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FOREWORD

The Research Reactor Fuel Element Conference was convened to bring together persons
actively engaged in, or concerned with, the technology of research reactor fuel elements and
to provide for interchange of information through presentation of formal papers and informal
discussions. It was held in Gatlinburg, Tem;eissee, on September 1719, 1962, under the spon-
sorship of the Division of Reactor Development of the U. 8. Atomic Energy Commission. Oak
Ridge National Laboratory served as host for the unclassified meeting which was attended by
150 participants, including 31 registered foreign guests.

The scope of the Conference embraced the broad topics of nuclear, thermal, and mechani-
cal design; materials evaluation and selection; component fabrication and assembly; nonde-
structive testing and inspection; radiation damage; corrosion performance; and some economi-
cal aspects. A total of 36 technical papers was presented—2 from Belgium, 1 from Canada, 1
from Switzerland, 1 from France, and 31 from the United States. Many of the United States
papers dealt with the new generation of research reactors now under design and construction.
These are to provide unperturbed neutron flux densities in the range of 1 to 5 % 10" neutrons/
cmz/ sec for (1) beam experiments designed to advance the study of elementary particles, (2) in-
reactor performance tests on various materials and components in the coolant environment of
water, liquid sodium, and gaseous medla, and (3) production of research quantities of the trans-
uranic elements. Included in this new group of reactors are the Advanced Test Reactor to be
located at the National Reactor Testing Station in Idaho, the Argonne Advanced Research Reac-
tor at Argonne, Llinois, the High Flux Isotope Reactor at Oak Ridge, and the High Flux Beam
Reactor at Brookhaven National Laboratory, Upton, Long Island, New York.

These Proceedings contain the manuscripts of all papers presented. The paper entitled
“General Design of the Argonne Advanced Research Reactor” by L. W. Fromm has been en-
larged to include more information on the fuel element for the subject reactor. This change
is the result of the fact that the original paper dealing with this information was eliminated
from the program for reasons of patent clearance.

The presentation of these Proceedings represents the unstinting efforts of many, and, as
general chairman, in behalf of the U. S. Atomic Energy Commission and the Oak Ridge National
Laboratory, I would like to express my sincere appreciation to (1) the authors without whose
contributions the Conference could not have been held; (2) the session chairmen, consisting of
W. L. R. Rice, U. 8. Atomic Energy Commission; A. L. Boch, Oak Ridge National Laboratory;
G. M. Adamson, Jr., Oak Ridge National Laboratory; D. R. deBoisblanc, Phillips Petroleum
Company; and J. M. Martin, U. S. Atomic Energy Commission; (3) the program committee com-
posed of G. M. Adamson, Jr. and A. L. Boch; (4) the receptionists, Freda Finn, Marjorie White,
and Evelyn Webb; (5) E. E. Sinclair of the U. 8. Atomic Energy Commission who gave the open-
ing remarks; and (6) J. A. Swartout, Deputy Director of the Oak Ridge National Laboratory,
who presented a most interesting and satirical after-dinner talk on the subject of research re-
actors. In addition, a vote of thanks goes to D. D. Cowen, Director of Public Relations at the
Oak Ridge National Laboratory, whose office was responsible for many of the Conference ar-

‘rangements, and, finally, to the Division of Technical Information of the U. 8. Atomic Energy
- Commission for the reproduction of these Proceedings.

J. E. Cunningham
General Chairman
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FUEL ELEMENT AND CORE DESIGN OF THE
BROOKHAVEN HIGH FLUX BEAM REACTOR

by
Joseph M. Hendrie

Brookhaven National Laboratory
Upton, New York

It is a pleasure to be'able to present a report on the fuel
element and core design of the Broockhaven High Flux Beam Reactor
as the first paper of this conference on research reactor fuel
elements. To place these remarks on fuel elemént and core design
in the proper context, our objective in building the HFBR muét
first be understood. Second, some idea of the general arrange-
ment of the system 1is necessary. We shall deal f;rst with thesé
introdﬁctory matters.

The objective of the ﬁFBR Project is to build a machine to
produce neutron beams for research. The neutron energies of
interest aré mainly those in the thermal range, with some
interest in the resonance region up to perhaps 100 volts. These
beams are to be as intense as the dual boundaries of technical
knowledge and fiscal limitation will permit, and they should
contain as small a fast neutron component as possible. The

latter condition arises because most of the experiments in

neutron beam physics are done against a background "noise” of



scattered and degraded fast neutrons, and the signal to noise
ratio rather than the absolute céunting rate is the limiting
factor in determining what can be meagured and in the accuraéy
of measurement.

The  early theorctical work by Auerbach, Chernick{ and

(1)

co~workers showed that if we could construct a small, undex-
moderate@ core, run it athigh power density, and immorse the
core in a very good reflector, the basic requirements for the
machine could be met at modest total power levels. Undermodera-
ting the core means that it will leak epithermal neutrons into
the reflector at a great rate. The reflector then acts as a
moderator and neutrons thermalized there stack up in a flux peak
which is many times higher than the core thermal flux.

Begause this system effects a spacial separation of the
thermal range neutron source from the fast source, beam tubes
can be placed to reduce the fast component at litﬁle cost to
the low energy beam, and thus achieve the desired signal to noise
ratio improvem=nt. This system is essentially an inversion of
the flux trap system, of which a great dcal more will be heard
at this conference.

Figure 1 shows béth calculated and measured flux plots for

the HFBR system. Note that the ordinate scale is in terms of

flux pef unit power. The high peaking of the thermal group

neutron flux outside the reactor core is clearly shown in this

illustration. At the design power of 40 Mw, the peak thermal

flux is about 7 x 10::"4 n/cmz-sec.




the MTR-ETR plate-type elements. , oo e s EE

We had hoped from the beginning to avoid the problems and ~7

expense of developing new and advanced fuel elements. Wé were, =
therefore, pleased to find that for core volumes of 50 to 80 -
liters the peak power dénsity of 1.5 Mw/liter available: in -

plate-type, water-cooled fuel elements of the MTR-ETR variety

was sufficient for our needs. At a core volume split of abbut ° -

half moderator, half metal, and with DZO rather than HZO as

moderator, the desired undermoderation of the core could be

achieved with reasonable fuel alloys in the familiar .050 in. -~

thick plates. Our fuel elements, then, are medifications of

Note that the high epithermal leakage rate from the core -*°

could have been achieved with H_O as moderator and coolaﬁt'by

2
reducing the water channel width in the fuel element, and-
increasing the uranium loading of the fuel plates by a larger '
factor. This approach is, in fact, what has been done in othér
designs. We have chosen, however, to retain the basic water’

channel width and plate thickness of the well~established

MTR~ETR fuel elemant, to make a moderate increase in the uranium

loading of the fuel alloy, and to achieve the desired epithermal -

leakage rate {or undermoderation of the core} by using D20~as

-and the need for a good quality reflector, the use of D2O as

the reflector is obvious. ‘ Sl

So much for the objectives of the HFBR Project and "the’

reasons for the core design taking the direction which it has.® - :

moderator and coolant. With D20 chosen as the in-core fluid, =7



Let us now ;ook at the general arrangement of the reactor system.
An elevation of the biological shield and reactor vessel
is shown in Fiqure 2. The reactor vessel rests in a pit formed
by the concrete biological shield and the steel and lead thermal
shield. Neutron beams are taken out horizontally,.through beam
ports with appropriate shutters and plugs. An assortment of
vertical tubeg and thimbles extend downward around and into the
vessel for instrument ports and irradiation purposes. Fuel
handling is done through the top cover of the vessel, moving one
element at a time. The vessel itself is of aluminum, and has
the shape of a large florence flask. The diameter of the spheri-
cal section which contains the core is 7 feet.
The water flow pattern within the reactor vessel is shown
in Figure 3. Both inlet and outlet nozzles on the reactor vessel
are well above the fuel region of the core. The water flow
directionvis downward through the core, and back up through the
reflector. Process conditions in the vessel are indicated in
Table 1, which is a general summary of HFBR design parameters.

A plan view of the reactor core is shown in Figure 4. The

core is formed of 28 fuel elements, each of which is rectangular

in cross section. The central two positions in the core are
filled by fast flux irradiation thimbles. The structure around
the perimeter of the core seen in Figure 4 is part of the

control rod structure.

Nominal core volume is 86 liters, with a loading of 7.3 kilo=-

grams of 0235. The volume split into water and metal is 55% Dzo,

!
f
{
|




45% metal. The atom ratios are D-U2>>-Al = 169-1-123. With this
composition, the cold, clean core has an excess reactivity of

11% k. The volume reactivity co-efficient is about 0.25% k/liter,
so that about half of the total core volume is necessary to pro= |
vide reactivity for operation (xenon, temperature, and burn-up)
.‘ and half is the cold, clean critical size.

35 and the poisoning due to fission products

- The burn=-up of U2
other than xenon account for 5% k , or half the excess reactivity.
Xenon takes 3.4% k , températuke 1.2% k , and the balance of
1.4% k is in experiments and control margin. The core life is
40 days. The cycle is broken every 20 dayé, however, and half'
of the core is loaded. The partially burned elements are shifted
to the high power density regions and new fuel is placed in the
loQ power density regions. This cycling is done to reduce the
s peak to average power ratio. Further core data is given in Table 1.
The control rod configuration is of some interest, and this |
is shown schematically in Figure 5. There are eight top and
eight bottom rods, with the top rods covering the sides of the
coré for shutdown margin. During operation, the top and bottom
rods are in symmetrical positions about the horizontal mid-plane
of the core, and the power distribution is, thefefore, balanced
about this planeﬂ
We turn now to the fuel elements. We say "fuel. elements"
in the plural, not only because there are 28 to a full core, but

- also because there are several types of elements. Figure 6 shows

the first of these. It is the most compact and inexpensive of



the element types. The over~all dimensions of the element are

3 x 2.7 x 26 inches. The fuel is contained in 19 plates of

.050 in. total thickness, with .020 in. fuel alloy thickness.

The plate cladding material and picture frame material is 6061
aluminum. The meat alloy is 30 w% wuranium, 93% enriched in
U235} 3 w% silicon, and the balance 1100 alloy aluminum. The
silicon addition promotes the formation of UAl3 rather than UAL ,
and improves the grain structure of the meat alloy.

The fuel plates are cold rolled with a 15% reduction as a
final bperation to work harden the plates. The plates are then
mechahiéélly fastened to 6061 aluminum side plates. - Fuel length
is 21 inches, with a total plate length of 22 inches. The fuel

235

loading is 260 grams of U per element. The water channels are

.105 in. thick.

Elements of this type have been fabricated for ETR irradi*
ation with fuel alloy loadings of 30, 35, and 40 w% uranium,
The fuel plates were stable in the 30 w¥% alloy up to perhaps
30% burn-~up of the fissionable maﬁerial. At higher burn-ups
a sweiling of the fuel alloy caused constriction of the water
channels in the test elements. In the worst spots, burn-up of
about 55% of the U23S caused swelling and buckling of the plates
so tha£ a .030 in. thick feeler éauge could not be inserted in
water channels which were initially .110 in. wide., There may
have been some cross-coupling between the plate swelling from

burn-up and difficulties in the fabrication method of joining
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the fuel plates to the element side plates. This effect is not
at present understood, and further testing is ﬁ&w in progress. -
The higher weight per cent alloy elements showed similar . .
swelling and buékling at somewhat lower fractional burn-up.
Since the design core iife of 40 days corresponds to only 20% ..
burn-~up, the HFBR design is on safe groﬁnds, but the prospectg“
of reducing fuel costs by extending the burn-up is not éerisinghi
in these elements at the moment. , -
The short fuel element shown in Figure 6 is supported by
a Zircaloy=2 core basket which also acts as a water flow sb;oud,mi
The core basket is suspended from structures above the core ig;;h:

the vessel. Each element rests in an individual cell in the

Zircaloy shroud.

~ An alternate version.of this element is shown in Figure 7.:-
Here the fuel section is the same as in the previous element,
but the side plates are extended below the core to form a support
column which rests on a grid plate in the base of the #essel.‘
Here the Zircaloy flow shroud is still necessary. The merit of :
this element is that the Zircaloy flow shroud does not have to,
support the fuel elements against the downward forces due to..
water flow.

Figure 8 shows a different element configuration which

avoids the necessity of the Zircaloy water flow shroud.. Here .
the element is a sort of pressure tube, with the outside fuel

plates thickened to .170 in. to withstand the full core pressqie

drop. The thick plates contain only half as much fuel alloy as



the inner plates since the cooling is to one side only. The
internal plates are .050 in. thick, as in the previous versions.
Nuclear properties of the core of pressure tube elements is the
same as that with the standard plate elements.

Test elements of the thick plate type have been sent to ETR
for irradiation and have at this point suécessfully completed
about 14% burn-up of the U235.

It will be noted in Figure 8 that with this element, as with
the one shown in Figure 7, the element side plates have been
extended to form a support column which rests on a grid platé

in the bottom of the reactor vessel. It should be remarked that

we find it helpful in the design to remove heavy structures
such as grid plates from the immediate region of the core. First
of all, the thermal stresses in such structures are hard to
accommodéte with éonservative design practice, and second, there
is a severe reactivity penalty for absorbing structures close
to the edge of the core.
| Finally, there is a version of the pressure tube fuel

element which has all fuel plates bent in MTR fashion to a 6 in.
radius. Again, elements of this type has been fabricated and
sent to the MTR for testing and are currently behaving well.

The next matter for our consideration is the power distri-
bution in the core. As one might expect from the flux plot,
Figure 1, there is a large thermal neutron return current from

the reflector to the core. This results in the power peaks

the
/

being at’ core boundary, as shown in Figure 9. To understand




this lovely illustration, which is a result of very careful
exper imental work by Kenneth Downes, Anita Court, and Herbert

-

Kouts, look first at the isometric drawing of the core. Note
that a quadrant of the core is shown in plan on the power dis=
tribution graph, ‘and that the heighth of a point on the power
surface isvproportional to the power developed along the length
of the fuel plate below it. The whole plot is normalized to the
core average power. Note the peaks on the ocuter corners and the
slight rise around the experimental holes in the center of the core.

It is clear that the hot channel will lie along one’of the
outer fuel_plates and that the hot spots will be at the corner
of this plate. The next illustration, Figure 10, shows the
vertical traverses along these regions. There is not much
variation in power along the outside fuel plates in the vertical,
or Z direction. A traverse along an inner fuel plate, ﬁowever,
would show the peaking at the core boundary typical of the under-
nmoderated, highly reflected system. The over-all peak to average
power ratio is 2.82, with most of the effect being in the radial
distribution.

At 40 Mw total powef, the avérage power density is 0.465
Mw/liter and the peak power density.is 1.31 Mw/liter. This is
somewhat below the going maximum at ETR, and leaves some margin
for upgrading the HFBR total power level.

The thermal desién calls for an average heat flux of
2

387,000 BTU/hr~£t°, with a maximum heat flux of 1,090;000 BTU/hr-ft

The water flow velocity through the element water channels is

-



35 ft/sec, which gives an element pressure drop of about 25 psi. .
. o L ;
The inlet water temperature is 120 ¥, the bulk rise is 13.4°F,

and the outlet, therefore, is at 133.4°F. The blanket gas

»

‘pressure at the water surface, some 16 feet above the core, is

™

196 psig, which leads to a hot spot water pressure of 175 psig.

|
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The corresponding saturation temperature in D20 is 377 F.

The transfer co-efficient for the water film is about

9,000 BTU/hr—ftgpF, varying somewhat with the film temperature.
The hot spot analysis is done in the old cumulative way of mul~
tiplying together the assorted bulk rise and film temperature
drop variable factors to get total bulk water and film drop hot
channel factors. These have values of 1.36 for the bulk water

and 1.87 for the film drop. The resulting hot spot temperature

is 340°F, to which 20°F is added to cover inlet temperature
and blanket gas pressure variations, with a final maximum hot -
spot teﬁperature of 360°F. This compares to the saturation
teﬁperature of 377OF and again leaves some margin for increased
powér.

The burn-out analysis has been done using Bernath's |

i

correlationfz)with the hot spot running at 175 psig, water i
velocity of 35 ft/sec, equivalent channel diameter 0.01l67 feet, j
heated diameter 0.106 feet, and bulk temperature of 360°F, the j
Bernath correlation indicates a burn-out heat flux of 4
4,760,000 BTU/hr—ftz. The margin from operating conditions at ' ‘
the hot spot to burn-out conditions is, the?efore, gquite 1arge,' -

and we regard the HFBR core as being very conservatively rated

from the thermal design standpoint.

10
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A

Power

Neutron flux

Core, total epithermal
Reflector thermal flux, max.

