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ABSTRACT

Experiments relating to the heat transfer capabllity of fuel
assemblies for a nuclear power reactor were conducted at the Heat
Transfer Research Facllity of Columbia University. The heat flux
at burnout with forced flow of subcooled and boillng water at high
pressure was measured for several types of assemblies: multirod
bundles in & circular housing, tubular channels, internally heated
annull, tubes-in~-parallel, and tubes cooled on both the inner and
outer surfaces. The relation of the particular tests to the
development program for a heavy-water-moderated power reactor 1s
discussed. The results, together with the recent results from
other laboratories, are applied to a nested-tube-assembly deslgn
for a De0-cooled power reactor, Areas for further investigation

are pointed out.
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HEAT TRANSFER STUDIES FOR THE D,0 POWER REACTOR PROGRAM
A Terminal Status Report of the Work ot Columbia University

INTRODUCTION

The principal advantage of deslgns for the DpO-moderated reaciors
presented by the Atomic Energy Division of the Du Pont Company in a
development program for the Atomic Energy Commission is the low fuel
cost achieved by the use of massive fuel components that are capable
of operating at a high specific power. To obtain the most economical
degign, 1t was necessary to know the heat transfer limits for such
assemblles,

Although much work is reported in the literature in the general
field of heat transfer, the work was not speclfic enough that the
maximum power in fuel deslgns of interest could be predicted with the
accuracy desired, Experimental work was undertaken at the Columbla
University Heat Transfer Research Facllity to obtaln the necessary
heat transfer data, A 3.5 megawatt electrlcal power source was avall-
able at the Unlversity for testing large-sized simulated fuel elements
at condltions pertinent to the power reactor deslgns,

The detailed work at Columbia has been reported in the regular
progress reports*. This Terminal Status Report summarizes and inter-
prets the work,

SUMMARY

The burnout charscteristice were determined at Columbia University
for simulated fuel elements of the Heavy Water Components Test Reactor
(HWCTR) and of designs presented by Du Pont for a heavy-water-moderated-
and~-cooled power reactor, The reactor fuel elements were rated for a
maximum heat flux ranging from 500,000 peu/(hr)(£t2)** with 1liquid D0
cooling down to 180,000 pcu/(hr)(ft®) with boiling D,0. The corre-
sponding burnout heat fluxes, based on the experimental data, ranged
from 1,300,000 peu/(hr)(£t2) down tc 300,000 pecu/(hr)(ft®). The margin
between operating heat flux and burnout is shown in Figure 1 for a fuel
assembly of 19 rods in a bundle and in Figure 2 for the inner tubular
channel of a fuel assembly of nested (concentric) tubes. Selected

* The pertinent progress reports by Columbia University and by the
Du Pont Company from 1957 through 1964 are listed in the References.
*¥*% The pecu is the guantity of heat required to raise the temperature
of one pound of water from 1%.5°C to 15.5°C. The pcu 1lg equal to
1.8 Btu (British thermal unit},




correlations from other laboratories were also applied in the analysis
of the margin of safety from burnout for the HWCTR operations and for
the power reactor designs, These correlations were from the Savannah
River Laboratory (subcooled liquid region) and from Hanford and the
General Electric Company-APED (annular channels).

The transltion from subcooled %o bolling conditiong was studied
extensively for the effect upon the burnout characteristiecs. This
transition reglon is encountered by the liguid-D,0-coocled reactor in
abnormal operatlon as well as by the bolling-D.0 reactor in normal
operation, The study was conducted wilith forced-flow inside single
heated tubes, The results are presented in this report to show the
burnout heat flux as a function of the coolant quality (fraction vapor
by weight) wilith parameters of tube dlameter, pressure, and mass
velocity. It was found that:

(1) as the coolaht quality lncreases from negative (sub-
cooled) to positive (boiling), the burnout heat flux
decreases sharply, particularly at the higher mass
velocities, and then levels out in the boiling region;

(2) the burnout heat flux increases with increasing mass
velocity in the subcooled region for the same quality,
whereas it decreases wlth increasing mass veloelty in
the bolling region, at mags velocities below about
4 million 1b/(hr)(ft®); and

(3) the burnout heat flux at a given quality is independent
of pressure in the subcocled regicon, whereas it decreases |
with inereasing pressure above 750 psia in the bolling
region.

When the burnout heat flux 1s presented as a function of the coolant
enthalpy (pcu per 1b) rather than cocolant guality, the effect of
pressure on the burnout characteristics is analogous to the effect of
mass velocity. That 1s, the burnout heat flux increases with increasing
pressure in the subcooled region and decreases with increasing pressure
in the region of higher quality - at least for mass veloclties below

4 million 1b/(hr)(ft®) - with the transition occurring in the region

of low quality bolling, The tests also showed a gerierally higher
burnout heat flux for tubes of smaller diameter. These observations,
which were made with single tubular channels, were substantiated by

the results at Columbia University with other gecmetrical configurations.




Other studies were conducted in support of the design for the
fuel assembly of nested tubes:

(1) The burnout characteristics were determined for five
internally heated annular channels. These results
contributed particularly to a better understanding
of the effects of subcooling and of hydraulic diameter
and provided an early design basis for a boiling-D;0
reactor fueled with nested-tube assemblles.

(2) The power at burnout for an assembly consisting of
a single thick-walled tube cooled by bolling water
flowing In parallel through the inner tubular and
outer anniuilar channels was shown to be predictable
from the test resulte for the separate channels.

(3) Initlal teste with forced-flow boiling in an assembly
of three tubular channels connected in parallel demon-
strated the possibllity of severe oscillation in the
flow within multichannel assemblies,

A fuel assembly of 19 rods of clad uranium oxide in a bundle was
one of the candidate designs for a bolling D,0 reactor in the
Power Reactor Program., The burnout heat flux was determined for the
19-rod assembly ag a function of coolant quality for several mass
veloclties at a pressure of 1000 psia, The results were conslstent
with those obtalned with simple channels, Thls Indicates a good distri-
bution of the coolant flow in the complex assembly as a result of three
factors: (1) a proper layout of the rode in the circular housing tube,
(2) a beneficial mixing effect from the spirally wrapped wire spacers,
and (3) the lower rod power toward the axls of the bundle, which was
mocked up in the tests. ‘

The inveatigations at Columbla Unlversity have heen supported and
extended by recent work in other laboratories, General agreement
exists among the laboratories regarding the qualltative effects of
coolant enthalpy, mass velocity, and pressure, There are examples of
cloge agreement when test condltiong were similar. However, markedly
different predictions still remain in many cases with respect to the
exact magnitude of the burncut heat flux and the form of the burnout
characterlgtics. These dlfferences are belleved to stem from geometri-
cal factors, from the limlted range of the data employed in a partlcular
correlation, from modes of operation in the experiments which are not
accounted for in the correlations, and from the attempt to use rela-
tlvely simple mathematical functions to cover too broad a range, The.
areas for additional experimental and analytlcal studies are outlined
in this report.




EXPERIMENTAL FACILITIES

The Heat Transfer Research Facility of Columbla University can
generate 3.5 megawatts of direct-current power. Two generators, each
rated for 10,000 amperes at 175 volts, were connected in parallel tec
obtaln 20,000 amperes maximum at the test section. This electrical
power was used to heat the simulated fuel elements of a power reactor,

Three test loops were used during the Power Reactor Progran.,
Fach loop consisted of pumps, heat exchangers, pressurizer {nitrogen
gas), water make-up and puriflcation, and connecting piping with pro-
vision for inserting the electrically heated test section, Subcooled
water was dellvered to the test section in all tests. Bulk bolling
could be accommodated in the last loop constructed. The material of
construction throughout the loops was stainless steel.

Test Loop No, 1 was constructed for the Naval Reactors Branch of
the Atomic Energy Commission, but was made available for the early
portion of the Power Reactor Program. The loop was rated for 2500
psig. A circulation of 250 gpm at 200 feet differential head was pro-
vided by two centrifugal canned-rotor pumps operated in parallel, The
flow path was from the pump discharge to the test section, toc water-
cocled heat exchangers, and back to the pump suction,

Test Loop No. 2 was built to complete the program started wilth
Test Loop No, 1. The pressure rating of the new lcop was TH0 pslg,
which was adequate for testing the conceptual designs of that time
for a D,0-moderated power reactor, A single centrifugal pump provided
300 gpm at 270 feet differential head. The flow path was similar to
that of the first loop.

Test Loop No. 3 was designed to determine the heat transfer limite
with bulk boiling. This loop was progressively modified to increase
its rated capabllity and lts flexlbllity for experimental work. The
presgsure rating, originally 1000 psig, was ultimately 1500 psig. The
original pumpilng capabillty was 250 gpm; 1t was ultimately 220 gpm at
1500 psig, or 400 gpm at 1200 pslg. The test sectlons for the Power
Reactor Program were vertlcal, and the heated length dld not exceed
T feet. The flow from the pumps was divided between the test section
and the heat exchanger; there was also a bypass around both. These
streams were recombined at a mixing tee where any steam from the test
section was guenched, The flow then returned to the pump suction.

The electrically heated elements of the test sections were either
Type 304 stainless steel or "Inconel-X"* tubing. The electrical
connectors at the ends of the test secticon were either nickel or

* Trademark of International Nickel Co.
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silver- or gold-plated copper. Thermal expansion was accommodated by
O-ring sesls at the bottom of the assembly to obviate buckling when the
fuel elemente were heated. The geometry of the coolant channel was
maintained by the top and bottom grid plates outslde the heated zone
and generally, along the heated length, by such devices as ribs of
laminated asbestos-phenolic material, ceramlc ferrules {T-rod bundle),
or stainless steel hypodermic tubing (wrapped splrally around the rods
of 7- and 19-rod bundles). A ceramlc liner for the stalnless steel
housing was used wlth the stainless steel spacers and, in certain
cases, for annull without spacers along the heated length to avold
electrical shorting. In the earlier test sections the thin-walled
electrically heated tubling was pressurized with nltrogen on the un-
cooled side to balance the coolant pressure., In most of the testing,
however, the heater tublng was supported by ceramlec or phenollc inserts
when the coolant flowed on the outside; or, the heater tublng was
sufficiently thick-walled to support the coolant pressure when the
coolant flowed through the inside. The wall thickness of the heaters
in the test elements ranged from 0,009 inch to 0,120 1nch,

Burnout wag determined by actual melting, by measuring the rapld
increase in heater temperature, by measuring the change in electrical
resistivity of the heater, or by combinations of these methods. The
nature of heat transfer burnout and its identificatlon are discussed
in the Section, AREAS FOR FURTHER STUDY. The thermocouples for
temperature measurements were pressed agalnst the uncooled (ary)
surface of the heater tubing. A thin film of cement provided elec-
trical insulatlon. The thermocouples were iron-constantan in stainless
steel sheaths. Generally, three electrical taps were made to the
heater tube and connected in a Wheatstone bridge arrasngement to sense
the change in electrical resistivity; this device was called a "burnout
detector." The electrical taps were made at the inlet and exit ends
of the heater and about six inches from the exit end.,' With heaters of
stainless steel, thls device had excellent sensitivity for burnout
occeurring at the exit end, as usually happened with uniform axial heat
generatlion. The burnout detector was less satlsfactory with heaters
of "Inconel-X" because of the smaller temperature coefficient of
resistivity. "Inconel-X" was used In place of stainless steel on
occasions because its higher electrical resistance allowed a thicker
tube wall to be used, thereby providing greater strength.

