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Abstract—Burnout data from several new 12-rod test sections are presented. The influence of power
distribution, minimum wall-to-rod separation, and mass flux is investigated. The gross behavior of these
test sections has been re-analysed by two computer programs which allow the determination of local
coolant conditions in an internally connected, boiling bundie as was used in this study.

The rods were 0-440 in in diameter and wrapped with 0-022 in O.D. hypodermic needle tubing on a
6 in pitch. Burnout data were obtained at 1200 psia and at mass fluxes from 1-5 x 108 Ib/h ft2, Differ-
ences between the heat generation rates in the two interior rods and the remaining ten peripheral rods
were 1:1, 1-55:1, and 2-64:1. The minimum wall-to-rod separation was 0-022 in in four test sections
and approximately 0-032 in in a fifth test section.

The gross and local behavior of the test sections are compared to tubular data. Such a comparison
indicates that a cold wall effect exists in the peripheral channels whereas the local behavior in the

interior channels agrees closely with the tubular data.

NOMENCLATURE INTRODUCTION
A, cross-sectional area for flow; THE INTENSITY of thermal transport processes
Cp, heat capacity at constant pressure; in small reactor cores requires accurate know-
D,, equivalent diameter; ledge of heat transfer and hydrodynamic pro-
f, friction factor; cesses in open matrix (rod bundle) geometry,
G, mass flux; particularly when the entire core is cooled via
gravitational acceleration; nucleate boiling, both subcooled and saturated.

heat-transfer coefficient ;
Bankoff flow parameter;
length;

High velocity (3 x 108 Ib/h ft2) coolant flow can
stabilize both the mode of heat transfer from the
elements and the bubble flow regime so that

P, pressure; hydraulic instabilities cannot occur. Pressure
Q, rate of energy flow; drop through these cores may be one atmosphere
7, temperature; per foot of axial flow path and appears to
W, rate of mass flow; consist of approximately equal parts of fric-
X, quality; tional and momentum losses.
Y, rectangular coordinate; Data were not available in the range of
Z, rectangular coordinate; parameters pertinent to these reactors when
a, void fraction; design studies were initiated. Although analytical
A, heat of vaporization; and correlative studies provided confidence in
p, fluid density. the design, verification of both thermal and
hydraulic performance was undertaken via an
Subscripts intensive research program funded by the AEC,
G, gas; directed by Atomics International, and con-

z:, height position; ducted by the Engineering Research Laboratories
Js qhal}nel number; of Columbia University under J. Casterline and
L, liquid. Bruce Matzner.
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BOILING HEAT TRANSFER IN ROD
BUNDLES

Geometric effects in the rod matrix geometry
could, it was felt, influence boiling heat transfer
so that the experimental data from tubular or
annular test sections might very well prove
inapplicable. Fortunately, data had been ac-
cumulated at Columbia University from a
study of 7- and 19-rod test sections under the
D»O Power Reactor Program [1]; these studies
revealed that: (a) heat-transfer coefficients lie in
a range from 15000 to 30000 Btu/h ft? degF at
a pressure of 1000 psia, (b) coolant mass
velocity does not influence the magnitude of the
heat-transfer coefficient at a hydraulic diameter
of 0-3 in and (c) the wire-wrapping of the ele-
ments appears to act as a fin, reducing the sheath
temperature under the wire rather than causing a
hot spot.

Data taken with the new [2-rod test section
are summarized in Fig. 1. This test section has a
hydraulic diameter of 0-095 in internal to the
bundle and of 0-045 in at the periphery of the
bundle. As can be seen from the figure, heat-
transfer coefficients are slightly influenced by
mass velocity at 1200 psi in this small hydraulic
diameter apparatus. The trend, however, that is
discerned indicates that mass velocity effects are
very slight and that the heat-transfer coefficient is
primarily dependent upon the heat flux. It

L. BERNATH, P. D. COHN and T. J. SADOWSKI

should also be pointed out that, due to the
steepness of the heat flux versus AT plot. very
accurate measurements and calculations are re-
quired in order to obtain meaningful values of
heat-transfer coefficients. Over the entire range
investigated, boiling film A7’s remained within
the range of 15 to 30°F.