Materials
Coolant, moderator, and reflector
Fuel
Core structure, beam tubes
Lower wvessel

Upper vessel .
Primary pipes & process equipment

Puel element and core
Type

Uranium concentration in meat ailoy

Meat thickness
Cladding thickness

Fuel region dimensions per element

U-235 loading per element
Numbar of fuel elements
Core volume

Total U-235 loading
water-to-metal volume ratio
D/U~235 atom ratio
Al/U~235 atom ratio

Cycle time for 20% burn-up

Temperature and vold coefficients
Core metal coefficient
Core water coefficient
Reflector water coefficient
Total temperature coefficient
Core void coefficlent

Excess rea vity r i 8

purn-up, plus Sm and stable f.p.'s

Xenon, steady state
Temperature

Control and experiments
Total

[o] 1 8

Bumber of main rods

Individual main rod, total worth
8 main rods in gang, total worth
Number of auxiliary rods

Individual auxiliary rod, total worth
8 auxiliary rods in gang, total worth

Total worth of all rods

Table I. "HFBR Dzsign Parameters”

40 MW
~ 1.6 x igls cm “sec
© 7 x 1017 cmm2sec™?
D0

U-235-A1 alloy
6061 aluminum
6061 aluminum
stainless stee)
stainless steel)

ETR, flat-plate
30 wt. %

.020 in, U-Al

.015 in. 8001 Al
2.6 x 3,0 x 21 in,

260 gm

28

86 liters

7.28 Xgm

1.23

169

123

40 aays

-0.36 x 10”3 % x/°c
-9,31 x 1073 % x/°C

~28.4 x 1073 % x/°C
-38.0 x 1073 % x/°¢
-0.33 x 1073 % k/cm’

Maximam Normal
5.0 % 2.8 %
3.4 % 3.4 %
1.2 % 1.2 %
1.1% 1.1 %
10.7 % 8.5 %

8

4,1 % k

31 %k

8

1.07 % X

B % X

39% x

Core thermal design data

Water channel thickness

Fuel plate thickness

Fuel plate length, active

Water channel width

Core alloy width

Heat tranafer surface per element
Total heat transfer surface, core

Water flow data

Water channe) flow area per element

Total channel flow area, core
Water velocity in channels
wWater flow per element

water flow, 28 elements

wWater flow in control rods, approx.

Water flow in bypass, approx.
Total water f£low, approx,

Total primary loop pressure drop
Pressure drop in fuel elements

Process system design
Maximum operating pressure
Maximum operating temperature
Vessel deaign temperature
Beam tube design temperature

Core power conditions

Radial peak-to-average power ratio
Over-all peak~to-averiage power ratio

Bulk hot channel factor
Film hot channel factor
Average power density
Maximam power deneity

Core thermal analysis results

Reactor inlet temperature
Reactor outlet temperature
A T bulk

Hot spot surface temperature

Operating hot spot pressure °

Saturation temperature at hot spot

Blanket gas pressure

Average heat flux, BTU/hr-£t?
Maximum heat flux, BTU/hr-£t?
Burn—out heat flux, BTU/hr-ft

Neutron prompt lifetime

Delayed neutron fraction

0.105 in,
0.050 in,
21 in,

2.231 in,
2.00 ink
11.1 ££€
311 £t

0.0326 £12
0.912 ft?
35 ft/sec
520 gpm
14,560 gpm
2,000 gpm
1,000 gpm

- 17,600 gpm

60 psi
25 psi

250 psig
150°F
200°F
400°F

2,15

2.82

1,36

1.87

0.465 MW/L
1.31 Mw/L

120°F
133,4°F
13.4°p
360°P

175 psig
377°F

196 psig 6
.387 x 10
1.09 x 108
4.76 x 108

672 psec

0.78 % k
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GENERAL DESIGN OF THE
ARGONNE ADVANCED RESEARCH REACTOR.

L. W. Fromm

Argonne Netional Leboratory

Introduction and General Description

For the past several years, Argonne National Laborato;y has recognized
an increasing need for a source of higher neutron fluxes to permit the logical
extension of basic research in nuclear physics, nuclear chemistry and solid
state science, and has carried on a program to develop design concepts for
general purpose higher flux research reactors to fill this need. The Argonne

Advanced Research Reactor (AARR) is a product of this study program.

The reactor is light water cooled and moderated, and beryllium reflected.

Heat removal provisions are included for an initial operating power level of
100 Mw. However, shielding is provided for higher core operating povers, the
reacfor design includes flexibility for adaptation to improved cores capable
of higher power densities, and the plant arrangement permits easy installation
of additional heat removal capacity. These featurﬁe wvill permit later incor-
poration of the results of a continuing developmént program to produce neutron
15

fluxes significantly h;gher than the 3-5 X 107" expected with the reference

first core.
The AARR complex is designed as a complete unit to fill all practical
needs of experimenters. In addition to the central thermal column, or flux

trap, in the core, twelve horizontal beam tubes and two horizontal through
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tubes are provided. PEight of the beam tubes are tangential to the core, while
four are radial. Tube diameters (o.d.) range from 3 3/4 to 7 in. All beam
and through tubes penetrate the reactor vessel and the beryllium reflector
surrounding the core. |

Othef experimental facilities penetrating the reflector include six
vertical irradi&tion tubes and two hydraulic rabbit facilities. A third but
smaller hydraulic rabbit facility enters the central thermal column to permit
short term sample exposures in the higﬁest flux availablé in the reactor,
without disturbing the long term samples installed there for gquantity prepar-
ation of higher transursnic isotopes. In addition, eight vertical irradiation
tubes are located within the reactor vessel in the water reflector-shield

surrounding the béryllium reflector. o T T

Since the normal offices and leboratories of experimenters are ;ocafed
in another area of the Argonne‘site, seventeen laboratories and nine-offices. .
are provided for the use of experimenters at the AARR, in the laboratory gggﬁ_‘
Office Building immediately adjacent to the Reacﬁor Containment Building. .The
Laboratory end Office Building also contains offices and complete facilities.
for operations, radiation safety, special materials and service persomnnel. ., .
agsociated with reactor operation. A wing of this building provides a high
bay area for the mocking up and testing of experimental equipment prior to
insertion into the reactor.

Because of the high power densities necessary in the reactor to produce
high fluxes, the possibility of accidental core melt-down is somevhat more
real in AARR than in reactors heretofore constructed. For this reason, a -
waste treatment facility is provided on the site to permit shielded storage .
of all water'in the primary system, as well as water used for system flushing,
and to remove fission’products from the water by ion exchange prior to dis-
charge or re-use.

" Other suxiliary facilifies include an exhaust air filtration system,

cooling towers for dissipation of the reactor power and for air conditioning,-
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retention ponds for emergency storasge of secondary cooling water, should it

become contaminated, and an electrical substation.

Reactor

The reactor core consists of a 37 weight percent dispersion of UOQ,
fully enriched, in stainless steel, arranged in plates around the central
flux trap. The plates are 0.04O in. thick, including 0.005 in. stainless
steel cladding on each side, and coolant gaps between plates are also 0.040 in.
thick. The initial fuel loading is 50.7 kg of U235, contained 1in the stainless
ateel-UOé cermet fuel plates. Fuel plates with reduced fuel loading have been
used in the core reglons adjacent to the internal thermal column and beryllium
reflector to reduce the power peaks which result from the inflow of thérmalized
neutrons in thesg regions.

The use of a stainless steel rather than aluminum core in AARR affords

a number of advantages: ‘

1. Much longer core life -~ 90 days ae compared with 12 days for aluminum,
achieved by virtue of the higher critical mass and esttendant higher
uranium burnup per unit of available excess reactivity achdeved with
the highly absorbing steel core.

2. Greater structural strength and stability in the presence of high
fiow velocity.

3. Elimination of corrosion as a consideration at the high fuel plate
temperatures (over hOO°F) required for high power density.

k., Elimination of xenon and samarium buildup after reactor shutdown
ag an impediment to operation during the first 75 days of core life,
by virtue of the epithermal (median fission energy 8 ev) rather than
thermal spectrum in the stainless steel core.

A summary of the core ﬁhermal and nuclear characteristics is given in

Table I. The basic thermal design criterion has been the prevention of local

boiling anywhere in the core during full power operation. This has been
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assured by requiring that the maximum fuel plate surface temperature not exceed
the local saturation temperature.

The core operates at higher heat fluxes than heretofore demanded of
research reactors, but the levels appear within limits of acceptability.
Critical ("burnout") heat flux for 100 Mw operation is more than twice the
predicted maximum hot spot value, Considerable margin is included,particu-
larly by choice of a 450 psia operating pressure, to permit the possibility
of eventual 150 Mw operation.

The mechanical degign of the coré uses the package concept in which
entire cores, including fuel, grid structuie, control blades, and shrouds,
are shop assembled and inserted or removed in AARR as a unit.

A longitudinal section through the reactor vessel 1s shown in Fig. 1.

A 12 in. thick radial beryllium reflector surrounds thé core, Axial
reflection at the top and bottom of the core is provided by the primary cooclant
water. The primary coolant water, which also serves as moderator, flows down-
ward through the reflector and cofe in a single pass. The core and reflector
are contained in an 8 ft. diameter spherical stainless steel pressure vessel

having cylindrical extensions at its top and bottom for coolant entry and exit.

Primary cooling water fills the region between the beryllium reflector aﬁd the
pressure vessel, serving the dual role of a shield and reflector. Control
rod drive mechanisms are located below the vessel.

Twelve horizontal ﬁeam tubes penetrate the pressure vessel and reflector
and terminate in the peak flux region of the beryllium about 3 in. from the
core boundary. The beam tubes are circular but are filled with slotted beryllium
ingerts in order to obtain a desired beam shape. The pressure vessel is pro-
vided with an integral nozzle at each beam tube penetratibn which is bolted to
a flgnge on the beam tube. 1In addition, there are two horizontal through tubes
which penetrate the réflector below the midplane of* the core. All horizontal

beam tubes are equipped with water-cooled rotary shutters which cut off the
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Table 1

-AARR CORE THERMAL, AND NUCLEAR CHARACTERISTICS

Power, Mw 100
Coolant 6
Flow rate, 1b/hr 7 X 10
Velocity, ft!sec Lo
Inlet temp, F 135
Outlet temp, F 183
Inlet pressure, psia = 450
Heat Flux, Btu/hr-ft& e
Average 0.56 X 106
Nominal meximum™ 1.79 X 102
Hot spot 2.35 X lO6
~ Critical (or burnout) 5.49 X 10
Power Density, Mw/liter
Core average . 1.35
Nominal maximum 4.6
Hot spot 6.0
Fuel Loading, kg U235 50.7
Core Volume, liters Th.2 X
Core Lifetime at Full
Power, days A 90
Core Lifetime at Fuil
Power with Full Xenon
Override Capability, days - 75
keff Cold, Clean | 1.173

With power flattening'by‘radial variation of fuel loading.
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neutron beam when a tube 1s not being used. Details of the beam tube design
are shown in Fig. 2.

A total of 18 vertical irradiation facilitiés are provided in the reactor.
The largest of these i1s the internal thermal column leocated on the core vertical
center line. The maximum flux in the reactor is obtained in this facility
which is planned primarily for use in the production of transuranic isotopes.
There are three hydraulic rabbit facilities for short-time irradiations; two
of the rabbit tubes terminate in the beryllium reflector and one in the internal
thermal column. 8ix vertical irradiation thimbles penetrate the top cover of
the vessel and terminate in the beryllium reflector, while eight thimbles pene-
trate the spherical section of the reactor pressure vessel and terminate in
the water regiop between the beryllium reflector and the vessel wall.

Other reactor vessel penetrations include instrument thimbles and an inlet

for emergency boron injection.

Heat Removal and Auxiliary Systems

The reactor pressure vessel and primary cooling system (with the -excep-
tion of the heat exchenger tubes) are fabricated of type-304 stainless steel
and are designed for an operating pressure of 450 psia at an operating temper-
ature of 200°F. This pressurization will assure a high degree of subcooling
‘for prevention of coolant boiling within the core at 100 Mw operstion. It
also permits the possibility of future operdtion at higher power. In order
to accommodate such a possibility, all piping and equipment are sized and
arranged so that additional primary heat exchangers and additional cooling
towers can be added at a later date to permit 150 vaoperation, and all
shielding is initially designed on the basis of 150 Mw operation.

A simplified flow disgram for the primary and secondary cooling systems
and some of the auxiliary systems required is shown in Fig. 3.

At 100 Mw operation, 18,000 gpm of cooling water enters the reactor

vessel at a temperature of 135°F through a 2b-in. diameter in the top cylin-
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drical extension, flows downward through the core and vessel, and leaves at
a temperature of 174°F through two 16-in. nozzles at the bottom. At 150 M«
operation the coolant exit temperature would rise to 193°F. After léaving
the reactor vessel, the water passes first thréugh settling tanks whose prime
function is the removal of active particulate matter which might be released
to the water during an excursion accident, through four parallel water-to-
water primary heat exchangers, and is returned to the reactor vessel by cir-
culating pumps.

From the reactor vessel exit nozzles to the circulating pump inlet
header, two flow loops are provided, each containing one settling tank
followed by two parallel primary heat exchangers (with provision for a third
to be added later). Three circulating pumps (one a stand-by unit) and one
smaller shutdown cooling pump, all in parallel, are provided. The emergency
shutdown pump is always connected to the emergency power supply, consisting
of batteries and a diesel-generator set, and will supply cooling water to the
reactor for after-shutdown heat removal in the event of an electric power
failure. From the circulating pump outlet header, the water returns to the
reactor vessel via a single 24-in. line.

Primary water is dégassed gnd purified (the latter by ion exchange) in
a by-pass system which alsc serves to pressurdize the primary system to its
operating pressure.

Secondary cooling water is circulsted through the shell sides of the
primary heat exchaggers and rejects heat to thé atmosphere by means of four
cboling towers located on the site. Four secondary system circulating pumps

operate in the same fashion as the primary system pumps, i.e., two for normal

operation, one spare, and one for -emergency shutdown cooling with power supplied

by the batteries and diesel-generator unit.
The cooling towers also serve as the heat sink for auxiliaries such as
the experiment cooling system, the primsry purification system coolers, and

the reactor pool and canal cooling system. In the latter system, chilling
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equipment is also provided to ﬁaintain the pool and ceanal at comfortable
working temperatures.

Make-up water for the cooling tower is 6btained from the ﬁearby'Chicago
Sanitary and Ship Canal via an existing water treatment plant at the L&bbratory.
Since this water contains high concentrations of chlorine and oxygen, the tubes
in the primary heat exchangers and all auxiliary system heat exchangers using
this water are made of Inconel to avoid the stress corrosion problem asscciated

with the use of stainless steel in water having & high chloride content.

Reactor Building

A cuﬁaway view of the reactor building is shown in Fig. k.

The building is a concrete and steel shell, 122 ft. in diameter and 125 ft.
in over-all height, with 87 ft. above grade and 38 ft. below grade. The building
is designed to contain all the fission products which may be released in the
event of & nuclear incident. It héuses the reactor with its surrounding shield-
ing and reactor shield pool asbove, areas for experiment equipment, the control
room, the fuel storage and handling canal, a reactivity measurement facility,

a hot cell, and the primary system process equipment. Service facilities include
a 4O-ton rotary crane which covers the main operating floor area, called the
experiment level, as well as the reactor pool.

The building is divided into three principal functional levels: an
equipment level on the lowest floor below grade, a canal level on an intermediate
floor below grade, and an experiment level at grade. The primary system process
equipment is located on the equipment level. The canal level is a working floor
for the handling of spent fuel and radicactive experimental samples in the canal.
In addition, the reactivity measurement facility, the hot cell, and the control

rod drive room beneath the reactor are located at this level. The experiment

level provides unimpeded working area around the reactor face for experimenters
using the beam tubes, except for one sector (where there are no beam ports)

reserved for equipment ingress and egress through a large vehicle and equipment
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air lock. Various instrument and observation balconies are located above the
experiment level, both around the reactor shield and along the outer periphery
of the building. The control room 1s located on the peripheral cobservation
balecony, at the same level as the top of the reactor pocl. The crane runway
is sbove the observation balcony.

In order to provide large working floor areas for specific beam tube
experiments, the reactor is located off-center with respect to the building
center line. This permits a range of neutron beam lengths within the reactor
building, measured from shield face to building outer wall, varying from 33.5 ft.
to 55 ft.

In refueling the reactor, the spent core‘is Pirst cooled by forced con-
vection until the afterheat has decayed to a point where sufficient cooling
can be obtained by natural convection. The reactor vessel cover is then removed,
and the core cartridge is lifted from the vessel into the pool above, moved
laterally and lowered through a water filled chute to the equipment level, which
is the leéevel of the bottom of the fuel handling and storege canal. Here it is
deposited on a hydraulically operated transfer cart. After the hoist grapple is
withdrawn from the chute, the upper chute cover is closed, the lower door is
opened, and the transfer cart is moved into the canal. The canal crane is then
used to move the core cartridge from the transfer cart to the storage area,
where the afterheat decsys further by natural convection until such time as
the core can be dismantled and shipped from the site for reprocessing.