The total pressure was measured by a Bourdon-tube gage and by
strain-gage transducers; the differentlal pressure, by a menometer,
Turbine and orifice meters were used to measure flow. The output of
the thermocouples, pressure transducers, turbine meters, and electrical
current and voltage meters was displayed on recording potentlometers
and on high-speed direct-writing oscillographs.




RESULTS OF EXPERIMENTS
I. SUBCOOLED" BURNOUT IN SIMPLE GEOMETRY
A. Particular Liquid - Cooled Power Reactors

Four conceptual designs for a D,0-moderated, 1llquid-DpO-cooled
power reactor of 100 megawatt (electric) rating were presented early
in the Power Reactor Program.(l The fuel assembly in each design was
a single tube of Zircaloy-clad natural uranium, 2.060-inches OD x
1.430-inches ID. A minimum program of experimentation was conducted
to determine the burnout heat flux at conditions in the range of those
for these reactor concepts. The results were within the very broad
band-width of predictions by the exlsting correlations; however, they
did not corroborate any particular correlation. The test data, which
are summarized 1n progress report DP—385,(2’ established the true
burnout limit for the reactor designs,

The burnout heat flux was determined over a narrow range of
conditions in the subcooled region for four geometrical conflgurations:
a 1.82-inch-wide annulus {(5.761-inches OD x 2,125-inches ID), a O.45-
inch-wilde annulus (2.900-inches OD x 2,000-inches ID), a 0.39-inch-
wilde annulus (2.900-inches OD x 2.125-inches ID}, and a 2.055-inch-ID
tubular channel. The inner surface only of the annular channels was
electrically heated. The heated length was 70 lnches. Test Loop
No. 1 wae used initially, and later Test Loop No, 2, The tests were
conducted at 500 to 700 psla with water velocitles ranging from C.5
to 27 ft/sec, and exlt subcooling from 11° to 73°C. There were 17
burnout determinations. The burnout heat fluxes ranged from 500, 000
to 1,100,000 pew/(hr)(ft®). The burnouts were determined by actual
melting; with only three exceptlons, the melting occurred within a
few inches of the downstream end, i.e., at the polnt of highest
coolant enthalpy or lowest subcooling. '

The results of the tests showed sizable devliations from predic-
tions by the existing general correlatlions. This was not surprising
in view of the broad band-width of predicted values from these several
correlations. The data were generslly within this band-width. More-
over, substantlal agreement was obtained in later experiments in Test
Loop No. 3 with a 0.325-inch-wide internally heated annulus (see
Section I,B). Special empirical correlations were presented for the
narrow range of test conditlons for three of the configurations.(2’33

* Water is "subcooled" when its bulk temperature is below the satura-
tion {or boiling) temperature; the "subcooling" is the difference
between these two temperatures.
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These 1imited correlations fitted the data within a few percent. A
new broad-range correlation for purnout in subcooled water wasg
developed from the first five burnouts (those from Test Loop No. 1
covering three configurations) together with 179 burncuts from geven
other laboratoriles and from other programs at Columbla. 4 However,
when all 17 burnouts had been obtained and evaluated, the agreement
was no better than with the previously preferred c:o::‘rela.tion.('5 The
latest correlations for burnout in subcooled watert® 7 still exclude
the region of low velocity, 1low subcooling, and large diameter that
are covered by these teste at Columbila University because the hroad-
range correlations fail to predict adequately these observed burnouts.
This verifies the value of experimental data at conditions closely
approximating the intended reglon of operation, and shows the falli-
bility of extrapolation,

Severe vibratlon and pressure fluctuation were encountered 1in
about half the experimental runs. Thege led to concern regarding the
application of the results to the regetor situatlon. Vibration and
presgure fluctuation are dlscussed in Section VI.

B. HWCTR Driver Annulus

The Heavy Water Components Test Reactor (HWCTR) was a fuel-test
reactor constructed at the Savannah River Plant as part of the Power
Reactor Program to develop a heavy-water-moderated nuclear-power
reactor, The HWCTR was cooled and moderated by 1liquid D0 at 1200 psig
and 200-250°C. It was necessary to operate the HWCTR at coolant
temperatures and powers as high as posslble to obtain meaningful
irradiation experience with the test fuel. Operatlon of the reacter
wag permitted with bulk coolant temperatures approaching 10%¢ of the
gaturation temperature, i.e., 10°C or greater 1ocal subcooling. The
power level was 1imited, however, Dby prescribed margins from burnout,
Tests were conducted at Columbia Universlity to determine the burnout
heat flux at 1ow subcooling for pressures, coolant velocltles, and
geometry applicable to the HWCTR operation. The heat flux at burnout
wag shown to decrease more rapldly as the subcooling decreased than
had been believed. In particular, at the power planned for the driver
fuel assembly, a subcooling of about 30°C was needed to provide the
prescribed margin from purnout, rather than the 3°C predicted pre-
vliously. In normal operatlon with local subcooling greater than 50°¢C,
however, the predictions were substantiated. An improved general
correlation for burnout in gubcooled water was subsequently develogg?
at Savannah River Laboratory with the aid of these and other data.

The tests were conducted in Test Loop No. 3 with subcooled water
at velocities of 5, 10, 15, and 20 ft/sec at pressures of 500, 750, and
1000 peia 1in an internally heated annulus, 2,90-inches 0D X 2 .2h-inches




ID. This annulus was the size of the outer channel of the HWCTR
driver fuel assembly. Ten test sectlons were employed. The heated
lengths were 40 inches and 24 inches. The local subcoollng ranged
from 66° down to 2°C, A total of 107 burnouts were determined,
generally by the burnout detector, but with six melting burnouts.
The meltings were 1n reasonably good agreement wilth the detector
data. The burnout heat fluxes ranged from 483,000 to 1,578,000 peu/
(hr)(ft®). The data are summarized in progress report DP-805, ¢85°)

More scatter occurred in the downward trend of the burnout heat
flux with decreasing subcooling for the data at 500 than at 1000 psia.
This was attributed to the vibratlon and pressure fluctuation that
were encountered at 500 psia in certaln regions of operation, Just as
in Test Loops No. 1 and No. 2 (see Sections I,A and VI)., The burn-
oute at 50O psia were only glightly higher than the predlction by the
special correlation developed for a 0,39-inch-thick annulus (see
Section I,A),

Il. BOILING BURNOUT IN SIMPLE GEOMETRY

A. Tubular Channels

Burnout for the 1llquld-D,0-cooled power reactor is most likely to
occur ag a result of abnormal events which lead to bulk boiling, such
ag a sufficient increase in power, decreaee 1in flow, or decrease In
pressure, In the transition from the subcooled to the bulk boiling
condition, marked changes occur in the dependence of the burnout heat
flux: 1) the burnout heat flux decreases sharply and then flattens
out with increasing quality, particularly for the higher mass velocl-
ties; 2) an inversion occurs in the effect of mass veloclty on the
burnout heat flux; and 3) the pressure becomes a significant parameter
in the boiling region, the burnout heat flux decreasing with
increasing pressure at a given coolant quality, or even enthalpy.
These effects were clearly delineated with little scatter of the data
in an extensive series of burnout determinatlons wilth flow Inslde
tubular channels., The results are presented in the APPENDIX by

Figures A-1 through A-8,

The complex pattern of the characteristics of the burnout heat
flux in this transition region has so far defled precise correlation
by empirical formulae. This does not preclude direct application of
the test data, however, in determining the margin of safety from burn-
out for the liquid-D,0-cooled and the bolling-D,0 power reactors (see
APPLICATION TO REACTOR DESIGNS). The tubular channel is a typical one
in an assembly of nested tubes., The experimental Information cbtalned
with the simple tubular channels served as the reference for heat
transfer studles of a tubular element cooled inside and outsilde
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(see Section ITI) and of channels-in-parallel (see Section V), both
of which pertalned to the nested-tube assembly. :

The burnout heat flux was determined in Test Loop No. 3 for ftubes
of 0.245, 0.50%, 0,930, and 1.475-inches ID. The heated length was
generally 77 inches, with some data for 36- and 24-inch lengths, {10712)
Tests were made at pressures of 500, 750, 1000, 1200, and 1500 psia.
Mass velocities ranged from 500,000 to 14,000,000 1b/(hr)(ft®); coolant
conditions ranged from 80°C subcooled to 59% quality. A total of 402
burnout points were obtained using the burnout detector., The burnout
heat flux ranged from 250,000 to 1,430,000 peu/(hr)(ft®). The three
melting burnouts which occurred were close to the trend of the burncut
detector data. All burnouts ocecurred near the downstream end of the
heated tube; they were of the sharp variety typical of a departure
from nucleate bolling (see AREAS FOR FURTHER STUDY).

Plots of the data showed that, in forced-flow boliling, the burn-
out heat flux at a given quality 1s greater at lower mass veloclty.
Stated another way, the quallty at burnout for a glven heat flux 1s
greater at lower mass velocity. Thie 1s opposite to the effect of
mass velocity in the subcooled reglon, hence the term "inversion."
The inversion wae demonstrated quite foreibly in several sequences in
reaching burnout., After burnout conditions had been obtailned, the
power was lowered slightly to reestablish normal heat transfer. Upon
inereasing the flow at this lower heat flux, burnout occurred again.
And again, upon lowering the power slightly and increasing the flow,
another burnout condition was obtained. This 1s contrary to expecta-
tions based on subcooled experience. It points out the importance of
making & large adjustment downward in heat flux (toward zero heat flux) |
or upward in flow (toward subcooled conditions) in order to move away
safely from a burnout condition in forced-flow boiling.

