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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. 

-----------------·------·--~-~- -- ----~~---·-· -

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 ernpluyl:!l:!S, nor any of their contractors, subcontractors, 
or their employees, makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness o~ 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 tran.~fer 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 observed 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 plant 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 found to be mur1:1 
than 50% highAr thrin 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 i.;unductivity 
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 i:; 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 expected, and a careful 
selection and testing of d1tterent arrangem1:111l::. 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 gradients were measured near and immediately below the sodium 
level in the evaporator ;:it f•.111 load oporation, becoi"ni11y lm:reaslng1y 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 calll"! su_rface disturbances, and thus reduce the thermal cycling of the tubes at the sodium 
level cover gas inferface. This produces a cold sodium region above the calming plate with the hottest 
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 tran&fer 
rate:> in and out of tho oolminq reyiun hA re,smtted or adju3ted. 

Cross-sectional sodium temperature maldistribution will always exist when the sodium has to flow radially 
across rows of tubes before parallel flow starts. Application of the present tests results 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 unbalance being the wurst In tM 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 temperature; thus, the thermal cycling of 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 maldistributions 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 abou_t 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 desigr:i 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 boilirig 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 td 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 app.roximately 60 to 100% and was found to be 
stable. However, if the unit is pushed far beyond the steam-side design range where the exit steam conditions 
becomo cuperheated by appro:v:im;:itP.ly 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 out3ide tho ~team ·side operating range considerAd; therefore. no f1,1rther work on this particular data 
seems necessary. However, more steam-side stability testing at very low power levels is desirable. 

1.5 SODIUM.SIDE 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 ch'anges introduce thermal cycling of the tubes, it is recommended that 
the instability problem be investigated further, possibly by simulation in a water loop. 

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 variation1 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 sorlium 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 
.~d-197C 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 SG!R comprised Subtask F of Task VI 
of the 300 MWe Fast Ceramic Reactor Component Development Program 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 uniformity of fluw distribution 
on the steam side. 

5. Confirm, experimentally, and provide basis for improved modification of design prediction, 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 half- 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 fluctuations 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 report2 covers 
the SGTR operating experience and the post-test examination of the evaporator and superheater tube h1.mrlle.s. 
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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 well-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. 3,•,• 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 5 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 proposP.d 
by Gunter and Shaw. 7 

3.2 STEAM-SIDE HEAT TRANSFER AND PRESSURE DROPS 

3.2.1 Evapuretlur 

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 1 O"F below saturation temperature. The 
water now receives heat through the heater tube wall from downward-flowing sodium and reaches saturation 
condition about 1 O ft above the bottom end of the tube, 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. 
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Schematic Diagram of the Bayonet Tube Assembly Used as the Basic Heat Transfer Device in the 
SGTR Evaporator Model 
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Figure 3-2. Schematic Diagram of a Portion of the Bayonet Tube Assembly Showing Swirl Generator Device 

3-3 



GEAP-10580-2 

The subcooled liquid phase heat transfer in the bayonet tube is well defined by the Dittus-Boelter 
correlation,9 and the pressure drop can be calculated by standard methods used for pipe flow. ' 0 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; 12 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 traditionally 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 contribute~ little to the overall thermal resistance of the heater 
tube; therefore, to a good approximation, the nucleate boiling coefficie~t is given by Chen's correlation.•• 

Peterson, Converse, and Gutstein 1
• performed two-phase pressure drop experiments using air/water 

mixtures and found that the Martinelli-Nelson15 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 Suporhooter 

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. 10 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 Saban and 
Mclaughlin. ' 9 

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. 
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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 sup.erheated 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' 9 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.2° Tippets21

• 
22 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

• •• 

Quinn,2° and Kunsemiller.26 Beyond DNB, wall tempera~ure fluctuations were found to occur over a very 
narrow range of conditions. Hench reports the magnitude 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 21 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 length slightly longer than the terminus travel. 

The movement of 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 fiow 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 boiling 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 9f the swirl generator and the corresponding radial acceleration field also modifies 

• The heat flux i~ uniform and con3tant 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 2

" 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 approximately 150°F and it appears, therefore, that the wall will rewet 
after having been blanketed momenta.rily. 

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

Experiments2
• with once-through steam g·enerators 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 obtained30 with coiled tubes 
and it is clear from the illustration of Figure 3-4 that the annular swirl geometry can be interpreted as a 

I 

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 cpiled tube vs the strai!'.jht tube30 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 observed25 to be space 
dependent. This is a characteristic of" any developing thermal ·boundary layer, but Quinn 31 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 2-1I4 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 
from 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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CURVE MATERIAL REFERENCE 

1 2.25 Cr-1.Mo (a) 

2 2.25 Cr-1.Mo (b) 

3 · · 3.00 Cr-8.Mo {c) 

4 2.25 Cr~ 1.Mo (d) 

5 2.36 Cr-1.Mo (d) 

6 2.25 Cr-1.Mo (a) 
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a. "Design Guide for LMFBR Sodium Piping," Report SAN-781-1, Prepared for 
USAEC by C. F. Braun and Company, February 1, 1971. 

b. Standards of Tubular Exchanger Manufacturers Association, Fifth Edition, 1968. 

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

d. Sandrik Steel Manufacturing Company, Sweden, Products Catalogue. 

Comparison of Available Thermal Conductivity D'ata for the Heater Tube Reference 2-114 Cr· 1 Mo 
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: 

• Power ................................................................................................................ 2000 kWt 

• Top Sodium Temperature .................................................................................... 1100°F 

• Sodium Flow Rate ............................................................................................ 200 gpm 

• Top Steam Temperature and Pressure .............................................. 1000°F/2400 psi 

• Steam Flow Rate ............................................................................................. 8000 lb/h 

• Recirculation Water Flow Rate .......................................................................... 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 4-5 is a view of the SGTR from be.low 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 Reference 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 ttien leaves the evaporator through Nozzle 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). 
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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 o.d . i.d. o.d . i.d. o.d. i.d 

6 0 .252 0 .06 48.4 49.4 1.500 1.184 0.625 0 .500 

3• 0.252 0 .06 48.4 49.4 10 1.500 1.184 0 .625 0.500 0 .437 0.321 

• This was the swirl generator P/D rat io used in the upper approximately 24-ft section ; in the lower approximately 25-ft 
sect ion, the old P/D ; 6 swirl generator inserts were used (Figure 4-Bl. 

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. o.d. and are made of 3/16 in. o.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 10 in., 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 tutie 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 2-1I4 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 coil superheater consisting of three, 74-tt-lorig, 
full-size (1-1 / 4 in. o.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 1-22), low carbon chrome-moly (0.03"';;, C), niobium-stabilized chrorne-muly ( 1% NI.>) , am.I lila11iu111-
niobium-stabilized chrome-moly (1 /4 Ti, 1 /2 Nb). Except for the associated differences in tubing materials, 
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STAMP' IDENT LETTER 

MAT'L -
AISI 1015 

INNER TUBE -7/1' h•.O.D.x 0.051 i11. WALL 
MAT'L - AISI 1015 

3 REQ'D - EACH TO IE 3 ft - 4 i11. LG 

, 
" 

OUTER TUIE - 5/1 i11.0.D.x 0.062 111. WALL 
MAT'L - SA 179 

SEE NOTE #2 
4 111. 3 3/ 4 111. 

REf 

' ' 

LOWER HALF 
Of EXISTING 
BAYONET TUBE 

/ 

CUT TO SUIT AT ASS'Y (REF - 24 ft - 5-5/8 In.) 24 ft - 10-1/2 ill. 

Figure 4-8. 
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0.630 :g:~ DRILL 

Details of the Insulated Bayonet Tube Design 
Used With the P/D = 3 Swirl Generator Insert 

~ill. THK SPIRAL FIN ON 
0.07 3-1/2 i11. ± 1/ 4 i11. PITCH 

MAT'L - AISI 1015 

1 1/8 in. 
DIA 

IDENT 
ETTER 

I 
c 
D 

E 

F 
G 

LENGTH 1-0 i11. 
-1/32 i11. 

49 ft - 4-1/8 111. 

49 ft - 4-1/8 i11. 

49 ft - 4-1/8 i11. 

49 h- 3-15/16 i11. 

49 ft - 3-15 16 i11. 

49 ft - 3-15/16 ill-

49 ft - 4-1/8 i11. 

1/2 111. 

J'YP' 

3/ 32 in. DRILL 
ONE HOLE 
BOTTOM OF EACH 
SECTION OF 
INNER TUBE 

2 P'LACES 

NOTES: 

1. l'INS TO IE TACK WELDED 
EVERY 2 ft 0 i11. & AT ENDS. 

2. FIN TO IE OMITTED 
l'OR 4 i11. EA TUBE FOR 
SHOP JOINING. 

3 FIN 0 D TO BE 1 175 +o.ooo ill. . . . . -0.032 

4. ALL FINS TO IE Dt:IURRED. 
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CLAMPING SPRING 

HEATER TUBES 

BAYONET TUBE WITH SWIRL GENERATOR 

SUPPORT PLATE 5/ 8 in. THICK 

Figure 4-9. Schematic Diagram of Evaporator Tube Support 
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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 react.ion products disposal tank provided in the tP.st rig. F11rthP.r rrntP.r.tinn nf thP c:;hPll frnm 
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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Figure 4-11. 
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Coi/Bd-Tub#I Superheater Tnt Section Bundle during A1t1embly (Courtesy Foner Wht1t1/er 
Corporation} 
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Figure 4-12. Upper Portion of Tube Bondi<! for Colled-Tube Superhea~ Test Sectio'1 (Courtesy Foster 

Wheeler Corporation) 
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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 lb/h) with a head 
of 1 00 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 lb/h) with a design 
head of 2500 psia. 

4.5 DATA ACQUISITION 

The main component in the data acquisition system is a Hewlett Packard HP 2114A small , general-purpose 
computer with a BK 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 los::;es 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 tne sodium temperature measurement::; is believeu iu 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 thermowells 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. ln-loQD calibrntinn procedurei; to ohcclc the pr~:;~ure readings f(llat1ve 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 f!stim<ited to be ± 2%: however, pre::;::;ure differentials based on 
electronic summation of absolute readings were not very accurate, especially when small 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 evarmr~tor inlet and outlet, the steam drurr1, and 
the Sl.Jperheater inlet and ou.tlet pressures (Figure 4-2). Differential pressure drops were obtained 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 cpnnected 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 measured between Ll1t1 c.:;oi)densat0 feed pump and 01A !';team drum. tne 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 impulse 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 flow 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 
11ow and inlet temperature and the recirculation 1flow 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 c;hange 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 flow 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 recirculation 
flow rate was then increased in steps until stable conditions were reached. This entire procedure was then 
repeated at other power levels by adjusting sodiu.m 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 nur"r1ber 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 excha.nger 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 
tile 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 useful 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 coefficient 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 Procedure 

A summary description of the EVAP code is given in Appendix A-1. Basically, the code performs a 
detailed thermal-hydrauli.c 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 boiling region 
and used as models in the EVAP code are presented below .. 

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

Nu (5-1) 

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

Selection of the right tube wall thermal conduc:tivity 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 hA c;r;un<iwhoro between th~ t:ixtrnrne values, 

the udld ur ReTerence 3~ were selected and used in all subsequent data reduc:tion. These data can be 
described by: 

k 25 - 0.005 T (Btu/h-ft-° F) (5-2) 

·, For notation see tilo nomenclature at the front. 
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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' 3 is believed to describe the steam-side nucleate boiling 
coefficient to a sufficient degree of accuracy. Chen's correlation is given by: 

k 0 .7 9 x cpt 
0 .45 x Pt° .49 x 9

o .2 5 
h s 0.00122 x f x ~To.24 . 

0
o .5 x µ/ .2 9 x Hfg 

0 .2 4 x p 0 .2 4 sat 
g 

(5-3) 

x ~pO .75 + F 0.023 x Re o.s x Pr o.4 x kf 
(8tu/h-ft-°F) sat f f -

DH 

Using these correlations, the measured inlet conditions of the sodium-. and steam-sides, and the measured 
sodium and recirculation flow rates as input, the EVAP code was run for a few cases with different values 
of c, and c, in the sodium-side correlation until a reasonable agreement between measured and calculated 
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 C2 in Equation 5-1 had to be made in a few .subsequent cases, after 
which excellent agreement between measurement and analysis was consistently achieved. Due to temperature 
and heat flux variations along the evaporator, ti'le ln<.llvlt.luctl conductonooc given by thF:l previous correlations 
were found to vary considerably w1tli a)(lal puslllu11 dlong the cvaporatur. The r:nrrARJ10ndim1 l9cal 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: 

l/UEVAP 

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

1 

N 

N 

~ 
i = 1 

h· 
I 

(5-4) 

(5-5) 

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 also evaluated using the standard logarithmic mean temperature 
difference procedure mentioned earlier. This was accomplished by assuming tha.t 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 elevation 257.5 in. generally 
above the start of the boiling region. 

It is apparent from Figures 5-1 and 5-2 that considerable cross-sectional temperature 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: 

(5-6) 

The logarithmic mean temperature difference for the boiling region is: 

LMTDb (°F) (5-7) 

The boiling region overall heat transfer coefficient is then: 

(5-8) 

The steam-water temperatures used in evaluating LMTDb were_ taken from the corresponding EVAP 
runs. 

5.1.2 Boiling Region Overall Heat Transfer Coefficient 

The overall heat tr::insfP.r r.oefficient was evaluated for 116 runs, of which 16 were regular thermal 
performance runs of relatively low exit steam quality. Th~ majority of the data, how~vt:H, w~re talrnn during 
the departure from nucleate boiling tests at high exit steam quality corresponding to. some partlal film boiling 
near the upper portion of the unit. The ranges of conditions maintained for the evaporator during the tests 
were as follows: 

• Sodium Inlet Temperature - 740 to !J12°F (855)* 

• Sodium Outlet Temperature - 595 to 621°F (632) 

• Sodium Flow Rate - 39,293 to 94,962 lb/hr (75,000) 

• Steam Drum Pressure - 1,555 to 1,674 psia (1,635) 

• Steam-Water Flow Rate - 5,882 to 21,020 lb/hr (22,500) 

• Water Inlet Temperature - 454 to 575°F (S65) 

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

• Thermal Power - 740 to 1,516 kWt (1,500) 

' Tile 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 Appendix 
B-1 along with test parameters. 

The overall heat transfer coefficients in the column denoted by UevAP 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-ft2 -°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-rated 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 2 °F) 

Location 

Overall D"- , 
Steam Side, li

5 
Equivalent Wall, hw 
Sodium Side, hNa 
Fouling Coefficient, hf 

(a) Run 3-29-71 (2010) 
Thorma! PowPr 

Steam Drum Pressure 
Sodium Inlet Temperature 
Sodium Flow Rate . . . 

Predicted Coefficients 

586 
(Chen's Correlation) 5105 

(Wall Thermal Conductivity 16.25) 1046 
(Seban·Shimazaki Correlation) 1966 

No Fouling Effect 

1517 l<Wt 
1650 psia 
.. 856°F 

. 69100 lb/h 

SGTR Experiment(a) . 
Exit Steam Quality= 0.34 

923 
8959 
1376 
4713 

No_ Fouling Effect 

It can tie ·seen from Table B-1 that the measured overall heat transfer coefficients are considerably 
higher than the predicte

0

d values. The scatter in the log mean temperature based values is gre.at, due · 
mainly to the difficulty in determining the actual small temperature difference be.twP.An the sodium-side and 
steam-side at the start of the boiling region in the lower part qf 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 tho subcooled region (Figure 5-4), the heat transfer is 
small and the temperature differences 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 parallel flow in rod bundles because the evaporator contains a baffle.:.or support plate with 

•This steam-side coeffic:ient was calculated in the original design calculations" at a particular flow rate, exit steam quality and heat 
flux. Although !he actual test conditions were generally somewhat different, this v<ilue was used for convenience to avoid extensive 
recalculations since ii has small effect on the overall value. · 
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an area ratio* of approximately 0.5 appro.ximately 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 5 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' 3 due to the swirl flow in the annulus. 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 correlation for the 
sodium-side by the determination of c, and C2 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 technique3

• 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 Bolling 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 often referred to as the Wilson-plot technique. 3

• The method is particularly useful 
when one of the heat transfer coefficients is known or has little effect on the overall heat transfer coefficient 
and the wall conductance can be specified accurately. 

In the present investi!'.jation, it was r!P.sirP.d to obtain a correlation for ll 1~ sudlum-slde 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: 

1 /hNa (5-9) 

In this equation, the average overall heat transfer coefficient V is availahlP. frnm direct meaeuromcnt 
ba:,~u u11 the log mean temperature approach in Table B-1. 

Two other quantities are need~d for the evaluation: (1) the steam-side heat transfer coefficient hs 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. ' 3 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 he.at transfer resistance and influences 
the overall heat transfer coefficient strongly (approximately 60% of total). The wall thermal conductivity 
1,JSed in Enur1tion 5-9, therefore. must be selectt!u with care. In this evaluation the rl::it;:i of Reference 32 
given by Equation 5-2 were a:;sumed to be correct. The effect of this assumption will be considered later. 

The area ralio equals 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 Peele! 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: 

(5-10) 

This equation is of the linear form: 

y C1 + C2 x 

where 

y Nu (5-11) 
k l/ULMTD 

and 

x (Pelo .s (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 C2 and the intercept with the y-axis (x = 0) given by c,_ 

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 transfer coettrc1ents is large as Is evlc.Jtml hurri Table 0·1. I lowever, 
considering the complexity of this system, some scatter must be expected, anc.J 1111::! 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 (Pel 0 .s 
(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 Peele! numbers is not valid and the selection of c, = 5 
was guided by previous work in this area (e.g., that by Seban-Shimazaki 5 ). However, more recent experiments• 
have shown that the Nusselt number Is about Lwi<.:e tire Vi:ilue given by Equation 5· 13 for Pccl<:it 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 Nusselt 
number is plotted vs Peclet number. Curve 1 is Equation 5-13 and Curve 2 is the Borishanskii correlation• 
for th.e 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 design of similar systems. The breakdown into individual conductances is only important when the 
general validity 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 channel 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. S-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 
thP. sf!me 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 cnannel Is elm;!:! 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 
to 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 Mtn. 

It was the intent in designing the seal to select the radial clearance ir1 the hot operating condition 
so that approximately 95% of the flow would pass through the tube bundle· and the balance through the 
bypass channel. Significantly higher bypass flow rates would hurt the thermal performance; too small a 
gap and corresµonding bypass flow rate would increase the risk for self-welding, etc., preventing relative 
thermal expansion between the flow stuuuu and the vessel. 

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 temperature measurt:!rnents from the external thArmocot!plAs 
along the vessel shuwn in Figure 4-13. Thoi:;~ ll 11:111nocoupll'!l'I r1ir1 not read. th~ sodi~1m tAmperature <;lirectly, 
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 nn::ilytic axial and cros!'l-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".fo ~ypass 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 remainini:i channels is increased by the hii:iher 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 crlteriuri 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 wer.e needed, sirice there is a reduction in steam qurility 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 characterlsllvs of the double wall bayonet tub9.s emrloyP.d with the PIO = 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 double wall bayonet tubes are shown in Figure 4-9; a schematic diagram is shown in 

Figure 5-8. The approximately 1 Oft of double wall section at the top have lower heat transfer 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 also 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 evaporat9r 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 ca~efully 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 temperature difference lrurn the measured temperatures T; 0 , 

Tout• Ts. and T; (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 t~e 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 
INSULATEU (DOUBLE WALLI 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 

Temperature Temperature Temperature Difference Flow Rate Transfer Area Co•fficient 
Time T;n(oF) Tout(oF) T

5
(=T

5
') (F) LMTO (°F) w (lb/h) 0 (Btu/h) A (It') U (Btu/h·ft 2 °F) 

0012 504.7 517.2 556.4 45.2 1481 22210 1.5 325.8 
0112 513.8 528.8 574.2 G2.5 1366 24804 1.5 312.7 
0212 525.1 541.7 596.7 62.9 1349 -27394 1.5 288.4 
0312 508.5 528.5 598.0 79.1 1356 32757 1.5 274.4 
0412 506.4 527.1 603.0 85.8 1300 32456 1.5 250.5 
0512 499.9 522.8 603.8 92.0 1319 36252 1.5 261.1 
0612 505.9 527.6 605.7 88.5 1353 35402 1.5 265.0 
0712 410.5 469.0 603.0 161.5 655 43354 1.5 177.9 
0915 410.4 486.9 600.1 148.2 622 54249 1.5 242.6 
0945 411.6 473.4 608.4 164.0 695 48716 1.5 196.8 

The deduced overall heat transfer coefficients are plotted _in Figur_e 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 prnssure gradients in the tube are smaller at the higher temperature .differences (Table 5-2), 
pecause the flow is generally lower; this could possibly result 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. 