A special area of the canal designated as the core disaasembly area is
isolated from the spent fuel storage area by a bulkhead and is provided with
a separate cooling system. Spent cores known or suspected of having cladding
failures are moved to this area after removal from the reactor, to prevent
contamination of the entire canal by released fission products. - Here the
core may be disassembled to investigate the failure. A small hot cell is
provided o thé canel floor, and provision is made for direct transfer of

fuel assemblies from the canal into the hot cell for close examination if
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desired. The core disassembly area is also used for disassembly of undamaged
spent cores and placement of the individual fuel subassemblies in casks for
shipment, after completion of the afterheat decay period. Casks are brought
into the reactor building through the vehicle air lock, and lowered dirdctly
into the canal by the main building crane through a hatch in the experiment
floor just inside the air lock opening. This hatch is located so as not to
interfere with any beam hole experiment equipment.

Experiment samples which have been irradiated in vertical thimbles in
the reactor are also removed from the reactor through the fuel transfer chute
to the canal. They may then be transferred into the hot cell for examination
or placed in caskse for removal from the building.

Primary system settling tanks, heat exchangers, circulating pumps and
purifying and degassing equipment are located in shielded cells on the lovest,
or equipment level, of the reactor building. Space is provided In these cells
for the later installation of additional equipment for 150 Mw operation. The
fuel storage and handling canal provides a sizeable portion of the shielding
required. Certain other auxiliary equipment is also arranged in available
space on this level.

Normal access to the reactor building is through two personnel air
locks. These connect the experiment level and experiment balcony in the
reactor building with the first and second floors of the adjacent laboratory
and office building. The upper of these air locks is a special convenience
to experimenters, since most of the experimenters' laboratories are located
on the second floor of the laboratory and office building, and a major portiocn
of the controls and instrumentation for beam hole experiments can be conven-
iently located on the experiﬁent balcony, safe from damage during the handling
of heavy equipment on the main experiment level. o ) o

Large,yheavy equipment is moved in and out of the reactor building
through a vehicle air lock, which connects to the equipment mock-up and stor-

age area. of the leboratory and office building. The arrangement of the lgtter
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area ig such that trucks may be backed into the building from the outside,
across the mock-up area and straight into thé reactor building through the
vehicle air lock.

An equipment door (openable only during reactor shutdown) is provided
on the canal level, and hatches in the canal level floor permit the transfer
of heavy process equipment between the equipment levél and the outgide without
disturbing experiment apparatus on the levels above. Three emergency air locks,
at various levels of the reagtor building, are provided for the aafeiy of

experimental and operating personnel.

Site Arrangement

The arrangement of the reactor building, laboratory and office building,'
and supporting facilities, is shown in Fig. 5. The site chosen is immediately
adjacent to the Laboratory's CP-5 research reactor, for the convenience of

Qexperimental groups using both reactors in their programs of resesrch.
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PHYSICS ADVANTAGES
OF STATINLESS STEEL CORES

Charles N. Kelber

Argonne National Laboratory

The outstanding reason for the use of low cross section materials in
reseaich reactor fuels is the fact that in a homogeneous medium the thermal
neutron flux is inversely proportional to the absorption cross section. The
demand for higher fluxes (hence power densities) coupled with increasingly
complex experimental arrasys has led to fhe design of research reactors in
whicﬁ.neutféns are thermslized in specific locations well removed from the
éore. Unde? these conditions the penalty in flux level and reactivity from
fhe use of moderately high cross section materials may be small. |

As the fuel investment increases, however, we expect the incremental
reaéfivity of fuel added for burn up to decrease, so that the reactivity
swing over a cycle of given length is decreased; alternatively longer cycle
times are available without the use of unusual control methods. Of at
least as great importance is the possibility of retaining complete Xenon
override even at power densities of the order of a few megawatts per kilo-

- .gram of fuel, or more. This implies that we will have an intermediate core,
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and this is the case. 8Since the disadvantages of these cores are well known,
we will not dwell on them. '
The intermediate nature:of the core spectrum can be illustrafed by
examining the energy distribution of fissions in a typical core. Figures 1
and 2 are based on cslculations made for some designs suggested for the
Argonne Advanced Research Reactor™: they do?noﬁ pecessarily represent any

actual or proposed core.

Figure 1 is a plot of the cumulative fission distribution in the center
of the core. These curves represent very nearly the infinite medium disﬁri-
bution. The lower curve represents the distribution (beginning of life) with
a typicel H:U retio of 14. The median energy of fission is 15 ev. After a
core cycle of moderate length the H:U ratio has changed only elightLX, to 16,
but the median energy has decreaeed to 10 ev. | |

By 1tself the change in median energy is not significant 81nce, as'
FPigure 1 shows, small changes in the distribution cause large changes 1ﬁ

median energy. The change 1s indicative, however, of tendency of the n

(neutrons per sbsorption in U) of the fuel to 1ncrease 88 burn up proceeds.

 Infinite medium calculatlons have shown that a reactivity increase of about

2% at very high burn ups can be obtained in this way. This increment helps
to overcome the losses to fission products.
An effect of the spatial varlatlon in neutron spectrum is illustrated

by Figure 2. Here we graph the cumulative fission distribution at a core-

reflector interface. The sensitivity of the median energy of fission to

See: '"General Design of the Argonne Advanced Research Reactor," L.-W. Fromm,
these proceedings.
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small changes in spectrum is evident here as in Figure 1. More striking is

the change in magnitude of this quantity showing the influence thermal neutrons
entering from the refle;tors. At a very high burn up the upper most curve
(H:U = 94) is obtained. The 7 of Uranium-235 in such a distribution is very
nearly 2.05; the harder diétributions such as those of Figure 1 are charac-
terized by 1) 's of 1.8l. A crude relationship illustrating the reduced
reactivity worth of incremental fuel is 8k = .2 1n(M/Mo) where Mo is the

mass of U-235 at k = 1,0.

The hardness of the spectrum also implies a reduction in the worth of
typical control rod materials. Thus we expect Hafﬁium or Furopium in the core
to be three to four times as effective as Cadmium. In typical thermal reactor
cores massive Hafnium rods are typically 15 to 20% more effective than
Cadmium; but in cores such as we are discussing the flux in the range 1 to
10 ev. (the region of Hafnium resonances) is 5 to 10 times that in the range
0 to .4 ev. At the core edge this is not the case; the discrepancy between
Cadmium and Hafnium is much less there.

Concomittant with the reduction of effective cross section of thermal

regonance absorbers such as Cadmium is a reduction‘in Xe-135 onVSm-lh9 worth.

Figure 3 is a graph of the ratio 0ca(Xe) / of(U-235) (flux weighted aversge
over energy) vs. radius in a typical stainless steel core. Except for small
regions near the core edgés the effective Xenon cross-sectibn is much less
than encountered in typical thermal reactor cores.

In a high flux thermal core the Xenon rasidence time is governed
almost completely by the lifetime to absorption; in these cores the lifetime
to absorptioﬁ is about the same as the decay time and the mean residence
time is thus very long. In terms of recovery from partial or complete

scrams this means the kinetic behavior of the system resembles that of a
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thermal reactor in the 1-5 1013

flux range. The necessary response time is
long; typically aﬁ hour or more is allowed for recovery if only 1% 8k is
available.

Even more important, the total 8k needed for override at any time is
small ~ 2.3% so that recovery from scrams need be considered a problem only
near the end of a fuel cycle. For the same reason Sm-149 is not a problem
even in irradisted coreS'stored for a long time; the reactivity gain from
decay of Xenon more than compensates for the buildup of Samarium.

By way of summary we give in Table 1 a typical neutron inventory. The
U-235 captures includes the captures in equilibrium Xenon and Samarium.
These two hold down about 3% in k. The term fission products refers to
non-saturating fission products. The core studied here included some
burnable §oison, Samerium, and a small amount of poison is still present
at this stage, which is‘about halfway through a core cycle. Captures
directly associated with the fuel are thus .185 (per virginAneutron).
Captures in hydrogen (in water) account for .053 while the remaining mod -
erator or light elements capture only .031 neutrons. The stainless steel
ceptures are (coincidentally) the same: .031; so that the parasitic capture
in hydrogen is actually larger than that of stainlessvsteel; In this core
design power flattening shims were employed and they captured excessively:
.09 neutrons per virgin neutron. Spatial fuel variation accomplishes the
same end; excessive parasitic losses‘are at the same time decreased, We
conclude that the stainless steel does not add an objectionable amount of
parasitic capture. |

The full utilization of such heavily loaded cores requires as large
a fuel inventory as can be obtained and controlled. With 37 weight per

cent UOp dispersed in stainless steel plates we have designed cores with

41



cycle lengths of 35 to 90 days at 100 Mw. The plates themselves, however,
can probably tske irradiations of 120-150 days. It is desirable that the
reactivity life ﬁe comparable to the irrsdistion 1ife in costly cores.
Desirable improvements in these fuels center on increasing the fuel content.
Alternstive fuels include dispersions in Zircalloy or Zirconium-clad, metal
fuels.

The use of heavily loaded cores implies some disadvantages. At the
interfaces incomingAthermal neutrons are absorbed readily and s power peak
is created. This may be avolded by the use of shims which absorb mainly
thermal neutrons or by spatial variation of the fuel loading. We have
found the latter to be the more satisfactory method. Since the diffusion
aresa for thermal neutrons in such cores is typically of the order 0.1 cme,
fuel variations must be sizesble over distances of 0.3 cm (+1") or less.

Another problem is that a heavily absorbing core in a diffusive
medium creates a thermal neutron sink and hence a neutron concentration
gradient in the reflector: this depletes the neutron flux in the reflector.
A crude estimate of this depletion is 2 exp-2 NT/IF . In H,0 this is emall,
but in pure Beryllium the relative variation can be extremely large,

approximately a factor of 2.5.
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TABLE 1

A TYPICAL NEUTRON INVENTORY
BASED ON ONE VIRGIN NEUTRON PER REACTOR

CAPTURES:

TOTAL = .39

U-235 (PLUS EQ. Xe, Sm-149) .17
FISSION PRODUCTS .01

BURNABLE POISON (Sm) .005

H:IN CORE .003 10 .001| Fe .02

IN I.T.C. .02

IN Be .03

Be .02 N: .007

A9 ORZr .01 | Cr .004

CAPTURES IN POWER FLATTENERS .09
FISSIONS IN U-235 .43

LEAKAGE .18

b e A o— -

T UG U T
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Description and Objectives of the ATR
A. W. Flynn and R. H. Gordon
Ebasco Services Inc.

New York, N. Y.

The Advanced Test Reactor (ATR) is being built to provide
experimenters with facilities to irradiate engineering loop ex-
peigments in test holes 48 inches long, in neutron fluxes over

adjustable as to intensity and spectrum, and constant with-
in 10% over a 17 day operating cycle. This will be attained
with a thermal ppower of 250 mw. The constancy of flux is main-
tained both axially and radially. In addition, the reactor is
designed for a short refuelling time by provisions for refuelling
both the core and the loops without removing the reactor head.

The objectives of the reactor have been achieved through the
use of a multiple flux trap design. In a single flux trap reactor
(Figure 1) the experimental space in the flux trap is completely
surrounded by fuel. In the ATR four such flux traps have been
. combined to achieve an arrangement which permits 9 experiments to
be installed in flux traps with each bounded over at least 180
degrees by fuel. (Figure 2). This 4 lobed configuration results
in a serpentine fuel region which is built up from 40 identical
elements.

Each element is & 45 degree slice out of a circular ring.
The reactor fuel ring is assembled ocut of the identical elements’
by reversing the orientation of certain elements. An element is
constructed of an array of 19 plates each formed as an arc of a
circle.

The region outside of the fuel is filled with & beryllium
reflector which contains 20 capsule holes and the reflector
control elements. The spaces in the 9 flux traps contain the ex-
periments and material to modify the spectrum through displace-
ment of moderating water by metal, neutron filters, and converter
agsemblies. The reactor will contain an initial loading of ex-
periments consisting of 6 pressurized water loops, one gas cooled
loop, one liquid metal cooled fast loop and one liquid metal cooled

thermal loop.

 The control elements were selected to permit adjustmeﬁt of the
power pattern within the core without distorting the axial flux
distribution. This is accompl;shgd by using rotary control drums
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in the reflector and reciprocating rod in the lobe neck regions
8s shown in Figure 2. To reduce the axial distortion which might
result from moving the neck rods they are operated one at a time
and positioned either all in or all out. Regulation is performed
by one neck rod with a worth low enough to limit the degree of
axial distortion. The control system is capable of maintaining a
power shift which generates 60 mw in each of 2 diagonally opposite
lobes, 40 mw in each of the other lobes while the center elements
generate 50 mw. The reactor has a total of 45 control elements
as follows:

16 Reflector control drums
20 Neck Shim Rods
i Neck regulating rods (used one at a time)
5 safety rods (installed in the pressurized water
loop flux traps)
The details of the design will be presented in the next three
papers. The nuclear design will be presented by Messrs T. M. Schuler
and S. W. Spetz, the thermal and hydraulic design by Mr. W. M. Vannoy,

and the mechanical design of the ATR fuel element by Messrs D. M.
Collings and H. D. Ferris all of the Babcock and Wilcox Company.
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' THE NUCLEAR DESIGN OF THE ATR -

: By :
T, M, Schuler
S. W, Spetz

The Babcock and Wilcox Company

The Advanced Test Reactor is a 250 MWt test reactor designed'
to provide additional experimental loop irradiation space for the @ .
AEC testing program., The core design incorporates many advanced - -
ideas in test reactor technology and is expected to contribute a . e-
substantial body of information for further reactor development. .

Design calculations to date have been done mainly to establish -
the basic nuclear characteristics of the reactor system. . Final values
of core parameters, such as core loading, burnable poison content in- -~
the fuel, control system worths, and experiment performance, will be’ .
confirmed or adjusted with the aid of the experimental program now -

under way, , .

The ATR has a unique core layout, A one quarter representa- ..
tion of the core is shown in Figure 1., Nine experimental loop flux
traps are provided by a fuel geometry similar to that of a four leaf ::
clover. Each leaf of the clover contains one flux trap, with an A
additional trap located between each pair of leaves., The ninth trap -
is formed by the intersection of the four leaves., Twenty inner e
capsule irradiation facilities are located in the outer regions of z
the beryllium reflector., Additional irradiation facilities are
located just outside the core reflector tank. ‘

The core fuel loading consists of fully enriched UsOg ‘dis- @ .
persed in, and clad with, an aluminum alloy, Boron is in€luded in" -~
the fuel matrix as a burnable poison for the control of lifetime
reactivity, Each fuel element consists of nineteen curved plates

which form a 45 degree sector of a circular annulus in cross section.

. Forty elements constitute the serpentine fuel annulus which-surrounds
~ five of these trap regions to form the basic four leaf clover pattern.

The ATR is designed to operate at a power level of 250 Mut,
Gross vertical and radial peak-to-average power ratios of 1.L/1 and
2.0/1 are basic design objectives, The homogenized fuel element pro-
duces approximately .95 MWt/liter at rated power., A basic objective
of the ATR is to provide perturbed neutron flux levels in the experi-
ments of greater than 1 x 1015 (n/cm2-sec) thermal and 1.5 x 101
(n/em2-sec) epithermal. These maximum flux levels are to be main-
tained for the entire fuel cycle of 17 days with less than a 10%

51



variation in each experiment, Unperturbed thermal flux leve%s in
the central test loop are expected to run as high as 2 x 10t
n/eml-sec. Variation in desired neutron flux levels from lobe to
lobe is accomplished by changing lobe power level, The neutron
energy spectrum in each experiment may be varied by adjustment

of the flux trap composition, The vertical flux distribution of
each loop is held constant during the irradiation period, since
essentially all controls cover the full 48 inch loop length (one
regulating rod is nartially inserted, but will have little or no
effect on the axial flux profile in the experimental loops).

Core reactivity and experiment flux levels are controlled
by combination of the two shim systems employed in the reactor.
(These control systems are in addition to the burnable poison).

The reflector shims are rotating cylinders located in the beryllium
reflector region., Lach cylinder has a hafnium plate insert which
covers one-third (an arc of 120°) of its perivhery and extends over
the total U8 inch height of the core. The rest of the cylinder is
beryllium. There are a total of sixteen reflector cylinders which
operate in pairs. Each leaf of the fuel pattern is controlled by
two pair of reflector shims. These cylinders rotate the absorber
material toward or away from the core as needed for reactivity
control, Under onerating conditions the power level of each lobe and
the resulting power distribution between lobes is controlled by a
push-pull action of the reflector shims on either side of the core,
These shims constitute a total control worth of approximately 8.6%
in excess reactivity (/A Kexcess).

