4 8 4 2 4.5 .8612 9244 8493
8-9-71 1338 4 4 6 6 5.0 8407 8768 8389
8-9-71 1415 4 6 4 2 4.0 8400 9002 8185
8-9-71 1451 3 6 6 8 5.8 8297 8993 8435
8-9-71 1526 .6 8 4 4 5.5 8367 8880 8447
8-9-71 1602 6 8 8 6 7.0 8499 9355 8880
8-10-71 0827 6 6 3 4 4.8 7622 8038 7569
8-10-71 0901 8 8 4 2 5.5 7587 8785 7660
8-10-71 0935 10 - 10 8 6 8.5 7370 8078 7961
8-10-71 1008 6 8 4 5 5.8 7731 8750 7860
8-10-71 1042 .2 - 3 2 0 1.8 8224 8727 7588
8-10-71 1116 0 8 2 0 3.3 6998 7996 6704
8-10-71 1149 6 6 1 2 3.8 6788 7953 6582
8-10-71 1313 10 12 8 3 8.3 6573 7497 7068
8-10-71 1527 8 8 2 2 5.0 7248 7965 7232
8-10-71 1601 12 14 4 4 8.5 6637 8246 7169
8-13-71 1009 6 14 2 0 5.5 6105 6873 6164
8-13-71 1042 10 14 2 2 7.0 6125 7442 6399

@
o



GEAP-10580-2

Table B-3 (Continued)

DNB Thermocouples

PSS S Q P @~ Recirculation Flow
oF oF oF . oF £ fates (b

Date Time 'S5~ S~ = -1 - T 0 DNB
8-13-71 1115 8 14 5 2 7:3 6019 7057 6332
8-13-71 1206 5 4 3 1 3.3 6998 6885 6703
8-13-71 1346 8 14 2 3 6.8 6396 7064 6653
8-13-71 1420 8 12 3 4 6.8 5695 7325 5923
8-13-71 1510 6 10 1 0 4.3 5918 6594 5808
8-13-71 1635 12 12 2 3 7.3 6377 7366 6708
8-17-71 1328 8 6 2 2 4.5 6409 7379 6320
8-17-71 1401 8 10 2 0 5.0 6381 6594 6368
8-17-71 1435 8 12 1 1 5.5 6369 7334 6430
8-17-71 1509 2 6 0 3 2.8 6289 6909 5951
8-17-71 1543 2 5 3 3 3.3 6617 7355 6338
8-18-71 0903 0 8 2 3 3.3 8445 8792 8090
8-18-71 0937 10 16 10 6 10.5 7915 8842 8921
8-18-71 1010 4 6 2 3 3.8 8595 8800 8335
8-18-71 "~ 1151 10 13 2 3 7.0 6387 7719 6673
8-18-71 1225 8 N 3 2 6.0 7288 8131 7443
8-18-71 1315 2 3 0 1 1.5 7537 7733 6901
8-18-71 1349 6 8 3 0 4.3 7672 8466 7529
8-18-71 1423 5 8 2 3 4.5 7460 8055 7356
8-18-71 1530 6 5 1 5 4.3 7798 8559 7653
8-19-71 0856 8 12 0 0 5.0 6245 7903 6232
8-19-71 0946 10 8 2 2 5.5 6267 7846 6327
8-19-71 1020 8 10 2 2 5.5 6153 7729 6212
8-19-71 1128 14 18 4 5 10.3 5342 7376 5946
8-20-71 1028 10 12 2 2 6.5* 7822 8403 8081
P/D = 3 Swirl Generator Inserts

10-13-71 1234 10 12 20 10 13.0 7845 8771 9020
10-13-71 1328 1 6 5 2 3.5 7684 8234 7309
10-13-71 1432 0 0 2 n 0.5 8213 8727 7493
10-13-71 1532 6 5 10 4 6.2 7845 8517 8021
10-14-71 0917 3 0 4 -2 2.2 7413 8337 7016
10-14-71 1002 2 5 2 3.7 7173 7957 6086
10-14-71 1026 3 5 6 2 4 7674 8363 7505

* The average of all these readings for the P/D = 6 insert is 5.091°F.



GEAP-10580-2

Table B-3 (Continued)

DNB _Thermocouples

3 S & YT Recirculation Flow
&igj &igr Qu ou gg/ Ratesw(lb/ar)
Date Time S ST ST 5T z4 W o "DNB
10-14-71 1101 4 5 8 2 4.7 7040 8009 7736
10-14-71 1147 3 5 6 5 4.7 7800 8529 7629
10-14-71 1306 7 1 16 8 10.5 7121 8415 7854
10-14-71 1345 6 7 10 5 7.0 7407 8648 7592
10-14-71 1424 7 9 14 5 8.7 7731 8829 8212
10-14-71 1504 0 0 0 0 0 8263 8263 7709
10-14-71 1604 3 5 8 3 4.7 7411 8451 7292
10-15-77 0843 4 4 1 6 6.2 7307 8239 7404
10-15-71 0922 4 5 12 3 6.0 7457 8378 7408
10-15-71 1022 3 3 5 2 3.2 7933 8590 7669
10-15-71 1042 3 14 16 6 9.7 7858 8948 8595
10-15-71 1102 7 H 13 2 8.2 7888 8885 8098
10-15-71 1142 6 10 13 6 8.7 7871 8587 8381
10-19-71 0942 1 7 6 4 4.5 6452 7642 6589
10-19-71" 1018 8 21 20 18 16.7 5805 7447 7190
10-19-71 1053 3 5 11 3 5.5 6872 7858 6908
10-19-71 1129 9 16 25 13 15.7 6491 8222 7912
10-19-71 1317 8 19 28 10 16.2 6444 8072 7892
10=19-71 1353 4 9 10 6 7.2 6204 7379 65667
10-19-71 1429 5 10 18 5 9.5 6649 8003 7240
10-19-71 1506 8 13 21 10 13.0 6524 8024 7492
10-19-71 1542 3 10 16 7 9.0 6436 7721 6970
10-20-71 0857 1 6 3 1 2.7 7664 8475 7226
10-20-71 0936 8 16 22 10 14.0 6669 8786 7787
10-20-71 1015 8 20 26 8 15.5 6479 8378 7918
10-20-71 1055 6 9 16 8 9.7 6709 8421 7189
10-20-7Y 1135 6 7 11 9 8.2 6625 7682 7015
10-20-71 1154 4 4 6 3 4.2 7085 7941 7110
10-20-71 1314 2 5 10 2 4.7 6952 8109 6891
10-20-71 1353 8 10 12 5 8.7 6841 8287 7294
10-20-71 1433 7 12 22 12 13.2 6700 8563 7805
10-20-71 1512 5 12 16 1 8.5 7008 8414 7431
10-20-71 1552 3 9 20 7 9.7 7257 8765 7849
10-21-71 0913 3 3 10 4 5.0 6989 8410 7021
10-21-71 1032 2 5 6 4 4,2 7171 8161 7134
10-21-77 152 4 1 14 4 8.2 7329 8312 7772

B-12



For P/D=6 :