The burnout heat flux at a glven coolant quality'in the bolling
region was shown by the tests with tubular channels to be lowered
appreciably by increasing the pressure, 1n the range of 700 to 1500
psia. This is in contrast with the small effect, 1f any, of pressure
upon the burnout heat flux in subcooled flow at a given coolant quality
(or, at a glven degrees of subcooling, since the proportionality con-
stant between degrees of subcooling and quallty ls not a strong function
of pressure)*. There is general agreement among the several labora-
tories cited in the Section, RESULTS FROM OTHER LABCRATORIES, regarding
these qualitative effects of pressure in the subcooled and boiling
reglons at a given coolant quality.

* In the subcooled region, the quallty is a negative number. Quality
is used in the subcooled region instead of degrees of subcooling to
permit the use of a single scale related llnearly to enthalpy, when
the pressure is specified, for both the subcooled and bolling regions,




Agreement is less apparent among the laboratories on the effect
of pressure at a given coolant enthalpy {rather than quality). At a
given enthalpy, in the range of interest to the Power Reactor Program,
an increase in pressure causes a decrease in gquality in both the
boiling and subcooled regions (the quality becomes more negative in the
subcooled case), It is generally agreed that the burnout heat flux
is higher at lower quality for a given pressure and mass veloclty.
Thus, the difference between the burnout heat flux at a particular
pressure and that at a higher pressure is certalnly less (a negative
difference meaning a higher burnout heat flux at the higher pressure)
when enthalpy 1s held constant rather than qQuality. Some correlations
actually show an increage in burnout heat flux in the bolling region
wlth an increase in pressure at a glven coolant enthalpy. In other
correlatlons, the direction of the pressure effect in the bolling
reglon depends upon the mass veloclty. The data of the Heat Transfer :
Research Facllity show that for the same coolant enthalpy - at least, ?
for mass velocities below L million 1b/(hr)(ft®) - a higher burnout :
heat flux occurs at higher pressure in the subcooled region whereas
a lower burnout heat flux ocecurs at higher pressure in the boiling
region at sufficiently high enthalpy. The transition occurs in the
reglon of low quality boiling, The inversion in the effect of i
pressure on the burnout heat flux at constant enthalpy is analogous B
to the inversion in the effect of mass velocity, :

A higher burnout heat flux, or a higher coolant quality at burn-
out, was cbtained with tubes of smaller diameter., Also, a somewhat
higher heat flux at a glven quallty was obtained for the 24-inch length

than for the 36-inch and 77-inch lengths. |

B. Two Annular Channels

The heat flux limit wilth forced-flow boilling at 1000 psia was
determined for two sizes of internally heated annulil:

oD, ID, Hydraulic Annulus

inches inches Diameter, inch Width, inch References

1,902  1.380 0,52 0.26 (13, 1%) :
1.745  1.375 0.37 0.18 (15, 16)

The purpose was twofold: 1) to perfect experimental techniques in the
opsration of the new Test Loop No. 3, in the design of the test sectionsg,
and in the interpretation of the burnout detector; and 2) to relate the
results obtalned at Columbla Universlity tc the data and correlations
Trom other laboratorles, The tests were primarily in preparation for
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the work on more complicated assemblies, The use of burnout detectors
was planned for the complex assemblies because they promised more
extensive coverage of the conditions for burnout than was feasible

by the melting technique. The burnout data for the simple annular
channels figured importantly, however, in prescrlbing a rough design
correlation for use in the computer optimization of a bolling-Dz0
reactor fueled with nested tubes of compacted uranium oxide. The data
wers compared in progress reports DP-555 and DP—685(13’15) with corre-
lations and other data 1n exlstence at that time,

The heat flux limit wes determined by means of the burnout
detector for about 30 different conditions, and then the test was
deliberately carried to the point of melting for each test section.
The mass velocity ranged from 300,000 to 1,900,000 1b/(hr)(ft®).

The effluent ranged from a few degrees subcooled to 25% quallty. The
burnout heat flux ranged from 270,000 to 606,000 pcu/(hr)(ft®). The
burnouts occurred at the downstream end of the 42-inch-long uniformly

heated assenbly.

The data showed continuity in & progressive downward trend from
the higher heat flux 1imits in the subcooled re 1on{17) to etill lower
heat flux limits 1n the high quality region.(la Falr agreement was
shown with tentative correlations of that periodf1®s2°%} ror the
burnout heat flux under similar conditions with a similar annular
configuration. (See Figure A-10 in the APPENDIX for the comparilson
of these Coclumbila data with a later correlation.) A disparity was
evident, however, wilth respect to the general correlations of that
period.(81s42)  Tn particular, the burnout heat flux in bulk bolling
wag much lower for the internally heated annuli than for tubular
channels or rectangular channels heated on both surfaces (in the same
gize range or smaller) under similar conditions of pressure, mass
velocity, and local quality. In the light of these comparlsons and
the new data, a simple design relationship was drawn hetween the
burnout heat flux, apo pew/(hr)(ft?), and the coolant quality fractlon,
x, for use in the computer. optimizatlon program 81y

qpp = 554,000 - 1,080,000 x

This relation was restricted to guality fractions from 0.05 to 0.30
and to pressures from 750 to 1000 psia. It was an oversimplification,
but the state of the knowledge on forced-flow bolling burnout Justi-
fied nothing more complex,

The sensitivity of the burnout detector was set lower by one
decade for the second test section. Thus, the instabilities in the
heat transfer process which preceded bolling burnout were not cbserved
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g0 early as with the first test sectlon. In fact, the meltling burnout
with the second test section occurred only a few percent hlgher in
power than the burnout detector point. The melting burnout with the
first test section was T% higher in power than the burnout detector
point., The reductlon in sensiltivity for instabllitles in the heat
transfer process reduced the scatter of the data. Equally Important
was the discrimination, or better definition of the effect of the mass
velocity parsmeter., It was clearly shown that, contrary to the experil-
ence 1n subcooled burnout, the heat flux at burnout ln forced-flow
bolling was lower at a given quallty for higher mass veloclty. This
inversion 1n the effect of mass veloclty was Just beginning to be
recognized in the literature. (These tests preceded those for tubular
channels discussed in Section IT,A.)

The clalm was also made of a maximum in the characteristlc of the
burnout heat flux as & funetion of gquality. This was evident in the
data at the lowest mass veloclty, This phenomenon had been obgerved
consistently in another laboratory!*®) in the high quallty range.

Other researchers have also shown a maximum in the burnout charac-
teristic in the low quality region.(®2:2%) Their work shows this
occurrence to be the result of compressibility in the system, as from
the existence of the vapor phase at the inlet, and of the resulting
internal flow fluctuations. In revlewlng the two low burnout heat
fiuxes 1n the data from Columbla Unlversity, whlch led to the appear-
ance of a maximum characteristic, it ig currently thought that the
observed ingtabllities in the heat transfer process were of a fleeting
variety and were wrongly Interpreted as burnout. It was on the
immedlate program at the time the project was terminated not only to
repeat these two burnout conditions, but also to investigate more |
extensively the burnout process in the various regimes of flow and to
improve upon the identification of burncut, as cutlined in the Section,
AREAS FOR FURTHER STUDY. ‘

[Il. BOILING BURNOUT FOR A SINGLE-TUBE ASSEMBLY

It had been planned to irradiate a tube of compacted uranium oxide
in the Bolling-D,0 lLoop of the HWCTR, but the loop never was commis-
sionad, The fuel tube was to be cooled by bolling heavy water flowing
in parallel through the inner tubular channel and the outer annular
channel formed by the fuel tube withln a housing tube. The power was
to be about 0.6 megawatt and the maximum heat flux about 200,000 pew/
{hr){ft2). The outlet quality was to be varied up to 30% by varying
the mass flow and inlet subcooling. Thie assembly for irradiation was
one of convenlence; in particular, the channels were not slzed to pro-
vide equal enthalpy rise or equal margins from burnout. The burnout
characteristics for the assembly, determined at Columbla University,
were safely above the planmed operating conditions.(2*’
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Three assemblies having a thlck-walled, electrically heated
tube cooled on both surfaces by forced-flow bolling water were tested.
The first two assemblies used a heater tube of sollid stalnless steel,
1,660-inches OD x l.442-inches ID x 40-inches heated length, inslide
a8 2.50-ineh-ID housing, These dimensions were somewhat smaller than
those of the proposed reactor assembly because of the problem of the
low electrical resistance. The third assembly employed a specilal
heater tube to provide the same dimensions in cross section as for
the proposed resctor assembly: 2.,065-inches OD x 1.478-inches ID,
This heater tube was a composlte of a tube of phenolic resin between
two thin-walled stainless steel tubes. The houslng tube was 2.90-
inches ID, a8 for the reactor assembly. The heated length was 77
inches, as compared wlth 1ll-inches length for the reactor assembly,
but the axlal heat generation wag uniform rather than cosine., This
meant that, for the same coolant conditlons {flow, inlet subcoollng,
and exit quality) and power, the test assembly operated near the
maximum heat flux that would occur 1n the reactor,

A total of 77 burnout determinations were made at 1000 psla in
Test Loop No. 3 with these three assembllies, The heater tubes were
then deliberately melted by a small increase in power (5 to 7%) beyond
the point of incipient burnout as seen by the burnout detector. The
test conditions covered mass velocitles from 500,000 to 2,300,000 1lb/
(hr)(ft®) and exit qualities from -6% (17°C subcooled) to +29%, For
the two short assemblies using the sclid stalnless steel heaters, the
assembly powers at burnout ranged from 0.66 to 1,09 megawatts and the
asgembly average heat fluxes at burnout ranged from 430,000 to 710,000
peu/(hr)(ft2), TFor the amssembly with the composite tube, the powers
at burnout ranged from 1.05 to 1.68 megawatts and the heat fluxes
(inner surface) at burnout ranged from 360,000 to 570,000 peu/(hr) (ft2).
The tests with the composite-tube assembly showed that burnout origi-
nated in the inner (tubular) channel; thls 1s assumed for the assemblies
wilth the solid stainless heaters. '

Although the single-tube assembly presented two coolant channels
in parallel, nc significant effect (<10%) on the burnout heat flux
was observed that could be attributed to hydraulic Interaction between
channels, 1In spite of care in the deslgn of the assemblies using the
solid stainless steel heater, the entrance losses exceeded the frictlon
losses 1n the channels; this condition would enhance the flow stabllity,
For the composlte-tube assembly the entrance configuratlion was a mockup
of that which would have existed with the bayonet pressure tube of the
HWCTR loop. It was decided to use a different test assembly to study
flow stability in parallel channels and its effect on burnout (see

Section V).