The neck shim system is made up of 2l small hafnium rods with
aluminum followers which operate verticzlly in the neck region or
stem portion of the leaf design. These neck shims operate either
fully inserted or fully withdrawn, except for the regulating rod,
and represent approximately 8.7% in excess reactivity (AKexcess)
holddown. The calculated interaction between the two shim systems
provides an additional 2.5% (/\Kexcess) control and give the total
movable control system a worth of approximately 19.8% in excess
reactivity, ‘

A typical reactivity balance for the ATR at the beginning and
end of life is shown in Table I, This data was taken from a TURBO
lifetime calculation with an initial core loading of 26 kg U-235
and 128 grams of natural boron,
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TABIE I

Reactivity Balance and Control

Reactivity Available

Max, Cold Clean Kgpr (No Burnable)

Exceés Reactivity Held by Poison (A Kexcess)

Burnable Poison (B-10)
. Xenon -
VSamarimn
Fission Products
Temperature Deficit (/\Kexcess)
Max, Cold Clean Kefs (With Burnable)
Max, Hot Clean Kgps (With Burnable)
Movable Control Required to Maintain Reference

Power Shift of [,0-50-60 MW Over Core ILife

Total Control Required

Movable Control Available, AKexcess

Rotating Reflector Shims
Neck Shim (6 per neck)
Shim Interaction

Total Movable Control
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O Days 17 Days
1.241 -
0111 00314
- .050
had 0008
- 0027
.010 .0L0
1.130 1,059
1.120 1,049
1.196 1,125
.086
<087
0025
198



Core reactivity regulation is provided by two neck rods located

on opposite sides of the central flux trap. Each rod represents approxi-
mately 0.3 AXexcess fully inserted. The rods operate either individually
or as a pair to smooth out background reactivity changes. The regulating
rod or rods are partially inserted during operation, Investigation indi-

cates negligible power tilting as a result of partial insertion.

A composite curve indicating the reactivity contribution of each
reactor parameter during one life cycle is shown in Figure 2, This
composite separates the various parameters and indicates the influence.
of each during the life cycle, The curve designated "Kexcess WITH NO
CONTROL" represents the expected excess neutron multiplication factor
with the neck rods fully withdrawn and the reflector shims rotated com-
pletely away from the fuel region at operating temperature, Data for
the composite was taken from one and two dimensional lifetime and cri-
ticality calculations., Areas between adjacent curves are indicative
of the total reactivity held by each parameter as noted,

The high flux levels in the ATR result in a nearly saturated
xenon condition. Approximately 5,0% in excess reactivity is held by
equilibrium xenon. Following a complete reactor shutdown, the xenon
worth builds up at the rate of 0,1% reactivity per mimute. At the
start of core life, xenon override can be accomplished for about 120
minutes after shutdown by the existing control system. The startup
period is reduced toward the end of core life,

 Samurium accounts for approximately 0.8% reactivity during a
life cycle., The reactivity loss due to the buildup of stable fission
products reaches a maximum value of approximately 2.7%.

" "The next reactivity region represents the loss of fuel due to
burnup in both the fuel and the experimental region. Some portion of
this area must also be attributed to the variation of the importance
of various fuel regions with core life,

A reactivity gain is indicated in the area representing the
B0 nolddown. Approximately 72% of the initial boron concentration
is consumed during one 17 day period. This poison burnup is based on
the initial fuel amd natural boron loadings of 26 kg and 128 grams,
respectively. ‘

The temperature deficit is shown as the upper region and re-
presents about 1.0% in excess reactivity between ambient and the opera-
ting temperatures, The total change in the effective neutron multi-
plication factor is 7.1% AK during the 17 day cycle,
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One dimensional calculations of xenon stability have been
made using analytical techniques, digital computer codes, and analog
simulations. The results of this work indicate that the reactor is.
stable in all dimensions but may exhibit an underdamped response to
some perturbations., The greatest emphasis has been on axial stability
since the rotating reflector shims provide an automatic control over f_
interlobe xenon reactions, Although the flux is very high, the core ™
is short enough to keep the system within the bounds of stability.
Changes in lobe power level do not have a strong effect upon stability
because the xenon is nearly saturated at the average level of 50 MW ~
per lobe, An increase in length would have a more pronounced in-
fluence on core stability.

Reactor power shifts from lobe to lobe or changes in total
power level are made by systematic rotation of the various reflector
shims and the insertion or withdrawal of the neck shims, A power
distribution of L0-50-60 MA in the fuel regions was selected as a
reasonable maximum imbalance in power for normal operation. This
distribution produces LO MW in each of two diagonally opposzte lobes,
60 MW in each of the two remaining outer lobes, and 50 MW in the
central fuel region, The central fuel region consists of the eight.
fuel elements closest to the central flux trap. Initial calculations
indicate that this reference power distribution can be held for the '~
full 17 day life cycle, ' B

The versatility in operation of the ATR core has given rise to
a need for some type of scheme which predicts the manipulation of the
various control shims during each life cycle., The ATR critical (ATRC)
is to be operated in conjunction with the ATR in much the same way as
the ETR and ETRC are presently operated. That is, all experiment load-'
ings and power shifts are first mocked up in the critical experiment to
insure safe and successful results during the actual exposure period.

A graphical control programming scheme has been developed to predict
the manipulation of controls during each core cycle of the ATR, This
scheme could be used as a first order approximation tool in operating
both the ATR and the ATRC,

- In addition to setting the initial burnable poison concentra-
tion and Uranium-235 loading for various cycle conditions, the pro- .
posed control scheme estimates five reactor criticality and power dls-'
tribution effects, These effects are:

1., Reflector shim rotation
2. Neck shim withdrawal
Reflector and neck shim interaction
i, Experiment and trap composition
5. Fuel burnup and fission product
accunmulations,
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Bach effect is calculated separately and the resulting reactivity and
power level changes are arrived at by summation of all individual
effects.

Figure IIT illustrates one of these effects. This power distri-
bution surface was generated from two dimensional calculations of the
~ core layout with varying degrees of reflector shim rotation, The four
reflector shims associated with each outer lobe were rotated as a
unit., Calculations of various base points resulted in this surface
which predicts the relative power level in each lobe (based on a
total output power of 250 MW) and the total reactivity holddown in-
volved in any particular shift. Similer curves and surfaces have been
generated for the other effects mentioned. The scheme is set up to
cover essentially all practical Uranium-235 loadings and burnable
poison concentrations. The philosophy of core operation will determine
whether a large or small ratio of fuel to poison will be used, The
burnable poison concentration determines the amount of movable reacti-
vity required for each core cycle, A large movable reactivity during
the life cycle would lower resulting fuel costs and fuel element peak
to average power factor, On the other hand a smaller movable reacti-
vity would require less movement of control and less total shim '
control,

The application of the graphical control program to the ATR
operation is widespread. The three basic advantages of this program
ares , :

1. Helps determine the feasibility of various
power distributions in terms of fuel load-
ing, poison concentration, and length of
cycle during which the desired power shift
can be maintained with available movable
control,

2. Predicts step by step shim movement for any
practical power distribution throughout core
cycle.

3. Introduces the possibility of automatic core
operation using some computer facility in con-
Junction with the flow of data from core in-
strumentation,
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The control program at present has two outstanding limitations,
These are (1) in its present state of development the power distribution
and shim positions are limited to one-eighth and one-quarter core sym-
metries, and (2) the scheme is based on the assumption that fresh fuel
must be used for each cycle. Should the scheme be used extensively,
further development would be necessary to eliminate these shortcomings.

Net void and temperature coefficients are negative for the fuel
region and the reactor as a whole. Initial calculations on single and
multi-~lobe models give results comparable with earlier work on the ATR
by Phillips Petroleum Co, The reference core has a negative temperature
coefficient Sﬁ/KZXK/ZST (°F) which ranges from approximately -2 x 10-l/°F
to -1.6 x 10~4/9F as the reflector shims are rotated from the position
closest to the fuel region (zero degrees rotation) to the fully with-
drawn position (180° rotation). The temperature coefficient of the
entire core is approximately -1 x 10“h/°F. More detailed evaluation of
the temperature and void coefficients are now under way, This study
will result in coefficients for specific regions of the core for both
void and temperature changes.

The nuclear design of the ATR is being substantiated by a large
R&D program, which includes a full scale critical experiment now in.
operation, The versatility of this new test reactor has been demon-
strated by the various experimental data accumulated to date, Final
parameters for the reference core such as fuel loading, burnable poison
content, control worths, and experiment performance will be set with
the aid of these experimental results,
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THE MECHANICAL DESIGN OF THE
ADVANCED TEST REACTOR FUEL ELEMENT

AUTHORS: D. M. COLLINGS, H. D. FERRIS

The Babcock snd Wilcox Company

The intent is to present a brief description of the ATR fuel element, outline
the major mechanical or structural problems encountered in the design, and to

discuss the approaches employed to solve those problems,

As previously mentioned, the ATR fuel element forms a 15° segment of an annulus.
It is made up of 19 fueled plates - curved with a common centef,Aand two side
plates - inclined at 45° to one another. All fuel plates have ,020" thickness
of fueled "meat" centrally located. The innermost plate (nearest the common
center) is ,080" thick and the ocutermost plate is .100" thick. A1l other fuel

plates are .050" thick.

Initially, the clad material was X-SOOft but this has been replaced with 6061-0
*

material, because of the latter'!s superior strength. The 6061 T-6 side plates

are nominally ,188" thick. The fuel plates are joined to the side plates by a

troll-swaging® process.

The nominal water channel is .,078"., Because of the curvature, the channels,

and fuel plates, vary in peripheral width from 2.2% to 4.0V,

The fuel plates are slightly over L-feet long and the nominal flow velocity is

Ll ft/sec., The vertical pressure drop across the core is 92 psi.

#  Aluminum Alloy
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Fig., II shows a list of the major problems encountered so far in the design of
the fuel element., By showing that there is a test set up to evaluate each
problem, the chart illustrates the largely empirical nature of the mechanical

design.

1. STEADY-STATE HYDRAULIC LOADS

Typical of the steady-state hydraulic loads are the radial pressure differences
across fuel plates due to variations in overall channel size, Because of the
tight tolerances possible within the fuel element, the channels formed by two
fuel plates tend to become uniform with small deflections and stresses are

therefore not expected to be troublesome.

Because of the general configuration of the reactor, the width of the annular
space in which the fuel elements are located cannot be accurately controlled,
and it is possible for the flow channel on the outside of the fuel element to

become two or three times as large as the .078" nominal size.

For such a large flow channel between fuel plates and the reflector, the

pressure differentials across the plates may not stabilize .at acceptable deflections.

Both analytical and experimental approaches are being employed to evaluate the
effects of this type of loading.

The analytical work consists of a stress and deflection analysis which estimates
the stress and deflection of the fuel plates, taking credit for the membrane
support from the side platesAas well as the bending resistance of the fuel plates

themselves,

The membrane loads applied to the outer fuel plates by the gide plates are
evaluated by determining the spring-rate of the side plates - as beams supported
on an elastic foundation prov1ded by the other fuel plates, The product of this
sprlng-rate and the chordwise deflection of the fuel plate glves the membrane

load, The 1nnermost and outermost fuel plates are expected to have about the
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same pressure load, but the outermost plate will have larger stresses and

deflection because of its greater span. In addition, the plate adjacent‘to-
the outermost piate has high stresses because it supplies a large portion of
the membrane support for the outermost fuel plate, and is only half as thick

as the outermost plate.

Experimental suppoft for this analysis has been obtained from several of the-

tests and will be discussed later, with the pertinent tests.

The experimental work to evaluate the mechanical effects of large channels
consists of the Hot Flow Test, the Fuel Plate Pressure Deflection Test, and the

Swaged Joint Strength Test.

The Hot Flow Test consists of a full size element mounted in a hot hydraulic
loop which simulates the reactor, hydraulically, and is éapable of flow
velocities up to 1-1/2 times the reacto} flow rates, Sufficient instrumentation
is provided to determine ﬁertinent flow velocities as well as pressure loading

on the outside fuel plates,

The first specimen, which was tested at h20°F, failed at about 120% of design
velocity. The outside fuel plate failed by pulling out of the side plate over

the middle half of its length until it was supported by the simulated reflector.

The pressure differences across the fuel plates during this test were lower than
expected for the flow wvelocity, but the failure occurred at a pressure difference
across the outside fuel plate which was quite clecse to the value predicted

from the analysis, as indicated on Fig. III.

1

The initial test specihen was one of the first fuel bundles resulting from the
fabrication development program and was accepted "as ist, Later specmmens will
be up-dated des:gn~wise (including the material change) and ulll include, if

possible, simulated thermal “ripples" and/br other deformations which may exisb

S
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in the reactor. The final specimen will be tested for 30 days at sbout hOOOF

and 125% of design velocity.

In order to Aemomtrate the fuel plate stress levels and deflections, and confirm
the analysis, several Specimené made up of a single fuel plate swaged in two

side plates have been tested at h20°F in a rig as shown in Fig, IV. The side
plates are held by the fixture so that the chordm’.se stiffness of the unsuppqrted
span of the éide plates approximates the stiffness in the fuel bundle, so as to
provide the correct membrane force to the fuel plate., Internal and external
pressures were applied to the épecimen, and plate mid-span deflection and stress

recordede.

The measured stress levels were in very good agreement with the values calculated
by the analysis (discussed sbove) for this arrangement, as shown on Fig. V. In
the plastic range, the stresses (primérily bending) do not increase as rapidly
because the load is then mainly carried by the menbrane supporte. The

calculations are elastic and do not reflect this effect,

As indicated on Fig. VI, the agreement between calculated and test deflections
is also good in the elastic range, Like the stress numbers, the deflection
caleculations are valid only in the elastic range;, so that the disagreement in

the plastic range is not surprising. The trend is as predicted, however.

Later specimens will consist of a complete fuel element with similar pressure

loading.

2, UNSTABLE HYDRAULIC LOADS

The unstable hydraulic loads are characterized by smooth, local, channel
restrictions, called "ripples®, which produce a venturi effec’t;, without
appreciably influencing the flow through that channel, In contrast to the
stable small chamel of constant width; the narrow part of a "rippled™ channel

sees a pressure decrease, which tends to further reduce the local channel
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width, Where this resultant loading exceeds the strength of the fuel plate, the

fuel element will probably oollapse, at least locally.

Ripples can result from manufacturing or from thermal and mechanical loads

during operation,

Thermal R"ripples" may result( from compressive longitudinal strains produced in
the hotter fuel plates by the various thermal gradientss Examination of Fig, VIII

indicates that the two outermost fuel plates are the worst from this standpoint.

Straightforﬁard stress anslysis indicates that a flat plate under these conditions
would deform in the shape of a series of "ripples™ in the longitudinal direction.
In the plastic range, we are not able to handle the stiffening influence of the
curvature of the fuel plates, andlytically, and therefore, the Thermal Ripple

Test has been set up to determine the length and amplitude of thermal "ripples®.
Similar "ripples! are to be built mechanically into the specimens for the Hot

Flow Test.

_’l'he fuel plates were tested by bolting relatively low expansion stainless steel

bars to the long edges and increasing the temperature of the assembly uniformly.

The material in the steel bars was selectec so that the fuel plate thermal strain
at uniform temperature in the test equals the strain expected in the reactor due to

temperature differences.

This test work has been complé;ted for X~-8001 material and the results indicate
that the curvature of the fuel plates viritumally eliminates any tendency for
thermal "ripples" to occur, Several flat plates were tested in the rig to
demonstrate that it was performing as planned, and “the flat plates "rippled® v
severely as predicted. It does appear that the effect of the thermal loading
is to increase any imperfections in a fuel element. This will be investigated

further.
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3, FUEL PLATE RADIAL THERMAL DEFLECTION

Due to flux peaking, there is a radial thermal gradient in the fuel element
with the central plates being the coolest and the outermost plate the hottest.
This is shown on Fig. VIII. We are concerned that the hotter plate will deflect

excessively in a transverse direction,

We plan a test to measure this deflection using a full cross section, partial
length fuel element specimen, The test procedure is to heat the outer plate

above the temperature of the rest of the specimen and record the plate deflection.