BURNOUT IN ROD BUNDLES

As was pointed out at the beginning of the
previous section, geometric effects could be
significant, making it questionable to rely en-
tirely on tubular burnout data. In addition. cold
wall effects (which are in reality flow distribu-
tion effects) reported by numerous workers in
annular geometry clearly make it unreasonable
to apply such data to the rod bundle geometry.
Further, hydraulic diameter effects are signifi-
cant within each type of test section investigated
so that inversion of the mass velocity influence
on burnout heat flux can be discerned more
readily and can be more influential in one type of
geometry relative to another. Accordingly. it
was deemed prudent to fabricate an apparatus
that would permit study of these effects in the
range of interest to the reactor. The test section
cross-section is presented in Fig. 2; in this case,
each of the rods was wire-wrapped to assure
accurate spacing in contradistinction to the
reactor core, in which alternate rows of rods are
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F16. 1. Non-burnout heat-transfer coefficients as a function of mass flux,
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CROSS SECTION OF i2-ROD TEST SECTION
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Fi1G. 2. Columbia test section with indicated burnout points during unheated wall tests of Test Section 2.

wrapped. The test section shown indicates the
close clearance between the outer rods and the
phenolic shroud material. The shroud in turn is
backed up by a stainless steel parallelepiped.
Eight pressure taps are disposed axially in order
to follow the pressure profile in detail. Direct
current electricity is passed through the 12 rods
resulting in direct resistance heating of the 17-
inch long heated section. In tests to date, up to
2 MW of energy has been generated in the
12 rods.

Analysis of the tubular burnout data in the
literature [2] resulted in the prediction that the
smaller hydraulic diameter of the 12-rod test
section would cause the burnout heat flux to be
appreciably higher than the values obtained
directly from the literature. In addition, the
higher mass velocity coupled with the small
hydraulic diameter gave indication that the
bubble flow regime would persist to much higher
values of exit quality than had been attained in
more conventional experiments in this and
other geometric arrangements.

Several series of burnout runs were made

covering a range of mass velocities with burnout
indication resulting from an electrical circuit
burnout indicator. The data are summarized in
Figs. 3 and 4 showing the effect on burnout heat
flux of average exit steam quality for the various
test sections operated. Figures 5 and 6 present
the burnout heat flux data plotted versus local
exit steam quality based on the calculated local
conditions.

Detailed analyses of the burnout heat-transfer
data are necessary in order to understand fully
the trends and phenomena involved. Specifically,
it was desired to know the local conditions
involved for each burnout datum. Two computer
programs were developed, and are discussed
briefly in the appendix; these will allow the
determination of local coolant conditions in an
internally connected, boiling bundle as was used
in this experiment. Also included in Figs. 3
through 6 are curves of performance prediction
based on literature data and correlation [3, 4].

Unheated wall data (Test Section 2)
The first set of data obtained were the
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F16. 3. Comparison of burnout data for uniformly

heated and hot rod 12-rod test sections based on

average exit steam quality and on mass flux of 3 % 108
Ib/h ft2,

“unheated wall” data of Test Sections 1 and 2.
The tests in which the unheated wall data were
taken consisted of a series of runs where heat was
uniformly generated throughout the bundle. As
the number of burnout data from Test Section 1
is limited, only the results from Test Section 2
will be discussed. Characteristically, as pre-
sented in Fig. 3, the surface heat flux approached
a limiting value at low exit qualities. This
behavior is typical of that for relatively low mass
velocity, high quality tubular data. Qualitative
examination of these data indicated a definite
trend in the physical location of the burnout
points within the test section. Of the total 44
burnout points obtained in this series, no
burnouts occurred at a point which was not
adjacent to the phenolic-asbestos shroud (un-
heated wall). Examination of Fig. 2 will illustrate
this point. It may be seen that of the 44 burnout
points fully 43 occurred at the upper wall with
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F1G. 4. Burnout data for uniformly heated 12-rod Test
Section No. 5 based on average exit steam quality.