GEAP-10580-2

Table B-4
REDUCED DEPARTURE FROM NUCLEATE BOILING RESULTS

& ~
e £ -
- Q L? * 4 ot
iF B Eg g £
b .gj CA g~ § % .3 3

ot [4] Lol
563 &g =¥ 1% qie ¢
- = @ q - — 8.4 O fxo ow
'7.4 5 5 0 g. ﬁ S8 o0 .8
§33 83 ¥ E¥3 FEC un
Test Date Time A0~ =5 &8 ork~ SZx _oX
8-06-T1 (0910) 949 54,0 2.T71 492 183 .092
8-06-T71 (1030) B2k 60.9 2.653 523 222 116
8-06-71 (1109) .809 65.9 2,998 .530 .209 .111
8-06-71 (1432) .927 53.5 2.588 ho6 .155 077
8-06~-71 (1508) .953 57.9 3.213 Jhoh .165 .082
8-06-71 (15k6) .928 62.6 3.553 .501 .182 .091
8-09-71 (0851) .911 63.0 3.465 «505 .231 117
8-09-71 (1020) .950 61.2 3.557 .b96 .194 .096
8-09-71 (1057) .891 63.2 3.337 .510 .207 .105
8-09-71 (1338) .819 62,4 2,751 +526 2601 2137
8-09-71 (1Lk15) .882 60.9 3.037 .510 ".255 .130
8-09-71 (1b451) 857 62.7 3.045 <517 .26k .137
8-09-71 (1526) .829 62.8 2.858 .52h .284 .149
8-09-71 (1602) 817 66.0 3.067 .528 .285 .151
8-10-T1 (08273 821 56.3 2.250 <520 .313 .163
8-10-71 (0901 827 57.0 2.339 .519 »305 .158
8-10-71 (0935) .790 59.2 2.305 .530 .311 .165
8-10-71 (1008) 831 58.5 2,486 «520 .26k .137
8-10-71 (10k2) 829 56.4 2.306 - .519 <279 145
8-10-71 (1116) .906 Lko.9 2.150 496 .240 .119
8-10-71 (11k9) .878 k9,0 1.946 «501 «229 115
8-10-71 (1313) .890 52.6 2.306 .502 .238 .120
8-10-71 (1527) .836 53.8 2,130 <51k .232 «120
8-10-71 (1601) 875 53.3 2.293 .506 .216 .109
8-13-71 (1009) 814 45.8 1.467 .508 .302 .153
8-13-71 (1042) .738 47.6 1.300 .526 " +300 .158
8-13-71 (1115) <795 47.1 1.477 .51k4 .282 k5
8-13-71 (1206) (g 49.9 1.461 .528 .280 .148
8-13-71 (1346) .782 hg.s5 1.577 «520 268 .140
8-13-71 (1k20) .823 ky.1 1.385 .503 242 .122
8-13-71. (1510) .859 k3.2 1.h51 1495 232 .115
8-13-71L (1635) .837 ho.9 1.837 +510 .229 117
8-17-71 (1328) .887 47.0 1.831 196 .210 .10L
8-17-71 (1ko01) .853 L.k 1.720 .503 .213 .107
8-17-71 (1435) .863 47.8 1.795 .502 .21k .108
8-17-7L (1509) .808 k.3 1,347 «506 .210 .107
8-17~71 (1543) .863 7.1 1.7hh .501 .198 .099
8-18-71 (0937) 172 66.4 2,764 .540 314 .169
8-18-71 (1010) 857 62.0 2,97k 517 .283 «140
8-18-71 (1151) L0712 49.6 1.973 .503 204 .102
8-18-71 (1225) .896 55.k4 2.592 .503 .199 .100
8-18-71 (13153 .933 51.3 2,416 L93 .168 .083
8-18-71 (1349 867 56.0 2.483 +510 .196 .100
8-18-71 (1k423) .896 S5h.7 2.532 .503 .189 .095
8-18-71 (1530) 871 56.9 2.589 .510 248 2107
8-19-71 (0fsA) Oh1 WG b 2,00k RS .168 .082
8-19-71 (0946 .870 h1.2 1,766 «500 .187 .00hL
8-19-71 (1020 .899 h6.2 1,518 493 .179 .088
8-19-71 51128 875 L4 .6 1,60k 495 62 .080
8=20-~71 (1023) 902 0.1 3.096 506 «231 L1127

* Based on inner tube diameter

B-13



For P/D=3:

GEAP-10580-2

Table B-4 (Continued)

% Based on inner tube diamecter

o . o~ o~

ik £8 3% A

god =% g~ g+ 3 3

:—Jig o < 2 o <g: —HD O 53 o

&G 38 < -0 Fal <
58 L dg o ¥EE fle e

. 883 B4 84 Egg gy o

Test Date Time RO~ 5T " ome & Ex Shoa
10-13-71 (1328) T3 sh.h - 7.151 RToy .292 .119
10-13-71 gnhszg LSTUT 55.7 7.018 113 .310 .128
10-1k-71 (0917 802 52.2 7.093 400 .272 .109
10-1k-71 (1002) 843 52,0 “7.770 «391 .254 .100
10-14~T71. (1026) 174 55.8 T7.559 L7 . 262 .107
10-14-71 (1101) .816 57.5 8.927 <397 .250 .099
10-14-71 (1147) .825 56.7 8.874 395 .21 .095
10-14-71 (1306) .818 58.4 9.246 <397 . 254 .101
10-14-71 (1345) .879 56.5 9.976 . 384 .239 .092°
" 10-14-71 (1h2k) 837 61.1 10.584 «393 .278 .109
10-14-71 (1504) 871 57.3 10.100 .386 <255 .090
10-1k-71 (1604) 911 54,2 9.886 .378 .230 .087
10-15-71 (0843) 877 55.1 9.kks5 385 .253 097
10-15-71 (0922) 871 55.1 9.327 .386 257 099
© 10-15-71 (1002) .891 57.0 10.460 .382 .258 .099
10-15-71 (1042) .803 63.9  10.671 .00 .296 .118
10-15-71 (1102) 846 60.2 10,51k 2391 «291 J114
10-15-71 (1142) 789 62.3 9.796 1403 313 126
10-19-T1 (OYhz) «900 k9.0 7.878 .380 251 095
10-19-71 g1018; 789 53.5 T.209 o3 060 -105
10-19-T1 (1053 .858 51.k4 7.870 .388 .251 .097
10-19-71 (1317; .725 58.7 7.334 419 .270 $113
10-19-71 (1353 874 48.8 7.380 .385 207 .080
10-19-71 (1429) .850 53.8 8.484 <390 240 ~094
10-19-71 (1506) 75 55.7 74552 407 .26 100
10-19-71 (1542) .8U6 51.8 7.789 «391 .229 .089
10-20-T1 (0857) .863 53.7 8.712 387 .269 .104
10-20-T1 (1015) +700 60.3 T.214 425 .323 0137
10-20-T71 (1055) .61 53.5 7.062 105 .313 127
10-20-71 (1135) .61 . 52,2 6.384 R To’s) .328 <134
10-20-71 (1154) .806 52.9 T.357 « 399 .318 $127
10-20-71 (131L4) .838 51.3 7.%70 .392 .31k .123
10-20-T71 (1353) 762 54,2 6.920 109 «330 .135
10-20-71 (1433 723 52,1 T.13k4 419 .328 .137
10-20-71 (1512) .829 55.6 8.616 +395 .303 .120
10-20~71 (1552) .785 58.4 8.505 Lok .301 122
10-21-71 (1152) .91k 57.8 11.304 377 .2h5 .092



8- 6-71
8- 6-71
8- 6-71
8- 6-71
8- 6-7I
8- 9-71
8- 9-71
8- 9-71
8= 9-71
8- 9-T1
8= 9=TI
8- 9=-7I
8- 9-71
8-10-71
8=10=71
8-10-71
8=10-71
8-10~71
8-10-71
8-10-71
8=10-71
8-10-71
8-13-71
8-13-71
3-13-71
8-13-71
8=13=11
8-13-71
8-13-71
8-13-71
8-17-71
8=17=T1
8=17-71
B=11-171
8-18-71
8-18-71
3-18-71
8=18-71
- B-18-T1
B=18-71
3~18-71
8-18-171
3-19-71
8-19=71
8-19-71
8-19-71

(1526)
(1602)
( 827)
( 901)
( 935)
(1008)
(1042)
(1116)
1149)
1313)
1527)
1009)
1042)
1115)
1206)
1346)
1420)
1510)
1635)
1328)
1401)
1435)
1543)
937)
1010)
151)
1225)
1315)
1349)
1423)
1530)
( 856)
( 946)
(1020)
(1128)
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GEAP-10580-2°