IL is interesting to compare the experimental results with the overall heat transfer coefficient calculated 
assuming stagnant water in the gap. This coefficient is l_ower 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. 

In the reduction of the DNB data to be described next, a value of 280 Btu/h-ft2-°F was used for the 

double 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. ar~ 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 8-3, 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 ~t 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, anrl th~ actual average teff1µt111:du.re rise tor the particuiar 
run COUid 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 5-11 and 5-12). The 
point "O" 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: 

W - S X W X (LH
5 

- .1T) (5-14) 

• The fluctuations shown by rt1e DNR thermocouplcG. even in the 11ucleate boiling mode. are due to outside sodium temperature fluctuations, 
also indicated by the sodium thermoco,uple (T/C 1) in Figures 5-11and5-12, and will be discvssed ~P.r><1rately 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 8-3 
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 DN8 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 DN8 runs as indicated in Table 8-3. 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. 

Once the recirculation flow rate at DNB had been determined (given in the WDNB column in Table 8-3), 
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 DN8 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 nucleate boiling heat fluxes. 

5.3.3 Departure from Nucleate Bolling 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 i~ Table 8-3, along with measured recirculation flow rates and the recirculation 
flow at DNB deduced from the temperature data accoi'Cllng to Liie DNB criterion defined in the previous 
subsection. The output from the EVAP code yielded the local nucleate boiling heat flux and the steam 
quality ~t thP. DNB oolnt. The nucleate boiling heat fluxes were adjusted according to the procedure outlined 
in the previous subsection tu account for the change. In sl~,;1,.-1-~ide hoat tram:fFu r.nefficient. These heat 
fluxes were then multiplied by a correlation factor given by: 

c (5·15) 

where ~ is the radial acceleration in "g's" experienced by the fluid due to the swirling motion imposed 
by the swirl generator. This correlatlur1 factor wa3 propo&ed by Tippets35 in the early stages of the ESADA 
project for this particular geometry. The radial acceleration ~ 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 8-4 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 DN8 occurred range between 70 and 95% 
for 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 900°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 

.. aR adjusfrrient 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/Q = 3 swirl 
generator insert is generally lower than for the P/D = 6 i:isert (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 surface 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 llmit 
must be drawn below all data. The curve drawn in Figure 5-14 has the· equation: 

(5-16) 

The functional form of Equation 5-16 was established by Tippets21 and has been used successfully 
in previous work. 37 The critical heat flux design limit is then given by the relation: 

(5-17) 

when C is the correlation factor given by Equation s~ 15. The value of qc 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. 35 

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 d~moted by Rogian 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: therefore, the cteam.sida 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 !hie 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 insulation shown schematically in Figure 5-18. 

• These results were made available from Nuch'!ar Systems Programs of General Electric Company, Cincinnati. 

5-26 



Figure 5-15. 

NOTE1 PHOTOGRAPH COURTESY OF GENERAl ELECTRIC 
MISSILE AND SPACE DIVISION, CINCINNATI, OHIO. 

WH20 =0.00685 lb/sec TUBE i.d. =0.875 In. 

WAir =0.0323 lb/sec c.s. =0.25 in. 

x =0.8250 P/D =3.0 

-·----FLOW 

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) 

Gl 
m 
)> 
;:i 
~ 

0 
01 
00 
9 
~ 



Figure 5-16. 

NOTE: PHOTOGRAPH COURTESY OF GENERAL ELECTRIC 
MISSILE AND SPACE DIVISION, CINCINNATI, OHIO. 

WH O = 0.0033 b/sec TUBE i.d. =0.875 in. 
2 

W Air = 0.04 lb/sec C.B. =0.25 In. 

x =0.9238 P/D =3.0 

.. FLOW 

Phase Oistribution of Air/Water Mixture in Annular Swirl Flow Geometry at Approximately 92 
Percent Quality Showing the Presence of Rivulets (Photograph Courtesy of General Electric 
Missile and Space Divisiofl, Cincinnati, Ohio) 
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Figure 5-17. 

NOTE: PHOTOGRAPH COURTESY OF GENERAL ELECTRIC 
MISSILE AND SPACE DIVISION. CINCINNATI. OHIO. 

Phase Distribution of Air,Water Mixture in Annular Swirl Flow Geometry at Approximately 95 
Percent Quality Showing Water Flow along the Center Body (Photograph Courtesy of General 
Electric Missile and Space Division, Cincinnati, Ohio) 
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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-ft2-°F. Then the effective 
overall heat transfer coefficient from point 2 to point 3 (Figure 5-18) can be calculated from the relation: 

. (5-18) 

I 

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

(Btu/h,-ft 2
) (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: 

(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 Uettis 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, Uett cannot vary much for the sodium flow and temperature range tested; therefore, a mean 
value of Uettis believed to be representative for the actual situation. Averaging of Uettapproximately 2900 
for the P/D = 6 data and lkttapproximately 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 ToNs are available, 
and since oeff 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: 

From this, the average overall heat transfer coefficient from 2 to 3 can be calculated from: 

and finally, the steam-side coefficient can be evaluated by rearranging Equation 5-18 to: 

1/h s 

(5-21) 

(5-22) 

(6-23) 

The average temperature data and the results of this calculation are given in Table B-5-2, alon!'.1 with 
the tul;Je insidR wnll tPmplilrilturo c;:iloulatcd from. 

(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 Tnhle B"S-2, 
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In the region denoted by 3 in Figures 5-11 and 5-12, film boiling prevails locally in the tubes near 
the DN8 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 DN8 thermocouple reading could be read from the Sanborn traces; (e.g .. 
the reading from TIC 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 8-5-3. 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 8-5-2 
and 8-5-3, along with the local steam qualities. For each DN8 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 ste;;im riuality, the local heat transfer coefficient has dropped from a fully nucleate boiling coefficient 
to approximately 1500 8tu/h-ft2 and continues to decrease as the steam becomes superheated. The theoretical 
asymptotic value of ~ for fully developed fllm boiling for the range of conditions tested is approximately 
500 8tu/h-ft2 and this 1s 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 
nonP.riuilibrium 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 alonl:l. 

The apparent scattl:lr 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 DN8 
tests were run over a large range of conditions as stated in connection with the DN8.evaluation (in particular, 
thP. heat flu>e) 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 steam-s1ae heai Lransftn (;Oefficient 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 throuah thP. 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 

Ae -bx2 (5-25) 

where 

A 200.000 
b 4.539 

This formula was used in adjusting the nucleate boiling heat fluxes at DN8 as described in subsection 

5.3.3. 
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Local Steam Side Heater Tube Heat Transfer Coefficient st the Upper DNB Thermocouple 
Location vs. Local Steam Duality for Both the PIO= 6 and PIO= 3 Swirl Geherator Inserts 
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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 PID ratios tested. Sinr,e 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 PID = 3 insert are generally higher than the PID = 6 points. The reason 
for this is that the average heat flux for the PIO = 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., 30 for boiling in coiled tubes shown in Figure 3-5* (modified form of Figure 24 in Reference 30). Carver 
found that the breakdown of the nucleate boiling process was a gradual process occurring over a range 
o'f steam qualities and not uniformly around the tube (i.e., t.he breakdown in the nucleate boiling process 
started at a lower average local steam quality at some angular positions than at others). This resulted 
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 .1T's. In particular (Figure 5-10), it is noted that DNB 
TIC 26, which is a "wet" thermocouple, almost consistently has higher .1 T's than the other thermocouples 
for the PID = 6 tests. A similar trend is noted with DNB TIC 34 which is also "wet," but not to as large 
a degree as with TIC 26. On the other hand, for ttie PID = 3 tests, the DNB TIC 25, which is "dry," has 
the largest response followed by TIC 26 which is located in the same tube and is "wet." Also, in the PID = 3 
tests, TIC 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 prAsP.nt ge9metry; 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 understanr1ing 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 a line 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 Btulh-ft2 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 Btulh-ft2-°F, which is a typical value. The total steam-side su.rface 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 transfer 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 Comparlso'n of Maximum Heater Tube Wall Temperature Fluctuatlons 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 shown in 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 hiyh frequency, the 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 12,00U ar'il'.l 
soo Btulh-ft2-°F, respectively) were the same for all functions, the square-wave variation is the most severe 
::inrl rP.SUl!s in the largest temperature variation throughout the tul.JI:! wdll. The onolyciE r"v9<1lt:>rl th::tt. in 
this resoect, the determining factor was the fraction of the totai cycie fur which the heat transfer co1?.ttir.iP.nt 
was at or near its lowest value (i.e., the longer the tuoe was 1.h i~u out momontorily,. th'il mnrP. !>P.vere 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 TIC "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 temperature 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 TIC 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 fluctuation and the mean frequency could be obtained. 
An example of such a DNB run is shown in Figure 5-22 from the PIO = 6 insert tests. The available data 
on the wall temperature fluctuation are shown in Table 5-3. 
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ASSUMED FORMS OF STEAM SIDE 
HEAT TRANSFER COEFFICIENT: CURVE 1 
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hfllm= 500 ··I~ 

T=l/f ~t 

CURVE J ~~ I .I 
h • 

-· 

1.0 10.0 100.0 

FREQUENCY, f =1/T (H,.) 

Theoretical Max/mum Heater Tube Wall Temperature Fluctuation vs. Frequency at an Angular 
Location of 90° away from the Swirl Generator for the Total Steam Side Surface Subj~ted to 

Various Periodic Cycling of the Steam Side Heat Transfer Coeffi<;ient 
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Figure 5-22. Sanborn Traces of the DNB Thermocouples during a DNB Run with P/D = 6 Swirl Generator Insert 
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Table 5-3 

OUTSIDE WALL TEMPERATL!RE FLUCTUATION 

AND FRt:UUENCY DATA IN THE TRANSITION REGIME FROM 

SANBORN TRACES OF THE DNB THERMOCOUPLES 

Peak-to-Peak 

Amplitude Frequency 

Date Time DNB TIC (oF) (1 /sec) 

8-17-71 1435 25 8.5 0.31 
8-17-71 1435 29 4.5 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 2.5 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 3.5 0.20 

P/D = 3 10-19-71 1753 25 4.0 0.26 
Swirl Generator 
Inserts 10-19-71 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 total surface. The minimum value of the steam-side 

coefficient had to be r;;i,ised from ~no tn 3300 Btu/h-ft2 °F tor the calculat~tJ inside 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 systerri. 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 

thP. smfar.e rirpears to fl><porioncc fluetuatk.11°1:, uf tl1~se magMudes. 

It is interesting to note the range of frequencies of the observed fluctuations is '"""0.20 to 0.35 Hz, 

which is comparable to the results of Hench, 23 which reported '"""0.5 Hz for transition boiling in rod bundles. 
The frequency may depend on the mass flux on the steam side; however, no such effect could be noted 

here because of the narrow rangP. of mriss tlr.r:v: ratac tooted. It appca1::. f1 u111 Figure t>-:::!3 that the average 
frequency is smaller for the P/D = 3 than for the P/D = 6 data. This effect may be a real one; however, 
more tests are needed 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. 36 

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 could 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. 36 

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 (lb/h) 

~p (psi) 0.65 0.69 0.66 0.66 0.65 0.65 0.64 
w (lb/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 

6P 2.31 2.40 2.35 2.35 (b) 2.35 2.22 

2 w 2030 2000 2020 2010 2050 1930 2006.67 
% 1.16 -0.33 0.66 0.17 2.16 -3.82 

6P 2.15 2.25 2.20 2.22 2.23 2.07 

3 w 1960 1940 1955 1950 2000 1860 1944.17 
% 0.81 -0.21 0.56 0.30 2.87 -4.33 

.6P 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 stean:1 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. 
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Diagram of Orifices Installed on the Bayonet Tubes and Used to Measure the Steam Side Flow 

Distributions with the PIO= 6 Inserts 
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Figure 5-25. Sanborn Trace of Pressure Drops across the Bayonet Tube Orifices with the P!D = 6 /nsert 

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 flnw unbalanco. 

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 stean1-:;ide 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 approach 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. 32 

5.6.1 Sodium-Side Pressure Drops 

Absolute pressure measurements at the inlet and outlet of the evaporator were rer.nrded automatically 
by the rl;;ita acquicition system. Tl1e pressure difference was formed by summation in an electronic summer 
and this reading. was also recorded. Locations of the pressure drop transmitters and instrument connection 
details are shown on Figures 4-2 and 4-3, respectively. 
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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 inlet, 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. Also shown for comparison 
are the pressure drops which were derived by the procedures used in the Foster Wheeler design calculations. 33 

The measured and calculated pressure drops are plotted vs thl;l 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 difficult to assess ,but must. be due to over-prediction of the 
effect of the baffle plates since this is where the majority of t~e pressure drop occurs. 

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 n.ii'lS were selected over as wide a range of these two quantities 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, 33 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 repre.sented 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. 
Although 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 
5-20-71 

Pe cl et 
Time Number 

2010 695 
2125 657 
2155 656 

05·30 610 
1133 599 

1647 734 
1848. 735 

5-21-71 1334 
5-21:71 1349 
5-21:71 1419 

5-21-71 1434 

634 
632 

665 
663 

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

5-;28-71 

8-6-71 
8-6-71 

8-6-71 
8-6-71 

8-9-71 

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

1131 
1201 
1231 

13D1 

1109 
1228 
1432 
1546 

1057 

1009 
-1042 
1115 

1206 
1346 

588 
575 
579 
576 

897 
926 
918 
926 

851 

402 
406 
442 
471 

489 

Sodium 

Flow Rate 
(lb/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 

Table 5-5 
SODIUM-SIDE PRESSURE DROP DATA FOR THE EVAPORATOR 

Sta::ic Head 
(lr:ches 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 

1.6.40 
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 

Sodium 

Inlet 
(psig) 

33.7 
42.9 
42.2 

33.1 
17.8 

21.6 
27.0 

22.4 
22.0 
20.7 
20.7 

25.8 
24.5 
25.7 

24.6 

30.1 
33.4 
28.1 
25.7 

20.1 

25.0 
23-2 
21-9 
20.4 
27.8 

Sodium 

Outlet 
(psig) 

47.6 
57.0 
56.4 

47.9 
32.3 

34.7 
40.2 

36.0 
35.7 
34.7 
34.7 

40.0 
38.7 
39.9 
38.7 

42.2 
44.6 
39_3 

37-2 

32.6 

41.2 
39.4 
37.8 

36.1 
42.9 

Outlet- LlP From 
Inlet Instrument 
(psi) (psi) 

13.9 15.8 
14.1 16.0 
14.2 16.1 

14.8 16.9 
14.5 16.8 

13.1 15.1 
13.2 15.0 

13.6 
13.7 
14.0 
14.0 

14.2 
14.2 
14.2 

'14.1 

12.1 
11-2 
11.2 
11-5 

12.5 

Hi.2 
16-2 
15.9 
15.7 

15.1 

16.0 
16.2 
16.4 
16.3 

16.8 
16.8 
16.7 

16.7 

13.8 
12.8 

13.0 
12.9 

14.4 

18.7 
18.7 
18.5 
18.3 
17.6 

Measured Friction 

Pressure Drops 
(psi) 

2.47 
2.47 
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 
O.D1 
0.34 

0.57 
1.14 

Predicted Friction 

Pressure Drops 
(psi) 

5.75 
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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Date 

3·29·71 
3·29·71 
3·29·71 

3·30·71 
3·30·71 

5·20·71 
5·20·71 

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 
8-6· 71 
8-6 71 
8·6·71 

8·9·71 

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 
1301 

1109 
1228 
1432 
1546 

1057 

1009 
1042 
1115 
1206 
1346 

Recirc~lation 

Flow Rate 
(lb.' hi 

20967 
15~62 

16523 

21020 
20663 

19·109 

19086 

19819 
17064 
12915 
9249 

19·•75 
14832 
12078 
9907 

7403 
6651 
6803 
9·92 

8612 

5·05 
5-,25 

6019 
6998 
6396 

Exit Ste.1m 
Quality 

1%1 

34· 

46 
43 

30 
35 

35 
36 

31 
37 
47 
48 

30 
39 
49 
51 

94 
83 
87 
87 

81 

82 
80 
80 
68 
76 

Table 5-6 
STE~M-SIDE PRESSU~E DROP DATA FOR THE EVAPORATOR 

Bayonet Tube 
Reynolds Nurr.be• 

x10- 1 

404 
304 
318 

405 
398 

368 
368 

382 
329 
249 
178 

381 
286 
233 
191 

143 
128 
131 
158 

166 

118 
118 
116 
135 
123 

Steam Orum 

Pressure, Pd 
(psigl 

1635.7 
1594.3 
157~.2 

1569.7 
1623.6 

1587.2 
1572.8 

1603.7 
1579.1 
1555.8 
1591.8 

1578.6 
1589.5 
1572.6 
1607.2 

1646.8 
1657.5 
1637.5 
1652.6 

1620.2 

1572.9 
1557.3 
1627.9 
1599.8 
1634.3 

O•tlet 
Fressure 

•Pout (psig) 

1634.0 
1531.7 
1574.0 

1555.1 
1520.7 

15'14.6 
1507.3 

1538.3 
8574.0 
1550.3 
1585.5 

1574.5 
1585.4 
1558.4 
16!>3.2 

nsi3.4 
D666.1 
0637.5 
D653.7 

1619.0 

nsso.e 
D5:15.3 
B616.9 
n 5139.1 
n526.5 

Inlet 
Pressure 

Pin (psigl 

1665.5 
1610.3 
1594.3 

1597.8 
1653.6 

1613.8 
1597.9 

1630.9 
1598.4 
1562.9 
1590.5 

1604.1 
1601.4 
1578.4 
1~08.5 

1638.3 
1650.1 
1629.2 
1647.8 

1619.1 

1560.2 
1544.2 
1615.7 
1590.1 
1623.6 

Difference 

pin.pd 
(psi I 

29.8 
16.0 
17.1 

28.1 
30.0 

26.6 
25.1 

27.2 
19.3 

7.1 
·1.3 

25.5 
11.9 
5.8 
1.3 

·8.5 
-7.4 
·8.3 
-4.8 

·1.1 

·12.7 
·13.1 
·12.2 

·9.7 
·10.7 

Differen•:e 
P .. p 
·rps~U1 

31.5 
18.6 
20.3 

32.7 
32.9 

29.2 
30.6 

32.6 
24.4 
12.6 
5.0 

29.6 
16.0 
10.0 

5.3 

-5.1 
·6.0 
-8.3 
·5.9 

0.1 

·0.6 
-1.1 
·1.2 
1.0 

·2.9 

£1P From 
Instrument 

(psi I 

6.5 
3.5 
4.0 

7.0 
7.2 

28.8 
31.3 

32.5 
24.5 
11.7 

3.4 

30.2 
15.3 
9.0 

. 3.4 

1.34 
1.19 
0.95 

11.16 

2.14 

2.15 
2.05 
1.97 
2.46 
1.69 

Friction 
Pressure Drop 

Based on Pin.Pd 
(psi I 

36.1 
23.1 
24.0 

34.1 
36.3 

32.9 
31.5 

33.3 
25.8 
14.3 

5.9 

31.5 
18.5 
13.1 

8.7 

0.4 
1.2 
0.4 
3.9 

7.4 

-4.2 
-4.6 
·3.7 
·1.5 
·2.3 

Friction 
Pressure Drop 

Based on pin.pout 
(psi I 

37.8 
25.7 
27.2 

38.7 
39.2 

35.5 
37.0 

38.7 
30.9 
19.8 
12.2 

35.6 
22.6 
17.3 
12.7 

3.8 
2.6 
0.4 
2.8 

8.6 

7.9 
7.4 
7.3 
9.2 

5.51 

Calculated 
Friction 

Pressure Drop 
(psi I 

40.1 
23.1 
25.2 

40.2 
38.9 

33.5 
33.4 

35.8 
26.9 
15.7 
8.2 

35.7 
20.4 
13.7 
9.3 

5.3 
4.3 
4.4 
6.4 

7 .. 1 

3.6 
3.6 
3.5 
4.7 
3.9 
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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 overall heat transfer coeffici_ents 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 

Nu 4.02 + 0.028 Pe~~~ 
(6-1) 

For the wall thermal conductivity, the data from Reference 36 given by Equation 5-2 were used. The 
steam-side heat transfer c:oP.ffir:iP.nt for thP. r.nil ii;•• 

Nu 0.0133 
(6-2) 

Since the steam-side heat transfer coefficient is the controlling conductance in the superheater, the 
constant miltiplier C1 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. ' 0 This ratio is given by Ito's correlation:", 

(Re(r/RJ~ 1°· 0 ~ 
(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. C1 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 super~eated.l?team are changing strongly. It is convenient 
for comparison purposes to calculate an average overall .heat ·transfer coefffoient 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 coefficienn. 