33 of these burnouts occurring on Rod 4, the
obtuse corner. The biased location of the
burnout points indicated immediately that
previously unpredicted factors were present
which probably perturbed the burnout positions
in the test bundle.

Analysis for the unheated wall data required
that detailed geometrical, two-phase flow hydro-
dynamic analysis be accomplished for the test
bundle. Figure 2 also indicates the different
channel designations. Considerable experimenta-
tion with the various calculational procedures
was necessary to determine the importance of the
final channel segregation. It was originally
thought that since the bundles were of uniform
heat flux, the mixed outlet qualities were nearly
equivalent to the local qualities. This was quite
untrue for the obtuse corner. Generally, it was
found that channel type 1, the interior channel,
tended to accumulate fluid due to its lower
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Fic. 5. Comparison of burnout data for uniformly
heated and hot rod 12-rod test sections of Fig. 3 based
on local exit steam quality.

resistance to flow. Channels type 2, 3, and 4, all
unheated wall channels, tended to dispel liquid
due to their smaller hydraulic diameter and
subsequent greater resistance to flow. In par-
ticular, channel type 4, the obtuse corner channel,
has a high wetted perimeter resulting in a low
hydraulic diameter, thus it expelled fluid more
greatly than any of the others. This latter fact,
coupled with indicated geometrical problems
due to the test section construction caused
numerous burnouts to occur on rod 4. It may be
seen in Fig. 5 that re-analysis of the “unheated
wall” burnout data to determine local quality
and mass velocity at the burnout location cause
the data to lie in a range similar to the “hot rod”
and tubular data. At the high local qualities
predicted for these burnout points, an inverse
mass velocity influence is evident as would be
expected for low mass velocity, high quality
tubular data.
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F1G. 6. Burnout data for uniformly heated 12-rod Test
Section No. 5 of Fig. 4 based on local exit steam quality.

While the exact geometrical effect is not known
it was generally concluded that the phenolic
shroud which makes up the encasement for the
test section was forced closer to the surface of
rod 4 than the 22 mil specified for the test. This
may be concluded as a distinct possibility since
examination of the shroud material after the tests
were conducted indicated that the wire wrap had
indented the shroud wall by several mil. These
separation problems were unavoidable and the
test section design has been modified as indicated
in the following section to eliminate these
problems.

Test section modifications

Referring to Fig. 7, which demonstrates the
effects of shroud separation on local qualities,
the separation problem for the unheated wall is
clearly shown. The separation which was
estimated to be somewhat less than the 22 mil
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FiG. 7. Effect of shroud separation on local exit steam
quality for various channels of the Columbia 12-rod
experiment.

designed, cause disproportionately high qualities
to be imposed in the obtuse corner. It is seen why
so many of the burnouts took place in the obtuse
corner. The geometrical analysis as presented in
Fig. 7 depicts the favorable trend towards
homogeneous quality in the peripheral channels
with increased shroud separation. Further
analysis indicated that if the side and acute
channel separations were increased to 30 mil
and the obtuse channel separation was increased
to 40 mil the quality in the peripheral channels
was as homogeneous as is reasonably possible
within the limitations of the analytical pro-
cedure. The interior channels were allowed to
remain at slightly higher qualities in order that
burnout would occur in all the channels simul-
taneously, assuming an unheated wall effect.
The actual modification, a uniform 32 mil
separation except for 40 mil in the obtuse corner,
has now been reflected in a new test section
design, Test Section 5. Uniform heat flux burn-
out tests were conducted at Columbia University
to investigate the exact nature of the “unheated
wall” burnout without the severe geometrical
perturbations.
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Unheated wall data (Test Section 5)

