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"This repoftAwas prepared as an account of Government-
sponsored work. Neither the United States, or the Energy

" Research and Development Administration nor any person

acting on behalf of the Commission

A. Makes any warranty or representation, expressed or. - -
implied, with respect to the accuracy, completeness’
“or usefulness of the information contained in this - i
report, or that the use of any information, apparatus
method, or process disclosed in this report may not
1nfr1nge privately owned rights, or

. B. Assumes any llabillties with respect to the use of,
or for .damages resulting from the use of, any infor--
~ mation, apparatus, method, or process disclosed in
this report. o

As used in the above, 'person acting on behalf of the
Commission' includes any employee or contractor of the
Administration or employee of such contractor, to the
extent that such employee or contractor prepares, dissem-
inates, or provides access to, any. information pursuant
to his employment or contract with the Administration or
his employment with such contractor." '
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Commencing with report C00-2245-30, a new task,

TASK IV, which has been added to

This TASK IV and TASK IID differ

- concentrated on thermal analyses

velocity profiles while TASK IID

the contract, was repbrted,
in that TASK IV is.initially
using slug and laminar

is concentrated on hydro-- -

dynamic analySes~of‘turbulenﬁ Velocity fields.
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COOLANT MIXING IN LMFBR ROD BUNDLES AND
' OUTLET PLENUM MIXING TRANSIENTS

Contract AT(11-1)-2245

Quarterly Progress Report
September 1, 1976 - November 30, 1976

The work of this contract has been divided into the

following Tasks:

TASK I: BUNDLE GEOMETRY (WRAPPED AND BARE RODS)
| TASK IA: Assessment of Avallable Data

TASK IB:' Experimental Bundle Water Mixing
: Investigation

TASK IC: Experimental Bundle Peripheral Velocity
o Measurements (Laser Anemometer)

TASK 'ID:  Analytic Model Development - Bundles

- TASK II: SUBCHANNEL GEOMETRY (BARE RODS)
. TASK IIA: Assessment of Available Data

- TASK IIB: Experimental Subchannel Water Mixing
: : - Investigation

TASK IIC: 7Experimenta] Subchannel Local Parameter
‘ Measurements (Laser Anemometer)

TASK IiD: Analytic Model Development - Subchannels

TASK III: LMFBR OUTLET PLENUM FLOW MIXING

TASK IIIA: Analytical and Experimental Investigation
of Velocity and Temperature Filelds

TASK IV: THEORETICAL DETERMINATION OF LOCAL TEMPERATURE FIELDS
IN LMFBR FUEL ROD BUNDLES
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TASK I: BUNDLE GEOMETRY (WRAPPED AND BARE RODS)

TASK IA: Assessment of Available Data and Codes (Kerry Basehore)
No work was performed this quarter.

TASK IB.2 Experimental Bundle Water Mixing Investigation

Repeat of Laminar and Transition Flow - 61 Pin Fuel Mixing
Experiments (Stuart Glazer) A

‘During the past quarter, 3 salt injection rods were built.
Initial difficulties in fabrication forced temporary delay of
the mixing tests. It was therefore decided to initiate flow"
split tests while waiting for the completion of the injection
rods. Initial flow split data was taken at an approximate
Reynolds number of 10,000, the maximum capacity of the outlet
plenum. As the eventual goal of the test series is to take
flow split and mixing data well into the turbulent regime, it
was decided to disassemble the bundle, and add a second water
discharge line at the outlet plenum. It is estimated that
this will wideh the range of Reynolds numbers at which data

can be taken to at least 20,000.

While the bundle was disassembled, several of the pins
which were recently wrapped and found to be faulty were re-
paired. Flow split data over a wide range of Reynolds numbers

will be taken during the next quarter. Mixing will also be
initiated, pending completion of the flow split data.