The flow distribution to the channels was measured to +10% for
the tests with the solid stalnless heaters. Because of mechanical
difficulties, 1t was necessary to estimate the flow distribution in
the cage of the composite-tube assembly from the preliminary cold
calibrations. From the flow distribution 1t was possible to calculate
the mass velocity and exit quality in the individual channels at burn-
out. The burnout characteristics for single 1.475-1inch-ID tubes were
obtained from a separate study (Section II,A)., Reasonably good agree-
ment (0 to 20% deviation) was found between the single-channel and the
two-channel results, wlth reservations regarding the uncertainty of
the flow distribution. Also, from the estimated burnout conditions
for the tubular channel of the single-tube assemblles, 1t appeared
that the differing thermal characteristics for the thick-walled hested
tubes (the composlte tube having a lower effective thermal diffusivity
than the solid stainless tube) resulted in less than a 10% effect on
the burnout heat flux in forced-flow boiling, the burnout heat flux
being somewhat lower for the composite tube,

I¥. BOILING BURNOUT IN ROD BUNDLES

A bundle of 19 rods of Zircaloy-clad uranium oxide within a
Zircaloy housing tube was planned as an interim fuel assembly for a
bolling-D,0 reactor, pending the development of nested tubes of the
oxlide. The nested-tube assembly was expected tc show lower fueling
cost. A fabrication process for long rods of Zircaloy-clad UO; had
been developed at Hanford for fueling the Plutonium Recyecle Test
Reactor. Some modifications were made to the PRTR design in settling
upon a reference design for the Power Reactor Program. Assemblies for |
test irradiations in the HWCTR were fabricated by an cutside contractor.
One mechanical design was drawn up for the Power Reactor Program., Flow
tests at the Savannah River Lahoratory showed this assembly to be
serviceable. The greatest unknown in the whole reactor deslgn was the
heat transfer capability of the rod bundle with forced-flow boiling.

The extensive tests at Columbia University showed that this particular
design of a 19-rod bundle would operate with adequate margins from
burnout in the reference bolling Dp0 reactor'25:2€) (gee Figure 1).
Bee APPLICATION TO REACTOR DESIGNS for more detalls on interpreting
Figure 1.)

The rods of the bundle were 0,550~inch 0D and were spaced on
0.633-inch centers., The spacing was maintained by 0.083-inch-dlameter
wires (actually hypodermic tubing for the electrically heated test
assembly) wrapped in a spiral on twelve of the rods, in the same
direction, on a 10-inch pitch. The bundle was similarly wrapped by
wire of the same dismeter and inserted in a 3,195-inch-ID housing.
Four such 19-rod assemblles were tested, Three of these were 3 feet
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long; the fourth was 6 feet long. The heat generation in the axlal
directlion was uniform, The radial heat generatlion was tallored to
simulate the flux depression of a real fuel assembly; however, one of
the 3-foot-long asgsemblies had three rods generating twice the power
of the others in order to extend the range of conditlons at burnout.
The rods were fitted with either a burncut detector or a thermocouple

near the downstream end.

The tests of the 19-rod bundles were conducted in Test Loop No. 3
at a pressure of 1000 psla with mass velocities ranging from 500,000
to 2,000,000 1b/(hr)(ft®) and with exit gqualities from 8 to 59%. Sub-
cooled water entered the assembly in all cases, as in the bolling-D,0
reactor concept. The highest burnout heat flux obtalned was 550,000
peu/(hr) (£t?) at a mass veloclty of 2,000,000 1b/(hr)(ft?) and an exit
quality of 9.6%. The burnout heat flux decreased with increasing
quality, as occurs wilth simple channels. The effect of mass veloclty
on the burnout heat flux wag less marked than with simple channels.
Nevertheless, the inversion in the effect of masg velocity was seen,
namely, a lower burnout heat flux with higher mass velocity at the
same quality.

Thus, the magnitude and the characteristics for burnout in the
19-rod bundle were qulte simllar to those for simple channels, Also,
burnouts were obtalned on both intermedlate and outer rods. These
observations lndlcated a favorable distributlon of the flow and lccal
enthalpy throughout the cross sectlon of the bundle, This good
enthalpy balance can be attributed to three factors: the particular
configuration of rods within the circular housing tube, the turbulent
mixing created by the spirally wrapped wire spacers, and the radial
flux depression,

Tests were conducted beyond the point of inclpient burnout to
‘pregressively hilgher surface temperatures, and finally to melting.
A relatively wlde margin in power and 1n quality was found in some
cases between the initial increase in surface temperature that was
identifled as incipient burncut and the actual melting,

Pricr to the tests on 19-rod bundles, two 7-rod bundles were
tested. The purpose was threefold: 1) to develop deslgn technlques
for the larger sssembly, 2) to evaluate at an early date the effect
of splral wlre spacers on the heat flux 1imit, and 3) to have a design
for testing to greater lengths, higher rod power, and higher mass
velocity than was possible for a 19-rod bundle with test facllitiles
avallable at Columbia University. The rods in the 7-rcd bundles were
the same diameter and spacing as those used in the 19-rod assembly.
The housing shape was scalloped, rather than circular, to simulate the
effect of more rods in the assembly and thereby to obtaln a more
realistic distribution of the coolant flow, The heated length of

TR ¢



these assemblies was 3 feet. The heat generatlon of the central rod
was 97% that of the outer rods. The axlal heat generation was uniform.
One 7-rod assembly had wire wraps on the 6 outer rods for spaclng;

the other 7-rod assembly had ferrules (rings) between the rods on
18-inch centers, Only the central rod was instrumented, the burnout
detector belng used; burnouts were obtalned on both the central and
the outer rods. A scmewhat higher heat flux at burnout was observed
for the assembly wlth spirally wrapped wire spacers than for the
assembly with ferrule spacers. Thils indicates that the turbulent
mixing from the sgpiral wires more than compensated for any undesirable
centrifugsal separation of liquid phase from the heated surface., The ;
burnout and hydraulic characteristlcs of the 7-rod bundle corresponded :
closely to those cobtalned for the 19-rod bundles. This indicated the

adequacy of the 7-rod bundle for testing beyond the range possible

with 19 rods.

The small gain for spirally wrapped wire spacers over the ferrule
type of gpacing was one of compensating effects. An apparent dlsadvan-
tage of wire spacers was manifested in overheating and fallure 1n the
19-rod assemblies on the wire-wrapped rods only. There were signs
that the spiral wrap around the bundle also contributed to overheating
in a characteristic way.

The work at Columbisa University on rod bundles satisfied the
immediate regquirements of the Power Reactor Program for an alternative
fuel assembly. Several organizations have since elected to support
more extenslve investigations of the parameters in rod bundle deslign
at Columbia University, namely, the United Kingdom Atomlc Energy
Authority, Atomic Energy of Canada Limited (through the USAEC-AECL |
Cooperative Program), Atomics International, and Westinghouse Electric
Corporation-APD (for the Carolinas-Virginia Nuclear Power Assoclates).
These studies have shown the importance of rod arrangement and spacing
methods within the housing. Varylng the arrangement and gpaclng can
cause & considerably lower heat flux at burnout, and possibly a higher
heat flux, than was obtained for the particular design for the Power
Reactor Program. Some progress has been made toward correlating the
burnout heat flux for rod bundles Iin which the work at Columbila
University figured importantly,(®27,28)

V. FLOW STABILITY AND BURNOUT WITH PARALLEL CHANNELS

The fuel assembly of nested tubes contains several long channels
through which the coolant flows in parallel. For example, an assembly
of three nested fuel tubes within a housing tube has three annular
channels and a central tubular channel. The channels are connected
hydraulically only at the inlet and exit ends of the assembly. The
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annular channels may be further divided into parallel subchannels DY
longitudinal gpacer ribs. In addition, the heavy—water-moderated power
resctor has many such fuel sgsemblies 1in parallel petween common inlet
and outlet headers for the coolant flow. The existence of parallel
channels ralses the questlon of the etabillity of the flow distribution,
particularly as power is increased OT total flow 1s decreased 80O that
poiling ensues. There was concern for possible nydraullc interaction
petween the two chennels of the single-tube aesembly (Section TII),

put the results were inconclusive pecause of the difficulty in measuring
the channel flow without affecting the flow distribution. Therefore,

a direct assessment was made at Golumbla Universlty b¥y tests with two,
gpeclal asgemblies, each with three long tubular channels in parallel.
Severe instability of the flow 1in polling was encountered in some of
these tesis. Additional studles were planned, at the time the project
was terminated, to determine more precisely (1) the conditions for
instabllity of the flow, (2) the effect of flow oscillations on the
purnout heat f£lux, and {3) the channel and assembly orificing require-
ments to ensure stable flow and high purnout heat flux.

The firset test assembly conslsted of three electrically heated
tubes 1in parallel that were closely connected to common inlet and

exit plenums.(ll’as’ The tubes were 0.493-1inch ID X 88 inches long.
The tubes were Fitted with burnout detectors but not with individual
flowmeters. Thus, it was not possible to ohserve directly the
stability of the flow. The tests were run at 1500 psia wilith mass
velocities ranging from 1,000,000 to 1, 000, 000 1n/(nr) (££7) 1n Test
ILoop No. 3. Tests were conducted both at constant flow to the agsembly
(16 data points) and at constant pressure jifferential across the
agesembly (3 data points). The latter operation, accomplished by a
sizable bypaes flow around the test aasembly, simulated operation of
geveral fuel assemblies in parallel. The burnout heat fluxes for the
three-tube assembly were only slightly lower, on the order of O to

10%, than those observed for gingle-tube agcemblles (see gectlon II,A).

A second test assembly of three-tubes—in—parallel was fitted wlth
turbine flowmeters for the individual tubee in addition to the turblne
meter for the total flow to the assembly.(3°’51> Fach tube also had
1ts burnout detector and an outeide-wall thermocouple at the downstream
end. The tubes were nominally 0.5~1inch Ip x 76 inches long. An im-
balance exlsted in that one tube nad a slightly thicker tube wall
(0.068 inch versus 0,063 inch); the thicker tube hed & 9% higher
power, Tests were conducted with (23 data points) and without (%0
data points) added orifice restriction in +he exit piping for the
combined channel effluents. The orlfice restriction in the combined
effluent streal cimulated the effect of the exlt connector plping from
the fuel assembly to the effluent header of a power reactor., The test
conditions ranged as follows: pressures of 500, 1000, and 1500 pelaj
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mags velocities from 900,000 to 4,100,000 1b/{(hr)(ft2); average exit
quality from O to 4#2%. Burnout was indicated 1n about half of the
runs. The remainder of the runs were terminated by severe flow insta-
bility. The heat fluxes ranged from 127,000 to 543,000 peu/(hr)(ft%).