1. UNKNOWNS

The observer may note that many problems which will occur simultaneously in the
‘reactor, and may interact, are being treated separately in the test program. An
irradiation test is contemplated in the ETR, but of course all pertinent loads
cannot be correctly simulated at once, and it is desirable to have the ETR
specimen as safe sti'ucturally as possible, Toward that end, we intend to build
as many loads, imperfections, deformations, etc., as is practical into the last
specimen for the hot flow test. This will give considerable éonfidence in the
design geoing into the ETR test, and that test will cover irradiation effects

as far as possible,
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Fig. I: ATR Fuel Element Cross- Section
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Convex Pressure Failure
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THE THERMAL AND HYDRAULIC DESIGN OF THE
ADVANCED TEST REACTOR
W. M. Vannoy

The Babcock and Wilcox Company

The Advancea Test Reactor (ATR) has a maximum power density
of 2. 6 MW/liter of core volume, or about twice the power density of the
Engineering Tést Reactor (ETR). Most thermal and hydraulic design
problems are caused by the high power density and the coolant velocities
required for adequate heat removal. The ATR design ta‘kes.advantage
of MTR and ETR experience to improve performance and reduce uncer-
tainties in design calculations. Test programs are being conducted to
investigate uncertain areas extending beyond current technology, but
final results are not yet available. Discussed here are design features,
calculations, and the scope and objectives of test programs affecting
the thermal and hydraulic performance of the ATR fuel elements and
reactor internals.

During normal operation at 250 MW-t, the pressurized light water
coolant enters the core at 300 psig and 130 F, and leaves at 208 psig
and 169 F. Figure 1 shows the coolant flow path. The coolant enters
the reactor vessel through two 24-inch pipes, and approximateljr 95%
flows upward through th;e thermal shields. The remaining 5% is
diverted into the large space between the core reflector tank and the
inlet flow baffle to provide a cool heat sink for natural circulation
cooling of irradiated fuel elements stored in this region. Coolant from
both paths flows into a large pool above the core, then reverses, and
flows downward through the fuel elements, reactor internals, and irra-
diation facilities. A flow distribution tank beneath the core separates
the flow into four quadrants; the coolant exits through four 18-inch
outlet pipes. |

The high core power density and the compact arrangement of the
internals (Fig. 2) result in high gamma heating rates in the reactor

components. Temperature gradients, average temperatures, pressure
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differentials, and hydraulic forces are calculated for use in the stress
analyses of reactor internals. These calculations are made for steady-
state operation with equal lobe power and with the maximum shift of
power between lobes (60-50-40), for normal transients, and for acci-
dent conditions. The coolant flow rates shown in Table 1 are sufficient

to prevent local boiling and unacceptable thermal distortions,

Table 1. Reactor Flow Distribution

Reactor region Flow rate, gpm

Fuel elements 25, 800
Reflector blocks , ' 1, 890
Reflector control cylinders 6, 040
Neck region 270
Flux traps : 6, 000
Inner capsule irradiation facilities : 600
Between reflector and tank ’ 1, 145
Seal and syphon breaker leakage 1,110
Outer capsule irradiation facility 1,200

Total ' | 44, 055

Ample allowance is made for excess cooling capacity since the
expected cooling requirément is 44, 000 gpm and the three primary
coolant pumps have a combined capacity of 54, 000 gpm. There is also
a standby pump rated at 18, 000 gpm. The fuel element flow rate in
each quadrant of the core is determined from pressure drop measure-
ments calibrated against flow tests. The primary coolant flow rate is
adjusted to the required value by a motor operated butterfly-type valve
that is positioned before reactor startup. Decay heat removal is pro-
vided by two emergency coolant pumps, each with a capacity of 4500
gpm or a combined capacity of not less than 5400 gpm.

Table 2 shows some of the significant parameters related to the

core thermal and hydraulic performance. The performance of the hot
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channel, which is of principal design concern, assumes that the worst
possible combination of manufacturing and operational tolerances exists

where the power peaking is at a maximum.

Table 2. ATR Thermal and H}:(_ilraulic' Pa{',?{'ﬁ?f?{_?

Reactor power, MW-t 250
Maximum power density, kw/liter ' 2600
Operating pressure — core inlet, psig 300
Coolant flow rate, gpm ‘ | 44, 000
Coolant velocity in fuel elements, fps 44
Core pressure drop, psi 92
Coolant temperature — reactor inlét, F 130
Coolant temperature — reactor outlet, F ©169
Core heat transfer area, ft? A 1390
Average heat flux, Btu/hr-ft? 570, 000
Maximum heat flux, Btu/hr -ft? 1,920, 000
Horizontal power peaking factor 2.0
Axial power peaking factor A 1.4
Maxiﬁ)um surface temperature — hot spot, F 408
Burnout power, % design power 138

Hot channel calculations are based on a horizontal power peaking
factor of 2. 0 and a vertical power peaking factor of 1.4. Power dis-
tribution measurements from the B&W Critical Experiment Laboratory
will be used in the final design analysis. Operating procedures pro-
vide for power distribution measurements for each core loading at the
on-site critical facility, During operation, the power generated in each
quadrant is measured, and the control system permits the power level
in each lobe to be regulated independently. The vertical motion of the
control poisons is limited to preserve a cosine vertical power distri-

bution throughout a cycle.
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ATR hot channel factors (Table 3) are estimated from MTR and
ETR experience. Hot channel factors related to manufacturing tol-
erances will be modified on the basis of the results of the Fuel Element
Development Program at Oak Ridge National Laboratory. At present,
the,h.eat transfer coefficient is calculated by the Colburn equation with
a 1.25 safety factor. Heat transfer data from ETR, HFIR, and ATR
test programs are being correlated against the Colburn, Hausen, and
Sieder-Tate equations in an effort to minimize the uncertainty in the
heat transfer coefficient for ATR conditions. The channel velocity dis-
tribution will be measured in the Flow Distribution Test at ORNL, and
the hot channel factors will be modified accordingly.

Figure 3 shows the bulk coolant and fuel plate surface temper-
atures (at the beginning of life) obtained with the hot channel factors
in Table 3 and a horizontal power peaking factor of 2. 0. This power
peaking factor exists locally near the edge of a single fuel plate; the
power generation rate decreases with distance from the edge of the
plate. The hot channel calculations, therefore, conservatively neglect
any mixing of the coolant with respect to coolant temperature rise. Heat
- flow by conduction from the fuel plate to the side plate is also neglected.

The maximum permissible power of the ATR is calculated to be
138% of normal power at the onset of bulk boiling in the hot channel.
The increased flow resistance due to steam formation in the hottest
channel of the parallel-channel arrangement causes a flow reduction,
and vapor binding may occur. This condition is illustrated in Figure 4,
which shows the pressure drop versus flow characteristics of the hot
chaﬁnel for three different power levels. The plenum-to-plenum pres-
sure drop, shown as the available head, is the same for each of the
parallel fuel element channels. At 100% pbwer, the hot channel has
single-phase flow and a flow rate essentially the same as the other
channels. At 118% power, local boiling begins in the hot channel, and
the increased flow resistance causes a flow reduction. At 138% power,
the pressure drop curve is tangent to the available head curve at point
A, and a flow instability is probabie‘ At power levels above 138%, the
pressure.drop curve intersects the available head curve at point C only,

indicating a large flow reduction and probable vapor binding.
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TABLE 3.

ATR HOT CHANNEL FACTORS

Manufacturing tolerances

Channel geometry
Surface roughness
Fuel content

Local

Channel
Fuel heat transfer area
Fuel eccentricity

Sub-products

Calculational factors

Film coefficient correlation
Plenum distribution
Channel velocity distribution

Sub-products

Operational factors

Power measurement and regulation
Flow control :
Inlet temperature regulation

Sub-products

Total products

Fe F FA'I'
(Film drop) (Heat flux) (Coolant temp. rise)
1. 041 1.0 1.155
1.015 1.0 1.018
1.10 1.10 1.0
1.0 1.0 1.04
1. 04 1. 04 1.0
1.0 1.0 1.0
1. 209 1. 144 1.223
1. 25 1.0 1.0
1. 04 1.0 1.05
1.04 1.0 1.05
1.352 1.0 1.103
1.05 1.05 1.05
1.016 1.0 1.02
+3F
1. 067 1.05 1.071
1.744 1. 201 1. 445



- It is possible that a flow instability or burnout could occur before
bulk boiling occurs in the hot channel. A flow instability may be ini-
tiated by the increased flow resistance caused by local boiling, or sub-
cooled burnout may be caused by film blanketing when steam bubbles
form so rapidly that they coalescé on the surface. Local boiling pres-
sure drop and sub-cooled burnout data for ATR pressure, geometry,
flow rate, and heat flux are not available. Therefore, the objectives of
the heat transfer tests at the Argonne National Laboratory are to deter-
mine the method and magnitude of the p'ower limitation.

The burnout and flow stability tests are designed to simulate as
closely as possible ATR operating heat flux, pressure, coolant velocity,
coolant temperature, channel thickness, and power distribution. The
power generation rate in the test specimen has a cosine distribution,
and the bypass flow rate is approximately ten times the specimen flow
rate to maintain a constant pressure drop across the test section and
simulate the parallel-channel effect. Tests are being made on full-
length (48 inches) rectangular specimens with nominal channel thick-
nesses of 0.054, 0,072, and 0. 094 inches.

Thermal design analyses include investigations of possible fuel
element damage during accidents, such as a loss of flow and a loss of
pressure. The loss of flow accident is illustrated in Figure 5. A
scram is required to protect the reactor since a burnout condition will
occur in 460 milliseconds if the power is not reduced. The voltage
monitoring and flow sensing devices initiate a scram signal, and rods
will start to insert in 340 milliseconds to prevent fuel element damage.
Burnout tests are being run at reduced pressure and flow to obtain data
applicable to the loss of flow and loss of pressure accidents. |

The structural integrity of the fuel element depends on thermal
and hydraulic conditions. Thermal gradients, hydraulic forces, and
lateral pressure differentials cause fuel element stresses. Also, the
strength and corrosion properties of the fuel elements are temperature
dependenf.

Lateral pressure differentials are caused by'differences in the
dimensions of two adjacent coolant channels. Tolerances on the fuel
element and its annulus allow the flow channel between the fuel element

and the beryllium reflector to vary between approximately 0. 060
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and 0. 200 inches. The effect of a large external channel is shown in
Figure 6. The external channel has a larger hydraulic diameter and
less frictional resistance than the adjacent internal channel. For the
same over-all pressure drop across both channels, the external channel,
therefore, must have a higher coolant velocity and entrance loss that
will result in a lateral pressure differential. The magnitude of the
lateral pressure differential for different external channel dimensions

is being measured in flow tests at ORNL. Deformation of the outside
fuel plate tends to reduce the lateral pressure differential; but, if fuel
plate deformation is excessive, minor modifications of the fuel element
will be studied experimentally. Possible modifications fall into three
basic categories: (1) increasing the flow resistance of the external
channel, (2) reducing the entrance loss to the external channel, and

(3) equalizing pressure by interconnecting external and internal channels.

A fuel plate ripple will also cause a lateral pressure differential.
A local ripple, acting like a Venturi, causes a decrease in static pres-
sure in the reduced channel and an increase in static pressure in the
enlarged channel. Fuel plate deformation tends to increase the lateral
pressure differential in this case. The effect of ripples is being deter-
mined in the hydraulic tests at ORNL.

Since the existence of the temperatures calculated from hot
channel analyses is statistically improbable, a more realistic appraisal
of fuel plate temperatures is necessary to determine fuel plate stresses
and corrosion rates. Corrosion tests show that the corrosion rate
increases exponentially with the metal surface temperature'. Corrosion
tests with descending heat rates to simulate fuel burnup show that, with
an initial metal surface temperature of 360 F, the end of life temper-
ature exceeds 430 F due to film buildup. Whereas, an initial temper-
ature of 340 F results in an end of life temperature of less than 400 F.
However, corrosion film stripping does not occur in either case.

Fuel plate temperatures for the mechanical design are calculated
from the detailed power distribution and a statistical treatment of hot
channel factors. Figure 7 shows the maximum fuel plate surface area
that may be expected to be above 340 F on the outside fuel plate of the
hottest element. This fuel plate has the maximum temperature, lateral

pressure differential, and span. Structural integrity depends on the
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fuel plate area at a given temperature, the distribution of this area,
and the distribution of stress with relation to the temperature distri-
bution.

A similar analysis of the entire core shows that less than 40
square inches of heat transfer surface can be expected to be above
340 F, and an insignificant area is above 360 F at the beginning of life.
Descending heat rate corrosion tests show that film stripping does not
occur on either X-8001 or 6061-0 aluminum cladding with a starting
temperature of 360 F. Therefore, any addition of activity to the
primary system through film stripping cannot be detected.

In summary, the major problems in the thermal and hydraulic
design are caused by the high power density and high coolant velocgities.
The operational features of the ATR design that allow an improved per-
formance are excess flow capability and flow control, power and flow
measurements for each quadrant of the core,independenfcontrolof
lobe power, limited vertical motion of control poisons, and an on-site
critical facility. The major uncertainties in the thermal and hydraulic
design are being investigated in heat transfer and hydraulic tests. The
final design of the ATR will be strongly guided by the results of these

tests.
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NUCLEAR DESIGN OF THE HFIR

R. D. Cheverton
Osk Ridge National Laboratory
Osk Ridge, Tennessee

Although the present design‘of the High Flux isotope Reactor (HFIR)
provides considerable versatility in the form of readily accessible beam
tubes, engineering irradiation facilities, rabbits, anq a variety of re-~
flector through-holes as shown in Fig. 1, the reactor was conceived for a

5e

single purpose — to produce, on a yearly basis, milligram quantities of Cf2

L

from a limited supply of Pn? 2 feed material., Preliminary survey analyses of
transplutonium production schemesl and various reactor typesg indicated that

the use of a highly enriched, beryllium-reflected, aluminum-water, flux#trap

type reactor, similar to_that shown schemétically in Fig. 2, and having a

maximum unperturbed thermal-neutron flux of about 5 x 1015 neutrons/cm?-sec

in the "flux trap" (referred to as island), wouid be an economical and feasible
way of achieving the desired production rates. The reactor power level required
to obtain such a high neutron flux level was ~100 Mw, which, considering the‘
reactor type proposed, appeared to be consistent with the capital funds available,
As the concept was developed & nominal power level of 100 Mw became part of the

design criteria; however, since the transplutonium production rates were. found

to be quite sensitive to the neutron flux level, as indicated in Fig., 3, con-
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siderable emphasis was placed on achieving the highest island thermal flux that
was practical. As a result of these efforts the present design of the HFIR rep-
resents a significant step forward in improving the performance (increased power
densities and neutron fluxes) of aluminum-water reactors. For example, the
maximum thermal-neutron flux in the island region and the total nonthermal-
neutron flux in the fuel region are, respectively, 5 x 1015 and 4 x 1015
néutrons/cmgosec, the average steady-state power density is 2 Mw/liter, and

the fuel-cycle time is ~15 days; in addition, it appears that a 1% redctivity
addition can be made on a 50 msec ramp at any time during the fuel eyecle with-
out resulting in core damage. The purpose of this paper is to describe in
general how this high performance is being achieved, with particular emphasis
being place& on the unique features of the fuel element.

The high thermal flux in the central island region results almost en-
tirely from the moderation of high energy neutfons that leak out of the fuel
region into the highly moderating island region. The number of neutrons that
leak into the island is essentially independent of the effective island di-
ameter; however, the thermal neutron density and thus flux are strongly de-
pendent upon the average distance required to slow the nonthermal neutrons
down and also upon the volume in which they are slowed down, The tﬁo con-
flicting requirements of large volume to produce many thermal neutrons and
reduce neutron leakage and of small ?élume to increase the neutron density and
reduce thermal absorption lead to an optimum island diameter for a particular
moderating material. By comparison with commonly used moderating materials
such as heavy water, graphite; and beryllium, the use of light water iﬁ the
isiand results in the greatest value of peak thermal flux per unit of power
‘because of its considerably shorter slowing down distance, Of course the
optimum volume of a light water island is smaeller than for the other moderators,
but it is adequate for the Pugl%2 targets that will be irradiated in the island

region of the HFIR,
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Another factor that direct;y effects the neutron density in the island
is the neutron leakage into the island per ﬁnit height of:the core, For a
given power level this leakage depends on two basic factors: the neutrén
population in the core per unit height of the core and the probability that
these neutrons will leak into the island region., For a given core volume,
decreasing the core height increases the neutron population per unit height
but decreases the ?robability of leakage into the island, Therefore, there
is an optimum height-to-diameter ratio for the core.

The probability of leakage into the island is also increased by decreasing
the volume of the core and by increasing the metal-to-water ratio in the core,
thué reducing the moderation in the fuel region. A further improvement can be
made on a per unit power basis by peaking tﬂe power density next to the island;
however, as the relative peaking is increased, the power level and thus neutron
flux must be lowered so as not to exceed the maximum permissible‘powef density.‘
If the volume of the core is increased to maintain the same poﬁer level, the
island flux decreases as explained above., Thus, one of the primary objectives
in the HFIR design was to increase the average power density and metal-to-water
ratio as much as possible while maintaining a 100-Mw power level.