The hardware modifications to the Interdata Computer,
required for use as key component in the Automated Data
Acquisition System, were completed. Additional software,
comprising the real time operating system, was written, and
the entire system is being readied for laboratory checkout
early in the current quarter. Completion of the additional
software package to be used for analysis of data taken with
-the computer based system will be completed during the next

quarter.

- TASK IB.3 217 Pin Mixing Experiments (Stuart Glazer)

Modification ‘of the 217 pin bundle obtained from HEDL

was nearly completed durin the past quarter. Space and
mounting c¢onsiderations required the shortening of the bundle’
and all pins to approximately five feet. Additional mounting
hardware, necessary to permit bundle assembly with use of the
inlet and outlet plenum of the 61 pin fuel bundle, was designed
and fabricated. The bundle is expected to be ready for testing
early in the next quarter. ' T :



TASK IB.4 .61 Pin Blanket Bundle Experiment (Chong Chiu)

During this quarter, flow split and mixing experiments
were run.

Flow Split-- Results are shown in Figs. 1, 2 and 3 for
the three subchannel types compared to theoretical flow splits.
A strong dip and hump appear in the transition regime for the
interior and edge channels. This trend 1s not apparent from
the corner channel data prlmarily due to the larger error
involved with only six corner positions to average. Additional
measurements are planned to confirm the transition regime
results and explore the lamlinar regime. Significant differences
are also apparent between theoretical and measured results over
the Reynolds number region tested which persist even at Reynolds
number of 16xlo3 ‘where the: measurements appear to becomeé constant

with Reynolds: number..

Mixing - Salt conductivity data was obtained with the
injector rod 16 and 22. 5‘inches from-the measuremerit plane.
These data were gathered over the following test. conditions .

668 < Re < 10, 650
for the following geometric conditions

T
P

'BUNDLE GEOMETRIC PARAMETERS:
P/D=1,067 .

'NUMBER OF RODS=61

ROD DIAMETER=0.501 INCH
WIRE “DIAMETER=0.0314 INCH
FLAT TOLERANCE=0.022

The data was reduced using the experimental flow split presented
above. Values of €¥ and Cq which fit the data were obtained by

a last mean square method utilizing SUPERENERGY. These resulting
values are shown on Figs. 4 and 5 which indicate that for this
geometry the flow appears to be slipping over the wire wrap more
than for geometries of increased h/D.

TASK IC: Experimental Bundle Peripheral Velocity
Measurement (Laser‘Anemometer)

No work was performed this quarter since the equipnment
is béing used for TASK III experiments.



TASK ID: Analytic Model Development - Bundles

TASK ID.l: Steady State SUPERENERGY (Kerry Basehore)
1. SUPERENERGY empirical constants

There has been some confusion on the definition and usage
of empirical constants in SUPERENERGY [1]. These difficulties
stem from two sources. First, the length parameter used in:
nondimensionalizing the enhanced eddy diffusivity constant in
SUPERENERGY is not consistent with the ENERGY definition [2,
3,4]. SUPERENERGY uses the rod diameter while ENERGY uses the
interior subchannel equivalent diameter. In order to correct
this. inconsistency, the SUPERENERGY code has been revised by
simply changing the factor CONVER on line 3 of page 2-3 in
the manual. Revision 1 of the Manual -[1}, now being issued,
contains this change along with an updated sample program.
Thus, Khan's correlation [2,3] for e®* anc C can now be used
to provide the constants for SUPERENERGY.  The constants from
this correlation must, however, be adjusted by.lateral and
axial porosities as specified in the appendices of references

2 and 3 since SUPERENERGY is based on a subchannel arrangement
and not on the porous body model used in producing the cor-

relations. This adjustment is frequently missed and is the
source of the second difficulty with the empirical constants.

With the aid of some simplifying assumptions, it is
possible to put the conversion factors 1n a usable form.