Three salient features of the burnout data ob-
tained from Test Section 5 may be noted. Firstly.
all burnouts were located on peripheral rods. No
burnouts occurred on the interior rods although
the predicted local qualities in the interior
channels were at least twice as great as those in
the peripheral channels. Secondly, the burnout
heat flux increases monotonically with decreasing
mean exit quality (see Fig. 4). A limiting burnout
heat flux is not reached within the range of the
experimental data. Thirdly, no mass velocity
effect is evident when the data are considered in
terms of the mean exit quality. Significantly, due
to an increase in shroud separation of approxi-
mately 10 mil, the gross behavior of Test Section
51s entirely different from that of Test Section 2.

A mass velocity effect does exist when the data
are analysed in terms of local quality at the
burnout location (see Figure 6). The burnout heat
flux increases with mass velocity at local qualities
up to 16 w/o, the extent of the data. Due to the
unheated wall effect, the burnout limits are
somewhat lower than those for tubular data. The
local qualities in the interior channels, however.
reach and exceed the burnout limits of uniformly
heated tubes without burnouts taking place on
the interior rods. It is therefore possible to
estimate conservatively the burnout limits for the
interior channels of this compact reactor via
tubular data in the literature.

Analysis of the “‘hot rod” burnout data

The “hot rod” burnout runs included tests
where the difference between the heat generation
rates in rods 6 and 7 and the remaining peripheral
rods varied from [-55:1 to 2-64:1. Using this
power generation profile (at that time the effect
of the unheated wall had not been completely
analysed) the experimenters were able to run
rods 6 and 7 to burnout without burning out the
peripheral rods adjacent to the unheated walls.
Obviously with this drastic power profile, ex-
treme flow redistribution took place in the
bundle. The 2-phase hydraulic codes were
utilized to predict this redistribution. The “‘hot
rod” burnout data, in Fig. 5, as affected by the
local exit steam quality, show a direct mass
velocity effect. As anticipated, the bubble flow
regime persists to much higher values of exit
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steam quality than in previous test geometries.
The burnout heat flux increases with local mass
velocity at local qualities up to 25 per cent. Again,
a comparison of these burnout data to those for
tubular geometries suggests that the tubular
data in the literature are applicable to the
interior channels (no unheated walls) of a
closely spaced rod bundle.

In conclusion, it is clear that boiling water
reactors can be designed to yield high per-
formance capability even with net steam genera-
tion so long as it is possible to separate the
geometric effects required for high intensity
cooling from the spatial requirements for a
neutron moderator. It is our intention, at
Atomics International, to pursue this line of
research to other rod diameters and to higher
mass velocities in order to increase further the
power capability of this type of reactor. Appli-
cation of the data gathered from this series of
tests to reactor design has demonstrated ade-
quate burnout safety factors for the hottest
channels [5].
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APPENDIX
Code description
Two computer codes have been developed to
predict hydrodynamic effects for compact re-
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actors [6, 7]. The local qualities analysed have
been checked against both of these codes and
found to be totally consistent. The first code [6]
is primarily a transient code to predict the overall
behavior of a boiling water reactor under
transient conditions. The second code, [7] which
was the primary tool for the analysis presented
here, is a steady state two-phase flow code ideally
suited for local condition determinations. The
codes use essentially the same basic equations
and a brief description follows; the scope of this
paper does not allow a detailed description into
the exact calculational procedures and boundary
condition applications,

Description of mixing model. Redistribution is
predicted and accounted for in the reactor in the
following manner. To illustrate, assume that the
open matrix boiling-water reactor under study
can be divided into three channels as illustrated
in Fig. 8. The channels will distinguish them-
selves on the basis of geometry and heat
addition rate.