Operation with severe instabllity of the flow in the second
assembly was not continued to burnout., However, where burnout was
reached under other conditions with this assembly, the burnout heat
flux was higher than for single-tube reference, and also higher than
for the flrst 3-tube assembly. Thus, there 1s a possibllity of a

higher power capabllity as a result of a lablle flow condition.

The occurrences of severe flow instablllty diminished upon
increasing the pressure from 500 to 1500 psia and upon lnecreasing
the mags veloclty from 1,000,000 to 2,000,000 1b/(hr)(ft®), and higher,
The normal operating conditions for the reference llquid-D,O-cooled
power reactor are about 1500 psia and 8,000,000 1b/(hr)(ft®). Thus,
even though bulk boiling occurs in the approach to burnout for this
concept (upon deviations from normal operating conditlons of power,
flow, or pressure), flow instabllity is not a concern, For the bolling
D0 concept, however, the normal operating conditions are 1000 psia
and 2,000,000 1b/(hr)(ft®). Instabillity of the flow in the parallel
channels is therefore a concern for the bolling D.,O reactor,

Increasing the resistance to flow downstream of the assembly after
the channel flow streams recombined, in simulating the effect of the
connector plping of a power reactor, promoted flow instabllity. How-
ever, the heat fluxes at the point of severe flow Instabllity and at
burnout were not adversely affected by the increased registance,

VL. VIBRATION AND PRESSURE FLUCTUATION

Severe vibration and pressure fluctuation were encountered in
certain regions of operation at high heat flux with subcooled water,
Instances are clted in Sections I,A and I,B, Other laborateries have
reported similar experlence, The effect was much more severe than was
encountered in bolling flow, even wlth parallel-channel assemblles
(sections III and V). It 1s not possible to say with certainty that
these disturbances would occur in the reactor sltuatlon. The greater
scatter in the test data in such reglons is evidence of an effect from
oscillations. A brief program of exploratlon was conducted for the
operating conditions at the vibration threshold, but no gquantitatlve
understanding was achieved, (#23)
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The severe vibration and pressure fluctuation in heat transfer
experiments with forced flow of subcooled water occurred, if at zll,
at 500 to 70O psia as the heat flux attalned about 75% of the burnout
value. The disturbance developed quite sharply 1n the regilme of
nucleate bolling {or local boiling) at the heated surface, and the
magnitude was fairly cconstant cver the range of occurrence. The loop
piping as well as the test section vibrated. Pressure fluctuation
(+20 to 100 psi) always accompanled vibration, but pressure fluctua-
tion coculd occur without vibration. There was also substantial flow
fluctuation (generally up to *15%). In a given run, it was possible
to move into the region of vibration and out again repeatedly by
raising and lowering the power,

With a new test assembly of the same nominal dimensions, vibration
was not obtalned at the same conditions, if it occurred at all before
burnout, Vibration and pressure fluctuation was most severe with the
large (1.82-inch wide) annulus at low velocity (<l ft/sec). Although
no vibration was encountered in heat transfer t&¢ subcooled water
flowing inside a tube, pressure fluctuation was significant, In the
region where pressure fluctuation was encountered, the magnitude was
not Influenced by the subcooling, the velocltiy, or the system pressure,
The magnitude of the flow fluctuation was somewhat dependent upon the
loop characteristics (i.e., throttling). However, the disturbance
occurred in all three test loops in about the same clrcumstance, In
Loop No, 3, in which tests could be conducted at higher pressure,
severe vibration and pressure fluctuation were encountered at 500 psia,
as in Loops No. 1 and 2, but not at 750 psla and 1000 psia. As bnefore,
the whole loop vibrated; also, pressure fluctuation occurred without
vibration.

In ancther test at 1000 psi, pressure fluctuation accompanied by
vibration Increased quite sharply from about +2 psi ﬁo about 10 psgi
as the exlt subcooling reached zero and bulk boiling commenced, This
was with the composite-tube assembly {(Section III) which had two
channels in parallel. The pressure fluctuatlion cccurred at low mass
velocity, high inlet subcooling, and relatively high heat flux,

Vil. EFFECT OF DISSOLYED GAS ON SUBCOOLED BURNOUT

The HWCTR was pressurlzed with helium gas for an operatlng pressure
of 1000-1200 psla. The heavy-water coolant therefore contained dis-
solved helium. In the operation of the reactcr, however, the effluent
water was maintained far below saturation with respect tc helium to
avold any release of hellum in the moderator space, which would have
affected the nuclear reactivity. Hellum could be released from the
solution locally, however, at the fuel surface upon nucleate bolling,




Tn tests, helium released at the fuel surface affected the heat flux
limit negligibly <10%, even when the gas content greatly exceeded the
solubility at the local coolant condition of pressure and bulk
temperature.(s’sz)

In the normal operation of the test facility at Columbla, the cir-
culating water was maintained free of dissolved gas by purging at the
points of highest temperature and lowest pressure. The gas pressurizer
and the main stream were connected by a long small-diameter sectlon of
piping to minimize interchange of water. To determine the effect of
dissolved gas on the heat flux limit, helium was added directly to the
main stream. The measured helium content ranged from 0.6 to more than
4 cc STP helium/gram water (the maximum solubility of helium at 1000
psla is 1.6 cc STP/gram water, which occurs at 220°C).

Burnocuts were obtained at 1000 psia (HoO saturatlion temperature,
285°C) and local bulk temperatures ranging from 254°C (helium satura-
tion, 1.3 cc/gram) to 274°C (helium saturation, 0.6 cc/gram), The
geometry of the HWCTR driver annulus was used (Section I,B). The
velocity was 20 ft/sec. The heat flux at burnout with dissolved helium
corresponded cleosely to that obtained with negligible dissolved gas.

VII. PRESSURE DROP IN FORCED-FLOW BOILING

The pressure drop in boiling flow governs the flow stabllity in
parallel channels and the flow distribution and cooclant enthalpy 1in
complex channels, such as 1n the rod bundle or the eccentric annulus.
The pressure drop in forced-flow bolling must be known to obtain an
operable and economical design for the reactor. It was the rule,
therefore, in the work at Cclumbia University to measure the pressure
drop across the assemblies in addition to obtalning heat transfer
information. The pressure-drop data from the rod bundles were evalu-
ated in detail,(25.38) '

The evaluation of the data on pressure drop involves a comparison
of the observations with predictions by existing computational programs
and the use of the data to improve upon these programs. The COBRA
code for the IBM 650034) was revised by Columbla University for use
with the IBM T7O4 at the Savannah River Lahoratory. This revision was
just completed when the project was terminated. The code needs to be
tested against the mass of accumulated data. The code is based upon
a model that considers the liquid and vapor phases to be a homogeneous
mixture and, therefore, to move at the same velocity. It 1s also
desirable to evaluate the dats by calculational procedures that recog-
nize the exlstence in two-phase flow of slip between the velocities of
the ligquid and vapor phases and, possibly, that recognlze the several
regimes of two-phase flow, once these regimes have been adequately

defined.
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The data from the T-rod and 19-rod bundles were evaluated both
for the homogeneous model and for the slip model, The slip model was
that of R. C. Martinelli and D. B. Nelson, (35’ as modified by
N. C. Sher.(®®) mhe pressure drop due to fri¢tion in two-phase flow
was obtained by subtracting the pressure drops for elevation change
and for acceleration over the interval from the observed pressure drop.
The ratio of frictional pressure-drop gradient in two-phase flow to
the frictional pressure-drop gradient for 100% saturated liquid flowing
in the channel at the same mass velocity was correlated ag a function
of the quality for the particular rod-bundle configuration, Thils
friction ratic Increases with quality. The analysis of the pressure-
drop data from the two types of 7-rod bundles (see Sectlon IV) showed
a 65% higher friction ratlo for the assembly with eplrally wrapped wlre
spacers than for the assembly with ferrule spacers., This confirms that
additional energy was expended for radial mixing in the rod bundles
that had spiral.wrapping. The friction ratio (as a function of the
coolant quality) for the aggembly with ferrule spacers was 1n good
agreement with the friction ratio function of Martinelli-Nelson for
flow 1n simple channels, but 1t was higher than that calculated for
the homogeneous model, The agreement of the friction ratio function
among the several 19-rod bundles, all of which had spirally wrapped
wire spacers, was also good. Also, the frictlion ratio function for
the 7-rod bundle with spirally wrapped wire gpacers corresponded
closely to that for the 19-rod bundles.

RESULTS FROM OTHER LABORATORIES

Throughout the program there was an underlying concern for the
heat flux limits of the simple coolant channels: the tubular channel,
the internslly heated annulus, and the internally-and-externally heated
annulus. In part, thisg concern stemmed from the fact that, even for
the simple geometry, the heat flux limits could not be predicted to the
desired degree of reliability. An understanding of the heat transfer
limitations for simple channels was needed to guide and interpret the
work with complex assemblies. Additionally, these channels were the
types encountered with the nested-tube fuel assembly, which was the
preferred design in the Power Reactor Program.

Progress was made toward an understanding cof the heat flux limits
in simple channels during the pericd of the Power Reactor Program, not
only at Columbia University but also in the several laboratories
throughout the world. Several pertinent correlatlons were developed
by thege laboratories during this period. These correlations are dis-
cussed briefly, Comparlsons are made by graphical dlsplay of the
predicted heat flux in a common system of varisbles and wlth the same
scale for the coordinates, In spite of the varlety of opinion so dis-
played, there are marked areas of agreement among the laboratories,
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R. H. Towell of the Savannah River Laboratory developed the corre-
latlons for the burnocut heat flux with forced flow of subcooled water
that were used in the design of the 1liquld-D-,0-cooled reactors and Iin
the operation of the HWCTR. Towell employed his own data together with
data from Columbia University. Separate correlations were presented
for tubular chamnels'®) and for annular channels.(T) The SRL correla-
tions are employed in the Section, APPLICATION TO REACTOR DESIGNS.

Perhaps the most pertinent research, outside of the Power Reactor
Program, is at the Hanford Thermal Hydraulics Laboratory in connection
with the "tube-in-tube" fuel assembly for the New Production Reactor
(NPR). 27}  This work is CONFIDENTIAL and cannot be presented in this
report. The Hanford correlations were applied to the reference deslgns
of the Power Resctor Program; the results were reasgsuring. Where a
gsimilar geometry was tested under similar conditions at Hanford and at
Columbia University, there was very good agreement.

Also of importance to the Power Reactor Program was the heat
transfer work by the General Electric Company, Atomic Power Equipment
Department EGEAP). The GEAP data have been correlated by Janssen and
Kervinen(®®! and by Tippets,(®®) Figures A-9, A-10, and A-11 in the
APPENDIX show the prediction by the Janssen and Kervinen correlatlion
for a particular annulus at pressures of 600, 1000, and 1450 psia.