When Khan's correlation is used, the empirical constants for -
SUPERENERGY are a combination of these conversion faetors and

the correlation values. The derivation of the two conversion .
factors follows: ' .

la. Derivation of the Eddy diffusivity conversion factor
to transform e* to ef

nondimensional enhanced eddy diffusivity given by
Khan's correlation and used in the ENERGY porous

€

body model.
*
g, = nondimensionalized enhanced eddy diffusivity used
-in the ENERGY subchannel model and SUPERENERGY
Revision 1.
% €4 * %y
€ 7D €1 © 7D (1)
e e
where
€y = enhanced effective eddy diffusivity for heat transfer
V. = éverage bundle velocity (subchannel model)



superficial average bundle velocity (porous body model)
equivalent interior channel hydraulic diameter

U

D
e

then from [1]

el = 2 & . » (@)
| 1 ALl
and o
Aa = bundle average ‘axial porosity
: ALl = lateral porosity in the bundle interior region
VT2 ML 2, 2 -
X = vold area _-. 2 DF B lJ(DR . Dw) B (3)‘
a | total area '137D2 , : _ A
‘ : 2 °F
A '_ lateral cross flow area =.P." Dr - 1 - DR (4)
- TL - pitch length P P
where _
DF_= duct flat to flat distance =‘E§ PNRING-+DR-+2DW1
P = fuel rod triangular pitch
Dﬁ = fuel rod diameter
Dw = wlre wrap diameter
N = number of fuel rods in the bundle
NRING = number of hexagonal rings of fuel rods in

the bundle

assume that the fuel-rod pitch P can be approximated by
| P = D + Dw
then [3] becomes :
. [D2 + (P -D )2] |
. NI R R" .
A =1 - - ) (5)
a . 2/— A
[P(/‘ N + 1) + (P - DR):]

RING



Aa

replacing

*

€1

‘"where

' Dg
(=B 4+ (1-—)]
u [P

D92
2/3. [/3 N +2-—5]'

(5)
RING P ‘

(4) and (5) into (2) yields

=B, e . ‘ o (6)

=1 ML= - 1 TS

The conversion facfor in Eq. (7) is presented graphicélly

in Fig. 6.

as a function of P/DR and the number of fuel rods, N.

1b.. Derivation of the swirl velocity conversion factor to
transform C to Cj

C =

ratio,of the supérficial swirl velocity to the
superficial bundle average axial velocity used

~in the ENERGY porous body model and given by

then from

Khan's correlation.

ratio of thw swirl velocity to bundle average axial
velocity in the ENERGY subchannel model and SUPER-
ENERGY

U v
c = C, = | (8)

supesirficial swirl velocity in the bundle peripheral

region

actual swirl velocity in the bundle peripheral
region. _

Eq. (8) \
Cy =__fa""c _ _ (9)
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‘The conversion factor in Eq. (13) is presented graphically

in Fig. 7 as a function of P/DR and the number of fuel
rods, N. .

2. Swirl flow model (Kerry Basehore) e . -

The present version of SUPERENERGY [1] requires the input
of a correlated empirical constant, C1 which is the ratio of
the transverse velocity in the bundle periphery to the bound
average axlal velocity. ENERGY [2,3,4] has a similar constant
C, which is a ratio of the superficial velocities encountered
in the porous body model. These constants are discussed in
some detail in the preceding section. Both models assume
that this input parameter and therefore the transverse velocity
or swirl flow is invariant with edge subchannel axial and
radial positioning. Experimental studies, most notable the °
WARD 11:1 air flow experiments [5,6,7] and the MIT laser
doppler anemometer water tests [8], have shown that this
assumption is incorrect. :

Work started'this quarter on reducing the available swirl
flow data and ‘incorporating. it into the SUPERENERGY code. -
Data from-all sources was graphed on a common base for ease
in comparison. . The convention used was that suggested by the
WARD 11:1 documents [5,6

: Vp - tan ® versus o
where _ .
VT = transverse velocity in the bundle periphery
VB = bundle avefage axial velocity
tan 6 = tangent of the angle of projection of the wire

wrap centerline on the axis of the rod

o = wire'Wrap position on the rod-éircumference.
The zero position 1s when the wire is crossing
the gap between the fuel rod and the duct wall.