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: 

• Sodium Inlet Temperature - 907 to 959°F (935)* 

• Sodium Outlet Temperature - 834 to 858°F (855) 

• Steam Inlet Temperature - 600 to ~11°F (607) 

• Steam Outlet Temperature - 882 to 936°F (905) 

• . Thermal Power - 335 to 487 kW (500) 

• Steam Drum Pressure - 1555 to 1693 psia (1635) 

"' The numbers. in parentheses indicate design or rated conditions. 

The measured mean overall heat transfer coefficients for the 25 r.uns 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 stearn flow rates and a wall thermal conductivity of 16.25 Btu/h
ft-0F (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 i11 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 

Location 

Overall 0 
Steam Side, hs _ 
Equivalent Wa!I. hw 
Sodium S~de, hNa 
Fouling, hf 

Heat Transfer Coefficients (Btu/h·ft 2 °F) 

Predicted Coefficients 

(Heinemann Correlation) 
(Wall Thermal Conductivity =· 16.25) 

(Rickard Correlation) 
No Fouling Effect 

.6-4 

280 
594 

10.15 
3251 

SGTR Experiment 

383 
883 

1287 
3396 

No Fouling Effect 
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The main reason for the better-than-predicted performance is believed to be that the steam-side heat 
transfer coefficient is larger in the coils due to the curvature than in a straight tube. Although this is in 

agreement with observations,•• there 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 calculated 
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 kepi 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 direr.lion and attached by aporopriatP. fittinas 

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) 
Dote Time Tube 1 Tube 2 

11-20-71 1752 904.3 907.0 
11.21.71 1054 920.3 !:l:.'\:1.4 
11-23-71 1927 917.4 920.8 

12-4-71 0115 912.7 915.5 
12-10-71 0243 913.1 916.4 
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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, if 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 st~am-side flow and temperature distribution in the tubes is good. 
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-~). The signals from the corrrsponding pressure transmitters were connected to an electronic summer 
to get the differential 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 Peele! number 
and the static head of sodium between the two measurement locations. Comparison of the .c:lP 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 subtracting 
these .c:l P 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 i:1P From Friction Friction 
Pe cl et hNa Pressure Pressure Po.Pl= Po1 Instrument Pressure Drop Pressure Drop 

Date Time NumtJer (psi) P1 (pslyl Pu (tJiiiil (p~il (p10 hN 11,AP01 lp~il hN:i·.dP hnil 

3-30-71 1728 77 5.52 41.59 46.79 5.20 0.23 0;32 -2.71 
3-31-71 0430 76 5.42 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 5.12 22.65 27.88 5.23 7.75 0.49 -2.03 
3-31-71 1635 86 5.79 22.82 27.5\ 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 t.han 0.1 psi in the original 
design calculations.3" 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 inlershowed 
an inconsistent behavior and will be substituted by the steam qrum 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. 
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Table 64 
STEAM-SIDE PRESSURE DROPS FQR THE __ SUPERHEATER 

Sup~rheater Cal cu Lated Calculated Calculated 

Mean Steam Drum 'Cutlet Pressure t.P From Friction Momentum Total 

Reynolds Pressure Pressure Difference Instrument Pressu -e Drop Pressure Drop Pressure Drop 

Da-:e Time Number X 10"' Po (psigl Pc (psig) Po-Po {psi) (psi) (psi) (psi) (psi) 

3.30.71 1728 672 1572 l557 12.5 42.0 32'.7 1.11 33.8 
3-21-71 0430 651 1540 A524 16.3 42.0 30.7 1.04 31.7 
3-~-1-71 1536 652 1586 1574 ··12.4 37.6 3Q8 1.04 31.8 
3-31-71 1551 669 1606 1593 13.0 42.5 32.4 1.10 33.5 
3-31-71 1606 686 1629 1617 12.4 48.7 34.1 · 1.15 35.3 
3-31-71 1635 733 1678 1665 12.6 59.8 3S.O 1.31 40.3 

5·20-71 1327 555 1597 1583 14.1 41.6 2~·.2 0.75 22.9 
5-20-71 1458 649 1604 1589 14.9 42.6 30.5 1.03 31.5 

E-8-71 1153 691 1633 1620 12.6 47.8 34.6 1.17 35.8 
f.-8-71 1524 752 1640 1627 13.8 48.1 4':.2 1.39 42.6 
&-8-71 1908 764 1645 1631 13.5 49.1 42.5 1.43 43.9 

Cl 
m 

7-24-71 2056 709 1636 1621 14.5 49.2 3•5.5 1.23 37.8 )> 
~ 

Cl 0 
00 7-25-71 0352 722 1642 1625 17.0 48.9 '37.9 1.28 39.2 U1 

OD 
7-25-71 1228 679 1615 1600 15.3 44.4 33.4 1.13 34.5 9 

"' 
7-12-71 1932 698 1635 1623 12.1 49.9 :!5.4 1.19 36.6 

7-22-71 0540 675 1609 1593 16.5 42.5 33.1 1.12 34.2 

7-23-71 0856 692 1643 1627 15.4 51.0 ~:4.8 1.17 35.9 

7-24-71 0625 722 1637 1621 16.0 49.0 37.9 1.28 39.2 

7-31-71 0251 765 1602 1580 22.1 35.6 42.6 1.43 44.1 
7-31-71 2221 686 1633 1618 14.7 47.3 34.2 1.15 35.3 

8·2-71 2324 729 1601 1583 17.2 40.9 38.6 1.30 40.0 

11-3-71 0815 717 1617 1600 16.9 42.5 37.3 1.26 38.6 

:'-31-71 0120 712 1640 1623 17.3 47.9 36.8 1.24 38.1 

'12-4-71 0115 647 1643 1628 '14.6 51.8 30.3 1.03 31.3 

12-10-71 0243 632 1610 1596 14.7 43.0 '28.9 0.98 29.8 
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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 extensively390 •

0
.•

1 for various geometries E!nd 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 tem·perature 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 elec!romagnetic 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 levels, however, will cause temporary 
changes in the flow rates. It was noted initially 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 "nojse," however, showed that the signals were real. This 
prompted a more detailed study of the phenomenon by connecting JTIOre 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 immediately 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 valved 
off and sodium-circulated at nr:iar isothermal condition::; Lllrough 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 flow 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 superheatAr and evaporator isolated, or 
. at near isothermal sodium l:Undltions. 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 evaporatnr nr suporhoatcr 
alone and with hntti units icolatcd. 

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 conveneci 10 1he 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 SG TR at IS10thermal Conditions and 
Sodium Flow.Rate of 205 gpm, SuperhBater and Evap9rator on l,.ine 
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FigureJ-3. Sanborn Traces of Sodium Flow and Level Variations in the SG TR at Isothermal Conditions and 
Sodium Flow Rate of 205 gpm, Superheater and Evaporator on Line (Same Conditions as in 

Figure 1-2, but at Higher Chart Speed) 
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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 flow change 
and not the opposite, since the pressure change appectrs to occur a short but finite 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 to 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 component 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, LE, 
and P3 signals have some 60-cycle noise superposed because high-sensitivity settings of the amplifiers 
had to be used. 

With regard to the evaporator sodium level measurement, it is worthwhile to note that the level 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 
evaporator level may not be real. The superheater hcts a much larger cross section than the evaporator 
and, therefore. the magnitude of the level and pressure variations is generally smaller. 

An attempt wris 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 Fi9ure 7-2. The superheater IP.ve.I is, of course, constant and the low-frequency general level change 
is absent for both flow rates. However, the high-frequency level varirition 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. 

7-7 



GEAP-10580-2 

49 

1.-.......;---==-----.-------------.----==~------·-.... ---~------' 

I 
~ ~5sec ---... -TIME -+i r- 1 sec 

t CHANGE CHART SPEED 

FJ, EM 
FLOWMETER 
(4 gpm/div) 

Fl, EM 
FLOWMETER 
(4 gpm/div) 

F2, EM 
FLOWMETER 
(4 gpm/dlv) 

Ls• 
S/H LEV:EL 
(0,43 in,/ div) 

P·l, S/H 

COYER GA$ 
PRESSURE 
(0.5 psi/div) 

Le• 
E/P LEVEL 

(0.73 in./div). 

P3, E/P 
COVER GAS 
PRESSURE 

(0.5 psi/div) 

Figure 7-6. Sanborn Traces of Sodium Flow and Level Variations in the SGTR at Isothermal Conditions and 
Sodium Flow Rate of 205 gpm, Superheater Isolated, Evaporator on Line 
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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 
1so1atea are snown in r-1gure 1-10 tor high and low flow 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. 

It is 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 lmrriecJial~ly 1.J~luw 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 le.vel 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 
flow 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 calming 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 arid out of the calming regiu11 l111oug1-, these holes. Also, the cooler :;odium 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 could 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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Sanborn Traces of Temperature Variations in the Sodium below and above the Calming Plates in 
the Superheater and Evaporator Models Operating at Near-Rated Conditions, Sodium Level in the 
Superheater Nine Inches above the Calming Plate, Sodium Level in Evaporator 25 Inches above the 
Calming Plate 

7-16 



GEAP-10580-2 

36 

TIME---~ ... ~ 

SUPERHEATER THERMOCOUPLES 

T/C 12 

T /C 13 

T/C 14 

T/C 2 

T/C 24 

T/C 23 

SCALE FOR ALL 
THERMOCOUPLES 

(10°f/di•) 

~~Ssec TIME----... -

Figure 7-14. 

EVAPORATOR THERMOCOUPLES 

Sanborn Traces of Temperature Variations in the Sodium below and above the Calming Plates 
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in Superheater 12 Inches above Calming Plate, Sodium Level in Evaporator 11 Inches above 
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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 tt1at 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 flow 
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 cycling of the tubes, and the possibility 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 fluid dynamics can thus 
.result in periodic flow oscillations or "chugging" in a boiling channel. 

The instability 'characteristics 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 traction of the total pressure dr?P· 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 bayonet 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 
w·orking with stability problems of boiling systems. The particular instability problem of boiling in the bayonet 
tubes was analyzed using a simple sin9le 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 instability 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 princ;:iple 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 ciifference 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 8 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 8 outside wall temperature was recorded at two elevations by utilizing 
DN8· 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 8 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 1 O 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 approximately 830 to 890°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 8-8-1. These figures and tables give the conditions for 
normal stable operation, approximate conditions immediately before initiation of instabilities and during unstable 
operation, ~i:; well as trancition to stable 1,;uJlllltlons. 

From Figure 7-16 it can be seen that there are no periodic oscillations. In particular, the pressure 
drop across Tube 8, denoted by t,, P6 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 tJ.P 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 Ti). 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 results in complete natural circulation flow as indicated in 
Fi~ure 7-18* and considerable superheated steam ~llil 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 dltterence between the static pressures at the inlet and outlet is zero. Thti 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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Figure 7-19. Sanborn Traces of Selected Stability Instrumentation on the Evaporator 
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(non-lln•ar 1eol•) 

p O Outlet Plenum Pre11ure (pslo) 
16 psi/ div islon 

P
1 

Inlet plenum Preuure (psla) 
16 ps i/divisi on 

t;.Pp Differential Pressure (P1-P0 ) 

(Unrelloble Instrument; 
Magnitude not given) 

6 Pt Differential prenure (P1-P11 l , 8 psi/division 

P
0 

Steom Drum Prenuro (p1la) 
16 psl/dlvi1ion 

T
1 

sodium Inlet temperaturt1 (°F) 
n 10°F/ dlvl1lon 

T sodium exit temperature (°F) 
out 10°F/ divlsion 

T2 Tu~ Wall Temperalurt1 (DNB T/C 20) (°F) 
10 F/ divlslon 

TI Tu~ Wall T•mperaturo (DNB T/C 3-4) (°F) 
10 F/dlvl1lon 

W Steam Flow Raio (lb/ltr) 1 800 lb/ltr/ dlvhlon 

T Tu~ 8 Exit St•am Temperature (°F) 1 10 F/ dlvi1lon 

TG 8o~onet Tube T..,iperntu .. (oF) 
:LU F/ dlvlslon 

TB Boi1on•I Tube Temperalurt1 
:!() r/ Jlv lslon 

(°F) 

Figure 7-20. Sanborn Traces of Selected Stability Instrumentation on the Evaporator 
During Unstable Operation at Approximately 1100 kWt and Net 
Superheat Conditions, Time Approximately 1541 Hours 
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'D 

Inlet pl""""' PreHUre (polo) 
16 psl/dlvl1lm 

Differential Pressu,. (P
1
-r01 

(Unreliable Instrument; 
Magnitude not given) 

Differential pressure 
.8 psi/division (''"'' \ 

Steam Drum 'reuure (ptla) 
16 psi/division 

Tin sodium Inlet temperatu,. (°F) 
10°F/ dlvlslon 

T ~lum exit temperature (°F) 
out 10 F/ dlvl1lon 

T2 T~ Woll T ..... rature (DNI T/C 20) (°F) 
10 F/ dlvl1lon 

T~ Woll T..,..rat.,.. (DNI T/C :M) (°F) 
10 F/dlvl1lon 

W S'- Flow ltate (lb,1.r) 1 IOO lb,ll.r/dlvl1lon 

T
1 
T~ I Exit St- r_,..ratu,. (°F) 
10 F/dlvl1lon 

TG ~t Tube T_,..ratUN (°F) 
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TIME SCALE • 5 SECONDS/DIVISION 
A NHOU P091TION AOJWTED 

Figure 7-21. Sanborn Traces of Selected Stability Instrumentation on the Evaporator 
Operating at Approximately 1100 kWt Showing Transition to Stable 
Boiling Conditions, Time Between 1541and1601 Hours 
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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 P1, P0, P0). and also in the water temperature in the bayonet 

tubes as given by T 8 and T G• 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 ~ P8 , 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 temperature 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 G 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 Ts on 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 1nstab1hty starts. 

The Sanborn recordings for the approximately 900 kW! 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. 

I he 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 lb/ h to 5000 lb/ h while the design flow rate was 22,500 lb/ 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 previuu,<; l1 dl-e~ . µdr li1.;ule:11 ly frur11 U1e traces ot me water temperatures 1n the bayonet tubes 
T G and T 8 , that there is bor lrng 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 temperatures higher than the saturation temperature, 
indicating superheated conditions. This is only possible if the steam in the annulus is superheated, because 
the pr essure in lhe bayonet tube is always higher than in the annulus. 
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WR Recirculation Flow (lb/hr) 
(non-llneor scale) 

Po Outlet Plenum Pressure (P'lo) 
16 psi/division 

P1 Inlet plenum Prftsure (P'lo) 
16 ps i/division 

ti.Pp Differential Pressure (,l..,O) 

(Unreliable lnstr.-nt; 
Magnitude not given) 

A Pt Dlfferentiol pressure I'('•) 
.8 psi/division 

P 0 S teom Orum PressuN (polo) 
16 psi/division 

T1 sodium Inlet temperature (°F) 
n I0°F/ dlvlslon 

Tout sodium eKlt temperature (°F) 
10°F/ dlvlslon 

T2 Tu~ Woll Temperature (DN8 T/C 20) (°F) 
10 F/ dlvlslon 

TI Tuk! Woll lemperoture (ON& T/C 3") !°F) 
10 F/dlvlslon 

W Steam Flow Rote (lb/hr) 
s 800 lb/hr/ division 

T1 Tu~ 8 fKlt Steam Temperature (°F) 
10 F/dlvltlon 

TG 8oj!onet Tube TemperatuN (°F) 
20 F/dlvlslon 

- · ... .,...... ..... ' _,+:;riif1:rJJ:licit 1; u:i -~=Th , , .-Hi~ ;~µ~·u ~ 
T8 .'~•n•t Tut.. T.,,,perat11r. 1"~) 

20 F/dlvlslon 

TIME SCALE• 5 SECONDS/DIVISION 

Figure 7-23. Sanborn Traces of Selected Stability Instrumentation nn the Evaoorator 
During Stable Operation at Approximately 1500 kWt and 72 Percent 
Exit Steam Quality, Time Approximately 945 Hours 
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(.....,-llneor scale) 

p O Outlet l'len"'" Pre11ur• (ptio) 
16 p11/divlsl0<1 

r
1 

Inlet plenum Pr..,ure (psio) 
16 psl/divisi0<1 

APP Differential p......,,. (P1-P0
) 

(Unreliable lnstrument1 
Magnitude not given) 

rD s- Dr- rr_,. 1,.1.) 
16 psi/division 

Tin IOdh"" Inlet lel!lpenllvre (9F) 
I0°F/dlvlslon 

Tout ~lumult......,- (9F) 
10 F/dlvlslon 

T2 T~ Woll r....,._.. (ONI T/C 20) (9F) 
10 F/dlvlslon 

TI T~ Woll r_. ........ (ONI T/C 34) (9F) 
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s- "- ..... (lb/\w) 
IOO lb/\w/dlvl1I-

T
1 
T~ I bits- r.......-. (9F) 
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Figure 7-24. Sanborn Traces of Selected Stabilitv Instrumentation on the Evaporator 
Operating at Appro?<imately 1500 kWt Showing Initiation of Instabilities 
in the Center Tube at Net Superheat Conditions, Time Approximately 1104 Hours 
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1. 
WR Recirculation Flow (lbArl 

(non-linear scale) 

Po Outlet Plenum Pressure (psla) 
16 p1l/ dlvislon 

P
1 

Inlet plenum PreHure (psla) 
16 psi/division 

{l.Pp Differential Pre11ure (P1-P0 ) 

(Unreliable Instrument; 
Magnitude not given) 

6 Pl> Difforontlol pro11uro (P1-Pa) 
,8 psi/division 

P0 Steam Orum Pre11uro (psla) 
16 psi/dlvhlon 

Tin sodium Inlet temperature (°F) 
10°F/ dlvhlon 

T ~tum exit t'""1perature (°F) 
out 10 F/dlvlslon 

T2 Tull! Wall Temperature (DNa T/C 20) (°F) 
10 F/dlvlslon 

TI Tu~ Wall Temperature (DNB T/C 34) (°F) 
10 F/dlvlslon 

W Steam Flow Rate (lbArl 
s eoo lbAr/dlvlslon 

T
1 

Tu~ 9 Exit St._ Temperature (°F) 
10 F/dlvltlon 

T 
G Bo~t Tube Temperature (0 F) 

20 F/dlvltlon 

Ta ~onot Tube Temperature (°F) 
20 F/dlvlalon 

A NECOLE P'OefTION ADJ~TED 

Sanborn TIW:9 of s.lect«I Stability /nstrum#1tation on th• £11.,,or•tor Duriag Unn.b'- O,,.,.t/on 
.r ApPmximat91y 1500 kWt and N•t Superl>eat Condition•, Time Approximately 1124 Houri 
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p O Outlet Plenum Pretsure (pslo) 
16 psi/div l1lon 

P1 Inlet plenum Pre11ure (polo) 
16 p11/dlvhl0fl 

{l.Pp Dlfferentlol Pre11ure (P1-P
0

) 

(Unrelloble Instrument; 
Magnitude nat given) 

A Pa Dlfferentlal pre11ure (P1-P, \ 
.8 p11/dlvl1lan 

P0 Steam Orum Pre11ure (p1la) 
16 p11/dlvl1lan 

Tin tadlum Inlet temperature !°F) 
IOaF/ dlvltlan 

T 1~lum exit temperature (aF) 
out 10 F/ dlvhlan 

T2 Tu~ Wall Temperature (DNB T/C 20) (°F) 
10 F/ dlvhlon 

T 1 Tu~ Wall Temperature (DNB T/C 34) (°F) 
10 F/dlvltlan 

W Steam Flow Rate (lb/hr) 1 800 lb/hr/dlvl1lan 

T Tu~• B Exit Steorn Temperature (°F) 1 10 F/ dlvl1lon 

TG Ba~onet Tube Temperature (°F) 
20 F/dlvl1lon 

T1 Ba~anet Tube Temperature (°F) 
20 F/dlvl1lon 

Figure 7-26. Sanborn Traces of Selected Stability Instrumentation on the Evaporator 
Operating at Approximately 1500kWt Snowing Transition to Stable 
Boiling Conditions, Time Approximately 1143 Hours 
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(Unrelloble ln1trument1 
Magnitude not given) 

PD Steam Drum Pre11ure (psla) 
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Tin sodium Inlet temperatuN (°F) 
IO"F/dlvlolon 

T ~!um exit temperatuN ("F) 
out 10 F/dlvlslon 

T2 T~ Woll T_,,.ratu.. (DNI T/C 20) (°F) 
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10 F/dlvlolon 

W s- Fl- !tote (lb/1.r) 1 800 lb/1.r/dlvlolon 

T T~ a Exit st- T...,..ra1ure (°F) 
1 10 F/dlvlslon 

TG ~onet Tube T...,..,. ..... (°F) 
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11 ~I Tube T-..- ('"F) 
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Figure 7-27. Sanborn Traces of Selected Stability Instrumentation on the Evaporator 
During Sta_ble Operation at Approximately 900 kWt·and 62 Percent 
Exit Steam Quality, Time Approximately 1242 Hours 
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(non-linear 1calo) 

PO Outlet Plenum Prouuro (ptla) 
16 p11/dlvl1lon 

P1 Inlet plenum PrOMUro (p1la) 
16 pal/division 

APP Dlfforontlat Pro11ure (P1-PO) 

(Unrellablo Instrument; 
Magnitude not given) 

/l Pl> Dlfferentlat pre11uro (P
1
-P•) 

.8 p11/dlvl1lon 

P0 Steam Drum Preuure (p1la) 
16 p11/dlvl1lon 

T1 sodium Inlet temperature (°F) 
n I0°F/ dlvl1lon 

Tout sodium exit t-rature (°F) 
10°F/ dlvhlon 

T2 Tu~ Wall Temperature (DNI T/C 20) (°F) 
10 F/dlvhlon 

TI T~ Woll T'°"'P"ratu,. (DNI T/ C 34) ('F) 
10 F/ dlvl1lon 

W Steam Flow Rote (Jbt1ir) 1 
BOO lb/ lu/ dlvhlon 

T1 Tu~ 8 Exit Steam Temperature (°F) 
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T G llo~onet Tube Temperature (°F) 
20 F/ dlvltlon 

T8 llo!lonot Tube Temperature (°F) 
20 F/ dlvl1lon 

Figure 7-28. 