Although each lateral flow channel is con-
tinuous and redistribution actually takes place
continuously, it is assumed that the flow
channels can be subdivided into separated nodes
as shown in Fig. 8. The nodes are conceptually
separated by a mixing region. Although the
flow for any single node is constant, the flow
rate can vary from node to node in the axial
direction. This is accomplished in the flow
model by interconnecting flow passages b — b’
and a — 4. Therefore, flow leaves the nodes
located between stations Z;—; and Z; and enters
a mixing region in which complete mixing of
primary and cross-flow streams occurs. From
the mixing region the flow may continue on in
the Z direction only after redistribution has
occurred along paths ¢ — @' and 4" — & in the
Y direction and all mixing criteria have been
satisfied. Thus, the basic assumption in the model
is that the entire two-dimensional flow grid is
composed of an array of separate one-dimen-
sional flow problems. This assumption intro-
duces negligible compromise of rigor so long as
the change in thermal conditions that occur in a
node is small when compared with the total
change across the core.

The code performs a hydrodynamic balance
radially throughout the particular node based



1392

1. BERNATH, P. D. COHN and T. J. SADOWSKI

INNER CENTER
CHANNEL /-1 CHANNEL CHANNEL /41
o i+
Wy Wi W}ﬂ i\ASSUMEU
, IXING
b‘{""b a\_--l/ a REGION
-/ A= - /
( \ C'f* MIXiING REGION G (g &
P 0 g ey [0 (o 1
1 ! 1
1lel; [z, [z ]
’ /-‘l sy (, )!’+!
LES w. Wty
it
H
¥ t

Fi1G. 8. Mixing model.

on the boundary conditions and the conditions
from the previous node or node inlet. In a
straightforward fashion mass (continuity),
momentum, and energy are balanced by sum-
mation across each node and across each radial
position. Briefly and generally, for a particular
node (i) at a specific radial position (J), in the
boiling region :*

Mass balance:

W-vi & Wr,y — Wiy =0 (D
where + Wr,; = the fluid transferred out of or
into node ij; W;;is made up of the sum of its two
components: We,; (gas) and Wy, (liquid).

Momentum balance.

A fipae (WisPpis Al

APy == £

b
L ii— AL -
g Dipt -+ pwgC +
1 [KVS%UV L ngj___.
A3ge lasjpe (1 — aij)pr
Wé(i_m —

w2
-1 PC

Ty
=
S’

Li—1)f ]
(I — ag-n1)pF
where Al is the node length, p is the density, o is

the void fraction, 4 is the node area, and D is the
hydraulic diameter.

J

* For the single phase region the various gas terms
are eliminated.

The local two-phase friction, {fi;)re, is de-
termined by the standard relationship for the
two phase multiplier [3];

1 o— vy 2
T a)

fre = fsp ( (3)

where fsp is the single phase friction factor.

Energy balance:
For the non-boiling region;

Qi = Co{—Wa-n5 Tu-135 + Wiy Toy =

Wr, Ty (4

For the boiling region;

Qiy = Way — Weyony + Wryhds 5

Variously;
Qij = (Wis Xiy — Wani Xa-ng F Wiy b (6)

where Q;; is the heat generated in #j, Cyp is the
fluid heat capacity, Ao is the heat of vaporization,
and x is the local quality. The datum level for the
inlet to boiling level enthalpy is based on the
inlet temperature, the datum level for the boiling
section enthalpy is based on the predetermined
boiling temperature and system pressure as well
as the calculated pressure drop. This is done since
the boiling level may be at different axial
positions throughout the bundle.
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The slip ratio, as determined by Bankoff [8], is K
equal to RS Y (®)
. 12 (} - 1)
§= K—a @)
where [9]

This expression is used to determine the void K = 0-71 + 0-0001P 9)
fraction, a, as a function of the quality, x, and
of the phase densities: and P is the pressure in psia.