This definition implies that when

Vi
VB tan 6

then the flow is following the wire wrap tengentially. For
more discussion see Ref. 5.

=l-‘,



MIT-61 pin bundle data [8]

The MIT data was collected at several points radially
(see Fig. 8) from a 61 pin water bundle at two flow rates
(one turbulent, the other laminar) and wire wrap lead lengths
of six and twelve inches. TFor the purpose of data comparison,
enly the turbulent flow data was considered here since most
cases of interest that satisfy the Gr{ criteria [2,3] enabling
use of forced convection SUPERENERGY will be 1n this flow
regime. Expansion to laminar data analysls can be undertaken
after the valadity of this new swirl model is accomplished
and more data is available, '

Figures 9 and 10 show twelve inch wire wrap pitch data.
In this case the transverse velocity plotted is the local
transverse velocity, l1.e., the velocity at a particular point
within the subchannel. The transverse velocity shape we seek
is one which can be used with the SUPERENERGY CODE. Since this
code utilizes only subchannel averaged transverse velocities,
some question exists regarding which data is most applicable
for this purpose. The gap points A, B and C perhaps do the
best job since they contain little of the internal subchannel
mixing effects (as compared to points D and E) that are modeled
by another empirical constant, the enhanced eddy diffusivity
€i. Future work should include a more detalled experimental
look into the subchannel transverse velocity flow field so
that a true lumped or average transverse veloclty can be found.

Figure 11 shows a replot of Fig. 9 on a normalized scale.
Also 1included are two averages, again normalized. The dashed
line probably represents the best average of the two since it
uses data points that are far from the corner and the most
fully developed hydrodynamically.

Figures 12, 13 and 14 are similar to Figs. 9, 10 and 11 respec-
tively except they are for the six inch wire wrap pitch. ~

All MIT data is arbitrarily extrapolated to zero at
a=0°, 1.e., the point at which the wire wrap passes through
the gap between the fuel pin and duct wall. Thus the range of
reliability of MIT data extends from U45° <a < 315°, Future
efforts should try to fill in this range of Qata uncertainty,
~U45° < q < 450/

French - 19 pin bundle data [9]

Lafay et al., took some vlisual measurements of the trans-
verse velocity in their six inch wire wrap lead bundle which
was designed primarily to investigate radial and axlal pressure
profiles in a wire wrap bundle. While these profiles may not
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be as precise as laser doppler anemometer or pitot tube
measurements, they do serve to point out gross data errors
that may occur with the more sophisticated acquisition tech-
niques. The French. data are shown on Figs. 12 and 14.

-

WARD 11:1 Air'Flow Tests [5,6,7]

One of the important results of the WARD tests was a

~ détailed measurement of the cross flow profile in. the gap as

a function of wire wrap angle. Of particular interest in the-
data reduction done here 1s the transverse velocity profile
for the edge subchannels as reported in Ref. 6 are reproduced
in Fig. -15. The profile will vary to a small degree (see
Ref. 10) depending on the method used to select the charac-
teristic transverse velocity. Three possible choices are
the gap averaged velocity, maximum velocity in the gap region
or the gap centerline velocity. The average velocity is
plotted here since 1t appears to be most reasonalbe choice
physically. This choice in reality is not that important
anyhow, since as can be seen the range of measurement is
quite small, -66,7° <o < 49°, and offers no hint as to the
profile in the center region of Fig. 10.