4 NEEDLE POSITION ADJUSTED 

Sllnborn Tracn of Sal«:tfld Stability lnnrumt1ntation on the E1111Por•tor Op#lf"•ting •t Approxim•tely 
900 kWt Showing /niti•tion of ln•tabilltin in thfl CMltw' Tu1- •t Nt1t Su,,.,.,,_t Condition•, Titnt1 
1-twHn 1402 and 1422 Hours 
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Figure 7-2.9. Sanborn Traces of Selectetl Siabiliry 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 show.n 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 problem, 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• 0 was employed. The major assumptions involved were that the static pressure 
drop across the tube was constant and the effect of flashing was neglected. A more complete description 
of the problem formulation and the moc;lel 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 fOJ t = O 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 not a step c.hi:inoe. and the adapted behavior is ar'1 ic.Jeallzatlon. 

From Figure 7-32 it is apparf;)nt that af!Ar n short tirm~ interval, the water i11 th~ l.JC:tyunet iubes 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 temperallirAs shnw 11 moro rapid incrsMe tha11 i11 tin~ 

experiments, 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 befcire, 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 completely insulated bayonet tube walls, 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. 
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APPENDIX A 
DATA REDUCTION CODES 

A-1 SUMMARY DESCRIPTION OF EVAP CODE 

Orie 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 transfer 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 pl~tllii 

;:mrl c.:pringi which aro aeeounlt1ll lur l.Jy a n1gner 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 order, staning at the top of the evaporator. 

A-1. 
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Figure A-1. Cross-Section of Evaporator Test Section Showing Basic Nodal Structure Used in the EVAP Code 
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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 e~it 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 e:·alculations. Also, the sodium inlet temperatu·re: 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 <;:onditions for the next node. At the lower end of the bayonet 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 enthalpy, temperature, 

. e 
and pressure distribution in each tube. Additionally, the variations of the individual heat transfer conductances, 
as well as the )ocal 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 !lie steam properties 
from the ASME steam tables,43 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, ~ slightly different approach has to be used. 

The SUPER code solves the energy equation in a "c.oil plane" for a small axial portion of the superheater 
at a time in the steady-state. The solution is acco.mplished 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 aro four different geometries 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. Approximately 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 ~ numbAr nf ~Yi<1.I planoc; 
r.allArt "coil planoo," Eneh coil µla11t:f has a tnickness 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 inlet region. 
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Each of the regions mentioneo 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!Odirections, etc., are shown in Figure A-3. The division of the shell-side into nine segments 
is somewhat ar~trary, but the presence of the tub& 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. 

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 con9itions 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 nodo. 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 ahd 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 
ar~ then checked to see if they match the calculations. If they do not check within certain, limits, adjustments 
must be made to heat transfer correh:illon::;, pre~mure 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, etc. 

The heat transfer correlations, steam properties, and sodium properties were programmed tfie sarn1:1 
way as for the evaporator. 
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Figure A·2. Cross-Section of SuµtHhearer Test Section Showing Basic Nodal Structure Used in the SUPER Code 
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Table B-1 
OVERALL HEAT TRANSFER COEFFICIENTS 

Experi me!!_ta 1 U Sodium Inlet Thermal Exit Steam Steam Drum 
Predicted Temperature Power Quality Pressure 

Test Date Time u UEVAP ULMTD OF kW % 12sia 

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 30 156.S 

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 1'.572 

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 1591 

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 1 301 ~JO 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 

. ---8--0 6 ::;71 
... 

,v•"#• • 

1030 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 81 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) 

Experimental U Sodium Inlet Thermal Exit Steam Steam Drum 
Predicted Temperature Power Quality Pressure 

Test Date Time u· .UEVAP ULMTD OF. . ·'kW % ~sia 

8-09-71 0927 593 . 883 863 825 1484 83 1666 

8-09-71 l 020 595 885 864 813 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 l 00.8 567 870 857 883 1321 75 1649 
8- l 0.- 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 1130 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 l 009 547 833 829 093 1226 83 1588 
8-13~71 1042 548 83~ 813 885 l 047 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 l 051 72 1649 
8-13-71 1420 559 842 820 840 l 055 72 , 670 

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 1102 75 1627 
0-17 .. 71 1401 575 867 839- 801 1086 79 1566 
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Table 8-1 (Continued) 

E~erimental U Sodium Inlet Thermal Exit Steam Steam Drum 
Predicted Tempera tu re Power Quality Pressure 

Test Date Time u .UEVAP ULMTD OF .... kw· . ·3 esia 

8-17-71 1435 575 869 840 806 l 073 77 1580 

8-17-71 1509 574 .863 849 786 l 098 81 1517 

8-17-71 1543 580 880 850 789 l 007 78 1590 

8-18-71 0903 569 872 850 898 1075 79 1602 

8-18-71 0937 571 880 862 885 1455 87 1618 

8-18-71 l 010 574 882 860 874 1418 71 1614 

8-18-71 1151 581 886 864 797 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 

8-19-71 094(i 584 890 859 781 1141 81 1620 

8-19-71 1020 584 891 876 778 1081 76 1583 
0-19-71 1128 590 886 865 749 lnAl 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 98 1630. 
10-13-71 1432 568 885 843 880 1471 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-?l 1002 580 899 884 840 1357 91 . 1630 
10-14-71 l 026 583 904 901 830 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) 

/-

Experime!!_tal U Sodium Inlet Thermal Exit Steam Steam Drum 
Predicted Temperature Power Quality Pressure 

Test Date Time· ·u UEVAP ULMTD . OF. kW '% · · · · ~s i a· 

10-14-71 1424 584 911 894 859 1549 89 1637 

l 0-14-71 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 

l 0-15-71 1002 583 905 905 859 1535 99 .1632 

10-15-71 l 042 584 912 896 868 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 l 053 579 895 870 842 1338 9l 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 16~0 

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 91 1649 
10-20-71 1314 563 878 869 910 1361 96 l 6:fl 

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 90'I 887 875 1468 85 1652 
in-21-71 0913 577 891 853 857 1380 93 1651 

.. 21-11 1032 578 877 874 855 1406 96 1636 

10-21-71 1152 584 901 887 856 1522 ·90 1644 
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Table B-2 
SUMMARY OF EVAPORATCR THERMAL PERFORMANCE DATA FOR P/D = 6 

....... 

""' () ~ ....... 
+>O d 
cu- !:1-....... 3 •-I ....... +>- SODIUM TEMPERATURES ~~ 

(.) .D ·.1 
+> r.:. 4l r.., Cl rl s-3 CllO ..... 0 ~- p:; ......... 
r-t..._., +'......., 

.-I .a Elev.: 50811 Elev.: 492" Elev.: 437" Elev.: 377" Elev.: 257" Elev.: 137" .~ 
. .:i·e:· P. ~ .... e; '.1 

~ ~ rz. ......... 
TellII'.., (°F) Temp., (°F) Temp., (°F) Temp., ("F) Temp., (OF) Temp., (OF) r.i. 0 :l 

GI~ :;!~ GI o c..• (.) 

~~ ~~ > rl ~~ Test Date Time :z; ........ ~ cent. cent. edge cent.~ ~~ ~~ cent.~ ~ w µ., 

3-29-71 (174o) 835 601 35000 699, 3 634.2 766.4 Bo5.o 670.0 685.8 628.1 630.0 605.9 606.9 599,4 599,7 575 20596 2605 
3-29-71 (2010) 856 613 69100 721.6 638.2 836.8 847.0 732.2 734.o 670.8 673.6 629. 3 631. 7 617-3 616.5 564 20976 J635 
3-29-71 (2125) 867 610 65100 707.5 648.o 835.1 846.9 777,7 732.4 664.7 669.2 623.6 625. 7 612.6 612.1 549 15763 i59L 
~-2"?-7l ( 2155) 864 6o8 65100 725,8 638.9 844.3 845.2 716.6 729.3 662.4 664.8 621.9 624.o 611.1 610.9 .:;49 16523 i 577 
3-::,0-71 (0530) 864 605 60300 716 .4 648.o 834.5 842.9 711.0 723,3 656.3 661.3 618.6 620.5 607.3 606.6 553 21020 J 5~5 
3-30-71 (1133) 893 610 59000 741.0 652.4 856.6 871.2 726. 7 738. 3 665.3 670.2 624.o 627 .2 612.5 611. 5 564 20663 il.23 
5-2')-71 (1647) 832 608 734oo 714. 3 628.6 815.7 815.8 703.8 725.5 659.0 663.9 621.1 623.2 610.8 €08.9 551 19109 J587 
5-2Q-71 ( 1845) 830 608 75200 715.3 641.1 789.5 8o7.3 708.6 727.1 661.1 665.4 621.1 623. 7 610.6 Eo9.4 750 19086 1572 
5-21-71 (1334) 855 6o6 628oo 716.9 642.5 813.:. 831.1 708.3 727,5 655.1 661.2 615.0 618.7 605.9 604.7 .555 19819 1603 
5-21-71 (1349) 859 6o6 62100 700.7 639.9 815.5 831.8 708.6 729.7 654.5 658.6 615.9 618.4 607.4 606.3 545 17c64 )579 
5-21-71 (1419) 951 6o6 63100 715.5 631.8 806.6 829.6 703. 7 724.o 651.0 656.8 613.4 616.0 606.0 604.8 .52l 12915 1555 G) 

5-21-71 (1434) 853 6o8 628oo 704.4 623.7 8u.a 822.4 708.6 728.2 653.9 657.6 616.4 618.8 6o8.7 Eo8.o So5 9249 ) 591 m 
5-28-71 (11:.i) 866 604 58100 710.4 639.0 815.0 844.5 703.2 726.6 651.3 656.3 615.0 617.0 605.9 t.o4.7 .55l 19775 1573 )> 

CD 
.,, 

a, 5-28-71 (1201) 865 606 578oo 696.2 630.6 823.0 849.6 704.2 726.2 652.2 657.4 616.0 617.8 608.1 607.2 :;35 11~832 1539 ..... 
5-2a-11 (1231) 863 607 58ooo 70~.5 622.2 827.1 840.l 701.9 727.6 650.2 654.2 614.3 616.2 607.2 606-3 )21 12078 1572 0 

U1 

5-28-71 (1301) 865 609 568oo 71:.8 627.9 817.5 846.8 703. 7 727 .4 652.5 656.8 616.9 618.9 610.4 609.6 ·)02 9907 1607 co 
0 

8-85-71 (1022) 847 615 7044o 694.J:. 635.5 8o6.6. 821.8 718.8 738.6 666.4 670.6 625.9 628.6 615.6 614.9 .q.87 8530 !619 ~ 

8-05-71 ~131;0~ 892 615 58731 7ll.O 6,6.l 811.7 ~7.6 712.3 7,6.6 659.~ 664.9 621.5 624.1 615.0 612.8 504 8505 l659 
8-05-71 :5:.9 869 617 63559 72&.2 6 9.5 820.1 1.2 721},2 7 9.1 667. 672.6 626.7 629.0 617.6 617.4 502 8660 :6·:x3 
3-·~~-71 (0910) 826 617 69279 709.1 642.2 181.e 810.1 711.6 728.8 633.1 667.5 626.o 628.6 617. 5' 615. 7 ~34 8039 1ll7 
::-06-71 ( ... 030) 8o4 617 78804 715. ·2 64o.9 780.~ 793.6 711.0 726.5 666.8 669.4 628.6 630.9 617.2 616.4 ~90 7372 Jl57 
c-c6-11 (:109) 785 621 91053 713.7 657.1 768.; 776.3 112.5 725.8 671.0 674.1 632.4 635,5 620.4 619.2 ')04 7403 1661 
:.-c·~·-71 (12·28) 741 618 94962 679.-J 625.3 722.C. 733. 2 683.1 694. 2 655.9 657,8 628.5 630.1 618.7 5l9.0 523 6651 1672 
2-c5-71 (1336) 755 618 93854 688.3 629.8 738.1 747.0 691.5 703.2 659.5 663.4 628.3 630.1 617.6 616.7 490 68o3 163'? 
8-06-71 (l432) 762 620 93700 699.5 623.2 748.:, 753.4 698.1 708.9. 666.4 666.6 630.4 633.1 619.3 618.3 490 68o3 1652 
.::-c·G-71 (15)3) 779 6l8 94o61 707.5 622.1 761. 3 770.9 705.7 719.2 667.5 670.8 630.6 633.5 617.9 616.8 480 7716 l S2.o 
a-~;-6-11 ( :..546) 790 621 94632 705.7 628.4 769.r: 780.G 71? !:. 7?h.? 67~.e 616.1 634. 7 637 .8 622. 7 621.6 '~97 8182 - ::- '.l ·---· .. --·- - .... )-' 

3-C9-71 (0851) 836 618 74485 717.0 661.0 8o5.6 816.3 716. 3 736. 3 668.7 673.0 628.2 631.0 619.5 E.18.4 '!55 8583 , /' #•,... 
":.>:;..::: 

S-c~-71 (0927) 825 620 80251 703.:4 654.2 791.3 8o9.4 716.3 736.1 671.1 677 .1 631.4 64 3. 3 619.4 C13.4 '-l97 8837 -.:...:.c.. 
--'-'V 

8-J)-71 (1020) 813 619 82580 71.J.6 625.0 758. 3 8o2.1 717.4 735.1 670.9 675.9 C30.o 633,1~ 618.0 616.6 'f95 8757 :C~3 
c-o::i-11 (1c57) 8o3 619 85909 7Ci3.7 633.5 781.0 793.7 714.o 729.7 670.8 674.8 631.6 634. 7 619.2 6l8.2 -.97 Br,? c, __ ~t=? _ .... .,, ..... 

0-C9-71 ( 1:.)3) 839 613 66940 1c:rr. 2 61f0. 2 799,9 817.4 713. 3 734.8 661.7 666.7 622.4 625.0 612.6 611.9 •f93 84o7 16:7 
3-C9-71 (::.415) 849 617 67507 714.4 667.4 806.8 825.0 712.8 734.9 663. 7 668.o 625.7 628.3 616.5 615.8 199 8400 1c:':6 
2-'-'::/-71 (1L51) 857 618 66157 716. 7 673.1 814.J 826.8 716.1 1'31 .2 664.8 66,.9 626.o 628.6 611.0 E16~2 ·)Ol 8297 lte8 
6-09-71 (1;26) 868 616 61971 726.4 671., 813.3 849.3 711.3 738.1 661.0 66 .7 622.0 624.7 613.6 612. 7 1~99 8367 16)6 
8-09-71 (1602) 866 617 63735 725.4 650. 823.6 849.9 724.1 747.1 666.7 672.5 625.3 628.0 616.1 615.2 <+98 8499 :!~c~ 
8-10-71 0627) 912 613 47835 751.9 637. 7 854.~ 881.9 714.9 741.6 654.1 657.9 619.6 621.2 610.9 610.7 490 7622 :::.7 

•"Edge" refers to average sodium temperature i:i Edge flow channel (;ee Figure 5-3), "cent." has a similar meaning. 



Table B-2 (Continued) 

c-10-11 (0901) 90) 6D. 49994 725.2 652.6 850.2 868.1 . 714.1 742. 7 653.7 657.1 618.1 619.7 6o8.8 608.8 '+s4 7587 1649 
8-10-72. (0935) 89·) 610 52236 734.8 655.8 847.0 866.3 717.8 743.4 654.1 658.7 615.2 618.1 606.7 cio6.5 !;.21 7370 1609 
s-10-11 (10o3) 883 61..::. 54171 729.2 638. 7 836.5 859.7 715.4 740.5 657.5 661.6 619.6 621.3 609.6 609.5 5".:l 7731 16'.;.:; 
<:-10-11 (1042) 870 612 54492 720.8 651.5 822.4 842.4 710.6 733.6 654.3 657.1 619.0 620.9 609. 3 t;o9. 2 506 3224 1C:47 
2-10-71 (1:.16) 859 612 54549 697.7 648.8 811.3 836.6 707.8 731.3 654.o 657.7 619.0 620.5 609.6 609.6 )CO 6998 16'.+9 
[-10-71 (D.49) 83:) 61'9. 56651 710.6 658.0 799.4 813.7 701.8 720.8 652.9 655.2 620.6 622.2 611.4 611.5 5C9 6738 1665 
f.-10-72. ( 1313) 845 615 59206 720.2 653.6 816.6 824.o 709.7 732.4 657.6 661.8 620.5 622.9 610.6 610.1 '.;.06 6573 1639 
E-10-71 (1527) a22 616 63488 700.6 632.0 791.1 8o7.3 702.1 721.5 654.8 659.2 622.1 624.3 612.2 611.8 507 7248 1658 
~-10-71 (1.:;01) 813 616 67683 721.8 629.6 783.1 797.1 704.6 724.4 658.1 661.2 622.2 624.6 611.2 610.8 502 6637 1632 
6-l3-7l (1009) 903 603 39243 715.6 630.7 829.0 862.0 688.6 710.3 633. 7 636.6 608.8 609.4 600.7 601.0 '+92 6105 1553 
0-13-T!. (1042) 885 60::> 39749 724.o 625.1 818.0 842.7 683.5 7o6.o 631.2 633.0 6o6.7 607.2 597.9 597.9 )CO 6125 1572 
0-13-11 (1:.i5) 87.3 607 43293 716.9 647.9 814.8 840.1 694.1 716.2 641.0 643.6 614.o 614.8 605.5 605.8 485 6019 1643 
c-13-1:.. (1206) 864 609 46239 715.7 655.0 8o8.2 827.5 692.7 714.3 642.4 645.4 614.8 615.9 6o6.5 606.7 4::;o 6998 1639 
2-13-71 ( 1346) 856 610 48o15 711.3 640.8 8o8.o 826.8 694.o 716.3 645.0 648.6 616.5 617.6 608. 3 Go8. 5 483 6396 1649 
t-13-71 (1C;.20) 84.J 610 47945 704.3 629.4 791.8 815.0 690.3 709.2 643.1 647.1 617.4 618.1 608.9 609.4 493 5695 1670 
[-13-7l (1510) 834 612 49022 705.0 634.4 787.4 815.5 685.5 7o8.2 639.7 643.8 612.5 614.7 6o6.o 605.1 451 5918 1603 
8-13-71 ( 1635) 823 608 58537 704.8 646.7 781.5 8o9.3 697.6 717.4 653.0 656.2 621.0 622.5 611.5 611.6 ~63 6377 ic.::4 
C.-17-71 (1328) 815 61~ 59096 695.8 630.7 775.5 798.9 694.7 712.8 652.1 656.5 621.5 623.2 611.2 611.0 479 6409 lt27 G) 

0-11-11 (1I;.01) 8o1 605 60929 687.2 629.4 761.1 785.6 685.1 703.5 645.0 648.4 615.9 617.5 605.8 605.8 481 6331 le:.'.:" m ,....._,c )> 
CJ 6-l7-71 (1L35) 8o6 608 60996 701.1 642.0 763.6 790.7 686.6 706.5 645.5 648.9 616.7 618.2 609.9 609.6 491 6369 1530 ::' 
~ (-17-71 (1509) 780 602 60547 693.2 624.8 753.7 768.1 683.1 694.3 636.9 640.5 609.9 611.3 603.4 603.2 ~e.3 6289 1517 .... 