One of the most fruitful ways 6f increasing the average power density is
by reducing the ratio of maximum-to-average power density, (qmax/qave)' For -
this purpose cylindrical core geometry was selected in lieu of rectangular
geometry, reducing (qmax/qave) by sbout 35% relative to that obtained with the
latter geometry.3 The use of reflector control in the form of two concentric,
oppositely driven, cylindricsl control plates located in a narrow annulus
between the fuel and beryllium reflector and containing an axially graded poison,
as shown schematically in Fig. 4, resulted in an estimated 50% decrease in
(qmax/qave) relative to that achieved with rods that are located in the fuel-
and enter the core from one end only. Also,axial power density peaking
caused by eice;sive neutron moderation at the ends of the core was controlled

by extending the non-fuel-bearing portion of the fuel plate a short distance.
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Power distribution control during the fuel cycle was supplemented by the use
of burnable poisons, which were also used for reactivity control.

The above devices all affect the power distribution through their effects
on the flux distributions. Further major benefits in power distribution con-
trol were achieved through the use of a radially graded fuel concentration,
Since the power deunsity at & point is nearly proportional to the product of
the thermal-neutron flux and fuel density, the radial power distribution achieved
with a uniform fuel distribution would be similar to the radial thermal neutron
flux distribution shoﬁn‘in Fig. 2. In principal, by using a radial fuel distri-
bution that is nearly the mirror image of the thermal flux distribution the
radial‘(qmax/qave) could be reduced to unity. This scheme, which was achieved
by varying the thickness of the fuel-plate cores across the width of the radially
oriented involute~-shaped fuel plates, as shown in Fig. 5, reduced the radial
(qmax/qave) from sbout 3 to 1.2. A wvalue of ﬁnity could not be achieved because
of flux and fuel distribution variations associated with control rod movement
and nonuniform fuel burnup during the fuel cycle.

épplication of the above methods for reducing (qhax/qave) in the HFIR design
resulted in an overall (qmax/qave)’ excluding hot-spot effects, of about 1.5.

Additional benefits are realized in reducing (qma 1‘[/ qave) by very carefully
controlling the power-density and heat-fluﬁ variations that result from fabri-
cation inagcuracies. In order to significantly reduce the associated statistical
safety factor, HFIR fuel-plate specifications include 100% inspection to
check on fuel inhomogeneity, fuel contour, and lack of bonding of the
cladding.

Another general method of increasing the permissible power density is
to increase fhe surface-area-to~-volume ratic or to increase the maximum
permissible heat flux or both. What could be accomplished in these respects
for the HFIR design was defined only after much trial and error analysis that
inﬁolved many interrelated parameters, such as fuel plate strength and creep

behavior, coolant velocity and associated hydraulic lateral pressures, manu-
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facturing tolerances, burnout behavior during steady-state and transient con-
ditions, oxide film formation rgtes and associated thermal resistance, and
coﬁtrol and safety system characteristics, to mention a few. A very significant
amount of uncertainty associated with several of the individual factors in the
analytical analysis was eliminated by extensive experimental investigations and
measurements of the nuclear kinetics' constants, fuel-plate stability and creep
behavior, aluminum-oxide formation rate, fabrication tolerances, burnout heat
flux, and the water-film heat transfer coefficient. The core design that
resulted from these studies consisted of two cylindrical fuel apnuli each about
% in. in radial thickness containing 0.050-in,.~thick invnlute-shaped‘fuel plates
and 0.050-in.-thick coolant channels; the actlive height of the core was 20 in,
and the coolant velocity 42 ftfsec. By using an essentially single~-fuel-element
core design with Iinvolute plates, instead of circular-segment plates in numerous

pie-shaped elements, about 1%% excess side-plate volume was eliminated,

As indicated in Fig. 2, a water annulus about 5/8 in, thick has been
provided‘between the two fuel amnuli. There were primarily three reasons
for doing this: (l) to help flatten the thermal flux distribution and thus
lessen fuel distribution difficulties, (2) to increase neutron multiplication,
and (5) to faciliﬁate assembly and disassembly of the two fuel annuli. The
width of the water gap selected was a minimum {consistent with the minimum flux
flattening and neutron multiplication requirements) because excess water in
the fuel reduces neutron leakage to the island.

The fuel loading required for an average fuel-cycle time of about 15 days
is 9.4 kg of U235, 2.3 kg of which is in the inner annulus, The reactivity
associated with this loading is ~0.15 Ak/k. A burnable poison, tentatively
composed of boron and cadmium and locaﬁed in the fuel-plate core filler piece
in the inner fuel annulus as shown in Fig, 5, reduces the maximum core worth
during a fuel cycle ‘to about 0.1l ak/k; this poison, distributed as indicated,

also helps to maintain a uwniform power distribution during the fuel cycle.
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The large excess néutron multiplication associated with the core is con~

ﬁrolled by positioning the two l/h-in.-thick control cylindérs symmetrically
in the axial direction, thus minimizing the "roof topping" effect. Axial
variations in the power distribution are further reduced by dividing the control
cylinders into three axial regions: a highly absorbing regibn on one end (20 in.
long) containing Eu,zo5 dispersed in and clad with aluminum, a medium absorbing
region (about 7 in. long) containing tantalum dispersed in and clad with aluminum,

and a low absorbing region of aluminum (20 in, long) on the other end. The outer
control cylinder is physically divided into four equal circular segments, each
having a shim drive rod and scram mechanism; the inner control cylinder,
which is not equipped with & scram mechanism,is used for both shim and
regulation, With three of the outer control segments completely inserted,
the fourth completely withdrawn, and the inner control cylinder completely
withdrawn, the reactor will be subcritical by a minimum of 0.03 Ak/k.

The adequacy of the HFIR design from a heat removal point of view is
reflected in the amount of conservaﬁism inherent in the hot-spot analysis,&
which considered the occurrence of the most pessimistic combination of hot-spot
factors. The HFIR critical experiments verify that a pesk thermal-neutron flux
of about 5 x lOl5 neutrons/cm?.sec can be achieved at a power levellof 100 Mw;
and fuel-element development work thus far indicates that the unusually tight
dimensional and fuel distribution tolerances can be attained. Therefore, it

appears that the high performénce desired in the HFIR will be achieved.
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MECHANICAL AND HYDRAULIC DESIGN OF THE HFIR
By J. R. McWherter and T. G. Chapman

Qak Ridge National Laboratory
Oak Ridge, Tennessee

The High Flux Isotope Reactor is a light-water-cooled and -moderated
reactor with an aluminum-clad plate-type fuel element and a beryllium
reflector._l As shown in Fig. 1, the fuel element is cylindrical with
8 central target region. The 1T7-in.-diameter fuel element is separated
from the 43-in.-0D, 2k-in.-high reflector by a thin control region.

The core assembly is contained in an 8-ft-diameter pressure vessel;2
Where,‘as shown in Fig. 2, the core assembly is supported by concentric
pedestals. The vessel has a quick-opening hatch in the large upper head
through which underwater refueling is accomplished. The vessel is located
in a water-filled pool in which the spent fuel is stored; A lower extension
of the vessel penetrates the shielding below the reactor to permit operation
of the control rods from a subpile room.

The coolant flow required to remove the heaﬁ from the reactor assembly
is 15,000 gpm. The coolant enters near the top of the pressure vessel and
leaves st the bottom. Approximately two-thirds of the water flows through
the fuel element with a pressure drop_acrosé the element of about 7O psi.
The water enters the fuel element at 120°F and leaves at 181°F.

As shown in Fig. 3, the primary water is circulated through the
reactor vessel by three centrifugal pumps in parallel. The heat is removed
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from the primery water in three tube-and-shell heat exchangers. The primary
water system is designed for 1000-psi internal pressure and is constructed

primarily of stainless steel or steel clad with stainless steel.

The mechanical, hydraulic and thermal design parameters of the
fuel element were analyzed simultaneously in an effort to satisfy the
stringent criteria set forth by the nuclear considerations. As a result
of the extensive analysis, an element with an average power density of
2 Mw/liter and a metal-to-water ratio of unity'was achieved. As shown iﬁ
Fig. 4, the cylindrical fuel annulus was divided into two equal-thickness
annull containing 50-mil~-thick involute-geometry fuel plates and 50-mil-
thick coolant channels. The coolant design velocity is 42 ft/sec.« The
diameter of the light-water-filled central target region is approximately
5 in., the over-all diameter of the fuel region is gbout 17 in., and the
active fuel length is 20 in., with an over-all fuel plate length of 2k in.
Some of the more important fuel element specificationé that re-

: L
sulted from the nuclear design studies are given below:

Power level ' 100 Mw’
Power density (average) Maximize
Length~to-diameter ratio Fixed
Central water target region ~5 in.
Metal~to-water ratio Maximize
Fuel cladding Aluminum
Coolant HQO

Fuel distribution (radial) Contoured
U235 loading 9.4 kg
Fuel lifetime 15 days
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The parameters which could be faried in the mechanical, hydraulic,
and‘thermal studies were:

L. The configuration of the heat transfer ares.

2. The surface-to-volume ratio.

3. The coolant velocity.

Preliminary studies led to the choice of a plate-type element con-
tailning involute-geometry fuel plates. This configuration was selected
primarily because it provided the following features:

1. A high surface-area-to-volume ratio.

2. A constant coolant channel thickness and uniform metal-to-

water ratio in a cylindrical annular core.

3. The ability to vary fuel concentration radially.

L, Curved geometry is favorable from the standpoint of hydraulically

and - thermally induced fuel plate deflections.

5. All the plates within a single fuel annulus are identical.

The more important mechanical and hydraulic considerations included
in the analysis of the fuel element were:

1. Hydraulically induced latersal pressure differentials across the

fuel plates.

2. BRadial and longitudinal thermsl expansion of the fuel plates.

3. Tolerance requirements for manufacture of the fuel element.

Analytical expressions were developed to be used in the hot-spot

3

analysis” for the formation and effect of lateral pressure drops across

the plates and for the effect of thermal expansion of the plates. The

-

hot~spot analysis was then used to egtablish the required manufacturing

+tolerances.
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In order to determine the pressure loading, equationsh were developed
and used in the analysis of the formation of hydraulically induced lateral
pressure differentials across the fuel plates. The equations described the
local velocity distribution, velocity pressure drop, and frictional pressure
drop in nominally flat channels that are either undistorted or distorted by
any nonabrupt deviations from flatness such as those shown in Fig. 5. Two
important postulates are: the static pressure is independent of p§sition
across the width of the channel at any distance along the channel, and
frictional forces are transmitted solely across the thickness of the channel,
with none in the direction of the width. (The width of the channel is defined
as the length of the involute arc.) These two postulates are justified for
‘very thin channels if it is assumed that there are no abrupt changes in
channel shape. This assumption also pérmits the postulate that changes in
velocity do not result in expansion or contraction losses. It is believed
that ﬁhe equations developed permit reasonsbly accurate analysis of the effect
of deviations in plate contour and coolant-gap thickness on the hydrodynamics
in the HFIR fuel element coolant channels.

5 for the

Elsstic beam theory was used to obtain analytical solutions
stresses and deflections of involute plates as & result of the pressure
loadings. Both pinned- and fixed-edge restraint were considered. The
analyses performed were limited by the following assumptions:

1. The ﬁressure load variastions along the length of the plate

were neglected.

é. The pressure load distribution aéross the width of the plate N

was uniform.

3. Both membrane and bending stresses were considered; however,

deflection due to membrane stresses was not considered.
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L. The fuel plate was at & uniform temperature.

As a back-up effort to the analytical approach, an experimental
program6 was initisted. Aluminum involute plates having appropriate edge
restraints #ere subjected to differential pressures. Strain gages and
dial indicators were used to messure the associated strains and de-
flections. Using this equipment; a determination of the deflection as
a function of the pressure differential across the plate indicated that
the deflected shape was in the form of an S relative to the initial
involute contour; that is, bothiﬁositive and negative deflections existed
for a given loading, as shown in Fig. 6. This figure also shows the
rather good agreement between the pinned-edge analytical results and the
éxperimental results. The maximum deflection determined experimentally
for pinned-edge, 40-mil-thick plates with pressure on the convex side
was about 1 mil/psi; the analytical calculatiogs indicated that the
corresponding deflection for a Squil;thick plate would be abou£ 0.5 mil/
psi. Also shown in Fig. 6 is the camparisﬁn between calculated pinned-
and fixed-edge plate deflections.

During the experiments, the static stability characteristics of

the fuel plates were investigated. It was determined within the pressure

and deflection ranges of interest that plate buckling resulting from pressure

differentials should not occur.

In addition to the static pressure deflections, the creep behavior
of the plaﬁes was also considered because of the unusually high aluminum
fuel-plate temperatures. To obtain this information experimentally, an
aluminum involute plate was clamped in a carbon steel frame in such a
manner that the difference in thermal expansion between the carbon steel

and aluminum simulated the appropriate temperature difference between the
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fuel platesdénd side plates. The assembly was subjected to a suitable
operating fuel-plate temperature. The fuel plate was simnltaneoqsky
subjected to an appropriste differential pressure. In this manner com-
bined static and creep deflections resulting from both pressure and temper-
ature differentials were investigated over periods of time consistent with
the proposed fuel element lifetime.

The experimental results7 indicated that differences in fuel-plate
and side-plate temperatures resulted in sinusoidal longitudinal buckling
of the fuel plates as shown in Fig. 5. Plate deflections associsted with
this buckling were included in the over-all thermal and mechanical design

7 of the

of the fuel element by means of an anslytical representation
thermally induced buckling behavior.

In order to alleviate problems associated with the differences in
radial thermal expansion between the fuel plates and side plates, each
fuel annulus is supported by only one side plate. The other side plate
is free to rotate.

In addition to the use of the involute-fuel~-plate analytical ex-
pressions in the hot-spot analysis to help establish the plate dimensions
and associated tolerances, the expressions were also used to establish the

P

fuel plate-~to-side plate attachment requirements;” that is, the plate-edge

loadings. The final fuel plate design permitted & pinned-edge attachment
t0 the side plate with the following provisions: first, thét the joint
withstand an axial force of 5 pounds per linesl inch of attachment; and
second, that the joint withstand a 100 pound per lineal inch force normal

to the attached edge of the fuel plate.
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BURNOUT HEAT FLUX PREDICTION FOR FLOWING,

*
SUBCOOLED, WETTING LIQUIDS

W. R. Gambill
Oak Ridge National ILaboratory
Oak Ridge, Tennessee

ABSTRACT

It is generally recognized that a boiling system is characterized by
& peak or critical heat flux at which a transition is made from efficient
nucleate boiling to high-thermal-resistance film boiling. With essentially
constant heat-input systems such as nuclear reactors, particle accelerator
tafgets, and electromagnets, the heat flux is imposed independently of the
thermal resistance of the coolant. With such systems, the rapid rise of sur~
face temperature which follows attainment of the critical heat flux usually
results in melting or burnout of the heating surface, so that "burnout heat
flux" is often used to denote the heat flux at the critical boiling condition.

A new generalized two-term additive prediction method has been developed
for burnout flux in which one term represents the boiling contribution in the
absence of forced convection and the other the equivalent forced-convection
contribution in the absence of boiling. The predictions of this superposition

method have been compared with all available experimental datas (1326 points)

*A lengthier version was presented at the Fifth National Heat Transfer
Conference, Houston, Texas, August 5-8, 1962, and a fully detailed description
will be given in an ORNL report to be issued in early 1963.
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for burnout with flowing, wetting liguids in the absence of significant net
vapor generation. The éata compared are for seven fluids in axial, swirl, and
cross flow in tubular, annular, rectangular, and rod geometries over broad
ranges of flow conditions: velocities of 0,05 to 174 fps, pressures from

k.2 to 3000 psia, subcoolings from O to 506°F, centrifugal intensities of

1 to 57,000 gees, and burnout heat fluxes from 0.1 X 106,tov37.h X 10° Btu/
hr.£t2,

When the date which can be shown to be unrepresentative of burnout under
the experimental conditions are excluded, a selected data field of 878 tests
remains, For these data, 96% of the predictions agree with the experimental
values within hO%. If deviations which include 90% of the data are compared
for all available points for burnqgt with water coolant only (943 tests), it
is found that the additive correlation gives a deviation ~35% less than
Bernath's method, which is sometimes considered the best of the previously

available generalized burnout correlstions.
I. Introduction

The fact that a boiling system is characterized by & peak or critical
‘heat flux at which a transition is made from efficient nucleate boiling to
high-thermal-resistance film boiling haes prompted the proposal of a great
number of equations for predicting critical or "burnout” heat fluxes. There
are at least 40 of these; space limitations preventnseparate discussion of
them here, but most have been described in the reviews of Bonilla,* Emmerson,2
and Roberts & Bowring.® Most of these correlations, useful as they have been
for specific purposes or for making estimates in the absence of any other in-
formation, are characterized by one or more weaknesses which considerably re-
strict their generalify:

(a) The form of the equstion may be such as to predict a zero ébc when

the subcooling is zero., One example of many is the Gunther equation:4

¢y, = 7000 vl/ 2 Moup * (1)
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This prediction is, of course, at variance with the experimental evidence.
(bj The equation may be applicable only to a single fluid, usuaslly
water, Of the correlations thus far proposed for the forced-convection case,
only those of Griffith® and of Bernath® include physical properties as vari-

ables and have been applied to several fluids, ‘ '

(c) The equation may have been statistically derived in a fashion far
removed from any physical considerations, an arbitrary attempt being made to
relate the ¢bo with the numerous experimentally controlled varisbles, The
ultimate example of this approach to date is the unwieldy 24k-term equation of
Jacobs & Merrill,7 vhich is applicable only to water in eircular geometries.
As indicated by the authors and later emphasized by this writer,8 extrapolation
of the equation, and others of this type, is to be scrupulously avoided.
Since a fully adjustable equation can be forced to fit any data set {even if
in error) which conforms to the general pattern of the equation, it seems
desirable to reduce rather than increase equation edjustability in order to
progress toward a more completely defined system.