. Table B-5-1
DNB THERMOCOUPLE DATA FOR NUCLEATE BOILING CONDITIONS
AND THE EVALUATED EFFECTIVE HEAT TRANSFER COEFFICIENT
FOR THE DNB THERMOCOUPLE “INSULATION"

P/D = 6 Swirl Generator Inserts

Na Tempo at
492 1n.(°F)

810.5
172.8
749.4

160.6
774.1

811.6
800.4
788.3
B32.2
812.3
819.9
841.4
866.6
874.7
862.4
867.0
863.17
849.5
831.1
812.7
805.6
866.7
852.4
847, 1|
834.0
828.5
820.2
807.4
806.1
787.0
188.8
785.1
166.5
868. 1
857.5
789.1
718.4
775.8
161.8
773.2
805.0
763.1
757.6
768.1
751.8

o0 g
8O &
.E‘/\ s’\
L 28
749.0 605.8
125.2 60/7.3
71047 606.5
117, 2 605.6
724.4 606.9
158.9 607.6
747,2 606.6
741.5 607.1:
756. 1 601.4
160.6 605.9
763.8 607.1
T779.1 608, 7
779.6 605.7
185.2 602.5
795.7 604.0
793.2 607.2
794.4 606.5
186.5 605.4
779.2 606.5
166.5 606. 1

" 763.0 608.2
747.5 608.8
779.6 598.1
767.9 596, i
770, 7 603.2
761.8 604, 1
758.5 603.4
152.0 598. 1
747.0 605.5
742.2 606.7
135.0 601.3
732.4 5909.6
727.8 596.9
T12.7 593.6
184, | 601.8
776.5 604,0
136.17 605,0
728.6 603.4
729.4 606.5.
T13.7 97 .5
125.17 601.6
745,5 605.6
717.2 602.8
712.4 597.9
718.5 599.5
709.0

596.7

— o .
.o ‘o
$eiy 234
PRILE &
SxAf H%3
Bz ~— M|
2762.6 169.9
2945, 1 140.2 -
3206.3 124,
3060.5 132.8
2811.5 130,7
3402.4 179.3
3135.9 166.8
3409.3 159.6
2411.2 183.5
3546.1 183.3
3308.8 185.6
3071.9 201.5
3328.6  205.7
2654,.,4 216.1
2866.3 226.4
3174.7 219,77
3056.8  221.9
2773.1  214.1
2005.8 204.3
2940.8  190.0
3689.5 183.4
2832.0 164.5
2466.8 214.9
2410.0 203.6
2596.3  198.4
2588.6 186.9
2627.0 183.9
2678.6 182.7
2780.2 167.9
2517.3  160.9
3056.1 158.9
2799,.9 157.9
2718.4  155.8
2639.0 142.0
2567.0  215.6
2620.3 204,
2985.8 196.5
2989.5 148.9
3148.4 146, 1
2818.% 138.5
3108.1 147.6
2790.7 166.0
2967.2 136.2
3018.6 136.4
2856.8 141,7
3128.0 133.9

Inside Well
Temp., (OF)

"627.5

625:2
622.4
622.6
624.8
630.6 -
628.0
627.5
624.9
629.4
630.9
634.5
632.0
630.2
633.0
635.3
634.9
632.8
632.6
630.4
631.7
629.9
625.6
622.2
628.6
628.0
626.9°
621.5'
6217.0
627.3
621.6
619.8
616.8
611.8
629.4
630.1
625.0
622.5
625.2
615.2
620.5
626.9
620.2
615.4
617.6
613.8



DATE

(Time)

1d-14-1/1
1o-14-1/1
jO=14=71
1o-14-171
10=-14-71
10-15=71
10=19~71
10-15=-71
10=-15-71
10-15-71
1U=15=-71
1O=-19=-71
1O=-19-71
10=19-71
jU=-19=71
10-19=1/1
[ Jd=1w=T11
Ji1=-19-=171
1J9—-19=71
1o=-19=-71
10-20-171
10-20-71
11=20=71
10=-20-71
10-20-71
10=-20-71
10-20-71
10-20-71
jO=-20-71
10=-20-~-71
10=20-71
10=-21-11
10=21-71
lo=21-71

(1306)
(1345)
(1424)

(1504)

(1604)
( 843)
( 922)
(1002)
(1042)
(1102)
(1142)

( 942

(1018)

1032)
1152)

GEAP-10580-2

Table B-5-1 (Continued)

P/D = 3 Swirl Generator Inserts

FER e

© 5 o g

e "o =

.8 5ES 25
= B A~ 0~
807.0 149.3 005, 1
812.9 749,0 003.2
232.13 167 .5 601.8
830.3 157.9 605.3
810.6 749,.2 604.4
825. 7 760.0 606.3
316.9 159.6 60%.6
826.3 764.8 607.3
842.3 168.6 505.2
300.0 700.0 600.0
896.4 T180.9 606.9
800.0 T00.0 600.0
806.3 142.6 505,00
819.5 152.7 604.5
3183.9 T50.1 604.3
8U6.6 141,2 502.0
[19.9 125,0 D500
HO1.0 T42.5 604, 3
300.0 138.4 601.3
801.7 7138, 1 601.8
841.6 164.5 606,/
H50,. / 1T70.5 603. 7
g8h8, 3 1773.8 602.6
H46. 17 1719.4 604.2
856.8 780.5 601.9
300.0 700.0 500.0
8B72.1 84,9 603.7
374,71 84,7 602.8
856, 1 781 .2 602.8
8583, 1 178.3 606.2
845,40 T12.0 6006.6
$31.3 162.2 606,77
B28.4 [62.8 606.3
832.9 162.2 603.9

B-16
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D0 g QS —
~_0 42 — =
© A ) §¢4 SO
o A =
pﬁgé Ay @ -
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o 03 oL 3 O
HygE G @© P n E
“~ O H o WO oo
M s — ] ~— H e
2944,4 169.9 627.3
2107.% 1/3.0 62H. 4%
2625.6 183.3 631.3
24908, 7 180.9 628.5
2190.5 171.3 626. 1
217172.5 182.2 629.5
3207.9 182.5 629.0
3008.9 186.5 631.2
2625.6 193.5 630.0
1192.8 119.3 615.3
2731.9 206.3 632.9
1192.83 119.3 615.3
2753.8 175.4 617.5
2631.6 175,.3 627.0
2803.1 178.8 6272
2901.3 |72.4 624.1
2887.1 158.9 Al2.2
2805.] 164.1 625.3
2634.8 162.3 622.6
2581.8 162.7 622.6
2424.4 186.9 630.6
2462.9 197.5 629.0
2398,7 202,71 628.5
3079.9 207.3 630.7
2769.7 211.3 628.9
1192.8 119.3 615.3
2457,2 214.3 631.1
2390.3 215.1 630.3
2485,9 211 .1 629.8
2551.3 203.6 632.3
2681.9 19,8 631.7
2666.3 134.2 630.3
.2520.5 135,.4 6530.0
2693.6 13746 62 1.9



- GEAP-10580-2

Table B-5-2
DNB THERMOCOUPLE DATA NEAR DEPARTURE FROM
NUCLEATE BOILING CONDITIONS AND THE
CORRESPONDING STEAM SIDE HEAT TRANSFER COEFFICIENT