Through comparison of the various sets of data it was
decided to use the French visual data shown in Fig. 14 for
the six inch lead velocity profile, and the hybrid curve
shown in Fig. 16 for the twelve inch lead velocity profile.
These can be updated as more reliable data becomes available.
EFEach of these curves was numerically integrated, and the
average was found by changing the coordinate system so- that
the average 1is designated as 1.00 it is possible to use the
curves only as forcing functions in conjunction with the
empirical constant C1 which will specify the magnitude. Some
work has been started in checking this new swirl model against
existing heated pin data. These results will be reported upon
their completion next quarter.:

Recommendations under consideration for future MIT laser
doppler anemometer measurements are:

1. Repeat existing data in an attempt to determine re-
producibility, also taking more data points per lead
length.

2. Extend the range of the measurements to include a four

inch lead with geometry similar the CRBR blanket assembly.

3. Extend the range of measurement to include other flow
rates in oreder to determine Re effects.
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TASK ID%2.irAraTytical Model :Dével'dSpments- Transient
oo SUPERENERGY (Stuart .Glazer)

r

T poaind

Duringsthec¢past-cquarter, muchieffort was.devoted  £o,ant

evaluation of¢the requirementscforttransientvanalysis codes,,
.aswwell,asesome :of-1the numerical .methods,and analysis, techs ..

-—a .

niques ;currently.. avallable.erollowing 1ssa,report=llst1ng
the results,land recommendations\for—future.effortu ;33‘.

170 - Tntroduction

© omany. braslent eve. b3 are postulated o cecur dvrlng Ll
s Knowledgeroﬁ primarypcoolant.and&fuelttemperaturesi;n,iau

- e s

transientteventsois*necessaryﬁtoeverifyvcomponent4de31gnjpd
temperature requirements,S erify reactor safety,“establiane

ERTTY} INTEN

allowableIburnupqlim;tations,ﬁand evaluatetrod.and assembly

e -

bowing«and“associatedgloadswon theycore, supportwstructure.

uSimplified:assumptions’and“computation»techniques(currentlxpu

in' use producefnecessari&Mtconservativenestimates*of sthese gicm.
temperatures.W(Aslfuelpcostxisqhighly?sens1t1ve toburnup,
restrictionsjone. maJorrgoalpoﬁnthe"corevde31gnerﬁls th e
reducettherconservationtpfrthese!estimates1504thatﬂlimits
onwfuer;burnupcmawkbepsafely;extended g;if‘cana core therml
transients, as well as some translent machenisms, such as
ydpvaFuel rodsclnﬁLMFBR's~runlikectherbare;rods;in«PWRrsm
arecspirally,woundcwith ra spacer1wire,Jandipackedcin:arrays

Batr-4

effects1are~extreme1yWimportant+in LMFBR iS owing to the very
severe power gradients existing in the radlal blanket region.

Therefore;ito refineyestimates,ofivcoolant and;fuel temperax::.,
turesgthroughout@the1core”,computerncodesvmustAaccuratelyw(g. -
model cintraassembly.theati{transfer. at:isthe jveryrdetailed sub-
channel clevel, .and must evaluate sinterassembly, heat ,transfer
effects fory atLleastLavsymmetrical51/12,coreasector.t Ao
ainv"ad here which regult In coolant [low in the forcud con~
cetifn largewnumberaoftcomputer codes have been developed
to date which analyze coolant temperatures in LMFBR's under
steadysstateyconditions., nSome of (these ane:, :COBRA 4[11], .

THI=3D;[121,;200TEC [13]5cCORTAC o[147; 1SUPERENERGY [151;.:20d pnt

ENERGY tLs: II,GIIIﬁ[l6]q -1A chargwsummarlzingtthe avallag}em

PR

codes,and .their. capabilltles -has -been prepared by, Dro, N,
Todreas okoIT and 1s 1ncluded1here as Table 1 .for reference.