0 
C-17-71 (1543) 78) 6o3 65915 686;2 618.1 748.2 776.0 684.3 707.3 647.0 648.6 617.6 619.1 610. 3 610.0 4E.5 6617 159-:J U1 

to 
.:.;-J.r)-71 (0903) 893 6L.. 56185 728.4 640.3 839.2 871.0 719.3 746.6 659.3 665.0 619.8 622.1 612.0 611.3 492 8445 1602 0 

:;-1:3-71 (0937) 885 613 57513 749.7 665.6 840.3 855.6 721.7 746.5 661.6 667.5 621.8 624.1 613.5 612.9 482 7915 lclS "" ti-1.3-71 (1010) 87'~ 612 60309 721.3 647.9 827.9 848.5 .716.0 742.6 661.0 664.9 622.0 624.1 613.4 612.7 491 8595 1614 
S-::.S-71 ( 1151) 191 613 67072 691.4 638.0 768.3 78o.7 693.5 710.'i 651. 7 655-3 620.4 622.5 612.8 612.4 466 6387 1EJ4 
·,;-lS-71 (1225) 797 616 77902 708.2 653.5 766.0 786.3 701.6. 718.8 660.5 665.1 626. 7 629.0 617.1 616.1 467 7288 1625 
t.·-1.3-71 (1315) 774 612 83714 690.7 633.9 744.3 761.4 687.6 703.6 653.6 656.5 622.5 624.8 613.3 612.4 49-3 7537 1530 
f,-J.5-71 (1:)49) 783 615 83350 690.4 637.9 751.2 765.5 693.5 708.8 657 .4 661.1 625.2 627.6 615.8 1)15.0 482 7672 , ,.. ,... /' 

-~VO 

:..i-::.3-71 (1423) 78') 6N 31753 690.6 633.9 765.0 744.1 700.6 715.9 662.3 665.0 629.1 631.8 619.8 618.9 486 7460 1654 
-S-::.B-71 (1530) 842 613 64627 712.4 660.1 798.7 810.2 705.6 726.5 657. 3 662.0 622.0 624.3 613.8 1)13.2 489 7798 1El2 
=:-l.9-71 (o356) 782 614 73162 68o.8 625.7 758.7 766.4 690.4 707.5 652.2 655.9 621.6 623.8 613.7 612.8 454 6245 1597 
.:)-19-71 ( 0946) 781 61~ 70075 685.5 640.3 744.8.760.7 684.2 700.4 648.8 652.6 621.1 622.6 613.9 ·513.4 470 6267 1620 
,'.J-1:1-71 (1020) 773 611 70088 678.3 626.1 750.0 768.6 684.3 699.9 646.6 651.4 618.3 620.0 611.0 1)10.4 46.3 6153 1533 
3-1:1-71 (l.128) 749 605 76785 669.6 623.2 728.8 740.2 676.5 689.6 642.9 645.8 615.0 616.4 606.9 ·S06. 5 4Go 5342 1534 
;3-2U-71 (1028) 85~ 616 65643 716.1 683.7 787.9 835.4 711.1 736. 7 661.8 666.4 625.4 627 .6 617.1 616.4 496 7822 ::i..660 



Table B-2 (Continued) 
FOR P/D = 3 

- ·-.,J'- ~.:!! -
..................... u- g~ 

SODICM m.fPERAnIRES ~~ 
u .D 

+>Ci<. GI Ci<. 

~-
41 i--i Is!!: 410 ... 0 
p:; -~- +•- f;!~ Ele-1. : 5o8" Elev.: li.92" Elev.: 437" Elev.: ID" Elev.: 257" El.ev.: 137" .~ a: . .... . . ... G' C• ~ 

aS ~ Tem:;>., (°F) Temp., (°F) l'emp., __ (°F) 'l\m!p., (°F) 'l\m!p., (°F) Temp., (Of) ~~ ~g ~ 411 aS ~ ol ~ li &! Test Date Time z :?; z- ~~ ~~ ~~ ~~ ~~ ~~ .L1 = ti) it 
10-13-71 ~12~)* 862 600 62305 470 7841 1635 
10-13-71 1328) 868 599 6o327 475 7537 16)'.) 
10-13-71 (1432) 88o 595 554o2 48o 8209 1615 
10-13-71 {1532) 852 597 638oo 470 7841 1620 
10-14-71 {0917) 850 600 61866 470 74o9 163) 
l0-14-71 (1002) 84o 602 66263 465 7162 1630 
10-14-71 {1026) 830 6o4 69536 465 7664 1615 
10-14-71 (l.101) 825 605 76156 468 1179 1630 
10-14-71 (ll47) 817 605 79102 463 7672 1625 
10-14-71 (13o6) 828 617 77091 733.9 645.4 aoo.1 813.5 71.6.8 736.3 670.6 675.7 629.6 632.2 618.6 617.7 468 7122 1627 C) 
10-14-71 (1345) 833 618 75303 710.7 657.5 8o2.5 815.4 718.4 737.5 670.8 674.6 630.9 6].3.2 619.7 618.8 477 7326 1642 m 
10-14-71 (1424) 859 617 70374 121.1 660.0 820.6 835.8 723.7 747.6 671.5 677.9 629.2 631.6 618.5 617.7 482 7671 1637 )> 

tD ~ 
Co 10-14-71 (1504) 846 612 69037 724.6 643.6 798.7 527.3 713.4 733.4 664.1 669.2 625.1 627.5 615.3 614.6 497 8358 1612 -

10-14-71 (1604) 836 618 74872 733.2 6li.6.2 8o5.3 3:.4.2 71.6.7 739.2 669.5 674.4 629.8 632.6 619.0 618.3 469 7333 1::40 0 
U1 

10-15-71 {0843) 848 616 69521 T38.1 677.1 816.0 329.2 717.6 738.9 667.7 671.5 627.5 630.0 617.5 616.9 474 7238 1636 co 
0 

10-15-71 (0922) 850 617 69838 717-7 752.7 8o3.6 333.9 719.2 741.6 667.9 671.0 628. 3 630.4 617.9 617.1 469 7282 1640 "-> 
10-15-71 (1002) 859 615 69512 737.9 637.9 819.0 336.5 720.5 743.9 669.4 672.2 E27 .8 630.2 617.2 616.5 482 7939 1632 
10-15-71 (lo42) 868 617 70027 751.3 666.l 830.4 345.0 727.6 753.2 672.5 6:z.9.o E29.4 6J2.0 613.5 617.6 475 7889 16:;.5 
10-15-71 (1102) 878 616 66584 729.5 654. 7 833. 7 356. 7 727.3 753.9 672.2 677.3 E28.8 631.5 613 .. 4 617.7 476 7632 1643 
10-15-71 (1142) 885 616 64513 749.9 653.9 839.0 -360.8 728 •. 4 753.5 671.3 677.2 E27 .9 630.6 617.8 617.3 473 7829 it:49 
10-19-71 (C942) 857 613 62323 734_.3 652.6 810.3 336.2 710.0 733.8 660.6 664.6 E22.5 625.3 61~.1 613.2 452 6664 1599 
10-19-71 (1018) 836 616 64847 737.9 667.8 8o1.8 310.8 709.4 733.7 661.9 664.3 E25.6 628.o 61'7.4 616.7 48o 5882 1647 
10-19-71 (1053) 842 615 64728 722.4 634.5 799.2 .317.7 7o8.2 727.9 661.0 664.3 €24.3 626.9 611).l 615.4 473 6855 1632 
l~-19-71 (ll29) 851 617 644o3 735.2 665.8 815.5 .330.0 714.9 738.6 664.1 666.9 E25.8 628.1 61'7 .1 616.2 474 6574 1640 
10-19-71 (1317) 828 613 68949 722.0 636.1 797.3 -313.3. 7o6.7 727.3 660.6 664.4 649.6 625.6 61.~.o 613. 3 482 6506 1600 
10-19-71 (1353-) 8o3 615 72093 701.7 630.1 770.1 784.2 699.5 717.2 659. 7 661.9 626.6 628.4 61'7.8 617.2 501 6303 1654 
10-19-71 (1429) -828 6"'7 .LI 72199 713.2 675.9 787.6 .301.8 'i05.7 725.6 662.5 665.3 627.2 629.5 617.9 617.2 481 6681 161£ 
10-19-71 (15oE) 819 618 72590 719.0 656.5 790.8 &i3.2 710.9 728.0 665.3 668.5 628.5 630.9 619.2 618.4 478 6513 1660 
10-19-71 (1542) 815 616 72230 707.7 641.8 782.0 796.6 7o4.3 724.5 661.4 665.3 626.o 628. 7 617.1 616.2 482 6488 1633 
10-20-71 (o857) 864 615 62947 728.2 638:9 814.2 -335.4 716.3 74o.7 664.o 668.4 625.2 627.7 616.8 615.9 477 7555 1643 
10-20-71 (093E) 874 613 60094 753.8 665.6 834.9 851.9 120.4 744.5 663.4 666.o 623.3 625.5 615.1 614.4 478 6660 1630 
10-20-11 (1015) 883 607 55486 749.2 651.6 834.2 861.3 112.1 737.4 654.8 657.7 617.0 618.9 610.0 609.4 483 66ll 1587 
10-20-71 (1055) 894 610 51568 721.9 657.5 836.3 863.9 7ll.8 734.9 655.8 659.1 62o.1 621.8 613.6 613.2 488 6599 164o 
10-20-71 (ll35) 912 609 47875 745.9 652.0 844.7 1361.4 710.2 736.5 652.2 656.6 619.7 620.7 61:~.8 612.6 487 6612 1666 
10-20-71 (ll54~ 907 610 49620 746.5 647.1 839.4 875.1 712.5 736.7 654.1 659.0 62o.1 621.8 613.6 613.1 494 7218 1649 
10-20-71 ~1314 910 609 6929 752.1 653.2 843.6 679.7 713.2 743.1 654.9 657.5 618.9 620.5 612.5 6ll.9 479 ~m 1631 
10-20-71 1353 906 609 5ll46 745.~ 644.9 835.8 867.6 7ll-5 739.7 653.2 657.3 619.1 619.6 "6J.:L.6 6ll.2 475 1621 

* The data acquisition system was out of order for tbe following 9 runs and the listed data waa re~orded by band. 



Table B-2 (Continued) 

lc:..20-71 i1433) 395 611 53784 743.5. 671.3 .845.9 868.3 . 715 •. 8 742.5 651.7 661.3 
10-20-71 11512) 891 614 57368 730.7 649. 7 836.7 857.9 716.7 741.3 661.9 667.2 
10-20-71 H552) 875 616 62464 738.2 652.1 831.2 844.2 720.3 746.1 66E.5 6·12.6 
10-21-71 (0913) 857 616 62904 730.1 647 .3 811.4 824.2 713.9 736. 7 66~.l 668.1 
10-21-71 (1032) 855 614 64605 719.2 654.5 8o5.4 830.9 713.6 736.9 66::.9 666.3 
lC-21-71 (1152) 856 617 69644 741.7 658.4 820.9 837.6 720.3 745.0 669.6 672.7 

: 

620.8 621.9 613.4 612.8 ~75 
623. 7 627 .o 616.6 615.9 "'83 
625.4 627.3. 617.4 616.8 ~71 
625.4 628.1 617.5 616.6 475 
624.8 627.2 616.2 615.4 .. a3 
6~8.5 630.9 618.4 617.6 li-71 

6752 
7026 
7205 
7033 
7243 
7326 

1630 
1650 
1652 
ic.51 
1636 
1644 

C> 
.m 

)> 
~ ..... 
0 
UI 

~ 
N 



GEAP-10580-2 

Table B-3 
DNB THERMOCOUPLE DATA AND RECIRCULATION FLOW RATES 

Date Time 
-uu. -0 I- --<J 

DNB Thennocouples 

-uu. -0 
1- --<J 

LO 
N -uu. -0 1----
<J 

-uu. -0 ...... __.. 
<J 

P/D = 6 Swirl Generator Inserts 

8-5-71 l 022 
8-5-71 1340 
8-5-71 1519 
8-6-71 1910 

0 

0 

3 

0 

8-6-71 
8-o-71 

8-6-71 
8-6-71 
8-6-71 
8-6-71 
8-6-71 
8-9-71 
8-9-71 
8-9-71 
8-Q- 71 

8-9-71 
8-9-71 
8-9-71 
8-9-71 

l 030 12 
1109 16 

1228 5 
1336 5 
1432 . 11 . 

1508 6. 
1. 546 8 
0851 7 
0927 0 . 

l 020 0 
l 057 4 
1338 4 
1415 4 
1451 3 
1526 . 6 

8-9-71 1602 
8-10-71 0827 
8-10-71 0901 
8-10-71 0935 
8-10-71 l 008 

8-10-71 1042 
8-10-71 1116 
8-10-71 1149 
8-10-71 1313 

8-10-71 1527 
8-10-71 1601 

8-13-71 l 009 
8-13-71 1042 

6 

6 

8 

10 

6 

2· 

0 

6 

10 

8 

12 

6 

10 

0 

0 

3 

2 

18 
22 

7 

8 

l5 
10 
9 

4 

1 

5 

8 

4 

6 

6 

8 

8 

6 

8 

10 

8 

3 

8 

6 

12 

8 

14 
14 

14 

3 

3 

l 

4 

8 

2 
0 

2 

3 

4 

4 

3 

5 

4 

(i 

4 

6 

4 

8 

3 

4 

8 

4 

2 

2 

8 

2 

4 

2 

2 

B-10 

0 

0 

2 
l 

5 

8 

2 ' 
0 

2 

3 

4 

3 

2 

0 

2 

"6 

2 

8 

4 

6 

4 

2 

6 

5 

0 

0 

2 

3 

2 

4 

0 

2 

~'&:' Recirculation Flow 
~~ Rates (lb/hr) 

.g: ':; . W Wo _WDNB 

0.8 8279 8820 7488 
0.8 8734 9211 7894 

2.3 8080 8746 7550 
1.0 8039 8193 7266 
9.8 7372 8303 8188 

13.5 7403 8236 8866 

4.0 6651 7457, 6481 
3.3 6803 7191 6516 

7.5 6602 8040 7180 
5.5 7716 8729 7791 
6.3 .8182 8889 8414 

. 4. 5 8583 9062 8464 

1.5 8887 9585 8137 
2.5 8757 9480 8224 
4.5 . 8612 9244 8493 
5.0 8407 8768 8389 
4.0 8400 9002 8185 
5.8 8297 8993 8435 
5.5 8367 8880 8447 
7.0 8499 9355 8880 
4.8 7622 8038 7569 \ 

5.5 7587 8785 7660 

8.5 7370 8078 7961 
5.8 7731 8750 7860 

1.8 8224 8727 7588 
3.3 6998 7996 6704 
3.8 6788 7953 6582 
8.3 6573 7497 7068 

5.0 7248 7965 7232 
8.5 6637 8246 7169 

5.5 6105 6873 6164 

7.0 6125 7442 6399 



Date 
8-13-71 

Time 
1115 

8-13-71 1206 

8-1 3- 71 1346 
8-13-71 1420 
8-13-71 1510 
8-13-71 1635 

8-17-71 1328 
8-17-71 1401 
8-17-71 1435 
8-17-71 1509 
8-17-71 1543 
8-18-71 0903 
8-18-71 0937 
8-18-71 1010 
8-18-71 1.151 
8-18-71 1225 
8-18-71 1315 

8-18-71 1349 
8-18-71 1423 
8-18-71 1530 
8-19-71 0856 
8-19-71 0946 
8-lq-71 1020 

8-19-71 1128 
8-20- 71 l 028 

8 

5 

8 

8 

6 

12· 

8 

8 

8 

2 

2 

0 

10 
4 

10 
8 

2 

6 

5 

6 

8 

10 
8 

14 
10 

GEAP-10580-2 

Table B-3 (Continued) 

DNB Thermocouples 

'° N 

14 
4 

14 
12 
10 
12 

6 

10 
12 

6 

5 

8 

16 

6 

13 

11 

3 

8 

8 

5 

12 
8 

10 
18 
12 

lJ") 

N 

5 

3 

2 

3 

2 

2 

2 

1 

0 

3 

2 

10 
2 

2 

3 

0 

3 

2 

1 

0 

2 

2 

4 

2 

O'I 
N ~~ Recirculation Flow -Ul.J... ~~ Rates (lb/hr) 

~I- \J WO · '4oNB 
......_o 
·1--

<J 

2 

3 

4 

0 

3 

2. 

0 

1 

-~--

7i3 6019 7051 6332 

3.3 6998 6885 6703 

6.8 6396 7064 6653 
6.8 5695 7325 5923 
4.3 5918 6594 5808 
7.3 6377 7366 6708 

4.5 6409 7379 6320 
5.0 6381 6594 6368 

5.5 6369 7334 6430 
3 . 2.8 6289 6909 5951 
3 3.3 . 6617 7355 6338 

3 3.3 8445 8792 8090 
6 10.5 7915 8842 8921 
3 ' 3.8 8595 8800 8335 

3 ).O 6387 7719 6673 

2 6.0 7288 8131 7443 
l 1.5 7537 7733 6901 
0 4.3 7672 8466 7529 
3 4.5 7460 8055 7356 
5 4.3 7798 8559 7653 
0 5.0 6245 7903 6232 
2 5.5 6267 7846 6327 
2 S.5 6153 7729 6212 
5 10.3 5342 7376 5946 
2 6.5* 7822 8403 8081 

P/D = 3 Swirl Generator Inserts 

10-13-71 1234 
10-13-71 Lll8 

10-13-71 1432 
10-13-71 1532 
10-14-71 0917 
10-14-71 l(JU2 

10-14-71 1026 

10 

0 

6 

3 

l 

3 

12 
6 

0 
5 

0 

5 

20 

5 

2 

10 
4 

6 

6 

10 

2 

n 
4 

2 

2 

2 

13.0 7845 8771 9020 

3.5 7684 8234 7309 

0.5 8213 8727 7493 

~.2 7845 8517 8021 
2.2 7413 8337 7016 

3.7 7173 7957 6086 

4 7674 8363 7505 

* The average of all these readi~gs for the P/0 = 6 insert is 5.091°F. 