P/D = 6 Swirl Generator Inserts

B-17

— o
& 'aﬁ
L~ * PN 9 _—
°6 s 838t o4& 3FF
é'\: *éé Eggﬂ 5:—4}3 it +>;
g3 gF . me gL.EBS 3u% 84 9§
.8 EeF 2By 3§¥E SEZ wR g7
DATE (Time) = H A~ 0 B hHol @pEs & A nd
8- 6-71 (1910) 810.1 752.6  608.5 8299.7 166.2 633.9 0.830
8- 6=71 (1109) 776.3 739.8 609.6 2482.3 105.8 664.2 1.018
8~ 6-71 (1432) 753.4 720.8 608.3 2682.1 94.5 653.4 0.996
8- 6-71 (1508) 7170.9 729.9 606.8 3975.% 118.9  645.1 0.965
8- 6-71 (1546) 780.6 135.5 609.9 5198.0 130.8 642.1 0.962
8- 9-71 ( 851) 816.3 7162.4 608.9 4815.5 156.3 650.4 0.894
8=~ 9-71 (1020) 802.1  7%2.3 607.3 4432.6 144.4 649.0 0.876
8- 9=71 (1057) 793.7 146.4 607.7 4319.0 137.2 648.4 0.875
8- 9=71 (1338) 829.7 763.7 605.6 11588.0 191.3 0626.7 0.816
8- 9-71 (1415) 825.0 .767.8 609.2 5346.1 165.9 648.9 0.852
8- 9-71 (1451) 826.8 773.4 610.1 379%.2 14,9  662.3 0.875
- 3= 9=71 (1526) 849.3 782.1 6071.9 7268.0 194.9  642.2 .0.839
8- 9-71 (1602) 849.9 787.3 609.6 4913.6 181.5 656.9 0.865
8-10-71 ( 827) 881.9 803.9 609.0 9017.7 226.2 64l.1 0.814
8-10-71 ( 901) 881.1 800.0 606.9 12593.6 235.3 630.8 0.838
8-10-71 ( 935) 879.3 800.3 605.2 9654.0 229.1 635.6 0.81717
8-10-71 (1008) 8%9.7 792.7 607.8 5494,2 194.3 653.1 0.849
8-10-71 (1042) 850.8 780.6 607.2 9506.6 203.5 634.6 .0.746
8-10-71 (1116) 836.6 773.0 608.,0 7208.0 184.4 640.8 0.857
" 8-10=71 (1149) 813.7 76l.2 608.7 4482.7 152.2 652.2 0.844
8-10-71 (1313) 824.0 771.0 607.9 3717.6 153.7 660.8 0.919
8-10-71 (1527) 807.3 750.9 608.5 8236.8 163.6 633.9 0.834
8-13=71 (1009) 849, 181.4  601.6 6431.4 196.2 640.7 0.825
8=13-71 (1042) 834.2 768.6 599.1 1317.2 190.3  632.4 0.782
8=13=-71 (1115) 840.1 716.4 605.4 6136.5 184.7 643.9  0.851
B=-13-/1 (1206) 827.5 761.8 605.1 12008.3 190.5 625.4 0,704
8=13=71 (1346) 826.8 764.5 606.3 8027.3 180.7 635.1 0.825
8-13-71 (1420) B15.0 15%.7 607.8 8860.2 172.0 632.6 0.864
8=13=71 (1510) 815.5 7%6.7 602.5 6769.6 170.5 634.7 0.838
8-13=71 (1635) 809.3 750.6 607.2 10055.5 170.2 628.9 0.896
B=17=71 (1328) 798.9  744.1 605.9  8249.1 18,9  630.6 0.871
3=17-71 (1401) 785.6  731.8 600.4 9905.9 156.0 620.6 0.85]
B=17=71 (1435) 790,7  137.1 601.9  B192.2 155,84  626.2 0.874
8=17=71 (1543) 776.0 /24,7 600.0 10171.7 148.8 618.7 0.814
3-18=71  937)  855.6 790.6 605.8  4884.,2 1838.5% 655.2  0.907
8=18=71 (1010) 848.5 777.9. 604.6 9899.9 204.7 631.1 0.822
8-18-71 (1151)  780.7 735.7 603.6 4285.3 130.5 642.6 0.926
8-18=71 (1225) I86.3 138.0 604.6 5366.0 140, 638,0  0.922
8=18~71 (131%) 8.4 6.9 6011 6899.9 129.0  625,0 0.831
3=18=71 (1349) 765.5 122.6  603.8  5230.% 124.4  634.0 0.84%
8-18=71 (1423) 774.1 731.0  60/.3  4634.4 125.0 641.8  0.880
8=18=71 (1530) 810.2 153.1 604.6  T044.3 165.6 634,17  0.849
8=19=71 ( 856) 166.4 728.4  602,4 2973.2 110.2 649.8  0.938
3=19=71 ( 946) 760,17 721.8  603.9 3847.6 112.8  641.4 0,882
3-19-/1 (1020) 168.6  123.4  602.2 6032.5 131.1 630,0 Q.91
B=10=71 (1128)  140.2 V6.1 505, 2991.5 97,1 631,17 1.019



P/D = 3 Swirl Generator Inserts

GEAP-10580-2

Tabl_e B-5-2 (Continued)
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5 'aﬁl
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“%  a g8k 448 HF |
B e BO B 8o it =~ B S
4w g gogd RS s~ - ed
& o g~ 3 P~ o83 9+3 o o q @
@ O\ =Ry SES BE85 Wik 2 4 658
DATE (Time) = A~ neis- nmos mmS S & o &
10=14-71 (1306) 813.5 759, 1 606.9 3808.6 145.3 655.7 - 0.866
10=14=71 (1345) Blb.4 158.9 60%. 3 all /.3 152.5 649,7  0.855
10-14=71 (1424) d35.8 176.4 607.9 3840,0 160.4 661.4 0.852
10=-14=-71 (1504) 827.3 7.3 60%.6 14691, 1 189.0 - 622.1 0.723
10-14=71 (1604) 8l4.2 757.3 608.4 505%0. | 153.6 6417.3 0.8317
10-15=71 ( B843) 829.2 165.6 603, 2 6304,0° 11,7 642.6 0.836
10=15=71 ¢ 922) B833.9 165.9 609, 1 2308.5 183.6 634.3 0.824
10=-15=71. (1002) 836.5 166.6 607.7 10200.8 188,7 631.4 0.7883
10=-15=/1 (1042) 844.9 780.9 608.6 4581.6 172.8 656.9 .0.840
10=15=71 (1102) 85%6.7 184,23 603.9 6808.0 194,11 - 645.4 0.852
1U=15=71 (1142) 860.8 .6 60:3.9 6887.0 197.6 645.6 0.803
10-19-71 ( 942) ° $36.3 763.0 605.4 15930.7 197.9 621.3 0.812
10=19=71 (1018) 810.8 7166.1 603,717 217841 120.7 679.6 0.047
jO=-19=71 (1053) 817.71 1H8.6 6O ! BH68.4° 159.6 644.4 O.T0n
10-19-71 (1129) 830.0 174,5 6083.3 3265.8 149.8 667.0 0.860
1Q=19-71 (1317) #13.3 156.3 60,0 4577.,0 . 192.5 647,77 0.865
10=-19=-71 (1353) 71834.2 736.8 608. 1 4462 .1 123.0 045 .4 O.842
10=-19=71 (1429) 8ut.8° [49.1 608. 1 A712.4 142.3 647.3 U.886
10=-19=71 (1506) HBOU3.2 155.8°  609.5 2994.6 128.0 664.2 0.862
10=-19=71 (1542) 196.1 147.2 60/7.2 3847.3 133.6 6H1.7 0.85H
10=20=71 ( 857) 835.4 167.9 60,9 8217.9 182.2 63171.3 0.746
10=20=71 ( 936) 851.9 190.8 60/7.6 3265.,0  165.0 672,3 0.830
10-20=-71 (1015) =B61.3 186.4 603.6 6876.1  202.2 641.2 0.850
10=20-171 (1055) 863.9  185.7  608.7 10651.6 211.1  634.1  0.80I
10-20-71 (1135) 861.4 190.0 610,11 5965.3 192.8 . 651.5 0.749
10=20=71 (1154) 875.1 . 789.7  609.4 20185.5 230.6 624.0 0.121
10~20-=71 (1314)y &79.7 194,.2 607.5 14221.7 230.8 628.3 0.760
10=20-T71 (1353) 8B6/.6 188.9 605.6 P162.9 212.5 636.3 0.1765
Ju=20-=/1 (1433) 868.3 193.5 6017.5 6327.1 202.0 ' 643.4 0.811
10=20=-71 (1512) 8H7.9 /134,4 609, 1 71744.2 198.4 641,92 : 0.831
10=-20-71 (1552) 844,2 134.3 609.2 3%10.6 161.7 663.2 0.815
10=21=71 € 913) 824.2 768.4 60%.6 3795.3  190.1 660 . 4 0.906
jO=21=71 (1032) 831.0 764.8 608.0 19%4.6 113,17 636.8 0.965
fOo=21=71 (115%2) 837.6 172.1 608.5 6151,2 645.3 0.922