(4) The equation may be marred by the use of widely variable exponents
and "constants", as exemplified, e.g., by the early and now obsolete Jens &

o .

Iottes correlation:

0.22
by = C (6/10%)" st o, (2)

wherein both the coefficient C and exponent m are pressure dependent.

(e) A given correlation, when compared with data other than those from
which it was derived, is very often found simply to give poor agreement with
the other data. Of equations which have been proposed for the subcocled
forced-convection case, only those of Griffith,s Bernath,e Jacobs & Merrill,7
and Zenkevich®® have been compared with even a reasonable variety of such data

(~300 points in each case),

The prediction method to be described wiil be shown to be relatively fre-

of the shortcomings outlined above,
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ITI. Description of the Correlation

A. Boiling Contribution

The premise on which the correlation is based is that beiling andvcon-
vective heat-flux terms can be independently formulated and added to yield the
total heat flux at burnout. The boiling contribution is obtained from:

[ (d)bo) sub
(ébo )sat pool

(¢bo)boil - (¢bo)pool - (¢bo)pool,sat ' (3)
All available evidence indicétes that at least the primary factors in-
fluencing saturated pool-boiling burnout are included in the dimensionless

equatioﬁ originally proposed by Kutateladzell;;a in 1951:

og aanp 71/
CA =KL p, | —— (4)
bo’pool,sat v v 2 ‘ '
Py
Equation (4) has been rederived on several bases by Zuber,> Sterman,* and
Chang & Snyder.'® Available experimental saturated pool-burnout datal®, 18

(~125 points) give & maximum X range of 0.08 tov0.23. The observed variation
of K values is probably caused by (a) the different experimental techniqﬁes
utilized by various investigatcrs [whether burnout protection devices are used,
e.g.], (b) the use of different criteria for defining the location of the burn-
out or critical point on the boiling curve, (c) the occasional use of relatively
uncertain values of the pertinent physical properties, caused in some cases by
purity variations of the test liquids, and (d) the apparently~intrinsic random
nature of the boiling process, vwhereby values characterizing the peak-flux con-
dition fluctuate around the most probable value.

Average values which have been proposed for K in Eq. (&) include 0.13
(Kazakoval?), m/24 (Zuber'®), 0.145 (Chang & Snyder'®), 0.15 (Deiéslerla),
0.16 (Kutateladze®), 0,168 (Sterman'*), and 0.18 (Rohsenow'®), Zuber® fur-
ther proposes that 0,120 < K < 0.157-is the most pfobable range, and Chang &
Snyder'® suggest that m/12 is the absolute maximum attainable. ~Borishanskii'®

also proposed a correlation in which K is weakly dependent on & dimensionless
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group which includes liquid viscosity. With two exceptions (the NHa and NzO4
data), the K values used in the celculations of the present work were limited
to the range 0.12 to 0.17, so that K was regarded as a finitely adjustable
rather than completely arbitrary constant.

The factor completing Eq. (3), the ratio of the subcooled to saturated
pool-boiling burnout heat fluxes, was calculated in the present work from

Kutateladze's semiempirical dimensionless factor'! as described by Bonillae:?!

F = _ ©u0)po01, 5w _ ( ) °p ﬁ‘tsub (5)
S (g, ) 25 1, |
bo’pool,sat

which correlates available small-wire data within ~20%.

Kutateladze later proposed12 the following correlation, which is based
on pool data for water, ethanol, and iso-octane over the range 0° < &tsub <
216°F:

‘p 0. e At
‘ 2 P _sub
F oo = 1+ ( ) Q ) (6)
o 15.38 Lv

More recently, Zubert3:2° nas derived the dimensionless eguation:

F = 1+ sub , , (7

sub r———v QT T Lv ov

2 k At 24 (pi/o gce.Ap)l/’+

where
‘1/4
: @"

3 a Ap gg, 8 zxp

If a/g = 1, T, vhich is a function only of P and of a/g for a given fluid, is

given (for water) by:

By 1/2
T = (1.169 x 10-5) —_/L— ‘ (9)

*Still more recently, Ivey and Morris®! have modified Eq. (5) to read:

0.75 s s
Foup = 1+ (p,/p,) (%@ﬁ) .
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when the units are chosen as hr, dynes/cm, and pcf. As pointed out by the
writer,?® if the subcooling factors of Egs. (5), (6), and (7) are represented
by Kl, Ké, and Z, respectively, parametric comparisons for water over the

ranges 5 < P < 3000 psia and 10° < Ats < 300°F show that at low pressures

ub
(5 to 30 psia), Ky < 2 < K,; at intermediate pressures (30 to 400 psia),

K, <K < Z; and at high pressures (400 to 3000 psia), K, <K, <Z. Itumay
be concluded that the choice of the best over-all eguation for FSub

to be made; but, except under vacuum conditions, the differences between

has yet

values predicted by the equations were not large in the comparisbns cited
above for water. Equation (7) might be expected to possess -the greatest
generality.

From the preceding, it may be seen that the first term of the prediction

methéd as used in the calculations to be reported is:

‘T o8, aAhp 1/ Py 0.%23 . at_ o

Goodpors =KLy oy | —=—— | x{1+ (2 2= ) |, (o)
bo’boil 2 25 1,

) Py Py v

in which K is ordinarily taken as 0,12 to 0.17. In all cases, cp in Eq. (10)

?
was evaluated at t =t_ - CAtsub/E).

B. Convective Contribution and Sunmation

The nonboiling convective contribution is written in the form of the con~

ventional Newton cooling law:

(¢bo)nb = hnb (tw - tb)bo ’ (11)
and (tw)bo of Eq. (11) is evaluated with Bernath's generalized plot® of
(Atsat)bo versus Tsat/Tc’ shown as Fig. 1.

The final correlation, therefore, is:
= = Eq. . (11) 7 12
by = By )pors * Gpo)yy = Ba- (10) + Ba. (11) (12)
Since most nonboiling film-coefficient correlations are in the form of:
m n ;
N, = K Nee Npp s (13)
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Eq. (12) may be written as:

1/h 0.923

gg aAlp o] e At

¢ =KL9[———C——-—-‘ [14_ (l) .,P_.EEEJ_,_
bo v v

2
Py . Py @5 Lv
¥ E)NmNn(t -t) (14)
+ D Re “Pr W b'bo ’ .

and used in three different weys; which are, in the order of auxiliary-data
needed:

(a) For conservative calculations in the absence of any data or related
experience, K and K may be chosen as the minimum values characterizing their
normal ranges. Minimum values will be discussed in a following section.

(b) Pool-boiling tests may be made to determine Km n and nonboiling con~-

i
vective tests or the literature utilized to determine K;in' Such an approach
cbviates 10 & considerable degree the need of conducting forced-convection

burnout tests.

(c) X and K may be regarded as adjustable constants and evaluated with

limited relevant forced-convection burnout data.

A further illustration of the flexibility inherent in the asdditive approach

is the generally acceptable use of alternative expressions for EqQ (4). 1f, €.8.,

¢ is not known or easily predicted, the Rohsenow-Griffith equation,zs as later

modified by Rohsenow & Choil® by inclusion of (a/g)l/u, may be substituted:

@p0) poo1, sat = 3 Ly oy (a/e)7 (Ao/pv)°‘6 ) (15)

in which units of Btu/hr‘fte, th/lb, and pcf are commensurate, Finally,

knowledge of only Pc allows one to estimate (¢ from a generalized

bo)pool,sat
curve of ébo/Pc versus R/Pc, as proposed by Cichelli & Bonilla.Z*

It should be noted that additive types of correlations, though quite
different in detail from that described here, have been proposed in the area
of boiling heat trgnsfer three times in the past, first by Rohsenow=> for the

correlation of forced-convection local-boiling heat-transfer rates below burn-
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out. Sonnemann later proposedas a burnout correlation, applicable only to
water at 2000 psia, which consisted of the sum of the ¢ reéuired to initiate
nucleate boiling (taken directly from ref, 9), and an incremental ¢ required
to cause burnout, the incremental term containing four empirical constants for
each of two Reynolds number ranges. Hines®” has semiempirically correlated
hydfazine burnout data by expressing the theoretical Eq. (64) of ref. 28 as

follows:

¢bo =A+Bat o +h, At (16)

nb 7°F 7
in vhich A and B are treated as pressure-dependent "constagts", and the first
two terms constitute the boiling contribution. Of the three proposals, that
of Rohsenow= is the most similar to the one described here.

The method as now formilated is not applicable to forced-convection bulk-
boiling burnopt — i.e,, for flow with significant net-vapor generation. In
the comparisons to follow, only four of the burnouts listed occurred under low-
quality conditions, and these were satisfactorily correlated by use of Guerrieri &

Talty's multiplying factor®® for two~-phase heat-transfer coefficients in the

forced~convection region,

ITI. Physical Properties

All physical properties in Eq. (10) are evaluated at togq With the ex-
ception of ¢ , which is taken at t’ =t - (Atsub/é), The property reference
temperature for Eq. (11) varies with the particular heat~transfer-coefficient
correlgtion used. The fact that many of the several physical pr&perties re~
quired had to be calculated or extrapolated would be expected to decrease to
some extent the accuracy of the‘final ¢bo predictions. Property data are sur-
prisingly sparse for the rocket propellants listed, This situation has eppar=-
ently arisen from the empirical correlation of ¢bo (which most frequently
limits liquid-fuel rocket heat-transfer design) in terms of V, P, and éxsub
for each propellant; and the fact that the nonboiling heat-transfer regime,

for which physical properties are required, is not critical in the design.
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Available physicai—property data were taken from refs. 30 through 45.

IV. Results of the Comparison of Data with Prediction

A. Background

Numerical calculations were made with slide rule and desk calculator.
For a given fluid, the calculation time can be reduced considerably by plot-

ting (¢ versus P, and the isolated physical-property groups of both

bo)pool,sat

Fsub and hnb versus t. Burnout heat fluxes for all tests of each data collec-

tion were calculated with Eq. (12}, but some were, for the specific reasons to

be cited in the detailed report, excluded from further consideration. Some data

have been reported in insufficient detail to allow the present comparisons to be

made, This is especially true of the Russian literature,

Literature values were generally chosen for both K and K of Eq. (1b).
K was, with two exceptions, taken in the range 0.12 to 0.17; end, where the
form of Eq. (13) applied, K was taken in the range 0,018 to 0.027 — i.e.,
between the minimum and maximum values established as characteristic of the
Dittus-Boelter, Sieder-Tate, and Colburn correlation forms. In several in-
stances where the convective contribution was a small fraction of the boil-
ing contribution, properties were evaluated at tb in equations normally used
with tf\as the property reference temperature. The large variety of slightly
differing correlations which have been proposed for hnb for various geometries
allovs considerable latitude in the selection of an appropriate equation.

Though no effort was made to select optimum values of K and {within the

NNu
permissible ranges) in order to formally minimize the resulting deviations be-

tween experiment and prediction, first~order changes were made when the initial

calculation resulted in a deviation distribution which could obviously be im-
proved by selection of different values of K and ¥ (again within the permis-
sible limits).

In comparing the predictions of any burnout correlation with experimental

values, two points should be kept in mind:
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(=) The boiling transition is a typical crisis bhenomenon which is not
characterized by exact values; and, at bes@, only the average or most probable
value can be indicated for the specific conditions. Though not yet quantita-
ti;ely established, Zuber's a,pproach,l:3 e.g., indicates an inherent +14% un-
certainty in the value of the mean ¢bo under conditions of saturated pool
boiling.

(b) As pointed out by Larson with regard to liquid-phase physical prop-

erties,46

it is true also of experimental burnout fluxes that the variations
for similar conditions between the results of competent investigators are
normally significantly larger than each investigator's own estimates of un-

certainty, so that the possible margin of error is considerabiy greater than

is generally admitted.

B. Data with Water Coolant

These results are outlined in Table 1. As noted, the average and maximum
deviations for the 87.0% of the data accepted (766 tests) are 17.8% and 96.6%.
If, in addition, the BMI tube data, ANL l/l6-in.-dia.rod data, and Columbia -
Task X and Task IV annulus data are rejected (for reasons to be discussed in’
the detailed report), the average and maximum deviations for the remaining 573
points are 14.7% and 59.4%, The corresponding deviation-distribution curves
for these data are shown in Fig. 2. Detailed comments regarding the heat-
transfer-coefficient correlations used will be given in the final report.

It seems worthwhile to mention specifically the Soviet data of ref. 62.
In his comparisons, Bernath® omitted these data, stating "unequivocally” that
they were "unsuitable"” for inclusion with the other data. This does not, how-
ever, seem to be the case, and the data actually yield valuable information on
the effect of flow gap on ¢bo' As shown in Table 1, 55 points of the higher-
pressure data, all taken with a constant flow gap of ~79 mils, are in excellent
agreement with prediction. For one test of this series, thé burnout was ob-

viously premature since (¢ “was only T7% of the calculated (¢

bo)exptl. bo)pool,sub

— even though V-was 6.1 fps.
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In the low-pressure (~l4 psiam) tests, however, the deviation between ex-
periment and prediction increases sharply when the flow gap (varied from 220
to 20 mils) is reduced below ~80 mils, as shown in Fig. 3. For tests with
flow gaps > 71 mils (63 of the 99 points), the predictions are quite satis-
factory, as shown in Table 1. Cther studies?® 5,86 combine with these data
to suggest that a diameter effect is encountered in subcooled boiling only
when the flow-gap dimension becomes comparable to bubble dimensions.®

Kutateladze has suggested®’ that the "critical” flow-passage diameter

below which D affects ¢bo (adversely) can be approximated by:
1/2 *
D, =~ o gc/é Aol / , (1n)

which is L/ V 2 times the so~called Laplace constant; which has been shown,
if bubble contact angle is included as a variable, to give a good correlation
of bubble volume at the moment of the bubble's departure from a heated surface.

The very limited experimental evidence®2,%8

suggests, however, that the crit-
ical diemeter at which the effect becomes significant is ~3/h of the prediction
of Eq. (17), as depicted in Fig. 4, which is proposed for use on a tentative
basis. It remains, éf course, to quantitatively predict the large effect of

gap width on ¢bo when D < D _.