B-11 



Date Time 
10-14-71 1101 

10-14-71 1147 

10-14-71 1306 

10-14-71 1345 

10-14-71 1424 

10-14-71 1504 

10-14-71 1604 

10-15-71 0843 

10-15-71 0922 

10-15-71 1022 

10-15-71 1042 

10-15-71 1102 

10-15-71 1142 

10-19-71 0942 

10-19-71. 1018 

10-19-71 1053 

10-19-71 1129 

10-19-71 1317 

10-19-71 1353 

10-19-71 1429 

10-19-71 1506 

10-19-71 1542 

10-20-71 0857 

I 0-~U- 71 0936 

10-20-71 1015 

10-20-71 1055 

10-20-71 1135 

l 0-20- 71 11 54 

10-20-71 1314 

10-20-71 1353 

10-20-71 1433 

10-20-71 1512 

10-20-71 1552 

10-21-71 0913 

10-21-71 1032 

10-21-71 1152 

'<:t" 
M 

ULL. -.....o 
1--
<l 

4 

3 

7 

6 

7 

0 

3 

4 

4 

3 

3 

7 

6 

1 

8 

3 

9 

8 

4 
5 

8 

3 

l 
8 

8 

6 

6 

4 

2 

8 

7 

5 

3 

3 

2 

4 

GEAP-10580-2 

Table B-3 (Continued) 

DNB Thermocouples 
\D 
N 

ULL. -......o 
1--
<l 

5 

5 

11 

7 

9 

0 

5 

4 

5 

3 

14 

11 

10 

7 

21 

5 

19 

9 
10 

13 

10 

6 
16 

20 

9 

7 

4 

5 

10 

12 

12 

9 

3 

5 

11 

Lt) 

N 

ULL. -......o 
1---
<] 

8 

6 

16 

10 

14 

0 

8 

11 

12 

5 

16 

13 

13 

6 

20 

11 

25 

28 

10 

18 

21 

16 

3 

22 

26 

16 

11 

6 

10 

12 

22 

16 

20 

10 
6 

14 

B-12 

"' N 

ULL. -.....o 
1--
<l 

2 

5 
8 

5 

5 

0 

3 

6 

3 

2 

6 

2 

6 

4 

18 

3 

13 

10 

6 

5 

10 

7 

1 

10 

8 

8 

9 

3 

2 

5 

12 

1 

7 

4 

4 

4 

w---. 
01 LL. 
rtlO 
~w 
>-I

<( <l 

4.7 

4.7 

l 0. 5 

Recirculation Flow 
Rates (lb/hr) 
W !·Jo WDNB 

7040 8009 7736 

7800 8529 '7629 

7121 8415 7854 

7.0 7407 8648 7592 

8. 7 7731 8829 8212 

0 8253 8253 7709 

4. 7 7411 8451 7292 

6.2 7307 8239 7404 

6.0 7457 8378 7408 

3.2 7933 8590 7669 

9.7 7858 8948 8595 

8.2 7888 8885 8098 

8.7 7871 8587 8381 

4.5 6452 7642 6589 

16.7 5805 7447 7190 

5.5 6872 7858 6908 

15.7 6491 8222 /912 

16.2 6444 8072 7892 

7.2 6204 7379 6667 

9.5 6649 8003 7240 

13.0 6524 8024 7492 

9.0 6436 7721 6970 

2.7 7664 8475 7226 

14.0 6669 8786 7787 

15.5 647° 8378 7918 

9.7 6709 8421 7189 

8.2 6625 7682 7015 

4.2 7085 7941 7110 

4.7 6952 8109 6891 

8.7 6841 8287 7294 

13.2 6700 8563 7805 

8.5 7008 8414 7481 

9.7 7257 8765 7849 

5.0 6989 8410 7021 
4.2 7171 8161 7134 

8.2 7329 8312 7772 
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Table B-4 
REDUCED DEPARTURE FROM NUCLEATE BOILING RESULTS 

- -N. N 

'"' '"' 
~ ..... ..... 

I,.--,. * ... ... 
al "' cu- s.. Ill ..c +>N cu - JI~ 0 .f;' Cll'"' r-i llO ........ 
~~- p:; 'M 8- i:: ·- • ::> ::s 
+> ~ Cll .::lu Cll '"' ~ Cll ~ CJ ~cf al~~ .0 b <Y Q) 

+> Cl) 
r-i Q) Cll • Q) r-i ....... -..... 
""' Cll al i::"' r-i a ..... 0 ""'o.a uo.a 

al m ~ m' ~ +> a ~ +> 0 0 

0 cu't:I :a .0 :a ~ a 0 ..-4 ~ Cll-
. .-

.s~- ::;:~ Cll +> Cll 't:I s.. cu dl >< Test Date Time· p:; Cll U""''-' u:.:: ><. --- --
For P/D=6 : 8-06-71 (0910) .949 54.o 2.771 .492 .183 .092 

8-o6-71 (1030) .824 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 .496 .155 .077 
8-o6-71 (1508) -953 57.9 3.213 .494 .165 .082 
8-o6-71 (1546) .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 .496 .194 .096 
8-09-71 (1057) .891 63.2 3.337 .510 .207 .105 
8-09-71 (1338) .819 62.4 2.751 .526 .261 .137 
8-09-71 (1415) .882 60.9 3.037 .510 .• 255 .130 
8-09-71 (1451) .857 62. 7 3.045 .517 .264 .137 
8-09-71 (1526) .829 62.8 2.858 .524 .284 .149 
8-09-71 (1602) .817 66.o 3.o67 .528 .285 .151 
8-10-71 (0827~ .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 
80.10-71 (1008) .831 58.5 2.486 .520 .264 .137 
8-10-71 (1042) .829 56.4 2.306 .519 .279 .145 
8-10-71 (1116) .906 49.9 2.150 .496 .24o .119 
8-10-71 (1149) .878 49.0 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 .• 514 .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 .514 .282 .145 
8-13-71 (1206) .747 49.9 1.461 .528 .280 .148 
8-13-71 (1346) .782 49.5 1.577 .520 .268 .14o 
8-13-71 (1420) .823 44.1 1.385 .503 .242 .122 
8-13-71. (1510) .859 43.? l.1151 .495 .232 .115 
0-13-7.l (1635) .837 49.9 1.837 .• 510 .229 .• 117 
8-17-71 (1328) .887 47.0 1.831 .496 .210 .104 
8-17-71 (1401) .853 47.4 1.720 .503 .213 .107 
8-17-71 (1435) .863 47.8 1.795 .502 .214 .lo8 
8-17-71 (1509) .808 44.3 1.347 .506 .210 .107 
8-17-71 (1543) .863 47.1 1. 7l1h .501 .198 .099 
8-18-71 (0937) • 772 66.4 2.764 .540 • 314 .169 
8-18-71 (1010) .857 62.0 2.974 .5J7 .283 .14G 
8,.,18-71·(1151) .072 49.6 l.973 .503 .204 .102 
8-18-71 (1225) .896 55.4 2.592 .503 .199 .J,OQ 
8-18-71 (1315~ .933 51.3 - ~.41G .493 .168 .083 
8-18-71 (1349 .£367 56.0 2.483 .510 .196 .100 
8-18-71 (1423) .896 54.7 2.532 .503 .189 .095 
8-18-71 (1530) .871 )6.9 2.589 .510 !248 .. 1?7 
8-19-71 (Ol1~n) .9111 lfG.4 2.004 .486 .168 .082 
8-19-71 ~094Gl .870 47.1 1.766 .500 .187 .094 
8-19-71 102\.) .8'.;19 116.2 1.518 .493 .179 .088 
8-19-71 ~1128 .87) 44.6 l.6olf .495 .J62 .080 
13_;;:;o.71 1028) .902 {,(J.l 3.096 .5oG .231 .117 

*Iiased on inner tube diameter 

B-13 



For P/D=3: 

. 
Test Date Time· 

10-13-71 (1328) 
10-13-71 (J43?.) 
10-14-71 (0917) 
10-14-71 (1002) 
10-l4"7J. (1026) 
10-14-71 (1101) 
10-14-71 (1147) 
10-14-71 (13o6) 
10-14-71 (1345) 

. 10-14-71 (1424) 
10-14-71 (1504) 
10-14-71 (1604) 
10-15-71 (084 3) 
10-15-71 (0922) 

. 10-15-71 (1002) 
10-15-71 (1042) 
10-15-71 (1102) 
10-15-71 (1142) 
10·19-71 (091~2) 
10-19-71 (1018) 
10-19-71 (1053) 
10-19-71 (1317) 
10-19-71 (1353) 
10-19-71 (1429) 
10-19-71 (1506) 
10-19-71 (1542) 
10-20-71 (0857) 
10-20-71 (1015) 
10-20-71 (1055) 
10-20-71 (1135) 
10-20-71 (1154) 
10-20-71 (1314) 
10-20-71 (1353) 
10-20-71 (1433 
10-20-71 (1512) 
10-20-71 (1552) 
10-21-71 (1152) 
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Table B-4 (Continued) 

.773 

.747 

.802 

.843 

.114 

.816 

.825 

.818 

.879 

.837 

.871 

.911 

.877 

.871 

.891 

.803 

.846 

.789 

.900 

.789 

.858 

.725 

.874 

.850 

.775 

.846 

.863 

.700 

.781 

.761 

.806 

.838 

.762 

.723 

.829 

.785 

.914 

54.4 
55.7 
52.2 
52.0 
55.8 
57.5 
56.7 
58.4 
56.5 
61.1 
57.3 
54.2 
55.1 
55.1 
57.0 
63.9 
60.2 
62.3 
49.0 
53.5 
51.4 
58.7 
48.8 
53.8 
55.7 
51.8 
53.7 
60.3 
53.5 

'52.2 
52.9 
51.3 
54.2 
52.1 
55.6 
58.4 
57.8 

7.151 
7.018 
7.093 
7.770 
7.559 
8.927 
8.874 

'9.246 
9.976 

l0.584 
10.100 
'9.886 
9.445 
9.327 

10.460 
10.671 
l0.514 
9.796 
7.818 
7.209 
7.870 
7. 334 
7.38o 
8.484 
·r.552 
7.789 
8.712 
7.214 
7.o62 
6.384 
7.357 
7.470 
6.920 
7.134 
8.616 
8.505 

11.304 
*.Based on inner tube diruncter 

B-14 

.4o7 

.413 

.4oo 

.391 

.4o7 

.397 

.395 

.397 

.384 

.393 

.386 

.378 

.385 

.386 

.382 

.4oo 
e391 
.403 
.38o 
.4o3 
-388 
.419 
.385 
.390 
.4o7 
.391 
• 387 
.425 
.4o5 
.4o9 
• 399 
.392 
.409 
.419 
.395 
.4o4 
.377 

-N ., 
* 'M 

J'~ ....... 
.. =' 

r-f ~ ~ 
ro r-f -() rx.. 

..... '° .µ .p 0 
oM "' .... 

~ ~ >< 

.292 

.310 

.272 

.254 

.262 

.250 

.241 

.254 

.239 

.Z"{8 

.255 

.230 

.253 

.257 

.258 

.296 

.291 

.313 

.251 

.[160 

.251 

.270 

.207 

.240 

.2>~6 

.229 

.269 

.323 

.313 

.328 

.318 

.314 

.330 

.328 

.303 

.301 

.21~5 

-N ., 
'M 

M 
..c: ....... 
=' 
"" .0 -(.)'° 

.o .... 

.119 

.128 

.109 

.100 

.107 

.099 

.095 

.101 

.092· 

.109 

.090 

.087 

.097 

.099 

.099 

.118 

.li4 

.126 

.095 

.105 

.097 

.113 

.o8o 

.094 

.J.00 

.089 

.104 . 

.137 

.127 

.134 

.127 

.123 

.135 

.137 

.120 

.122 

.092 
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Table B-5-1 
DNB THERMOCOUPLE DATA FOR NUCLEATE BOILING CONDITIONS 
AND THE EVALUATED EFFECTIVE HEAT TRANSFER COEFFICIENT 

FOR THE DNB THERMOCOUPLE "INSULATION" 

DATE (Time) 
8- 6-71 ( 1910) 
8- 6-71 (: 109) 
8- 6-71 C I 432 > 
8- 6-71 ( 1508) 
8- 6-7 1 ( 1 546) 
8- 9-71 ( 851) 
8-9-71 (1020> 
8- 9-·11 ( 1057) 
8- 9- 7 I C 1 338) 
8- 9-71 ( 1 41 5) 
8- 9-71 C I 451 > 
8- 9-71 ( 1526) 
8- 9-7 1 C I 602) 
8-10-71 ( 82,.7> 
8-10-71 ( 901 ) 
8-10-71 ( 935) 
8- I 0-7 I C I 008 > 
8- I 0-7 I C 1 042) 
8- 1 0-7 I C I I 1 6) 
8- 0-71 C 11 49) 
d- 0-71 C I 3 1 3) 
8- 0-71 ( 1527> 
8- 3-71 ( 1009) 
8- 3-71 ( 1042) 
8 - 3-7 I C I I I 5 ) 
8- 3-71 ( 1206) 
8- 3-7 I ( 1 346) 
d- 3-7 I C I 420) 
8- 3-71 ( 1510) 
8- 3-71 ( 1 635) 
8- 7-71 ( 1328) 
8-17-71 (1401) 
8-17-71 ( 1435) 
H-1 7-71 ( 1543> 
8-18-71 ( 937) 
8-18-71 ( 1010) 
d- I 8-7 I < I 1 51 > 
8-18-71 C I 22 5) 
d- 1 8-7 1 ( 1 3 1 5) 
a-1 s~--11 c 1349 > 

8-18-71 ( 1423) 
8-18-71 ( 1530) 
d- I 9-7 1 C 8 56 > 
8- 1 9-7 1 ( 946) 
8-19- 71 < I 020 > 
8-19-71 ( 11 28) 

P/D = 6 Swirl Generator Inserts 

~-
aJ lf' 
.......... 
~ . 

i:O:l ~ 
C\J 

aJ 0\ z...::t 
810.5 
772.8 
749.4 
760.6 
774. 1 
811 .6 
800.4 
788. 3 
832.2 
812.3 
819.9 
844. 7 
841. 4 
866.6 
874.7 
862.4 
867.0 
863.7 
849.5 
831. I 
812.7 
805.6 
866. 7 
852. 4 
847.1 
834.0 
828.5 
820.2 
807.4 
806. 1 
787.0 
788.8 
785. I 
766. 5 
868. 1 
857.5 
7H9. I 
778.4 
775.8 
761 .8 
773.2 
805.0 
763. I 
757.6 
768. 1 
751. 8 

Ill 
~· 
aJ~ 
•8 

~~g; 
i:O:lA......., 

749.0 
725.2 
710.7 
717.2 
724.4 
758.9 
747.2 
741. 5 
756. I 
760.6 
763.8 
779. I 
779.6 
785.2 
795.7 
793.2 
794.4 
786.5 
779. 2 
766. 5 
763.0 
747.5 
779.6 
767.9 
770. 7 
761 .8 
758.5 
752.0 
747.0 
742.2 
735.0 
732.4 
727. 8 
712.7 
784.1 
776. 5 
736.7 
728.6 
729.4 
71.3. 7 
725. 7 
745.5 
717.2 
712.4 
71H.5 
709.0 

B-15 

605.8 
6U t. 3 
606.5 
605.6 
606.9 
607.6 
606.6 
607. 1 · 
601. 4 
605.9 
607. 1 
608.7 
605. 7, 
602. 5 
604.0 
607.2 
606.5 
605.4 
606.5 
606. 1 
608.2 
608.8 
598. 1 
596. I 
603.2 
604. I 
603.4 
598. I 
605.5 
606.7 
60 I. 3 
599.6 
596.9 
593.6 
60 I. 8 
604.0 
605.0 
603.4 
606.5. 
'59 "/. 'j 
601 .6 
605.6 
602.8 
597.9 
599.5 
596.7 

-rr.. 
0 

:::::>u-r::C\J 
........... 0 ~ 

QJ8or!IH 
> ~ 

t~~~ 
Q) Ill ::s 

r+-t,... d ~ 
r+-t 0 H ,o 
rzlt+-t= ......... 

2762.6 
2<J4':>. 1 
3206.3 
3060.5 
2811. 5 
3402.4 
3135.9 
3409. 3 
2411 .2 
3546. 1 
3308.8 
3071. 9 
3328.6 
2654.4 
2866.3 
3174.7 
3056.8 
2773.1 
2905.8 
2940.8 
3689.5 
2832.0 
2466.8 
2-41 o.o 
2596.3 
2588.6 
262 7. 0 
2678.6 
2780.2 
2517.3 
3056. 1 
2799.9 
2., 18. 4 
2639.0 
2567 .o 
2520 • .3 
2985.8 
2989.5 
3148.4 
2H18.5 
3108. 1 
2 790. 7 
2967.2 
3018.6 
2856.8 
3128.0 

(V"\ ' 
I 
0 
QC\J 

~~~ 
'" r-t Ji 
ttr..~ 
ce: ~ .a 
~~6-
169.9 
140.2· 
124.1 
132.H 
139.7 
179 • .3 
166.8 
159.6 
183.5 
183.J 
185.6 
201. 5 
205.7 
216.1 
226.4 
219.7 
221 .9 
214.I 
204.3 
190.0 
183.4 
164.5 
214.9 
203.6 
198.4 
186.Q 
183.9 
182.7 
167.9 
160.9 
158. 9 ' 
157.Q 
155.8 
142.0 
215.6 
204. 1 
156.5 
148.9 
146. I 
138.'5 
147.6 
166.0 
136.2 
136.4 
141. I 
133.9 

~ : 
a: ~ 
~8 

. 627~ 5 
625i2 
622. 4 
622 .6 
624.A 
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' 
627.0 
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 
l<J-14-/J 
10-14-/1 
10-14-71 
10-14-"/1 
I U-1 4--11 
10-15-71 
I U-1~j--/1 
10-15-71 
10-1:s-·11 
10-15-71 
IU-l:S-71 
10-19-71 
l:J-19-71 
I 0-19--/ I 
IU-19-71 
10-19- /I 
I •J= I '-.i- / J 

1 i l-1 Q- -11 
lJ-19-ll 
lu-19-"/1 
I 0-20-71 
10-20-71 
IU-;>0-71 
10-20-71 
10-20-71 
10-20-71 
l'J-20-71 
10-20-71 
I l)-20-71 
10-20- 71 
10-20-71 
I v-21 -·11 
10-21-71 
I v-21--/ 1 

(T:i,me) 
( 1 306) 
( 1 345) 
C I 424) 
( 1 ')04) 
C 1 6U4) 
( 843) 
( 9 22) 
( I 002 > 
C I 042 > 
< 1102 > 
( I I 42) 
( 942 )·· 
( I 0 I H > 
( 10'.:53) 
( I 121.J) 
(IJ I /) 
( l .'Vi :i ) 
C I 42 9 > 
( I 506 > 
( I 542 > 
( 8':)7) 
( 936> 
C I 015 > 
( I 0 55 > 
( 11 35) 
C I I 54) 
( 1314) 
( 1353) 
C I 4 33) 
C I 512 > 
C I 552) 
( 913) 
( I 032 > 
( 1152) 
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Table B-5-1 (Continued) 

P/D = 3 Swirl Generator Inserts 

+:> ..--. 
ro r:r.. 

0 . ..__, 
A• s s::: 
Q) •ri 

E-t (\J 

ro CJ\ 
~...::t 

dO I. 0 
812.C) 
832.3 
t-UO. J 
810.6 
H25. ·1 
tll6.Lj 
826.d 
842.3 
dOO.O 
(3')6.4 
HOO.O 
H06.J 
dl9.5 
HIH.9 
tlU6.6 
09.9 
ti() I • o 
1300.0 
80 I • ·1 
841. 6 
850. I 
8:lH.3 
H46. 1 
8~)6. 8 
HOO.O 
'd72. I 
H"/ 4. "/ 
d66. I 
s~.Jn. 1 
84~->.o 
t13 I • 3 
U2H.4 
HJ2.9 

ti) 

+' -
ct! u 

........... 
• E-t 

A ,.....,. 
s p::i Ji. 
ID ~o 

E-t A ..__, 

"/49.J 
749.0 
7fi?.5 
"/~)7.9 

749.2 
760.0 
159.6 
764.8 
76d.6 
700.0 
7f30. 9 
700.0 
742.6 
752. 7 
7 5-j. I 
l 4 I. 2 
1'(25~0 
742.5 
l .::H-3. 4 
7Jd. I 
764.5 
770.5 
773.8 
T/9. 4 
780.5 
700.0 
7H4.0 
-/ 84. -, 
7H I. 2 
TIU. 3 
T/2 .O 
762.2 
162.. H 
762.2 

B-16 

. 
@< 
Q) 

E-t 

~ ......... 
Q) Ji. 
+'0 
U) '-' 

~)06. I 
<)OJ.~ 

60 I. H 
6Lb. J 
604.H 
606.3 
60:).6 
60l.3 
605.2 
60U.0 
606. ~) 
600.0 
Lj()'). :> 
604. '.) 
604.J 
602. ~) 
;:J '> I • <,1 

604.J 
60 I • =~ 
60 I. H 
606. I 
603. l 
602.6 
604.2 
60 I. 9 
60U.0 
603. 1 
602.8 
602.H 
606.2 
600.6 
1)06.7 
606.J 
60J.9 

......... 
f"'< 
0 

::>u-S:::C\J 
........... 0 +:> 

Q) E-t •ri ~ 
:> +> 
:j !@ ro .fl 
CJ A 3....._ 
Q) ti) ;:::$ 
~ !-i d +' 
~ OH ..0 
µ:i Ji. :: ..__, 

2 944. 4 
2107.~3 

2625.6 
2498.7 
2 190. 5 
2 772.5 
320 7. 9 
JOOR.9 
2625.6 
1192. n 
2731.Q 
1192. 8 
2753.1:3 
2 631 • 6 
2 HOJ. I 
2 90 I. 8 
2 }:38 7. I 
2805. I 
263'1.H 
~ 581 • fl 
2 424. 4 
2462.9 
2398.7 
3079.9 
2769.7 
II 92. 11 
2457.2 
2390.3 
2 4t~'.::i. 9 
2 551 • 3 
2 68 I • Q 

2 666. 3 
2d26.S 
2653.6 

(Y") 

I 
0 
.-l ......... 
::< (\J +) 

~~~ 
•ri .-l !-i .+> Ji. ..c: 
() ........... 
Q) +:> ;:::$ 
~ ro +' 
~ Q) ..0 
µ:i ::r.: ..__, 

169. ') 
I 13. 0 
183.3 
180.9 
I 71 • 3 
182.2 
182.5 
186.5 
193.5 
I 19. 3 
206.3 
119. 3 
175. 4 
I 75.i3 
178.H 
I 72. 4 
158.5 
164.1 
162.J 
162.7 
186.Q 
197.5 
202.1 
201.3 
21 I. 3 
I 19. 3 
214.3 
2 15. I 
2 I I • I 
203.6 
19t:).B 
184.2 
ld5.4 
Id I. 6 

.-l ---.-1 f:i:, 
(1)0 
~..._... 