B-18
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Table B-5-3

AND THE CORRESPONDING STEAM-SIDE HEAT TRANSFER COEFFICIENT

P/D = 6 Swirl Generator Inserts

B-19

M
(o] ;02’\
L~ * £ Q N~
8 e SE88 oxt  FE
& S~ 8 8~ §o03 9.3 Se d 8

.8 feF SEF 353% 838 if &g
DATE (Time) =3 H A ne~— “mo- mms H £ QAng
8=~ 6=-71 (1910) 798.9 763.3 608.3 1626.6 103.1 689.4 1.079
8- 6-71 (1109) 7719.3 7163.1 6017.6 493.5 47,0 129.5 1.125
8- 6-71 (1432) 757.4 746.3 605.8 3%0.7 32.2  723.3 1.155
8= 6-71 (1508) 774.9 152.4 606.8 844,2 65.2 705.7 1.145
8- 6-71 (1546) 788.6 761.2 608.9 1066.2 79.5 7104.3 1.083
8~ 9-71 ( 851) 824.3 799.6 608.9 658.8 11,6  743.1 1.067
8- 9=71 (1020) 806. | 712.8 609.3 1311.5 96.6 703.5 0,983
8~ 9=71 (1057) 796.7 164.5 607.7 1329.4 93.4  691.6 1.004
3- 9-71 (1338) 821.4 718.0 605.6 1961.6 125.9  68/7.7 1.032
8- 9-71 (1415) 833.0 804.3 608.2 782.2 83.2 744.4 1.137
8~ 9-71 (1451) 834.8 8OI. 609. 1 1011.2  96.9  731.7 1.086
8- 9-=71 (1526) 846.4 815.1 608.9 825.6 90.8  749.7 1.149
8- 9=71 (1602) 855,9 817.3 609.6 1128.2 111.9  736.6 1.050
8=10-71 ( 827) 907.3 B85%6.9 609.0 1317.4 146.2  751.0 1.024
8=10-71 ( 901) 880.1 837.0 606.9 1144,.2 125.0 746.7 1.085
8-10-71 ( 935) 891.%5 852.3  603.2 871.1 113.6  770.1 1.050
_8=-10-71 (1008) 865.7 818,7 6017.8 1548.7 136.3  720.5 1.022
8-10-71 (1042) 860,9 838.6 605.2 442,.4  64.6  192.0 1.204
8-10-71 (1116) 844,6 817.% 605.0 645.4 18.6  160.9 1.080
8-10-71 (1149) 819.7 803.4 606.7 371.9  47.3  769.4 1.114
3-10-71 (1313) 831.0 811.0 605.9 454.5  58.0  169.2 1.087
8=10-71 (1527) 815.3 792.2 608.5 632.6 67.0 744.1 1.100
8-13-71 (1009) 868.8 837.7 600.6 670.3  90.1 772.7 1,131
d~13=71 (1042) 847.8 826.6 601.1 434, 61.4  782.3 1.230
3=13=71 (1115) 842.6 813.,9 606.4 723.0 83.3  153.9 1.216
3=13=71 (1206) B845.5 820,2 607.1 586, 2 73.4  161.3 1.160
3-13=-71 (1346) 842.8 818.5 605.3 555.4  70.5  167.7 1.197
8=-13-71 (1420) 829.0 809./ 607.8 443,3 56.0 769.4 1.067
3=-13=71 (1510) 829.5 813.2 604.% 346.4 4i.3  719.2 1.255
8-13-71 (1635) 817.3 7194.6 606.2 597.2 65.8 141.3 1.157
8=-17=71 (1328) 810.9 ~ 783.6 605.9 838,3 19,2  726.8 1.133
3-17=71 (1401) 795.6 774.8 600.4 588.6 60.3 731.6 1.230
B=17-71 (143%) 800.7 769.1 602.9 1166.5 ©91.6 703,5 1.132
B=17-71 (1543) 786.0 167.2 0602.0 553, | 54,5  728.2 1.235
8-18=71 ( 937) 865.6 835.6 603.8 659.0 8/.0 772.8 1.064
8-18=-71 (1010) 857.5 800.4 604.6 2762.1 165.6 681.3 0.997
8=18=71 (1151) 787,71 7711.6  603.6 444,2 46,1  138.1 1.134
8-18=71 (1225) 794,3 7173.1 604.6 605.5 59,7  730.9 1.1179
8-18-71 (1315) 167.4 747.4 600.1 701.2 B5R.0  706.0  1,16%
8=10=71 (1349)  116.5 161 .1 603.8 456, | 44,7  729.1 1.120
B8-18=71 (1423) 782.1 765.5  607.3 498, 1 e 731.0 1.086
8=138-71 (1530) 824.2 802.1 601.6 531.2  64.1 756.0 1112
8-19-71 ( B56) 772.4 160.9  600.4 312.4  33.3 /137.0 " 1.232
B8=19=71 ( 946)  169.7 59,3  603.9 288.5  30.2 137,17 1.320
3=19=71 (1020) 176.6 59,6  601.2 512.5 49,3  724.3 1.248
8=19=-71 (1128) 744.2 128.2 594, 587./ 4A.4  695.2 1.241
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Table B-5-3 (Continued)