Lt &R - S (wiliie altavy wvoinpeia-

Codes suchéas COBRA«and zTHI= 3D,wwhlch solve thezmgmengum{r
contlnuity,;andyenergy equationsr51mu1taneously&require »long
computational ,running tlmes,and large amounts.of memory,,‘evenw
forpthe solutionroﬁcthe steadytstate temperature fleldul "Use
oﬁgthisrtype ofrcodejto§predlctﬂtemperature fields:during
transient events requires such long computational running

time as to be totally impractical.
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The ENERGY series of codes, developed initially at MIT .
by E. Khan, and and extended with the steady state multiassembly
code SUPERENERGY by B. Chen, have exhibited very good agree-
ment with the data [17]. 1In particular, the SUPERENERGY code,
restricted to problems where intra-assembly bouyancy forces -
-are negligible in relation to the viscous forces, requires
relatively modest amounts of core storage for even the
largest cases, and extremely fast running times. This is
due to the explicit finite difference scheme used, and the
fact that the ENERGY model. permits uncoupling of the ENERGY,
momentum, and continuity equations for those cases where the
. bouyant forces are unimportant. E. Khan developed a modified
Grashoff number criterion specifically to determine when de-=
coupling of the 3 equations is permissible. Flow under these
conditions is termed forced convection in the context of the
ENERGY model. 1In cases of forced convection, temperature
differences caused by radial power skews are assumed not to
significantly affect the flow field.

The memory and computational time requirements of the
SUPERENERGY code makes its extension to cover transient events
in single and many coupled assemblies in cases of forced con-
vection highly desirable. It will be shown in section 5 that
it is not possible to provide predictions of the coolant
temperature field at the subchannel level for all assemblies
in 1/12 core sector studies. Two different versions of a
transient SUPERENERGY code are therefore proposed to deal
with individual aspects of the problem.

Chapter 2 describes broad clases of transient events
postulated to occur in the design life of the Clinch River _
Breeder Reactor Plant, and defines the capabilities and opera-
tional characteristics considered essential for a useful
transient computer code. Chapter 3 describes limitations and
capabilities of currently available transient analysis codes.
Chapter 4 evaluates several numerical methods, with particular
application to the extension of the steady state SUPERENERGY
code to cover transients. Chapter '5 proposes specific
modifications to the ENERGY model for each of the 2 versions
of the code; one intended for evaluation of interassembly heat
transfer in 1/1? core sector studies, and one intended for
detailed single assembly studies. Finally, Chapter 6 discusses
the work to be done and additional questions to be resolved
in the process of providing a complete package of transient
analysis codes applicable in the forced convection flow
regime, ] : 2
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2.0 Requirements for Transient Analysis Codes

2.1 CRBRP Core Transients o

The transient-~version:Gof SUPERENERGY under development
is designed for use with liquid metal fast breeder reactors.
The transients defined in this section are solely representa-
tive of events considered possible at various times during
the design 1ife of the Clinch River §reeder Reactor Plant

(CRBRP)

Many trasient events are postulated to occur during the
life of the CRBRP. Although thermal effects, and operational,
structural, and safety consequences must be determined for-
all of these, a small number of events have been identified
as "worst case" transients, i.e., those events imposing the
most severe thermal conditions on the reactor core for a
large number of similar events. The 1list of transients
contained in this section were determined with the assistance
of Dr. Ron Coffield at Westinghouse Advanced Reactors Division.
The events described herein are not intended to represent
either a complete list of "umbrella" events, and may not re-
flect the final event definitions. They are intended to
identify some of the major causes of significant core therml
transients, as well as some transient mechanisms, such as
variation of coolant flow rate, rod power production, and
inlet coolant temperature with time, and to define even
duration times. . This data is necessary to establish the.
capabilities for a transient analysis code.

The 1ist of transients and event descriptions is contained
in Table 2. Since current efforts are directed toward develop-
ment of a code capable of thermal analysis under conditions
of forced convection as defined in section 1.0, only those
transient events or parts of transient events will be con-
sidered here which result in coolant flow in the forced con-
vection regime. at all times.