A comparison 1s made in Figure A-10 with burncut data from Columbla
Unlversity for this annulus. Figures A-12, A-13, and A-14 in the
APPENDIX show the predicticon by the Tippets correlation of the burnout
heat flux for 0.5-inch-ID tubular channels at different mass veloclitles
and pressures, Comparlscn is made in these figures to the best fit
through experimental data from Columbla University. The correlation

of Jangsen and Kervinen is employed in APPLICATION TC REACTCR DESIGNS

to evaluate 1) the msrgins of safety from burnout for the outer annulus
of the 1liquid-D,0-ccoled reference design, and 2) the effect of pressure
on the design for a heavy-water-moderated power reactor.

Other correlations for the burnout heat flux were considered
for their possible application to the Power Reactor Program., They
are as follows:

J. Griffel, Columbia University.'%°) gee Figures A-15,
A-16, and A-17.

L. 8. Tong, et al, Westinghouse APD.(411 See Flgure A-18,

R, Atherton, Bettis Atomic Power Laboratory.'*2! see

Fligure A-19.
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W. J. lLevedshl, General Nuclear Engineering Corporation.‘*a)
See Flgures A-20, A-21, A-22, and A-23.

M. Silvestri, et al, Centrc Informazionl Studl Experienze
(c.I.5.E.).**) gee Figure A-2k.

U. H. von Glahn, National Aeronautics and Space
Administration. (5 See Flgure A-25.

R. V. Macbeth, Atomic FEnergy Establishment, Winfrlth,
England. (48] See Figures A-26 and A-27.

R. H. Wilson:-and J. K. Ferrell, The Babcock and Wilcox
Company, (47) See Figures A-28 and A-29.

These correlations are also presented, in graphlcal form, 1n the
APPENDIX. The burnout characterlistics were evaluated by these corre-
latlions for the particular conditions of geometry, pressure, and mass
yeloclity noted on the figure; the correlations generally cover a
broader range, for whilch the references must be consulted.

The experiments at Columbla University on the burnout heat flux
for tubular channels (see Section II,A) are presented in Filgures A-1
through A-8. The curves represent a best fit through the data points;
there was very little scatter. These experimental results are cited
because of the broad coverage given to the prime variables: tube ID,
pressure, coolant quallity, mass velocity, and length. They best
describe the complexity of the trangition region which 1s difficult
to match with a simple empirical correlation,

The figures in the APPENDIX show a variety of oplnions regarding
the heat flux 1limit. The differences reflect that the correlations
were drawn from selected data, frequently those of a particular
laboratory. The emphasis in such a cut of data may have been on a
narrow range of condlitions of geometry, quallty, mass veloclty, and
pressure, Also, the selected data may have been largely for one mode
of operation with respect to such detalls of the experiments as the
inlet coolant condition (subcooled, or quality), the inlet conflgura-
t%on, the test loop facility, the design of the electrically heated
test elements, and the method of burnout detection., Many of these
variables are important in determining the nature of the two-phase
flow which 1s undoubtedly a factor governing the burnout heat flux.
Tt 1s evident that these factors, and probably some others, have not
been properly assessed among the correlations, It 1s necessary,
therefore, to select correlations drawn from test conditions which
approach most closely those of the partlicular reactor in mind.
Certalinly the existence of so many correlations does not mean that
heat transfer probleme in reactor design have been solved., It also
should be remembered that these correlations are for simple channels.
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On the other hand, there are several lmportant areas of agreement
among the laboratorles. This lends credence to all of the data and
engenders hope for a general correlation. These areas of agreement
were largely pointed out in the discussions above of the work performed
at Columbia University: (1)} the burnout heat flux generally decreases
with increasing coolant quality; (2) with uniform axial heat genera-
tion, the burnout generally occurs at the downstream end of the heated
assembly; (3) an inversion occurs in the effect of mass velocity upon
the burnocut heat flux as the coolant quallty increases from negative
values {subcooled) to positive values (bolling) for mass velocities
less than about 4,000,000 1b/(hr)(ft®); and (4) the burnout heat flux
at a given coolant quality fractlon decreases with lncreaslng pressure
in the boiling reglon, whereas 1t is independent of pressure in the
subcooled region at a glven quallty fraction (or degrees of subcooling),
over the pressure range of interest to the Power Reactor Program.

Additionally, support is seen for the observation of Bennett{4®s4°)
of a critical value for the superficlal steam mass veloclty (X G) of
~400,000 1b/(hr)(ft®), at which the burnout heat flux decreases rapldly.
Thig support comes from the Bettis correlatlon and the Levedahl corre-
lation, as well as from the work of Kon'kov and Modnikova!®®'; Bennett
had already cited the C,I.8.E, data as supporting hie own data.

APPLICATION TO REACTOR DESIGNS

The relevance to the Power Reactor Program of the various studles
conducted at Columbia University and other lsboratorles was pointed
out in the separate discugeions above. The objective in these studles
was to be able to predict the margin of safety from heat transfer burn-
out for a particular reactor, In this section more detail is glven to
show that an adequate, but not excessive, margin of safety was indi-
cated from these studles, flrst for the concept of a bolling D0
reactor fueled with 19-rod bundles and then, in more detall, for the
reference 1liquid-Dy0-cooled power reactor with nested-tube assemblies.

Several Margins of Safety to Consider

The margin of safety from burnout can be depleted by a plot
showing simultaneously the burnout characteristic and the operating
characteristic (the actual heat flux distribution). The coordinates
are heat flux and coolant quality. Subcooled 1liquid 1s represented by
negative quality. The burnout characteristic and the operating charac-
teristic must be drawn, as nearly as possible, for the same geometry,
pressure, and mass velocity. When families of these characteristics
with mass velocity as the parameter are presented 1n a single plot, as
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in this report, 1t is necessary to select the palr having the same

mass veloclty to measure the margin of safety from burncut. The burn-
out characteristic may be drawn directly from the experimental data,

or calculated from an appropriate correlation. The operating charac-
teristic 1s calculated from the channel power, axlal power distributlon,
geometry, flow, inlet enthalpy, and pressure.

The burnout safety factor (BOSF) can be determined from such a
plot. It 1s the minimum ratioc of the heat flux for burnout to the
actual heat flux, where the ratio 1s evaluated at all points along the
length of the channel for the local conditions of pressure, flow,
coolant enthalpy {(quality or subcooling), geometry, and actual heat
flux that exlist in normal operation. The positlon along the length of
the channel ig represented by the local gualilty, which 1s the abscissa
in the plot described above.

In determining the BOSF, adjustments are usually made to both the
operating and the burnout characteristics to allow for devlations from
nominal design conditions - i.e,, for the hot spot and hot channel
effects - ag a result of practical clearances, tolerances in fabrica-
tion, and tolerances in monitoring the reactor operation. When such
factors are applied, the BOSF then represents the margin that exlsts
in normsl operation to allow for the uncertainties in the burnout
phenomenon, which might be measured in terms of the number of standard
deviations for the burnout correlation. It also represents in a quali-
tative way the margin that is available for an operatiocnal upset or

accldent.

A minimum BOSF of 1.5 was s?ecified for the first reactor designs |
under the Power Reactor Program. 1) Thus, for the reference 100 mega-
watt (electric) reactors, by the special correlatlons developed from
the Columbia burnout data (Section I,A above), the BOSF ranged from
1.45 to 2.39.%2) The required minimum BOSF was later increased to a
range of 2,00 to 2.75, depending on reactor type, in the computer
program for the optimum power reactor.(e’ The BOSF specification In
the early design stage lncorporated allowances both for the uncertaln-
ties in the burnout heat flux and for the hot spot effects. Thls
enabled the direct use of nominal deslgn conditions for the operating
and burnout characteristice., For the HWCTR, which was an actual
operating reactor, a detalled evaluation of hot spot effects was made.
The power level of the HWCTR was limited by the requlrement that BOSF
be equal to or greater than 1.8 during normal operation, and not less
than 1.4 in any temporary abnormal condition, after proper allowance
for the hot spot-effects.
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The BOSF 1s not a complete measure of the margin of safety from
burnout;. In order for burnout to actually occur, as long as the
integrity of the fuel sssembly is malintained, it 18 necessary to devi-
ate from the normal conditions in one of several unfavorable directions.
In the discussione which follow for nested tubes, four margins of safety :
from burnout are considered: (1) the safety factor from the burnout o
heat flux (BOSF) at normal power and normal flow; (2) the power increase '
factor for burnout (BPIF) at normal flow; (3} the fraction of normal
flow for burnout (BFF) at normal power; and (%) the fractlon of normal
pressure for burnout (BpF) at normal power and flow.

This concern for deviations from normal conditions applles even
more to the raeference liquid-D,0-cooled reactor because of its higher
heat flux and higher mass velocity than to the bolling D0 concept.

In the interest of high thermal efficiency, the liquld-cooled reactor
is designed with the effluent temperature close to bolllng. A rela-
tively small inerease in power or decrease 1ln flow for the 1liquld-D,0-
cooled reactor would result in bulk boiling within the fuel assembly.
The heat flux limits are shown by the data from Columbla Unlversity

and from other laboratorlies to decrease sharply in this transition

from subcooled to bolling condltions, particularly for the hiligher mass
velocities, It is planned to monltor the effluent tempersature of each
fuel assembly to ensure that a bholling temperature ls not reached,

This does not diminish the need to know the marglins from burnout that
are avallable, not only for concern of the channels wlithin the assembly
that are not monitored individually but alsoc for the accident sltuatlions.

An 1lncrease 1n coolant quality 1s alsoc accompanled by an Increase
in the pressure differentlal needed to malntain the flow, This effect |
reduces the flow and thereby increases further the coolant quallty.
The effect upon coolant flow of a power increase or a pressure decrease
was not factored into this analysis.