— (48]
5 Ty
2~ e PN U —
ORI $55E gyt 5
gy 8o BETN HEp .
c‘—lc’ﬁ a 8 g~ o83 S5 g e
o 5 m o B ol 883 s
, © O\ 0)%(5 + OO0 £ O O .0 “~« o .0 QB)
DATE (Time) =+ H A~ 0 B nEos @mins &
10-14-71 (1306) 819.5 799.4 605.9 449,77 54,3 760.4
10=-14<71 (1345) 821.4 791.2 607.3 832.9 81.5 732.6
10-14=-71 (1424) 841.8 814.4 605.9 610, 1 4.0 . 161.1
10=14-71 (1504) 834.3 810.2 605.3 527.0 65, 1 763.4
10-14=71 (1604) 822.2 804.2 606.4 382.0 48.6 169.2
10=15=71 ( 843) 834.2 794, 1 608, 2 1282.3 108.3 116.3
10=15=<71 ( 922) 843.9 B817.7 6083, 1| 570.,9 70.7 166.717
10-15=-71 (1002) B846.5 Bl6. | 608.7 ~708. 7 82.1 156.9
10=15=7T1 (1042) - 854.9 820.9 6083.6 804, 2 91.8 754,17
10=15=71 (1102) H66. 1 832.9 607.9 734.2 91.3 767.0
10=-15=71 (1142) 868.8 834.1 607.9 156.4 93.7 7166.4
FO=19=71 ( 942) 848, 3 823.0 603.4 513,.2 68.3 7173.8
[Q=19=-71 (1018) 819.8 809.6 606.7 192.6 27.5 789.8
10=19-71 (1053) H$2Tlel BUG6. | B505.7 471.2 58.3 764, 1
10=-19<71 (1129) 838.0 815.5 605. 3 467, 2 60.7 T7V.7
1O=19=71 (I1317) 821.3 197.7 603.0 547.7 63.17 751.9
10=-19=71 (1353) 797.2 784, 1 605.7 295.9 35.4 758.7
1J=-19=71 (1429) .813.8 795, 1 605.7 422 . 50.5 158.8
10-19=71 (1506) 813.2 795, 3 608,.5 406.8 48, 3 7160.6
10-19=-71 (1542) 804.,7 786.4 606.2 437.0 40,4 150.9
10=20-71 ( 857) B8471.4 830.4 606.8 308.5 45,90 79743
10=20=71 ( 936) 861.9 845, 8 605.6 266.5 43,5 814.4
10=-20-71 (1015) 873.3 842 .4 601.6 501.5 83.4 18241
10=20=71 (105K5) 876.9 - 843.7 607.7 670.2 89.6 778.9 -
10-20-71 (1135)" 873.4 849.0 609.1 438,77 65.9 801..3
10=-20-=71 (l|54” 885. 1 838.2 608.4 1171.9 126.6 T746.7
10-20=71 (1314): 893.7 851.2 606.5 908B. 4 114,77 7688.2
10-20-71 (1353) 881.6 851.7 603.68 544.7 80.7 - 793.3
10=-20-71 (1433): . 878, 3 838.5 605.5 885, 2 107.5 760.9
10=-20=-71 (1512) 867.9 838.6 -+ 607.1 580.8 19,1 81,4
10=20-71_(1552) 8H2.2 835.8 608.2 289.7 44,3 803.8
10=21=71 ¢ 913) 839,2 821.6 606.6 336.5 47.5 181.3
10=21~71 (1032) 841.0 813.0 606.0 634.3 75.6  7158.6 .
1O=21=71 (1152) 818.8 607.5 641.1 T71.8 -~ 762.7

i 847.6
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APPENDIX B-2
SUPERHEATER PERFORMANCE DATA
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Date Time
~ 3-30-T1 (1728)
-31-71 (0L30)
-31-71 (1536)
-31-71 (1551)
-31-71 (1606)
-31~71 (1635)
-20~-T1 (1327)
-20-71 (1458)

=71 (0625)
-71 (0251)
-71 (2221)
-02-71 (232k4)
-03-71 (0815)
-31-71 (0210)
h -71 (0115)
0-7L (0243)

5
5
[2
2-
3 71 (0856)
u
1-
-3

GEAP-10580-2

" Table B-6
SUPERHEATER THERMAL PERFORMANCE RESULTS

Overall Heat '

Transfer

Coefficien% Na. Steam
(btu/hr ft~i Inlet Thermgl Drum

Experi- Pre- Temp. Power  Press,
ment dicted (O F) (kWt)  (psia)
362 265 936 Lot . 1587
356 260 937 397 1555
357 260 228 390 160L
363 264 930 . 400 1621
369 268 9ko 425 164k
383 280 okl 453 1693
327 238 932 335 1612
362 260  -907 37k 1618
369 270 " 95k 439 1647 -
387 283 952 478 - 1655
397 286 kg ' 478 1660
377 27k 937 435 1651
381 277 933 kho 1657
368 267 927 Lo7 1630
3713. 272 935 426 11650
365 266 935 412 1624
371 270 936 Lok 1656
380 285 931 437 1652
387 285 959 487 1617
370 269 933 418 1648
384 290 908 hio 1615
376 276 gl2 Lh2 1632
376 275 9Lé hhs 1655
357 260 935 396 1657
352 257 933 384 1625

B-22
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Table B-7

SUPERHEATER THERMAL PERFORMARNCE DATA

/

Date Time

3-30-T1 (1728)
3-31-71 (0L30)
3-31-71 (1536)
3-31-71 (1552)
3-31-71 (1606)
3-31-71 (163%)
5-20-T1 (1327)
5-20-71 (1LsE)
6-08-71 (1157)
6-08-71 (1524)
6-08-71 (1908)
T7-2k-71 (2056)

(232&;
1 (08151
7-3:-T1 (0120}
12-04-71 (0115:

12-10-7% (0243}

W,

T

T

Na in out
53206 934.6 8b6,.5
52311 936.8 849.1
L7892  927.9 82,2
Lo€11 929,656 8L2.5
49884  9Lho.,2  845.7
sokt7  9Lko,8 856.1
k7392 932.0 852.0
skhs51  906.7 83h4.2
52817 953.5 853.2 -
56038 951.8 850.3
56953 948.5 8u4B.5
55072 936.7 853:9

57025 933,k 848.9
SuUBLL  926.5  B4T.6
53969 934.6 85k4.0
53630 934.6 853.9
55094  935.6  853.0
57293 931.4 848,k
52812 958.9 858.3
557L1  932.5 B8L4.6
59716 907.8 8L1.7
56158 9k1.6 8ub,T
55373 9k6.Lk 851.8
51489 934.5 851.1
52003 933.2 8u47.7

Sodium Side

t/c T/c T/c T/c T/c T/c T/c T/c T/C
A 2 3 5 6 1 8 9
839 845 846 843 843 851 861 858 8Lo
843 849 848 852 847 853 863 861 843
835 839 8k2 842 839 84l 855 852 §3L
835 841 839 846 &37 846 857 854 8Lc
842 852 853 8u45 8L4L 853 86h 862 Eu1
851 858 855 858 853 860 872 869 8s:
847 851 851 852 8L4g 856 866 86k 8LE
829 834 833 837 830 839 848 846 825
850 855 854 858 854 860 871 869 84g
845 851 851 855 847 856 869 867 843
843 854 849 856 8Ly 856 868 864 8LL
34y 853 851 85k 852 856 867 866 8LT
335 845 8LL 847 841 850 861 859 83
8ko 847 843 84T 842 850 860 858 840
847 851 851 854 848 857 868 866 848
848 855 850 857 850 857 869 867 848
8L47 853 850 856 84T 855 868 864 8u7
84s 848 846 850 84T 852 864 861 8L3
855 859 860 862 853 865 875 874 855
839 844 8h2 847 842 848 859 858 8Lo
833 84o 837 842 837 8kk 853 851 836
8h2o 848 846 8L46 Bhh 851 863 858 8k
648 852 848 856 Bh9 856 867 866 8L6
&43 847 850 851 851 855 865 863 845
EL1 8h7 846 8L9 BLT 852 863 860 843

weligh
-ted
AVG,

846,7
851.2
8h2,3
8L4h,1
8L6.8
858.7
853.6
836.3
857.8
854,0
853.9
854,k
847.2
847,k
854,6
856.3
8k9,7
811'6.3
857.4

" 8h2.1

837.1
848.8
85L.5
851.5
8)"‘)4'.7

t/c T/c T/c T/C T/C
10 11 12 13 1k

9ok 91k 919 869 867
908 916 921 886 880
808 907 913 879 868
899 909 914 875 868
908 918 924 884 874
912 921 927 887 870
905 913 917 873 863
882 889 894 855 843
920 931 936 900 888
916 928 93¢ 884 875
915 927 93k 896 881
908 917 922 884 869
903 913 919 880 865
899 908 913 848 863
907 915 920 880 868
908 916 920 885 871
907 916 922 88L 871
903 912 918 873 864
925 937 945 900 889
902 912 919 878 863
885 892 896 859 8u1
908 919 926 885 877
914 925 931 890 882
90k 912 917 863 863
902 912 918 878 867