Résumé—Les données de caléfaction de quelques nouvelles sections d’essais 4 12 barres sont pré-
sentées. L’influence de la distribution de puissance, de la séparation minimale entre la paroi et la barre,
et du flux de masse est recherchée. Le comportement global de ces sections d’essais a été réanalysé
par deux programmes de calculateur qui permettent la détermination des conditions de refroidisse-
ment local dans un faisceau d’ébullition, connecté intérieurement comme celui utilisé dans cette
étude.

Les barres avaient 112 mm de diamétre et étaient entourées par du tube destiné a la fabrication
d’aiguilles hypodermiques de 0,56 mm de diamétre extérieur, en hélice de 15,2 cm de pas. Les don-
nées de caléfaction furent obtenues i 82,7 bars et & des flux de masse de-4,9 a 24,5 kg/h.m2. Les
différences entre les vitesses de production de chaleur dans les deux barres intérieures et les dix barres
périphériques restantes étaient 1/1, 1,55/1 et 2,64/1. La distance minimale entre la paroi et la barre
était de 0,56 mm dans quatre sections d’essais et d’approximativement 0,81 mm dans une cinquiéme
section d’essais.

Les comportements globaux et locaux des sections d’essais sont comparés avec les données sur les
tubes. Une telle comparaison indique qu'un effet de paroi froide existe dans les canaux périphériques
alors que le comportement local dans les canaux intérieurs était en accord étroit avec les données sur

les tubes.

Annoranua—IIprBOATCA TaHHbIe 0 KPATUYECKUM TEIIOBHM HATPY3KAM IPH KHICHHW FIs
HEeCKOJMLKUX HOBHIX 12-Tu cTepskHeBHX pabodmx yuacTxoB. Msydaercsa BausHMe pacnpeneie-
HUS TOTOKOB TEILIa, MUHIMAIGHOT0 3230Pa MELY CTEeHKOM M CTEPKHEM M MACCOBOTO PAcXo/a.
O6muit pemum dTHX paboYMX yUACTKOB PACCUMTEIBAJCA II0 ABYM CUETHOBHYHCIINTEIHLHBIM
IpOrpaMMaM , KOTOPHIe II03BOJIAIOT ONPENeIATh YCAOBAA MECTHOTO OXJIaKACHUA IPY KUISHUH
B Iy4He , UCIHTAHHOM B HTOM MCCICOBAHMM.

HUcnonbsoBamucek crepxun auamerpoM 0,440 miofiMa ¢ HaBUTHIMMA Ha HUX TPyOKaMu us
HeprxaBelolel crann ¢ BuemsuM guamerpom 0,022 mofiMa ¢ marom B 6 moitMoB. [JauHHe 1m0
KPUTHYECKUM TeIJIOBHM Harpyskam O moxydens npu abcomorHoM masmenuu 1200 ¢r/n?
n npu maccoBom pacxome 1-5.108 dynr/d.dyr2. PasHOCTE MEKLY HHTEHCHBHOCTBHIO TEIIIO-
BHIICIIEHUST B IBYX BHYTPEHHMX CTEP:KHAX M OCTANBHHX NeCATH nepuPepuHHEX COCTABIAIA
1:1,1,55:1 u 2,64 :1. MunnmansHel 3a30p MeKIY CTeHKOlt u crepskueM 0w 0,022 mioitma
B yeTHpex pabounx y4acrrax m mpubausnrensro 0,032 miofiMa Ha nAToM pabouem yuyacrke.

O6muit u JIOKAJBHHN pekuM pabodux YYacTKOB CPABHUBAETCA C JAHHHIMMU A CHCTEME
Tpy6. Takoe cpaBHeHNe ITOKA3HIBAET, YTO B NepHepUHHHX KAHAIAX CYIIECTBYET OXJIIAMAA-
0Iee BIMAHNE CTEHKM, B TO BPeMs KaK JOKAIBHHH DeUM BHYTPEHHMX KaHAIOB XOPOLIO

COTJIACYeTCA € JAHHHIMH NIA CHCTEMH TPYO.