It can be seen from Table 2 that a useful transient
analysis code must include the capability to analyze transients
resulting in either single or combined variation of coolant
flow rate, increases and decreases of power production of
various rates, and also variation in coolant inlet tempera-
tures. Event duration and transient energy storage within
fuel rods affect dictate that the code be able to analyze
transients lasting in the range of at least 1/2-2 minutes.
Changes in bundle geometry resulting from severe thermal
transients are not within the scope of this analysis.
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2.2 CRBRP Core'Transient Analysié Requirements

The CRBRP core consists of 377 [18] fuel, blanket, and
primary and secondary control assemblies. All fuel, breeding,
and control rods are contained within hexagonal stainless
steel ducts of uniform flat to flat dimensions. Individual
fuel and blanket bundles include groupings of 61 and 217 pins.
Severe thermal gradients occurring inthe core during reactor
operation currently call for symmetric movement of certain
assemblies during the refueling cycles to assure more uniform
thermal exposure. A code which can model the thermal and
hydraulic effects with a 1/12 core sector is considered
sufficient [19] to accurately model interassembly heat
transfer during most types of transient events. As a design
goal therefore, the transient analysis code under development
should be able to couple a maximum of up to 39 assemblies,
the number of assemblies in a 1/12 core sector, to attain good.
estimates of interassembly heat transfer, with at least a
coarse nodal structure.

Detailed transient analysis of individual-bundles re-
quires that the code must be capable of providing tempera-
ture profiles at several axial sections throughout the bundle
on a subchannel basis. The largest bundle, the 217 pin
assembly, contains 438 subchannels in the coolant. In addition,

to account for,.the transient thermal energy capacity of the
fuel rods and ducts which significantly dampen the response

of the coolant to rapid thermal transients, it is necessary
to accurately model each fuel pin and duct wall to evaluate
the tran51ent heat flux absorbed from or released to the
coolant.

In addition to the functional characteristics already
discussed, the code should offer maximum flexibility to the

user in terms of specification of input parameters, forcing
functions, and output. It has been determined from discussions

with core designers at Westinghouse that when in the multi-
assembly analysis role, the code should permit the following
degree of specificity

A. For each bundle type (i.e., 61 pin fuel, 217 pin fuel, etc.)

1. Compleée description of all bundle geometric
parameters

2. Empirical constants €¥ and Cy

.

3. Complete description of the following forcing
functions:

a. normalized rod power generation vs. time
b. normalized bundle flow rate vs. time.
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In detailed singie assembly studies, essentia11y<ai1 of the
above data is also requried.

2.3A Core Storage and Computational Time Requirements

An obvious design goal is to minimize both core storage
and computational running times for all cases. Specifically,
to permit running on many of the large computer systems
currently in use in industry and government research labora-
tories, the largest multiassembly problems and the largest
single bundle cases should require a maximum of 2000 K bytes
of core storage. Also, for practical consideration, the
largest and longest cases should probably not require in
excess of 2 hours of running time on a high speed computer,
such as a Control Data 7600. This 1s a softer limit than
than on core storage, as the permissible running time can

be determined by each user on a case by case basis,

3.0 Available Transient Codes .

In this ‘section, brief descriptions w111 be given of
some general computer codes currently used in the evaluation
of core transients. It will be shown that none of these codes
can practically be used to evaluate coolant and fuel tempera-
tures in large bundles on a subchannel basis while considering
interassembly heat transfer effects.