Steam Side
Zin Touwt s
603 907 5078
600 911 L918
6ok 902  L9o8
606 903 5056
608 912 5183
611 916 5536
605 906 L4193
605 882 Lgo
608 923 5220
668 918 568k
609 926 5773
608 910 5359
608 906  5h57
606 901 5127
608 916 5277
606 916 5102
608 915 5230
608 911 s5Ls59
605 93 5783
608 915 5188
€05 890 5510
606 910 s5k1T
608 916 5382
608 916 4888
606 915 4773

2-08501-dv3o9
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"APPENDIX B-3
STEAM-SIDE STABILITY DATA
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Run #1, 12-07-T1

Table B-8-1

DATA FOR THE BAYONET TUBE EVAPORATOR WITH THE P/D = 3 INSERT

(PARTIAL.Y INSULATED BAYONET TUBES)

RECORDED DURING THE STEAM-SIDE STABILITY TESTS AT 1100 TO 1200 kWt

SODIUM SIDE

STEAM SIDE
1b/hr degrees F psig psi "GPM degrees F
TIME : ,

‘ ¥ X | T | BT [T | Pt | % | B {2% 2P| e | Ttn | Tso8 Tuga| Tus7| T377| To57| T137] Tout
1342 8020 0.65| 493 519 535 606 | 1601 =591 1597 |10.0 8.0 130|834 690 800 705 650 620 611 609
1401 { 6770 0.76 | 476 508 526 605 | 1596 1590 1596 | 6.3 5.5 | 130|836 670 T90 TOok 652 620 609 608
121 STL0  0.93 | L20 48B4 510 608 | 1598 1596 1602 | 2.6 1.5 131|836 630 803 706 654 620 612 612

ik | bho 1,19 | koo 484 519 608 | 1610 1609 1616} 1.6 1.1 | 130|847 T70 835 810 T34 637 620 615
1501 Liko 1.k2 hei‘ - 130 (870 813 800 847 828 T92 TiO 638
1521 | 4270 1.31| 430 “1bo | 864 805 853 843 825 7§7 725 655
1541 | 3840 1.30 | b26 139 | 875 @18 869 855 839 815 T4 683
1601 9100 0.50 | 499 517 5% 590 | ik2c 1403 1Lko9 [17.0 10 112 €55 795 685 629 600 591 590

*The remaining numbers not defined due to periodically varying conditions

Z-08G01-dv3o
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Run #2, 12-08-T1

Table B-8-2
DATA FOR THE BAYONET TUBE EVAPORATOR WITH THE P/D = 3 INSERT
(PARTIALLY INSULATED BAYONET TUBES)

RECORDED DURING THE STEAM-SIDE STABILITY TESTS

AT APPROXIMATELY 1400 TO 1500 kWt

STEAM SIDE SODIUM SIDE

DE 1t/hr degrees F psig psi GP4 degrégs F
YR e [ B [T % [P | Po| P [®Fp |2%a | ¥ma | "in|Ts08|Tuo2|Tu37|T377 |57 Tl3"'( Tout
o94s | gok5 ©.72 | 4B2 509 525 602 | 1576 1561 1564 | 16,0 10 158_8#0 675 810 720 -665 622 611 - 609
10ck | 7800 0.88 | 461 495 517 607 | 1619 1609 1613 10,0 7.0 | 168|839 680 812 722 669 626 614 612
1024 7C40  0.97 | 4ko 482 508 608 | 1631 1625 1629| 6.0 5.0 | . 166 | 843 04 820 730 673 629 615 61k
1044 5860 1.17 | 421 477 503 606 | 1588 1586 1591 | 2.0 1.5 | 167 {843 730 837 814 TT4 653 623 618
1104 | 5260 1,32 | 418" 184 | 846 803 8k 828 817 787 T2k 6L49
112k | 5130 1.24 | b7 189 [860 812 857 843 830 B06 761 680
1143 6830 0.75 | k19 b1k 502 607 1609 1603‘~1A605 6.0 5.0 162 {830 772 822 805_ 788 T23 648 634

*The remaining numbers not defined due to periodically vary'ng conditions.

Z-08501-dv39
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Run #3, 12-08-T1

Table B-8-3

DATA FOR THE BAYONET TUBE EVAPCRATOR WITH THE P/D = 3 INSERT
(PARTIALLY INSULATED BAYONET TUBES) RECORDED DURING
THE STEAM SIDE STABlLITY TESTS AT APPROXIMATELY 800 TO 900 kWt

~

STEAM 3IDE SODIUM SIDE

TIME 1b/hr degrees F _psig psi GPM degré_es‘p
i Xe | |% (% |% | Bt | %o | b 2% |2 Ne | Tin[5c8 |Tuoz|Tu37|T377| Tes7| T137| Tout
132 | 6980 0.62 | 503 531 54 €09 | 1643 1637 1640 | 6.0 5.0 | 102|840 670 T90 692 6LO 616 608 607
1hce Ly70 1.03 L7 500 523 608 | 1611 1608 1613 | 2.5 2.0 103 | 849 698 815 703 641 615 610 609
1422 2182 2,09 | ka&1* 102 | 857 805 851 8Lkl 827 799 T55 643
Wh2 | 2500 1.67 | be9 104 {885 830 877 865 851 823 788 680
1502 5050 0.67 | 434 LU92 517 6LO | 1623 1621 1623 | 2.0 0.6 102|827 780 820 795 792 653 623 620

R —————
*The remaining numbers not defined due to periodically varying conditions.
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APPENDIX C
ANALYSIS

C-1 TUBE WALL TRANSIENT ANALYSIS

In order to investigate the transient behavior of the heater tube wall, a finite difference model to be
solved on the computer was constructed. Since the swirl generator was positioned midway between the
two DNB thermocouples, the plane through the swirl generator is a plane of symmetry (Figure 5-10), and
only one-half segment is considered (Figure C-1). The steam-side heat transfer coefficient denoted by h;{¢.t)
on Figure C-1 is a function of time and angular position the time behavior of h; being the principal parameter
to be varied in this study. In the transition region the steam-side surface may be alternately in nucleate
boiling with a very high hj or in film boiling corresponding to film blanketing and. a very low h;. The film
blanketing may occur over only part of the surface, and this intuitively will result in a lower temperature
fluctuation in the wall. The transient heat conduction problem will now be considered in more detail.

Transient Conduction Problem
Consider the transient heat conduction problem described by the following system of equations.
0T 13T  3’T 1 0T
— +  — =

- — — inr Sr < -
3.7 Y 367 Bt in r rsorg (C-1)

t >o0
Boundary Conditions:
)
kﬁI = hi (Le) (T-T) r=r ®=o0tom (C-2)
ar
0
ka—T=h0(¢)(TO—T) r=r ¢=oton (C-3)
(r ‘
oT _ - e
é.g—b—o at ¢ = o 1 Sr <y (C-4)
oT
6(1)“'0 aly =T oSS, (C-5)
Initial Condition
T=Tir¢)att=o0 (C-6)

The nodal grid of Figure C-1 was adapted and then the radial and angular coordinates are given by

F=r k(i - 1) Ar (C-7)

o=1(i-1 a0 c-8)

Dcnote the temperature of a point at time t and at time t + At by

T(r,p, 0 = Tii
1
T (r. 9.t + A1) = Tii

C4



DNB
THERMOCOUPLE
“INSULATION"

SODIUM TEMP, To

GEAP-10580-2

STEAM TEMP, Ti

= NWbdOO

Figure C-1. Computer Model Used irr the Transient Heater Tube Wall Analysis
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Following the approach taken in Reference 44, the finite difference approximation of the heat conduction
problem at node ij (see the enlarged sketch of node ij in Figure C-1) is

1 Ar Ar
Tij = M, (‘ * EE) Tivq,j * (‘ - -2;) Tict,j + Mg (T juq + Tj =)

(C-9)
+ (1 — 2MI’ - 2M¢) Tij
where
M, = a Av(an? (C-10)
Mg = o At/(rag)? : : (C-11)

For stability of the solution to be assured, the coefficient of the Tij term in Equation C-9 must be =0.
This yields for maximum time step at this node '

At < /(2 (1142 4+ 1/(rAd)?) (C-12)

The corresponding requirement for a surface node resuits in smaller time step than this, and the smallest
possible time step was used in the analysis to assure stability. ‘

The temperatures of the steam and in the sodium were held fixed at 605°F and 855°F, respectively.
The sodium-side heat transfer coefficient was set equal to 4000 Btu/h-ft3-°F for all nodes except nodes
j = 3, 4 and 5, where the heat transfer coefficient was taken equal to the effective overall heat transfer
coefficient of 2900 derived from the P/D = 6 insert experimental data in subsection 5-4. The validity of
this boundary condition was checked against actual temperature measurements by comparing the calculated
wall temperature at j = 4 to the temperature reading from the corresponding DNB thermocouple for particutar
measured outside and inside temperatures and heat transfer coefficients.