Q.1 ... 
rd • 
·rl p~ 
UJ s 
~~ 

62 7. :~ 
62'.:.>. j 

6J 1. j 
62t3. 5 
626. f 
629. () 
62').;) 
631. 2 
630.0 
615.3 
632.9 
615.3 
617.5 
62 7. 0 
627.2 
624. I 
612.2 
625.3 
622. 6 
622.6 
630.6 
629.0 
628.5 
630. 7 
628.9 
615.3 
63 I. I 
630.3 
629.H 
632.3 
631. 7 
630.J 
630.0 
62 I. 9 
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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 

- (V) 

rz. I 
0 0 

+>- • +' C\I . QC\! 
~~ as[)< QJ ID Cl +' +> 

ID 't1~41'M ~~It-I ·- +> ~ ~ ~ ;3:: .._.. 

~· as~ oo~~h ~ rl h » 
~~ +> rz. ~ "' +> 

• E-4 
~~- ~ 'M ........... () ........... . al~~ 

~§i +> 'M ~ Q) ~ ~ 'u1 IT C\I 
~ ~ 8 ;b fi.-1 +' () Q) ~ 

(Time) 
al 0\ $ Q)g. fH Q) .0 ~~ 0 +' 

DATE z~ E-4 A....__, Cl) 8 ....__, Cl) ltl (.) _. µ:i ::i:: ....__, ...;i U) O' ---
8- 6-71 ( 1910) HI O. I 752.b 60H • .:; H299. 7 166. 2 633.9 0.830 
8- 6-71 < I I 09) 776.3 739.8 600.6 2482.3 105.8 664.2 I • 0 I H 
8- 6-71 < I 432 > 753.4 no.s 608.3 2682. I Q4.5 653.4 o. 996 
8- 6-71 ( 1508) 770.9 729.9 606.8 '3975.? 118. Q 645.1 0.065 
8- 6-71 < I 546 > 780.6 735.5 609.9 ':>198.0 130.8 642. I 0.962 
8- 9-71 ( 851) 816.3 762.4 60H.9 481':>.5 156.3 650.4 o.~94 

8- 9-71· < I 020 > 802. 1. 752.3 607.3 4432. 6 144.4 649.0 0.876 
8- 9-71 <I 05 7 > 793.7 146.4 607.7 4319.0 131.2 648.4 0.875 
8- 9-71 CI 338 > 829.7 163.1 605.6 11588. 0 191. 3 626.7 0.816 
8- 9-71 ( 1415) 825.0 . 767.H 60Q.2 5346. I 165.9 648.9 0.852 
8- 9-71 ( 1451 ) 826.8 773. 4 610. I 379':>. 2 154.9 662. 3 0.875 
8- 9-71 ( 1526) 849.3 782. I 60 I. 9 ·1268. 0 194.9 642.2 . o. 839 
8- 9-71 ( 1602> 849.9 787.3 609.6 491.3.6 181. 5 656.9 0.865 
8-10-71 ( 827> 881. 9 803.9 600.0 90 I ·1. 7 226.2 641. I 0.814 
8-10-71 ( 90 I> 881. I HOO.O 606.9 12593.6 235.3 630.H b.838 
8-10-71 ( 935) 879.3 800.3 605.2 9654.0 229. I 635.6 0.817 
8-10-71 ( I 008) 8':>9. 7 792. 7 601.8 5494.2 194.3 653.1 0.849 
8-10-71 C I 042 > 850.H 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 ( 11 49) 813.7 761. 2 608.7 4482. 7 152.2 652.2 0.844 
8-10-71 C I 313 > 824.0 711. 0 607. 9 3711.6 153.7 660.8 0.919 
8-10-71 C I 52 7 > 807.3 750.9 608.5 8236.H 163.6 633.9 0.834 
8-13-71 ( I 009 > 840. I Id I. 4 60 I. 6 6431.4 196.2 640.7 0.825 
8-13-71 C I 042 > 834.2 768.6 599. I /317.2 190.3 632.4 0.782 
8-13-71 (1115) 840. I 716.4 605.4 61.Vi.'1 1~4.7 643.0 0.851 
8- IJ- /I ( 1206) 827.5 761 .8 605. I 12008.3 190.5 625.4 o. 704 
d-13-ll < I 346 > 826.8 764.5 606.3 8021.J 180.7 635. I o. 825 
8- 3-71 C I 420 > 815.0 ·15':). I 601.8 8860.2 172.0 632.6 0.864 
8- 3-71 ( 1510) 815. 5 756. l 602.5 6769.6 170.5 634.7 0.838 
8- 3-71 ( 1635) 809.3 750.6 60 l. 2 10055.5 170.2 628.9 0.896 
8- 7-71 C I 328) /9!3.9 7 44. I 60b.9 82 49. 'I I SH. 9 630.6 0.811 
d- 7-71 C 140 I > 185.6 73 I. 8 600.4 9905.9 156.0 620.6 0.851 
H- 7-71 ( I A 3?) 790.7 131. I 60 I. 9 RI Q2. 2. i lj".). 4 626.2 O.A'l4 
8- 1-11 C I 543 > 776.0 124. 7 600.0 I 0 I 11. 1 14d.H 618.7 0.814 
8- 8-71 ( 937> 1155. 6 790.6 605.8 48811.2 1 88. '::i 6':>5.2 0. 901 
8- 8-·11 < 10 I 0 > 848.5 7 7 7. 9 604.6 0899.0 204.7 6J 1. I O.H22 
8- 8--11 (11':)1) 780.7 735.1 60J.6 42H5.J 130.5 642.6 0.926 
8- 8-11 (1225) 186.3 138. u 604.6 5366.0 140. 1 6JH,O 0.92?. 
8- ~··· 71 (IJlS> 16 i. 4 /16.l) 60 I. 1 6899.0 129.0 625.0 0.831 
d- 8- 7 I ( IJ49) 765.'J 7 22. 6 603.8 52 rlO. ") 124.4 634.0 o. 84':) 
8- 8-71 <l42J) 714.1 1J1 .o 60 I. 3 4634.4 12'.). 0 641. H 0. HHO 
d-18-/1 ( 1530) HI0.2 l'iJ. I 601\.6 70 44. J 16').c 634. l O.H4<i 
8-19-71 ( 856) 166.4 728.4 602.4 ?..973.2 I I 0. 2 649.H 0.9Ji1 
d-19-71 ( 946) 7 60. I 72.1.H 60.3.9 3847.6 I 12. H 641. 4 O.H82 
rl-19-11 ( I 02 0 l 168.6 723. 4 602.2 6032. 'i I 31 • 1 630,Q o. 911 
H-1 r,1 "·11 ( I I;.~ H) ·140. 2 lU6. I 5<>1>. I 2 991 • 5 O 1. I 63 {. 1 1oO19 

8-17 



GEAP-10580-2 

Table B-5-2 (Continued) 

P/D = 3 Swirl Generator Inserts 

- (V) 

~ I 
0 0 

+> ,-... • +>C\l QC\! 
~~ GS if Q)Ul~+> +> 

, U) rO~Q)C+-1 Q) ~ C+-1 . ....__, +> - ..... . .... >. ~-A • ~o 
ti) t1 .~ .a ..... r-i .a . » 

'S ~ ........... +> ~ Cl> "' +> 
Q) • •8 ~ . ~ C+-1 .......... () ........... <d • «! i::.=: ..... 

8 (\J A ..-... p,..--.. +> C+-1 ;:j Q) +> ::s •.-f A lilr-i 

~ ~6X< °' r:: r"' CL> ro OJ +> rH (1j +> U) s (.l Q) g 
(Time) ro °' +> l:JQ +>OJO..O C+-4 Q) ..a .:1 £~ 0 ~J 

DA'l'E z -=:t E-IA......_, Cf.) [:I'-' ti) ::c:o- r~ ::c:-- ... .:iwc' 
-·---

10-14-71 < I 306) 813.i:) 759. I 606.0 JtWl::i. 6 145.3 6 55. 7 0. fl66 
IU-14-71 < I 345) Bl5.4 7 ':JH. 9 6u·~. J 4111.3 152.5 649.1 0.8')':) 

10-14-71 < I 42 4) 1-U'S. 8 776.4 60 1. 9 JH4U.U 160.4 661. 4 '(). 852 
10-14-71 ( I 504 > 82.7.J /'::i 7. j 60lJ.6 I 4691. I 1~9.0 622. I 0. 723 
10-14-71 ( I 604) 814.2 757.3 608.4 50':>0. I 15j.6 641.3 0. 83"( 
10-15-71 ( 843) c:L29.2 765.6 60H.2 6304.0 ll 1. 7 642.6 0.836 
10-15-71 ( 922) H33. 9 765.9 60V. I 9_30tl. 5 ICU.6 634.3 0.824 
I 0- I 5-7 I. < I 002 > 836.5 766.6 00'1. 7 10200.8 188.7 631. 4 O. 7HH 
I 0-15- /I ( I 042 > 844.9 7~0.9 60H.t) 4 581 • 6 I 72. 8 656.9 O.R.tlO 
ld-l':)-71 C 11 02) r~'::i6. 7 7H4. d fi0>3. 9 6~08. 0 I 9 tl,. I · 645.4 0.852 
IU-15-71 ( 11 42) H60. r3 1>:31. 6 60d.9 68H7. O 19"/. 6 645.6 O.dOJ 
10-19-71 ( 942>"" ~336. 3 763.0 6U5.4 15930.1 197.9 621. 3 0.812 
IU-19-71 C I 018 > 8..1 0. 8 7 66. I 60:'.3 .1 21 78. I 120.7 679.6 0.047 
1·J-19-71 < I 053 > BJ"/."/ 1'::i8.6 t'>Ol.I 1)':)6F3. 4 . 159.·6 6-14. 4 o. 79'-) 
10-19-71 ( 112.9) H30.0 7 74. 5 60:-3.3 3265.8 149.8 667.0 O.H60 
l!J.-!9-71 ( 131 7) HIJ.3 156.d 6lh. () 4'::> Tl. O I 1)2. ') 64/.7 o. 86':) 
10-19-71 ( I 353) hM.2 736.8 ·60H. i 4462. I 1211. u 645.4 0.042 
10-19-71 ( 1429.) 80 I. H. "/49. I 60B. ·1 4 ·112. 4 142·. 3 641.3 O. 8H6 
I 0-1 9-71 C I 506 > ~HJ J. 2 755.H· 6()C) • 5 2994.6 12R.O 664.2 O.d62 
I 0-19-71 ( 1542) "796.1 747.2 60 I. 2 J81U. J 133.6 6~1.7 O.R'S~ 
I 0-20--11 ( 857) HY.). 4 "/ 6 7 •. 9 60'-i. C) tl217.9 182.2 "631. 3 0. 7-16 
10-20-71 ( 936) BSl.9 ·190. cs 60 I. 6 3265.0 165.0 612.3 0.830 
I 0-20-11 C 10 I 5) d6 I. 3 7H6.4 60J.6 68 76. I 202.2 641. 2 0. 85U . 
I u-20-·1 I ( I 0 55) !:3 t)J. Q 18~) •. , 608.7 I 0651. 6 2 I .1 • 1 634. I o.eo1 
I 0-20- / 1 ( 11 35) B61. 4 790.0 6 I u. I 5965.3 192.8 651. 5 0. 7 4.Q 
l·J-20-71 ( l I 54 > 81~). I 780. 7 609.4 201tl5.5 230.6 624.0 o. /21 
I U-20- 11 ( I 3 I 4) H ·19. 7 794.2 601.5 14221.1 230.R 62H.J 0.760 
10-20-71 ( 1J 53) H6 ·1. 6 "U-38. 9 606.6 <)162.9 212.5 636.3 0.16S 
l u-20- /I < I 433 > B6d.J "/93. ':J 60 1. 5 632 7. I 202.0 640.4 o. 81.1 
10-20-71 C I 512) 8':)7.9 /84. 4 60t>. I 1744.2 1«m.4 . 641. 9 o.831 
10-20-71 C I ~52) U44.2 -, d4. 3 60 1">. 2 3':)10.6 161. 7 668.2 0.815 
10-21-11 ( 913) 824. 2. 768.4 600.6 3 "f<l 5 • .3 I ':>O. I 66U.4 0.906 
IU-21-71 ( I 032) 831. 0 '/64.8 608.0 /() 154. :1 I /'d. 1 636.H 0.905 
IU-21-"/I < 11 52) 837.6 T/2. I 601-3. ~) 61':JI.2 I "/ 6. fl 645.J 0.922 

B-18 



DATE 
8- 6-71 
8- 6-71 
8- 6-71 
8- 6-71 
8- 6-71 
8- 9-71 
8- 9-71 
8- 9-71 
8- 9-71 
8- 9-71 
8- 9-71 
8- 9-71 
8- 9-7 
d-10-7 
8-10-7 
8-10-7 
8-10-7 
8-10-7 
8-10-7 
8-10-7 
8-10-7 
8-10-7 
8-13-7 
d-13-·/ 
d-13-7 
d-13-7 
8-13-7 
8-13-71 
8-13-71 
8-13-71 
d-17-71 
8-17-71 
8-17-71 
H-17-71 
d-18-71 
8-18-71 
8-18-71 
8-18-71 
8-18-71 
8-10-71 
8-18-71 
8-18-71 
~-19-71 
8-19-71 
d-19-11 
d-19-71 

GEAP-10580-2 

Table B-5-3 
DNB THERMOCOUPLE DATA FOR FILM BOILING CONDITIONS 

AND THE CORRESPONDING STEAM-SIDE HEAT TRANSFER COEFFICIENT 

(Time) 
( 1910) 
( 11 09) 
C I 4.32 > 
(1508) 
C I 546 > 
( 851 ) 
C I 020 > 
C 1057 > 
( 1338) 
( 1415) 
( 1451 ) 
( 1526) . 
( 1602) 
( 827) 
( 90'·1 ) 
( 935) 
CI 008 > 
C I 042 > 
(1116) 
( 1149) 
( 1313) 
< I 52 7> 
< 1009 > 
C I 042 > 
(1115) 
( 1206) 
( 1346) 
( I 42 0) 
( 1510) 
( 1635) 
( I 328 > 
( 140 I > 
(1435) 
(f5·1J) 
( 937> 
( I 0 I 0 > 

< I I 51 > 
C I 225 > 
CI 31 5 > 
(1349) 
( I 42 3 > 
< I 530 > 
C H S6) 
( 946) 
( I 020 l 
( 1128) 

P/D = 6 Swirl Generator Inserts 

. ..._, 
p. • 

~ !l 
(\J 

al O'\ 
Z...:t 

798.9 
719.3 
757.4 
774.9 
788.6 
824.3 
806. I 
796.7 
821. 4 
833. 0 
834.H 
846.4 
855.9 
90 7. 3 
880. I 
891. 5 
865.7 
860.9 
844. 6 
819.7 
831 .o 
815.3 
868.8 
847.8 
842.6 
845.5 
842.8 
829.0 
829.5 
817.3 
810.9 
795.6 
A00.7 
786.0 
865.6 
857.5 
787.l 
794.3 
/67.4 
116. 5 
hi2. I 
824. 2 
712. I\ 
769.7 
776.6 
744.2 

763.3 
763. I 
746.3 
752. 4 
761. 2 
799.6 
772.8 
764.5 
778.0 
804.3 
801. 4 
815. I 
817.3 
A56.9 
837.0 
!:352.3 
818.7 
83A.6 
817.5 
803.4 
811. 0 
792.2 
837.7 
826.6 
813.9 
8?.(). 2 
81H.5 
809. I 
813.2 
794.6 
783.6 
774.8 
769. I 
767.L 
835.6 
800.4 
7 II. 6 
773. I 
747.4 
16 I • I 
765.:, 
H02. I 
/60.9 
/?9.J 
751).6 
728.2 

608.3 
60 7 .6 
605.H 
606.8 
60A.9 
608.9 
609.3 
607.i 
605.6 
608.2 
609.1 
608.9 
609.6 
609.0 
606.9 
603.2 
60 7. 8 
605.2 
605.0 
606.7 
605.9 
60B.5 
600.6 
601. I 
606.4 
607. I 
605.3 
607.8 
60'1. s 
606.2 
605.9 
600.4 
602.9 
602.0 
603.H 
604.6 
603.6 
604.6 
600. I 
603.8 
601.3 
601 .6 
600.4 
60.3.9 
601. 2 
594. I 

B-19 

1626.b 
493.5 
350. 7 
844. 2 

I 066. 2 
658. H 

1311.5 
1329.4 
1961. 6 
782.2 

I 0 I I. 2 
825.6 

I I 28. 2 
13U .4 
1I44.2 
8 7 I. I 

1548.7 
442. 4 
645.4 
311. 9 
454.5 
632. 6 
670.3 
434. 1 
723.0 
586.2 
555.4 
443.3 

597.2 
838.3 
588.6 

I I 66. 5 
553. I 
659.0 

2762. I 
444.2 
605.5 
701. 2 
456. I 
4()8. I 
53 I. 2 
312.4 
28B. 5 
5 I 2. 5 
587. I 

.(Y") 

I 
0 

QC\l 
+.> 

~~Ct-I 
..... r-i 1-t 
+.> r:. .c: 
() .......... 
41 +.> ::s 

Ct-I al +.> 
Ct-I 41 .0 
rz:l ~..._, 

1 OJ. I 
47.0 
32.2 
65.2 
79.5 
7 I. 6 
96.6 
93.4 

125.9 
83.2 
96.9 
90.8 

I II. 9 
146.2 

·125. 0 
I I 3. 6 
136.3 
64.6 
/.8. 6 
47.3 
58.0 
67.0 
90. I 
6 I. 4 
>33.3 
73.4 
70.5 
56.0 
,_. i. 3 
65.8 
79. 2 
60.3 
91 .6 
:,4.? 
81. 0 

165.6 
46. 7 
59. 7 
'JH.O 
44.7 
4>3. 1 
64. I 
JJ.J 
30.2 
49.J 
46.4 

r-i ......... 