The Design with 19-Red Bundles

In Figure 1, the burnout characteristlcs that were determined
experimentally for the 19-rod bundle are compared to the nominal "
operating characteristic projected for that assembly in a power reactor,
From Flgure 1 it 1z estimated that the burnout safety factor (BOSF) 1is
about 1.8. This is wilthout application of hot spot factors and without
allowances for the scatter in the burnout data and for the limlted
experimental coverage of the possible operating condltions and geometri-
cal variations. In this light, a BOSF of 1.8 1s not too conservatlve
for promoting further development of the reactor concept though it
would otherwise appear to be more than adequate. For a higher BOSF it
is evident from Figure 1 that elther the heat flux or the exlt quality
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of the operating characteristic could be lowered. The heat flux for

a given deslgn power level is lowered elther by an enlarged reactor
for more fuel assemblies or by a new fuel assembly with more and
emaller rods in the bundle. The exit quallty is lowered by increasing
the coolant flow for the deslgn,

The Design with Nested Tubes

The normal operating characterlistic is shown in Flgure 2 (Curve A)
for the tubular channel of the nested-tube fuel assembly of the liquid-
DpO-cooled power reactor. The coolant 1is subcooled over the full length
of the channel. The conditions are a tube ID of 0.6 inch, a pressure
of 1500 psia, a mass velocity of 8,800,000 1b/(hr)(ft®), a maximum heat
flux of 465,000 pew/(hr)(ft®), and a chopped-cosine axlal flux distri-
butlon., The applicable burnout characteristlc is that for subcocled
flow, namely, the SRL correlation;(ej thisg characteristle is alsc given
in Figure 2. The burnout characteristic lies far above the nominal
operating characteristic by an amount corresponding to BOSF = 2.8,

Two operating characteristics corresponding to deviations from
normal in the direction of burnout are also shown in Figure 2 for the
tubular channel of the nested-tube assembly in the liquld-Dp0-cooled
reactor. A power increase at normal flow is shown by Curve B; a flow
decrease at normal power, by Curve C. In both cases, bulk boilllng
occurs in the coolant channel. The burnout characteristics for these
cases are best represented by the date from Columbia University. These
data cover the transition from subcooled to bulk boiling condltions.

The beet fit through the data is shown in Figure 2 ag a family of

dashed curves. The burnout characteristlcs correspond to data from
0.5-inch-ID tubes whereas the reference design is 0.6-inch ID. Analysis
of the data for other tube sizes shows that burnout varies inversely as
the square root of the diameter.(4°) This small adjustment for dlameter
ig omitted here for simplicity. Thus, from Figure 2, a T0% or more
increase in power at constant flow {Curve B) is indicated for burnout,
or BPIF >1.70. Also, burnout is expected at 45% of normal flow at
constant power (Curve C), or BFF = 0.45. The tangency of Curve C to

the proper burnout characteristic — a mass veloclty of 4,000,000 b/
(hr)(ft2) — is evident. The exact power increase to burnout cannot be
as accurately discerned because of insufficient coverage of the burnout

conditions.

The margins of safety from burnout for the annular channels of the
nested-tube assembly in the 1llguld-Dy0-cooled reactor were evaluated
from the correlations of the Savannah River Laboratory,‘'”’) the Hanford
Thermal Hydraulics Laboratory,‘aT’ and the General Electric Company
(GEAP).(SB) These sourceg have been discussed above, The margins of
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safety are presented in Table I together with those for the tubular
channel. The outer annulus was internally heated while the "middle"
annulus was internally-and-externally heated. Only the smaller "middie"
annulus is shown; the larger "middle" annulus would have had greater
margins from burnout because of .a lower operating heat flux. The three
kinds of channels in the nested-tube assembly, according to the flve
special correlations employed, have quite similar margins of safety
from burnout. The average values are as fellows: BOSF, 2.7; BPIF, 1.7;
and BFF, 0.4, For the outer annulus, where two or three of the corre-
lations were employed to estimate the same margin, the agreement is
acceptable consldering the stage of the reactor development.

TABLE T
Margins of Safety from Burnout for the

Nested-Tube Fuel Assembly 1n the
Liguid-Dy0-Coocled Power Reactor (1500 psia)

Outer Mlddle Tubular

Margin References Annulus Annulus Channel
BOST, srr.te’ - - 2.8
the heat sr1(7} 2.7 - -
flux ratio Hanford (37! 3.3 2.9 -
for burnout gEapte®! 2.0 - -
at normal
power and
flow.

BPIF, Hanford ‘27! 1.7 1.8 -
the power geap(®®) 1.6 - -
ratio for Columbia U, ‘2! - - >1.7

burnout at
normal flow.

BFF, Hanford (27! 0.50 0.42 -
the flow cEap!®®’ : 0.38 - -
ratio for Columbia 1, (11) - - 0.46

burnout at
normal power,

In the analysis above, the pressure was 1500 psia whereas the
reference design called for a pressure of 1700 psia. The lower pres-
sure was used, in part, because the preferred data and correlation
applied only up to 1500 psia. (In fact, the SRL correlations did not
employ data beyond 1200 psla, though there was no effect of pressure up
to that point.) Furthermore, a separate analysls shows that 1500 psia
is probably a better operating pressure for the power reactor, This
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analysis was made with the GEAP correlation for burnout in internally
neated annuli.!®®' while the range of applicability of this correla-
tion extended only to 1500 psia, it was extrapolated on the evldence
from other correlations that the burnout heat flux at a given quality
decreases a8 the pressure Increases up to 2000 psis and higher, The
results of this separate analysis are given in Table II; three margins
of safety (BOSF, BPIF, and BFF) are tabulated for pressures from 1700
down to 733 psia. As the pressure decreases, the exit quality increases,
being negative at 1700, 1500, and 1300 psia, but posltlive at 1000 and
733 psia. The gaturation pressure corresponding to the common inlet
temperature of 264°C is 733 psla. The table shows that the three
margins of safety vary insignificantly with the change In pressure

from 1700 to 1300 psia. At 733 psis the BOSF and BPIF are close to
1,0; hence, the fractlon of normal pressure for burncut at normal power
and flow (BpF)} is about 0.5,

TABLE TI

Effect of Operating Pressure on the Margins from Burnout:
Normal Power and Flow at 100% of Reference Design Values

Outer annulus of nested-tube fuel assembly
Liquid D,0 enters reactor at 264°C
Maximum heat flux {100% of reference design)
= 381,000 peu/(hr)(ft®)
Mass veloclty (100% of reference design)
= 5,900,000 1b/(hr){(ft?)

Burnout
Burnout Power Burnout
Operating Saturation Exit Exit Safety Increase Flow
Pressure, Temp, Quality Subcooling, Factor, Factor, Factor,
psia o¢ Fraction O¢ BOSF BPIF BFF
1700 322 -0.112 21 1.9 1.6 0.37
1500 312 -0,058 12 2.0 1.6 0.38
1300 302 -0,008 2 2.0 1.5 0.40
1000 p8BY +0,064 Negatlve 1.6 1.3 o.47
733 26k +0.127 Negative 1.2 1.1 0.67




Optimization Aspects

In seeking the optimum conditions for a D,0-cooled reactor, it is
necessgary to determine the cost for various combinatlcns of condiltions
which have the same specified margin of safety from burnout. A speci-
fied margin from heat transfer burnout was characteristically the design
basis in the Power Reactor Program, One sequence of comblnations is
a progressively lower heat flux with a correspondingly lower design
pressure for the same fuel assembly, the same temperature of liquld D0
entering the reactor, and the same rise in enthalpy of the coolant in
passing through the reactor. The same enthalpy rise is obtained by
taking the flow proportional to the power., By taking the same enthalpy
rise and inlet temperature, the reactor will have essentially the same
steam generator sirze, steam conditions, thermal effilclency, and cilrcu-
lation of Dp0 coolant for the same reactor power, as long as the average
reactor effluent temperature is below boiling.

The size of the reactor ilncreases as the design heat flux decreases,
The increased cost associated with increased size is pitted in the eco-
nomlc equation against the lower cost associated with the correspondingly
lower pressure. In the reference design for the liquid-D,0-cooled
reactor, which has been evaluated above, let us say that the marglns
from burnout for this deslgn at an operating pressure of 1500 psla, as
given in Table II, are acceptable. The reference design 1s then one
combination of design conditions (reactor size and pressure) in a
sequence for cost evaluation, For another combination in the sequence,
take a design in which the normal operating condltions of power and
flow per assembly are 80% of those for the reference design. In
Table III, the margins of safety from burnout are given for the outer ]
annulus of this new deslgn at pressures from 1700 down to 733 psia,
Just as was done 1n Table IT for the reference deslgn, For 80% power
and flow, the margins of safety at 1000 psla are esserdtially the same
as for 100% power and flow at 1500 psia. The same conclusion is
obtained for the tubular channel using Columbla Unlversity data, as
shown by Flgures 2 and 3.

Note in Tables IT and IIT that at 1000 psila the exit quality 1s
about 6%. This 1s for the maximum-powered fuel assembly. The exit
guallity of the mixed effluent from all assemblies might be less than
6%, depending upon the distribution of coolant flow and assembly power,
A mixed effluent of low quallty could be pushed through a steam gener-
ator to produce HpQO steam; however, the posslbllity exists in the 1000
psla case from Table IIT for separation of D0 steam, which would be
delivered to the turbogenerator. However, the inlet subcooling of 20°C
associated with an exit quality of about 6% is too large to enable a
classical direct-cycle boiling D0 reactor. For this case from
Table III, it 18 necessary to extract additicnal heat from the liguid
D,0 phase, which 1s separated outside the reactor from the primary D,0
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steam. This extraction of heat could be accomplished by flashing or
by steam generators to produce additional D0 steam of lower pressure.
This would be a dual-cycle power reactor,

TABLE IIT

Effect of Operating Pressure on the Marglins from Burnout:
Normal Power and Flow at 80% of Reference Desilgn Values

Outer channel of nested-tube fuel assembly
Liquid D,0 enters reactor at 264°C
Maximum heat flux {80% of reference design)
= 305,000 peu/{hr)(ft?)
Mase velocity (80% of reference design)
= 4,700,000 1b/(hr)(ft®)

Burnout
Burnout Power Burnout
Operating Saturation Exit Exit Safety Increase Flow
Pressure, Temp, Quallty Subcooling, Factor, Factor, Pactor,
psia °g Fraction °¢ BOSF BPIF BFF
1700 322 -0,112 21 2.4 1.8 0.32
1500 312 -0.058 12 2.5 1.8 0.33
1300 302 -0,008 2 2.5 1.8 0.35
1000 284 +0,064 Negative 2.2 1.6 0.40
733 264 +0,127 Negative 1.7 1.3 0.52

A classical boiling D,0 reactor (no flashing, no steam generators)
can be obtained in the particular sequence above wilth acceptable
margins of safety from burnout by taking a still lower fraction of the
reference design power and flow, together with a stl1ll lower operating
pressure, Thus, the following conditions are obtained for a boillng
Ls0C reactor:

Operating pressure 800 psia

Percent of reference design power 60%

Percent of reference design flow 60%

Outer channel maximum heat flux 230,000 pcu/(hr)(ft2)
Cuter channel mase velocity 3,600,000 1b/(hr)(ftZ)
Inlet temperature 264°¢C

Tnlet subcocling 5.5°C
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Fxit quality (outer channel

and reactor) 11%
Temperature of feedwater

(from turbine complex) 217°C
Burnout safety factor (BOSF) = 2.6
Burnout power increase

factor (BPIF) 1.7
Burnout flow factor (BFF) 0.39

It was necessary to extrapolate the GEAP correlation to lower heat
fluxes than are claimed for the correlation (see Figures A-9, A-10,
and A-11) in estimating the fraction of normal flow for burnout at
normal power (BFF); this is probably conservative, Also, for the
above feedwater temperature and reactor exlt quality, 1t was assumed
that the same rise in coolant enthalpy occurs in all channels of the
reactor as in the cuter annulus of the maximum-powered fuel assembly.