The steam-side surface heat transfer coefficient was assumed to vary between a fully nucleate boiling
coefficient of ~ 12000 Btu/h-fi2-°F and a pure film boiling coefficient of 500 Btu/h-ft2-°F. The total inside
surface was subjected to this variation according to saw-tooth, sine-wave and square-wave functions over
a range of frequencies as described in subsection 5-4. When part of the surface was subjected to this
variation while the remainder ot the surface was kept at an average value of the limiting heat transfer
coefficients mentioned before, the resulting temperature fluctuation was slightly smaller; therefore, the worst
condition of variation over the total surface was used in the study.

Due to the DNB thermocouple “insulation,” the local heat flux near the j = 4 nodse is slightly lower
than at other angular locations and the magnitude of the wall temperature fluctuation was found to be
approximately 7% lower near the j = 4 than at node j = 7. The reported temperature fluctuations are
therefore the largest.possible.

C-2 SINGLE TUBE STABILITY ANALYSIS

A computer code was used to investigate the cyclic flow oscillations occurring in the bayonet tube
steam generator. The oscillations occur when the steam in the upper cootion of the annulus becomes
supernéated. When the superheat becomes high enough, boiling may start in the hayonet tube. The resuiting
accelerating two-phase flow in the bayonet tube will decrease the head and increase the friction pressure
drop, which results in decreasing flow. This causes a further innrease of the eupcrheat in the annulus,
thus higher quality in the bayonet tube and yet lower flow. This is called flow-heat transfer divergence:
Flow-heat transfer divergence ends when the vapor region in the bayonet tube expels the liquid downstream
before subcooled water rushes through the bayonet tube again.
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This explanation of cyclic flow oscillations was verified by using a mathematical model of a single
bayonet tube to substantiate flow-heat transfer divergence. The object of the code was to prove that, for
amounts of superheat in the annulus sufficiently in excess of saturation temperature, boiling occurs in the
bayonet tube. The code would show that the resulting two-phase flow friction pressure drop decreases
the flow rate, which further increases the heat transfer per unit mass rate, continuing increases in void
fraction and friction pressure drop (i.e., flow-heat transfer divergence).

The bayonet tube is a vertical tube approximately 590 in. in length with an i.d. of 0.501 in. and an
o.d. of 0.625 in. Details of the bayonet tube and the insulation used in the upper portion are shown in
Table 4-1 and in Figure 4-9.

Fluid conditions corresponding to stability run number 1 given in Table B-8-1 were selected for investiga-
tion. Heat transfer coefficients used were 280 Btu/h-ft*>-°F in the insulated section and 1000 Btu/h-ft>-°F
in the single wall tube region. The uniform tube wall temperature at the beginning of the simulation was
608°F (boundary condition number 1, Figure C-2). The superheat profile increased this temperature by 200°F
over the upper portion (Figure C-2, BC 2). The slip ratio for homogeneous fiow was 1.5 and the pipe friction
factor was 0.02. The code assumes that the tube walls have no heat capacity. Since the code uses a
macro-slip model, flow regime oscillations are precluded. Enthalpy is treated as a function of temperature
only. Fluid properties were calculated at a reference pressure and considered constant.

The fundamental equations of the code, conservation of mass, momentum, and energy, were adapted
from the finite difference linearization approximation used by Meyer and Rose* and will not be repeated
here.

Void fraction, effective slip flow density, and the friction pressure drop relations were also the same
as those used in Reference 40.

The criterion for choosing the time step size was stability. Stability of the basic energy equation was
established by standard methods. The solution of the bayonet tube temperature profile, etc., was found
by first finding the effective slip flow density for each node using qualities and void fractions of the previous
time step. This density value and the heat flux resulting from the temperature difference of last step’s fluid
temperature profile and the imposed tube wall temperatural profile yield the nodal enthalpy. Nodal quality,
vaid fraction, and temperature are calculated from this enthalpy value. Each node's local flux correction
factor, or density change, is calculaled from the new void fractions.

The previous time step's flow resistance is then used to find the current time step’s mass flow rate.
An integration of the local flux correction factors is applied to the average mass flow rate yielding the
mass flux rate at the inlet. The succeeding mass flux rates are calculated by applying the local flux correction
factor in sequence. The friction pressure drop and the elevallon pressure drop per node are calculated
using the new nodal mass flux rates and the present nodal void fraction. The sum ot the friction and elevation
pressure drops is the flow resistance. Now, the necessary quantities are known to start the next time step.

The simulation was started by making initial estimates of mass flow rate, enthalpy, etc., for each node.
These values plus the inlet enthalpy and uniform tube wall temperature allowed the simulation to reach
steady-state in 10 sec. Then, the superheated profile given by BC 2 in Fiyure C-2 was imposod on the
system. The flow decreased as the driving force decreased (Figure 7-33), showing flow-heat transfer diver-
gence. The program was terminated when flow reached approximately 50% of the steady-state value.

C-3 DNB CORRELATION FACTOR

The multiplier used to correlate the DNB data as discussed In Seclion 5 and given by Equation 5-15

C = (DH/DO)07 (G/GO)045/(1 + AR)O.ZS (5-15)

C4



N oMb WN

o

10

1

12

13

14

15

16

17

18

19

DISTANCE FROM BOTTOM OF BAYONET TUBE {in.)

472
462

452
442

432
422

312

282

252

212

172

132

98.2

0.0

GEAP-10580-2

ft— i.d. = 0.501 in.
<! | i.d. =0.321 in;
\_— INSULATED
SECTION
.
[~ 3
(@]
-t
o w
s
[~ 590.9
|
=
Y

BAYONET TUBE NODE

LOCATION

BOUNDARY CONDITION 1

| BOUNDARY
| CONDITION 2
4—,200o
a72 )
Ve
7
s
a2 €
-
<
(7]
P- I
It
og ’
I B T
600 700 800 900
.TEMPERATURE
PROFILE (°F)
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A parameter of interest in the analysis of the experimenta! boiling data is the radial acceleration, Ag
in Equation 5-15, developed by the insert in two-phase flow in the thin liquid film at the tube wall. An
expression for this radial acceleration, expressed as a muitiple of the standard gravitational acceleration g,
was obtained in Reference 37. It was assumed that the liquid fraction in the two-phase flow occupied a
negligible fraction of the flow area. )

The radial acceleration is then given by:
“AR = (XG/pgS 11D/P)? 2/Dg : (C-1)

Equation 5-15 was evaluated for P/D ratios of 6 and 3 using Equation C-1 when the slip ratio S of
the high-pressure two-phase mixture was approximated by:

S = (oglpg) 172 A " (C-2)

The results are shown in Figures C-3 and C-4 for difference mass flow rates. These curves are convenient
when applying the DNB design limit given by Equation 5-17.
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