'ii!S' 
;J: ..._, 

41 "' -0 • 

'U! ~ s:: 41 
H E-< 

689.4 
729.'::i 
72 3. 3 
705.7 
104.J 
7 4;3. I 
703.5 
697.6 
68 I. 7 
744.4 
731.7 
740.7 
736.6 
75 I. 0 
746.7 
770. I 
720.5 
702.0 
760.9 
769.4 
769.2 
744. I 
772.7 
782.3 
153.9 
.,6 7. 3 
767.7 
769.4 
779. 2 
'141.3 
726.8 
7.31. 6 
703,5 
728. 2 
772.8 
bH I. 3 
1 JH. I 
730.9 
706.0 
729. I 
7 JI. 0 
756.0 
I J 1. 0 
I J 1. 7 
724. 3 
605.2 

t' 
'iii ~ 'ri 
g$~ 
..:l 00 O' 

I.ON 
I. I 25 
I. 155 
I • I 45 
I .083 
I .067 
0.983 
I. 004 
I .032 
I. 137 
I .086 
I • 149 
I • U':SO 
1 .024 
I .OA5 
I .050 
I. 022 
I .204 
I .080 
I • 114 
I .087 
I. I 00 
I • I 3 I 
I .230 
1.216 
I. I 60 
I • IQ 7 
I. 067 
I .255 
I • I 5 7 
1.133 
I. 230 
I • IJ;> 
I .235 
I .064 
O.OQ7 
I. I 34 
I. I 79 
1. 16~ 
I. I 20 
I .086 
I • 112 
I. 232 
I. 320 
I. 248 
I .24 I 



GEAP-10580-2 

Table B-5-3 (Continued) 

P/D = 3 Swirl Generator Inserts 

.......... (V) 

ff I 
0 

+:> .......... • +:> C\I RN' 
~~ aS Ii. Q) fl) i:= +> +> 

0 fl) rC~Q)r+-1 ~~~ ........... +> - ..... ..... :s: ..._,, 
Pi • aS u 

f/.l tl ~ ~' '" r-1 .E » @ ;j .......... +> l%i ~ "' +> . 
• E-t ~ . m +> ~~1 CJ ........... . 'd § -n 8 Pi .......... A....-... (!) +> ~ 

'" Pi C\I m igg ... Q) s l%i <l> m <l> +>: CH (1j +> Ill a 0 Q) ~ 
{'Time} . 

al 0\ +> (!)Q +> Q.I 0 .0 r+-1 OJ .0 ~~ 0 +> 
DATE z~ E-t A..._, ti) E-t ..._, f/.l :::c: t.> ........ ri:I ~ ........ 

' 
H fl.l O' 

10-14-71 ( 1306) 819.5 799.4 605.9 449. 7 54.3 760.4 I .021 
10-14-71 C I 345) 821. 4 791. 2 607.3 832.Q 81. 5 732.6 0.990 
10-14-71 ( 1424) R4 I. 8 814.4 605.9 .~61 O. I 74. 0 . 761. I I. 037 

' I 0-14-·ll ( I 504 > 834. 3 810.2 605.3 527.0 65. I 763.4 1.172 
I 0-14-71 ( 1604) 822.2 804.2 606.4 382.0 4B.6 769.2 I .059 
10-15-71 ( 843) 834.2 794.I . 608. 2 1282.3 108.3 716.3 0.992 
10-15-71 ( 922) 843.9 817.7 608. I 5 70. 9 70. 7 766.7 I .o 74 
10-15-71 ( I 002) 846.5 816. I 608.7 '708. 7 82. I 756.9 I .041 
10-15-71 ( 1042) .. 854.9 820.9 60/:3. 6 804.2 91.8 754.7 1.001 
10-15-71 ( 11 02) H66. 7 . 832. 9 607. 9 734.2 91. 3 767.0 1 .039 
10-15-71 C I I 42) 868.8 834. I 60 l. 9 756.4 93.7 766.4 I .023 
1·0-19-71 ( 942) 848.3 823.0 603.4 513.2 68.3 773.8 I .Q28 
10-19-.71 C I 018 > 819.8 809.6 606.7 192. 6 27. 5 . 7d9.8 1.145 
10-19-71 C I 0 53) H21. I 806. I 60 1:J. 7 4.71 • 2 58.3 764. I I .O 14 
I 0-19-71 ( 1129) 838.0 815~5 605.3 467.2 . 60 .• 7 771.7 I. 021 
10-19-71 ( 131 7) 821. 3 797. 7 603.0 547.7 63. 7 751.9 I .085 
10-19-71 ( I 353) 797.2 7fM. I 605.7 295. 9 35·~ 4 75a.7 I .088 
IJ-19-71 ( 1429) .. 81J .• 8 7 95 • I 605.7 422. I 50.5 J5H.8 I • II I · 
10-19-71 ( I 506) 813.2 795.J 608.5 406.8 48.3 760.6 I .059 
10-19-71 ( 1542) 804.7 786.4 606.2 437.0 49.4 750.9 I .048 
IU-20-71 ( 857) 847.4 830.4 606.8 308.5 4 1.). 9 791.3 1. I 7i 
10-20-71 ( 936) 861. 9 845.8 605.6 266. 5 43.5 814.4 I .·I 1 8 
10-20-71 ( 10 I 5) . 873.J 842.4 60 I. 6 591.5 83.4 ·18X. 1 I • l 83 
I 0-20- 7-1 ( 10 55) 876.9 . 843. 7 607.7 670.2 89.6 T78.9 I • 12.9 
I 0-20-71 ( 1135)' 873.4 849.0 609. I 438. 7 65.9 801.. 3 . I. 121 
10-20-71 ( 1154)1 885. I H3H.2 608.4 1171.9 126.6 746.7 I .063 
I 0-20-71 (13i4>~ 893."l 851 .2 606.5 908.4 11 4. 7 768.2 I .064 
10-20-71 ( 1353) 881. 6 851.7 603.6 544. 7 80.7 793.3 I. 181 
10-20-71 ( 1433): . 1378.3 838.5 605.5 885.2 107.5 760.9 I .078 
I 0-20-71 C I 512) 867.9 838.6 607. I 580.8 7(). I 781. 4 I • 11 7 . 
10-20-71 . ( 1 552). 852.2 835.8 608.2 289.7 44.3 803.8 1.or;n 
10-21-71 ( 913·) 839.2 821. 6 606.6 336.5 47.5 I 8 I. 3 I. 162. 
I 0-:21 - /I (I 032) 841. () 813.0 606.0 634.3 75.6 758.6 I. 158 
IU-21-71 C 1 I 52) I 847.6 BIH.8 60 l. 5 641. I 71.8 . 762. 7 I. 124 
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·Table B-6 
SUPERHEATER THERMAL PERFORMANCE RESULTS 

Overall Heat 
Transfer 

Coefficien~~ Na Steam 
(btu/hr ft Inlet Thermal Drum 

Experi- Pre- Temp. Power Press. 
Date Time ment dieted {O F} {kWt} Lesia} 

3-30-71 (1728) 362 265 936 407 1587 
3-31-71 ( 04 30) 356 260 937 397 1555 
3-31-71 (1531'.)) 357 260 '.)28 390 1Go1 
3-31-71 (1551) 363 26h 930 . 400 1621 
3-31-71 (1606) 369 268 940 425 1644 
3-'31-71 (1635) 383 280 941 453 2693 
5-20-71 (1327) 327 238 932 335 1612 
5-20-71 (1458) 362 260 .. 907 374 1618 
6-08-71 (1153) 369 270 : 954 439 1647. ., 
6-08-71 (1524) 387 283 952 478 . 2655 
6-08-71 (1908) 397 286 949 478 1660 
7-24-71 (2056) 377 274 937 435 2651 
7-25-71 (0354) 381 277 '933 440 1657 
7-25-71 (1228) 368 267 927 4o7 1630 
7-i2-71 (1932) 373. 272 935 426 1650 
7-22-71 (0540) 365 266 935 412 '1624 
7-23-71 (0856) 371 270 936 424 1658 
7-24-71 (0625) 380 285 931 437 2652 
7-31-71 (0251) 387 285 959 487 1617 
7-31-71 (2221) 370 269 933 418 1648 
8-02-71 (2324) 384 290 908 412· 1615 

11-03-71 (0815) 376 276 942 442 1632 
7-31-71 (0210) 376 275 946 445 1655 

12-04-71 (0115) 357 260 935 396 1657 
12-10-7:L (OZ43) 352 257 933 384 1625 
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Table 8-7 
SUPERHEATER THERMAL PERFORMANCE DATA 

Sodium Side Steam Side 

T/C T/C T/C T/C T/C T/C T/C T/C T/C 
weigh 

T/C T/C T/C T/C T/C 
wl'la Tin T -ted 

Tin T w Date Time out i_ _g_ ..3- ....!!.... ...2.... _§__ ...L ...§._ ..L AVG. 10 _g 12 13 14 out s 
3-30-'71 (1728) 53296 934.6 846.5 8 39 845 846 84 3 84 3 851 861 858 84o 846.7 904 914 919 869 867 603 901 5078 
3-31-71 (0430) 52::;11 936.8 849.1 843 849 848 852 847 853 863 861 843 851.2 908 916 921 886 880 600 911 4918 
3-31-71 (1536) 47E92 927.9 842.2 835 839 842 842 839 844 855 852 83L 842.3 898 907 913 879 868 604 902 4928 
3-31-71 (155:..) 49611 929.6 842.5 835 841 839 846 837 846 857 854 840 844.l 899 909 914 875 868 606 903 5056 
3-31-71 (16o6) 49e84 940.2 845.7 842 852 853 845 844 853 864 862 841 846.8 908 918 924 a84 874 608 912 5183 
3-31-7 1 (1635) 5941+7 940.8 856.1 85i 858 855 858 853 860 872 869 85~ 858.7 912 921 927 887 870 611 916 5536 
5-.20-71 (1321) 47"l92 932.0 852.0 847 851 851 852 849 856 866 864 84C 853.6 905 913 917 873 863 605 9o6 !~193 
5-20-71 (145E") 54451 9o6.7 834.2 829 834 833 837 830 839 848 846 825 836.3 882 889 894 855 843 605 882 . 4901 
6-08-11 (115::) 52817 953.5 853.2 . 850 855 854 858 854 860 87i 869 849 857.8 920 931 935 900 888 608 923 5220 
6-08-71 (152~) 560.38 951.8 850.3 945 851 851 855 847 856 869 867 843 854.o 916 928 936 884 875 608 918 5684 C) 

m t:p 6-o8-7l (1908) 56963 948.5 848.5 843 854 849 856 849 856 868 864 844 853.9 915 927 934 896 881 609 926 5773 )> I\) 

7-24-71 (2'.)56) 55072 936. 7 853~9 -344 853 851 854 852 856 867 866 847 854.4 908 917 922 884 869 608 910 5359 -0 c.> - ... 
f!J 7-25-71 (0354) 57025 933.4 848.9 339 845 844 847 841 850 861 859 839 847.2 903 913 919 88o 865 6o8 906 5457 0 

U1 ...,, 
7-25-71 (1228) 54844 926.5 847.6 840 847 843 847 842 850 860 858 84o 847.4 899 908 913 848 863 6o6 901 5127 co "" 9 7-12-71 (1932) 53969 934.6 854.o 847 851 851 854 848 857 868 866 848 854.6 907 915 920 880 868 608 916 5277 ...,, 
7-22-71 (054o) 53630 934.6 853.9 848 855 850 857 850 857 869 867 848 856.3 9o8 916 920 885 871 606 916 5102 

. 7-23-71 (0856) 55094 935.6 853.0 847 853 850 856 847 855 868 864 847 849.7 907 916 922 884 871 608 915 5230 
7-24-71 (0625) 57293 931.4 848.4 845 848 846 850 847 852 864 861 843 846.3 903 912 918 873 864 608 911 5459 
7-31-71 (0251) 52812 958.9 858.3 855 859 860 862 853 865 875 874 855 857.4 925 937 945 900 889 605 936 5783 
7-31-71 (2221) 557L.1 932.5 844.6 839 844 842 847 842 848 859 858 840 . 842.1 902 912 919 878 863 608 915 5188 
8-02-71 (23241 59716 907.8 841.7 833 840 837 842 837 844 853 851 836 837.1 885 892 896 859 841 605 890 5510 

11-03-71 (0815) 56158 941.6 846.7 842 848 846 846 844 851 863 858 841 848.8 908 919 926 885 877 6o6 910 5417 
7-31-71 (0120:! 55373 946.4 851.8 848 852 848 856 849 856 867 866 846 854.5 914 925 931 890 882 608 916 5382 

12-04-71 (0115; 51489 934.5 851.l 643 847 850 851 851 855 865 863 845 851.5 904 912 917 863 863 608 916 4888 
.12-10-72. ( 024 3} 52003 933.2 847.7 841 847 846 849 847 852 863 860 843 844.7 902 912 918 878 867 606 915 4773 
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RW1 #1, 12-07-71 

lb/hr 
T™E 

WR x e 

1342 8o20 0.65 

1401 6770 0.76 

1421 5740 0.93 

1441 4740 1.19 

1501 414o 1.42 

1521 4270 1.31 

·1541 384o 1.30 

1601 9100 0.50 

Table B-8-1 
DATA FOR THE BAYONET TUBE EVAPORATOR WITH THE P/D = 3 INSERT 

(PARTIAL;..¥ INSULATED BAYONET TUBES) 
RECORDED DURING THE SfEAM-SIDE STABILITY TESTS AT 1100 TO 1200 kWt 

STEAM SIDE SODIDM SIDE 

degrees F psig _psi 'GPM degrees F 

~ I ~I TG (Ts pi ~ po I PD . .6Pp I .6PA WNa Tin I T50J T492I T4371 T3771 T2571 Tl371 Tout 

493 519 535 6o6 1601 :.591 1597 10.0 8.o 130 834 690 800 705 650 620 6ll 609 

476 5o8 5~ 605 1596 1590 1596 6.3 5.5 130 836 670 790 704 652 620 609 6o8 

420 484 51.J 608 1598 1596 1602 2.6 1.5 131 836 6·3o 803 706 654 620 612 612 

L20 484 5D 608 1610, 1609 1616 1.6 1.1 130 847 770 835 810 734 637 620 615 
-421 .. 130 870 813 800 847 828 792 710 638 

430 
, 

"'"14o 864 &:>5 853 843 825 655 797 725 
i ·- i 

~26 139 875 818 869 855. 839 815 774 683 

499 517 530 590 1420 14o3 14o9 17.0 . 10 112 84o E55 795 685 629 600 591 590 

•The remaining numbers not defined due to periodically varying conditions 

G) 
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R U..'1 #2 12 08 71 : t - -

lt/hr ' 

TIME 
WR ){ 

e 

0945 9045 0.72 

lOC4 7800 o.88 

1024 1c~4o 0.97 

1044 5960 1.17 

1104 5260 1.32 

1124 513o 1.24 

1143 6830 0.75 

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 S]])E SODIUM S]])E 

degrees :r psig psi GP:-1 degrees F 

'rw I ~ I TG I Ts pi I po I PD 6Pp 1~p~. WNa Tin,T5o8,T492,T437,T377,T257,T137,Tout 

482 509 525 602 1576 1561 1564 16.o 10 158 84o 675 810 720 665 622 611 609 

461 495 517 607 1619 1609 1613 10.0 7.0 168 839 68o 812 722 669 626 614 612 

44o 482 508 608 1631 1625 1629 6.o 5.0 . . 166 843 704 820 730 673 629 615 614 

421 477 503 6o6 1588 1586 1591 2.0 1.5 167 843 730 837 814 774 653 623 618 

418" 184 846 8o3 842 828 817 787 72L. 649 
- -·~-

417 ~89 860 812 857 843 ~30 8o6 761 68o 

419 474 502 607 1609 1603 - 1605 6.o 5.0 162 830 772 822 8o5 788 723 648· 634 

•The remaining num'.:>ers not defined due to periodically vary:ng conditions. 
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Run #<.. 12-08-71 

lblrir 

Table B-8-3 
DATA FOR THE BAYONET TUBE EVAPORATOR WITH THE P/D = 3 INSERT 

(PARTIALLY INSULATED BAYONET TUBES) RECORDED DURING 
THE STEAM SIDE STABILITY T1ESTS AT APPROXIMATELY 800 TO 900 kWt 

-

STE.AH :3IDE 

dearees F psig psi GPM 

SODIUM SIDE 

degre~s F 
T™E 

~ I TB J TG I Ts I po I ~pp I ~PA Tin f5c8 ,T4921T4371T3771 T2571 Tl37l Tout WR x p PD WNa e 1 

1342 698o 0.62 503 531 546 609 1643 1637 164o 6.o 5.0 102 94o 6?0 790 692 640 616 608 607 

14<E 4470 1.03 447 500 523 608 1611 1608 1613 2.5 2.0 103 849 698 815 703 641 615 610 609 

1422 2182 2.09 421" 102 857 8o5 851 841 827 799 755 643 

1442 2520 1.67 429 104 885 830 877 865 851 823 788 680 

1502 5050 0.67 434 492 517 64o 1623 1621 1623 2.0 o.6 102 827 78o 820 795 792 653 623 620 
, 

*The remaining numbers not defined due to periodically vc.rying conditions. 
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C-1 TUBE WALL TRANSIENT ANALYSIS 

GEAP-10580-2 

APPENDIX C 
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. Siru.;~ the swirl generator was positioned midway between the 
two ONB 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 hi(</J.t) 
on Figure C-1 is a function of time and angular position the time behavior of hi being the principal paramete,· 
to be varied in this study. In the transition region the steam-side surface may be alternately in nucleate 
boiling with a very high hi or in film boiling corresponding to film blanketing and. a very low hi. 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. 

(C-1) 

t > 0 

Boundary Conditior1s: 

k 
ilT 

h· (t, </J) (T - Ti) </> r = r· 0 to n 
ar 

I I 
(C-2) 

k 
ilT 

ho (</>) (T
0 

- T) c/> ro 0 to 7T 
i.lr 

(C-3) 

ilT 
-·- 0 at </> 0 r· ,-;;; ::;;;; ro 
il<!> 

I (C-4) 

ilT -- ~ 0 dl </J -' 1f r· r ~ ro a,p I 
(C-5) 

Initial Condition 

T =' T (r, </>) at t = o (C-6) 

The nutJal grid oi r1gure C-1 was adapted and then the radial and .angular coordinates are given by 

l. 

r = ri + (i - 1) Ar (C-7) 

(j 1) o</> 
(C·8) 

Denote the te111pernture of a point at time t <ind ar rime t + ilt by 

T ( r, i/J, t) = T·· lj 

1 
T (r, </), t + At) r .. 

IJ 
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Figure C-1. Computer Model Used i;1 the Transient Neater 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 

where 

1 
T· IJ T·+1 . I • I + (1 - ~) T·-1 · 2r ' . I 

+ ( 1 - 2 M - 2 M..i.) T · · r 'I' IJ 

Mr = a Llt/(Llr) 2 

Mq, a Llt/(ril</>) 2 

+ M..i. (T· ·+l + T· ·-l) 
'I' I, I I, I 

(C-9) 

(C-10) 

(C-11) 

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

Llt ~ 1/(20'. (1/(Llr) 2 + 1/(rA</>) 2 ) (C-12) 

The corresponding requirement for a surface node results 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-ft2-°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 particular 
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-ft2-°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 ot variation over the total surface was used in the study. 

Due to the DNB thermocouple "insulation," the local heat flux near the j = 4 node 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 slfH1m in the uppor cootion of the a1111ulus becomes 
superneated. When the superheat becomes high enough, boiling may start in the hayonet tube. The resulting 
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 inr.re.;;i_se of the wpcrheat in the armulus, 
l11us higher quality in ihe 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. 

C-3 
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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 8-8-1 were selected for investiga
tion. Heat transfer coefficients used were 280 Btu/h-ft2-°F in the insulated section and 1000 Btu/h-ft2-°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 flow 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! 
void fraction. and temperature are calculated from this enthalpy value. Eactl node's local flux correction 
factor. or g~nsity change, is calculated 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 sequ~ni::e. The friction pressure drop and tne elevation prti::>SUl"e drop por node am ca.lculaterl 
using the new nodal mass flux rates and the present nodal void.fraction. ihe sum of 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 wa·ll temperature allowed the simulation to reach 
steady-state in 10 sec. Then, the superheated profile given by BC 2 In Fiyur e C~2 was impocod 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 Section 5 and given by Equation 5-15 

is: 

c (5-15) 
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A parameter of interest in the analysis of the experimental boiling data is the radial acceleration, AR 
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 multiple 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: 

(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 w~s appr_oximated by: 

s = (p/p 1•12 
f g (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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