The optimum design for the 1liquid-Dp0-cooled reactor or for the
boiling Do0 reactor is found ultimately by repeating the sequence, as
above, for the same fuel assembly deslgn but wlth other values for the
temperature of the liguid D;0 entering the reactor and for the rise in
coolant enthalpy (or for the ratio of power to coolant flow)., The
econcmic advantage, if any, of the beciling D0 reactor over the liquid-
Dp0O-cooled reactor depends upon whether the reductions in unit cost
(dollars per kilowatt-hour) from 1) lower design pressure, 2) elimina-
tion of steam generators, and 3) higher steam pressure at the turbine
(higher thermodynamic efficlency) outweigh the increases in unit cost
from 1) greater reactor size, 2) greater inventory of Dz0, and 3) pro-

visions to avold P,0 losses in the turbine system. |

AREAS FOR FURTHER STUDY

More effort in analysls of the burnout data at hand from the many
laboratories throughout the world 1s needed to guide future experimen-
tation. Mathematical or graphiecal expressions for the heat flux limit
are needed by reactor designers and by the operators of these reactors.
Correlations adequate for the heavy-water-moderated reactor concepts
are avallable only for subcooled water flowing in tubular and annular
channels, Many correlations have been presented for the bolling region,
but they all have their 1imitations, and thelr differences need to be
reconciled., A simple correlation is not asnticipated; the desired corre-
lation may prove to be a design manual. It is expected that the corre-
lation will have several parts; but there must be continulty in the

matching of these parts.
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The nature of burnout needs to be defined clearly in the proposed
correlation, The limiting factor determining heat transfer capabllity
is a limit on surface temperature rather than on the heat flux. The
limit to be placed on sgurface temperature depends upon the material of
which the heated cbject 1s composed and upon the duration at that
temperature. The surface temperature — for given conditions of heat
flux, coolant enthalpy, mass velocity, geometry, and pressure — depends
upon the mechanism or mode of the heat transfer process in that reglon
of operation. At a critical value of heat flux, which is termed
burnout in this report, a change in mode occurs. The nature of the
change, as it affects the surface temperature, depends upon the modes
that are involved in the transition, as follows:

A. In one common form of burnout there is a change from
nucleate boiling to film bolling at the heated surface.
This is encountered in the subcooled and low quality
boiling region. With nucleate bolling, the surface
temperature isg only a few degrees above the saturation
temperature, and it incresases only slightly with
increasing heat flux. The "departure from nucleate
bolling" (DNB) is accompanied by a sharp increase in
surface temperature to an intolerably high value which
is the result of an insulating vapor film at the heated
surface, The term burnout is deseriptive for this form
even though, in the experiment, the test may have been
terminated at the first evidence of DNB in order to
preserve the test assembly, i.e., at "incipient burnout."

There will always be some miegivings, however, when
the heat transfer test is terminated upon only a
small lncrease in temperature or upon the development
of temperature oscillation, even though a few tests
may have been conducted to show that melting follows
shortly after "incipient burnout” in that particular
region of operation.

B, At higher quality, the transition in the mode of heat
transfer is not necessarily from nucleate belling to fllm
bolling at the wetted wall but, say, from forced convec-
tion with a wetted wall to foreced convection with a dry
wall, which is termed "dryout." In this case, the change
in gurface temperature 1s less than in the DNB case; 1n
fact, the change may be tolerable. The magnitude of the
heat flux 1s not only lower initially but the heat
transfer coefficilent 1s also higher after dryout than
in the DNB case; this results in a smaller incresase in
surface temperature, Burnout is certainly not descriptive
here, In thls case, the surface temperature 1s an
important parameter, partlicularly beyond the point of

ransition between the two modes.
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Thus, 1n heat trangfer studies, the ilncrease in surface temperature
should be followed for several hundred degrees beyond DNB or dryout
to identify the nature of the transitlon and to establish the surface
tempersture parsmeters,

The correlation for the heat transfer limit - i.e., the transition
heat flux or the heat flux at a glven surface temperature limit — will
certainly prove to be complex, for there are many variables, The
principal varlables are mass veloclty, local coolant enthalpy, inlet
enthalpy conditlions (subcooled or gquallty), pressure, axlal flux shape,
and geometry. The geometrical factors are the channel shape, the
hydraulic dlameter, the ratlo of heated to nonheated surface, the
number of surfaces of the heated sollid that are cooled, the thickness
and composition of the heated solid, the orlentation (horizontal or
vertical), and the inlet configuration. For rod bundles, the array of
the rods within the bundle affects the power capabllity. The fuel
assembly may employ film trippers, turbulence promotors, and/or
roughened surface, !$1»52:5%) mhere are hot channel effects from
eccentricity; there are hot spot effects, such as from a spacing rib
contacting the heated surface and from local peaking of the heat
generation (i,e., from fuel defects).

Finally, there is need for addltional experimentation and analysls
in the following areas:

1) the extent to which burnout is not determined solely by
the local conditions;

2) flow instability in "compressible” systems and in parallel
channels; and the use of added resistance (orifices) to
stabllize the flow;

3) the effect of flow oscillation upon the heat flux limit;

4) the occurrence and effect of vibration in heat transfer;

5) the standard deviation for the chosen burnout correlation;

6) the margin of safety from burnout expressed as the proba-
bility of burnout, or the risk of burnout, or the confidence
level; this would be accomplished by combinlng according
to probability theory the standard deviation for the burn-
out correlation with the standard deviations for all of
the deslgn and operating parameters,(S4,%5)

7) transient behavior in simple and complex assemblies;

8) in-pile versus out-of-pile burnout; and,

9, the regimes of two-phase flow with and without heat
addition.
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APPENDIX

PREDICTIONS BY VARIOUS CORRELATIONS
IN RELATION TO EXPERIMENTAL OBSERVATIONS
MADE AT COLUMBIA UNIVERSITY
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Heat Flux , millions of pcu/(hr}(f12)
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Figure A-3 Best Fit Through Columbia
University Data on the Burnout Heat
Flux in Tubular Channels
13—
Reference No. |1
1.2 — 7.0 ID, inches 0.50 _
tengih
L/0 (Fhmarer) 5!
0 I Pressure, psia 750 ]
Numbers on curves ore the moss s
1o velocity in millions of Ibs/(hr)(fte)  —
09 —]
Q8 — ]
07 — —
2.8
1.4
0.5 10
4.0 ‘
04 — -
03 - —
02 —]
01k Saturated ]
. l.iquid Enthalpy, pcu/lb
250 300 350 400 450 500
o | | | ! | ] I |1
-~ 40 -30. -20 -10 0 10 20 30 40 50 60

Quality, % vapor by weight

- 42 -




el T8

Heat Flux , millions of pcu/(hr){ft2)

s g

|4
e Figure A-4 Best Fit Through Columbiag
C University Data on the Burnout Heat
Flux in Tubular Channels
.3 —
Reference No. 11

|2 — 7.0 ID, inches 0.50 —

) length
s /o (gmang) 7
- and 151
bobo— 7
Pressure, psia 1000
Numbers on curves are the mass

1.0 40 velocity in millions of Ibs/(he}{ft2) =
09 _
08 _
o7 I —]
06 ]
0.5 —]
04 —
03 — ]
02 =
0.1 - Saturated |

’ Liquid Enthalpy, pcu/lb

250 300 3580 400 450 500
o | A I i (RN
- 40 - 30 -20 -0 o] 10 20 30 40 5O &0

Quality, % vapor by weight

- 43 -




Heat Flux, millions of pcu/(hr)(ft?)
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Heat Flux, millions of pcu/(hr)(ft2)
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Heat Flux, millions of pcu/(hr){ft?)
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l Figure A-9 Prediction by the Janssen
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‘ Figure A-10 Prediction by the Janssen and
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Heat Flux, millions of pcu/(hr)(ft?)
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i " Figure A-12 Prediction by the Tippets
Correlation of the Burnout Heat Flux
for a Tubular Channel
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I | Figure A-I3 Prediction by the Tippets
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| ! Figure A-14 Prediction by the Tippets
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Heat Flux, millions of pcu/(hr)(f{2)

l | ' Figure A-15 Prediction by the Griffel
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for o Tubular Chonnel
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| | ' Figure A-16 Prediction by the Griffel
Correlations of the Burnout Heat Flux
for a Tubutar Channel
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I [ 1 Figure A-17 Prediction by the Griffel
Correlations of the Burnout Heat Flux
for a Tubuldar Channel
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1 ! Figure A-18 Prediction by the Tond
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Figure A-I9 Prediction by the Bettis
Correlation of the Burnout Heat Flux
for Thin Rectangular Channels
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| Figure A-20 Prediction by the Levedahl
Correlation . of the Burnout Heat Flux
for Tubular Channels
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| | [ | Figire A-21 Prediction by the Levedahl
Correlation of the Burnout Heat Flux
for Tubular Channels
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| ' Fiqure A-22 Prediction by the Levedahl
Correlation of the Burnout Heat Flux
for Tubular Channels
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l 1 | | Figure A-23 Prediction by the Levedahl
Correlation of the Burnout Heat Flux
for Thin Rectangular Channels
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[ ! Figure A-24 Prediction by the C.1.S.E.
Correlation of the Burnout Heat Flux
for Tubular Channels of Small Diameter
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[ | 8.0, Figure A-25 Prediction by the von Glahn
Correlation of the Burnout Heat Flux
for a Tubular Channel
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Heat Flux, millions of pcu/(hr)(f12)

! I Figure A-26 Prediction by the Macbeth
: Correlation of the Burnout Heat Flux
for Smali Tubular Channels
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Heat Flux , millions of pcu/(hr)(ft2)

Figure A-27 Prediction by the Macbeth
Correlation of the Burnout Heat Flux
for Thin Rectangular Channels
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1.5 ‘
[ | Figure A-28 Prediction by the Wilson
and Ferretl Correlation of the Burnout
L \ Heat Flux for Tubular Channels
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[ ! Figure A-29 Prediction by the
Wiison ond Ferretl Correlation of
the Burnout Heot Flux for
1.5 [~ ! Tubular Channels
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