Values for hnb were calculated from the Mikheev equation for annuli:®?
D 0.5
0.8 O0.4 1
Mg = 0-023 Moo Ny < D—») ) (18)
2

C. Data with QOther Coolants

Test results are outlined in Table 2. As noted, the average and maximum
deviations for the 96.1% of the data accepted are 19.4% and 79.4%. If, in addi-

tion, the newer Aerojet date for diphenyl and the Reaction Motors data for NH,

*
2 7 times the right-hand side of this equation is Zuber's critical wave
length,t®
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~ ~ L3 > .
.Table 1. Comparison of Burnout Data for Water with the Additive Prediction Methoa*
Experimental Rangesa Number
Type -6 Number of e
Data of P St v ¢y (10 of Points , LDevistion” 4 poiiive K Value
Source Flow Geometry (psia) (°F) (£ps) Btu/hr.£t¥)  Points Accepted  Avg. Max. Deviations vsedd  Ref.
ucIA Axial Tube 500 - 2000 5 -—163 6.3~ 54.7 1.0k~- 3.78 42 42 12.5 34.9 57 /24 9
.Purdue Axial Tube 600 — 3000 5 —148 - 5.7 = 42,0 1.20~ .21 2k 24 1.2 4h,5 b2 /2 9, b7
ARL Axial Tubes 620 ~ 2000 o 5.7=- 33.1 0.81~"2.16 8 T 16.0 482 86 /24 48
USSR Axial Tube 29 — 3000 0 5.9°% 0.4% - 1.29 22 22 13.6 35.8 7 /24 b9
ORNL Swirl Tubes® 15— 545 0 =260 14.7 — 156 2,77 = 37.35 40 32 15.6 k2.0 59 n/eh 50
ORNL Axial Tubes 15~ T4 T8 ~222 23.6-1T7h 2.23 — 17.25 29 29 “25.2  b7.1 10 0.168 50, 51
USSR Axial Tubes hg5 0'- 362 11.8 - 147.7 1.37 - 16.71 31 27 20.5 k6.1 by /24 52
BMI Axial Tubes 1500 - 275¢ 10— 81 10.1 - 20.0 0.66 - 2,14 180 126 19.5  67.3 54 0.12 53
IIT Cross Single Rods 17—~ 30 43~199 1.0- 6.8 0.85- 3.75 31 31 6.3 21.6 Th /2 54
IIT Cross Rod Matrix 31— 35 72-179 3.9- 12.9 1.1k - 7.5k 27 25 15.3  27.2 b 0.168 55
Stanford Cross Single Rods 7 U~ 48 0.3~ 0.5 0.50< 0.9 2 2 13.6  16.3 100 n/2h
ANLE Cross Single Rods 15 bl — 164 3.0 - 12,3 1,68 ~ 4,16 b3 43 16.9 k7.2 30 w/2k 57
ANZ? Cross Single Rods 15 50 — 116 2.6 - 10,0 2.86 -~ 6.69 h2 k2 41.3  51.4 [¢] 0,168 57
WAPD Axial Rectangular Channel 2000 5~ 97 9.9~ 30.7 1.13 -~ 2,02 17 17 1.3 25.2 88 0.12 58
SRL Axiel Rectangular Channel 25 - 86 11 — 133 5.4 — 41,6 1,02~ 3.18 51 51 9.7 29.h 35 n/2h 59
omi Axial Rectangular Channel 160 — 566 26 — 90 30.4 - 854 3,04 - 7.36 7 7 13.5 26.0 29 0.16
ORNL Axial Rectangular Channe) 462 —~ 521 0~ 64 34.9—- 4.0 3.25 — 3.67 b 4 10.8 18.8 50 0.12 60
JPL Axial Rectangular Chamnel  1b — 164 22 —282 ° 4.8~ 40,0 0.42 - 11.41 35 34 37.0  59.4 by /2 4
Aerojet Axial Annulus 254 —~ 493 11 - 115 5.8~ 22,7 0.77 -~ 2.68 b 3 7.1 15.3 100 /2 3h
MIT Axial Annulus 30~ 9 .1k - 99 1.0~ 12,0 0.49 - 2,01 9 6 9.1 19.1 83 /el 61
SRL Axial Annuius 3; - 65 12 ~ 130 12.0 - 33.2 O'gi - 1.43 ;2 1k 11.6  32.4 43 /2 59
1h— 313 28 — 278 .5 = 13. 0.64 — 5,95 55 1.4 29.5 33 0.168 62
USSR Axial Annulus 1 24 - 153 4.9~ 9.5 0.5 - .35 99 63 9.8 28.1 b6 0.168 g2
Columbia®  Axial Annulus 93 ~ 248 8§ -239 0.05~ 0.13 0.51~ 1.8% 7 7 1.4 36.7 43 0.12 63
Columbia®  Axisl Annulus k2~ 288 30-313 0.06 — 0.66 0.3k - 3.21 30 28 12.8 L4.9 39 0.15- 64
Columbia?  Aximl Annulus 500 - 700 24 -132 0.5 —-26,7 0.95~ 1.95 12 12 32.7 80.5 75 0.12 6
Columbia®  Axial Annulus 23~ 69 - 79 5.9 ~27.6 0,36 - 1.5 1k 13 49.5 96.6 100 0.12 6
Over-all: 4.2 -300 ©0-362 0.1 —17% 0.3k —37.35 880 766 17.87 9%6.6" - 0.12-0.17 -

*Sixty-three new values of ¢

taken at 60 < P < 1220 psia, 4l < Atgy, < 157°F, and 8.5 < ¥ < 39.6 fps, covered a ¢

for water in tubes and annuli have recently been reported by the Savanneh River Laboratory in Report DP-725. These data,

and hyy, equetion used for the SR data tabulated above, the aversge and maximum deviations are 13.7% end 29.4%, respectively.
%At burnout site. ‘

bBasgs of selection will be given in the detailed report.
®(cale. — Exptl.) 100/Exptl.
Ume K of Bas. (4), (10}, and (14).
raximm 'used in test series.
fWith internal twisted tapes
Swith 1/8-1n.-0D rods.

Byith 1/16-1n.-0D rods.
JWithout spacers.

kwith axially oriented, centered spacer strips.

Presk IX date with tubular heaters.

Mrask IX data with solid rod heaters.

Pragk X data; four tests were run with flow

inside tubes.

agk IV data.

Tsee text Section IV-B for over-all
deviations with another selection of data.

range of 1,55 x 10% to 3.74 x 10% Btu/hr-£4?, Using the ssme K value
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Table 2,

Comparison of Burnout Data for Fluids (Other than Water with the Additive Prediction Method

Experimental Ran ea” Number
) Type e Number of c
Data of P & gun v by, (10 of Points | |—PDeviation | g poieie | Valye
Source Fluid Flow Geometry {psia) {°F) (fps) ptu/hr. £t2 Points | Accepted Avg.,  Max, Deviations Used Ref,
JPL Rydrazine Axial Tubes 100 — 1200 98 — 506 1.0 = 93.0 | O.7% - 14.10 .62 61 11.8 | »1.0 43 0.1k 37
Rocketdyne | Hydrazine Axial | Tube 191 — 1025 | 102 — 473 | 13.2 = 120.5 | 1.1~ 13.72 22 22 1.4 | 45.5 100 /2 27
Eq. (15)
JPL Ammonia . Axial Tubes 170 - 1820 3 - 208 3~ 156 0.90 — 7.42 &5 i 15.2 | 4,1 25 with 4o
: K= 232
RMI Ammonia Axial Tube 165 — 1275 1-201 | 12.4 ~ 81.8 ] 0.78 - 5.19 111 111 26.7 | 79.h4 52 " 68
Aerojet M°§§;§:§§Pﬁ' Axial | Anoulus®| 386 — 400 | 159~ 322 | 5.1~ 15.0 | 0.39 ~ 0.95 6 6 1.6 | 2.9 33 ek 3k
el 197~ w06 | 77~ 3281 8- 17.3 | 0.23 ~ 0.89 23 23 15.2 | 26.2 35 0.12 3
Aerojet Diphenyl Axial | Anmulus®| “ha | g5g 0~159 | 0.5~ 14.8 | 0.07— 0.28 25 15 31.1 | 57.8 100 0.12. 3k
: 0.17,
JFL errogen, Axisl | Tube 150 - 615 | 0-200 [ 0.2~ 59.8 | 0.55~ 3.59 | 73 72 17.2 | 4.5 50 g.gg, 15
ORNL g’;’;ﬁi“e swirl | Tuvest | 20- 279 | 77 -%26 | 214k~ 975 2.33~ 900 | 11 9 12.5 | 39.3 67 0.16 13
ORNL g‘i;g;‘;“e Axial | Tube 20~ 88 | 155 — 264 | 17.3 ~ 88,4 | 2.06 - 6.25 5 5 42,8 | 54,1 0 0,16 33
Over-all: i 20 — 1820 0~ 506 | 0.5~ 156 0.1 — 141 383 368 19.481 79,48 - 0.12-0.29°| =~

. aAt burnout site.

b

®(cale. ~ Exptl.) 100/Exptl.
Srme K of Eqs. (&), (10), and (14).

eBeWeen a heated outer tube and an unheated inner rod.

fw.tth internal twisted tapes.
BSee text Section IV-C for over-all deviations with another selection of data.

Bases of selection will be given in the detailed report.



are rejected (for reasons to be discussed in the detailed report), the average
and maximum deviations for the remaining 242 tests are 15.0% and 54.0%. The
corresponding deviation-distribution curveé for these data are shown in Fig. 5.
Some burnout data are availables®® for mixtures such as white and red
fuming nitric acids, JP-3 and JP-4 fuels, hydrazine with unsymmetrical dimethyl
hydrazine,7° and hydrazine with ethylenediamine.37 A lack of adequate physical-_
property data has delayed comparisons for these mixtures, Data have also been
" taken but not published for the following pure 1iquids®® — isopropancl, diacetone
alcohol, chlorine trifluoride, and dlethylenetriamine; though requested from

JPL,71 these data have not been received.

D. Prediction of Minimum ¢bo

In Tables 1 and 2, an effort was made to roughly adjust the two terms of
the burnout equation, within the allowed ranges for K and Kf, sc as to obtain
an approximately minimum average deviation from the dsta, In practice, there
is ususlly more interest, however, in prediction of the minimum burnout heat flux,
since burnout is to be'avoided, for safety, at all times and places in the heated
structure. All available nonaqueous burnout data of Table 2 were accordingly re-
calculated using X = 0,12 in all cases and ¥ = 0.019 in Eq. (14). The swirl-
flow heat-transfer coefficients were reduced by 20% below the average values used

previously., The results sre:

Data Source % Negative Deviations
JPL, NzHg ‘ 9.8
Rocketdyne, NzHg 86.4
JPL, NH3 88.9
RMI, NHa 56.8
" Aerojet, MIB 66.7
Aerojet, (CeHs)p 35.4
JPL, N20Oa 98.6
ORNL, C2H4(OH)2 — axial 100.0
ORNL, C2He(OH)2 — swirl 66.7

Taken in the context of the discussion of the individual data sets and their
respective limitations, it would seem that such a calculation would approxi-
mate the true minimum burnout heat flux. Both K and K could, of course, be

decreased arbitrérily still further to obtain all negative deviations.
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The deviation distribution for the minimum burnout heat flux predictions

for the selected nonaqueous data (242 tests) is tabulated below:

*
% Deviation

-10
~-20

% of Points with

Deviation < Indicated %

4.9%
15.70
k1. 7h
65.70
84.71
90.91

Twenty-two tests, or 9.09% of the total, deviated positively as follows:

+5
+10
+15
+20
+25
+30

2.48
5.79
7.02
7.85
8.68
9.09

E. Deviation between Prediction and Experiment for the Over-all Data

Population

Deviation distribution curves are shown in Fig. 6 for the total data

field. The legend indicates the datas used for each curve.

V. Burnout in Liquid-Metal Systems

The value of the additive technique was first recognized in March 1961

when the writer was estimating burnout heat fluxes for ligquid-metal nuclear

reactor systems utilizing boiling K or Rb as the heat carrier.”® Even though

Eq. (4) [with X = 0.16] gave values of (¢bo)pool,sat

at 1 atm less than that

for water, burnout fluxes of tens of millions of Btu/hr-fta are predicted by

. the Griffith relation,® and of hundreds of millions by Bernath® for a V ~— Axsu

*
Of predicted with respect to experimental value,
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combination of 10 fps and 80 to 180°F. This result appeared quite unreasonable
and the additive technique was investigated as an alternative procedure., The
convective contribution was calculated for the liquid metals with the Lubarsky-

Kaufman equation:73

0.4 ‘
o (19)

b, = 0.625 (k/D) (N, ¥
which applies for NPe > ~10% for fully developed flow in round tubes with a
uniform wall heat flux. The results of this compariéon are shown in Table 3,
extracted in part from the paper describing the above comparisons in detail,’=

. in which' it is concluded that at low V and At for X and Rb should be

, sub’ ¢bo
comparable to that for water., The difference in pfedicted values is large
indeed. Three sources of experimental data are now available:

(a) Russian studies”®,7% of the pool boiling of mercury outside a hori-
zontal tube, presumably at atmospheric pressure, with 0.04% wt % magnesium added
as a wetting agent, yielded a ¢bo 0f only ~130,000 Btu/hr.ftZ at Ot ™ 27°F.
The magnesium addition was varied from O to 0.0k wt %, and the curve pf ¢bo
versus % magnesium is almost flat by 0.04%, indicating full wetting.

(b) Krakoviak’® has found in preliminary forced-convection studies that

burnout heat fluxes for K under atomspheric pressure, low inlet velocity, high

exit~quality conditions are in the range of tens of thousands of Btu/hr-ft2

and may be approximately correlated by the NACA two-phase burnout curve for

water, 77

(c) Noyes”® has made measurements of (¢ for sodium at 0.5 to

bo)pool,sat
1.5 psia; these give a broadly extrapolated ¢bo at 1 atms abs of ~1.9 x 10°
ABtu/hr-fta. He has correlated his results, along with some of the pool dats
available for H,0 and four 6rganic liquids, with'NPr to obtain the dimension-
less equation:

0. 1hh L, o, ocg, a 1/
(¢bo)pool,sat ___§_§ng_~ \ p ) ( ‘> ’ (20)

which is presumably applicable to wetting liquids at P << Pc. Unlike Eq. (4),
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Table 3. Axial-Flow Forced~Convection Iocal Boiling
Burnout Heat Fluxes — Liquid-Metal Comparison?

(P =1atmabs, a/g = 1, D; = 3/8 in., V = 10 fps)

¢, (107° Btu/hr.st®)

ot (°F) Bernath®  Gunther?* Griffith®’® Additive Method®
60 0.9 1.33 2.3k 1.64
Hz0 120 1.52 2.65 3. 54 2,69
180 2,07 3.98 4,65 3.51
60 488 - 36.2 0.80
K 120 834 S - 45,6 1.21
180 1180 - 5k, 1 1.62
60 340 - - 29.5 0.59
Rb 120 - 585 - 37.1 0.87
180 825 - 43,5 1.16

aThe predictions are point predictions, without consideration of speci-
fic values of inlet temperature and tube length which would result in sub-
coolings at the burnout site equal to those selected for burnocut calculation,
bMean line through correlation plot used.

CCombination of Egs. (4) [with kK = 0.16], (5), (11), and (19).

which evolved from the purely hydrodynesmic theory of burnout, Eq. (20) contains
transport properties of thé liquid phase in the form of the Prandtl number.
Equation (20) predicts an increased ¢bo when u is decreased, whereas Borishanskii's
modification'® of Kutateladze's equation indicates the inverse, Should Eq. (20)
prove to be general, it can, of course, be utilized in the first term of Eg. (14)
in place of Eq. (4).

These three studies seem to indicate that the predictions of the additive
method, as proposed, are at least more qualitatively correct for liquid metals

than are those of other generalized methods.
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VI. Final Remsarks

In summary, this method may be used gquite flexibly and satisfactorily to
either predict or correlate burnout data over extremely broad ranges of fluid

properties, velocity, acceleration, subcooling, and pressure;

The writer wishes to emphasize that the additive approach avoids many
of the problems inherent in typical correlations composed of the product of
various variables taken to different powers. In the cases of velocity and
subcooling, e.g., past equations have been expressed in terms of a wide range
of exponents on each variable. The additive method mskes it clear that the
"effective exponent" on each term in such an equation can vary wideiy depend~

ing on the relative contributions of the boiling and convective terms to the

total heat flux at burnout.
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Notation (Units for dimensional relations are given where they occur)

local acceleration L heated length of test section
c constant Lv latent heat of vaporization
c constant-pressure specific of coolant
P heat of liquid m, n exponents
D diemeter (equivalent) of Ny Nusselt number, dimensionless,
flow passage ‘ ' v hD/k
Dl, D, outer and inner diameters NPe Peclet number, dimensionless,
of annular flow pa?sage NRe'NPr
sub §ubcoollng factor ldefined N Prandtl number of liquid,
in Eq. (5)] Pr . .
: dimensionless, cpp/k
g local gravitational acceleration .
> Re Reynolds number, dimensionless,
&, conversion constant, L-M/F-8 DG/u
G mass velocity of coolant, pV P absclute pressure
h surface heat-transfer coefficient t temperature (°F or °C)
k thermal conductivity of liguid T absolute temperature (°R or °K)
K, K adjustable constants of boiling Atsat film superheat, (tw - tsat)

and convective terms of Eq. (1k)
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Paxd degree of subcooling, p fluid density

sub (t - t)
sat b Op phase density difference,
v axial coolant velocity (og = 0y)
vapor quality, weight fraction g surface tension
vapor T period of unstable inter-
o thermal diffusivity of liquid, facial wave
PCp é heat flux into liquid
M dynamic viscosity of liquid
Subscripts
a axial max maxium V
b bulk nb  nonboiling
boil boiling r reduced
bo burnout 3 swirl
c critical sat saturation
£ film sub  subcooled
i inside v of vapor
£ of liguid W at heated wall
m mean
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