3.1 CORTAC

The code CORTAC [14] was developed by Argonne National
Laboratories and General Electric to analyze the effects of
core transients on the core restraint systems of liquid
metal fast breeder reactors. Structural and thermal analysis
of the core restraint system is accomplished by coupled
reactor kinetics, core thermal hydraulics, and structural
deformation analyses. The core region is modeled as a series
of annular rings of assemblies. Each of the annular rings
may be further subdivided into up to 9 additional annular
regions. Up to 30 axial sections may be specified

While the above physical model of the reactor core is
adequate to perform structural analyses of the core restraint
system, it 1s not sufficient to provide detailed thermal and
hydraulic data for a single bundle on a subchannel basis. It
is also not sufficient to provide data about individual
assemblies during multiassembly studies. Thus, CORTAC cannot
be considered sufficient to provide the core analysts the
data necessary to set and evaluate fuel burnup requirements
nor realistically analyze the safety implications of certain
severe transients with respect ta the fuel.
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3.2 COBRA

The COBRA [11] series of codes were originally designed
to provide detailed thermal and hydraulic data on a sub- :
channel basis for fuel assemblies in PWR's. . It therefore
contains extensive capability to evaluate two phase fluid
flow which is not necessary in the currently identified - -
transients occurring in liquld metal fast breeder reactors.
The code is structured to permit analysis of a wlde variety

of bundle geometries, is not limited to wire wrapped pins
in hexagonal ducts, and as such, 1s an extremely useful

design tool in evaluation of bundles with new or extremely
complex geometries. It does not, however, have the capa-
bility to evaluate multiple assembly clusters.

COBRA III-C/MIT is a modified version of COBRA IIIX
altered to reduce running time and allow large number of
radial nodes. Both versions include‘-a finite difference
~fuel model with an arbitrary number of annular elements-
in the fuel and clad regions. This is a significant de-
parture from.previous versions of COBRA which required fuel
to coolant heat transfer as a function of time to be speci-

fied as input

COBRA IIT solves the momentum, energy, and continuity
equations simultaneously by using a mixture of explicit
and implicit numerical methods permitting unconditional
spatial and temporal stability. The complexity of the
calculations, combined with the numerical techniques used,
result in excessive computational time and core storage
requirements. It is uneconomical, and in many cases 1im-
possible, to run transients. of necessary duration for the
full subchannel representation of 217 pin and 61 pin bundles

in the CRBRP.

COBRA V has as a goal analysis of interassembly heat
transfer effects and some limited information as to indi-
vidual bundle thermal and hydraulic performance for a 1/12
core sector. This -code will require some homogenization
and lumping within individual bundles. COBRA V is still
under development, so that further evaluation of the code
capabilities must await its formal release.

3.3 FORE-III [20]

Many transient analyses performed to date at Westinghouse
ARD were done using a modified version of the code FORE-II.
FORE-II is a coupled point kineties-~thermal hydrualic code
with the capability of providing extremely detailed tempera-
ture maps and other system parameters in the coolant, fuel,



and clad for a single fuel rod, as a function of time.
Boundary conditions which must be 1nput are currently
evaluated at Westinghouse with the use of steady state
subchannel codes such as COTEC. Although some statistical

and other data necessary to evaluate safety and burnup
criteria can be determined from FORE-II, it is not capable

of producing temperature fields on a subchannel basis for

an entire fuel bundle or of determining inter and intra-
assembly heat transfer effects. The code cannot be expanded
to a subchannel codé since core storage requirements currently
approach the capacity. of the computer. The running time is
extremely fast, and runs approximately as long as the transient

..event duration.

' 3.4 Other Codes

Other specialized or test codes exist for determination of
transient temperatures. One such code, COTECT [24], an experi-
mental transient version of COTEC, was an attempt at determining
the feasibility of expanding the CORTAC code into a 3-D

transient version.  Results. indicated ‘the impracticability
of such a conversion. Hence, the COTECT code is not considered
acceptable for general use.

4,0 Comparison of .Fuel and Coolant Models and Numerical Methods

4,1 Energy Model and Steady State SUPERENERGY Code
Numerical Methods

The ENERGY method models interchannel heat transfer as

. the result of both thermal diffusion and turbulent eddy dif-
fusion. For the specific case of forced convection flow con-
ditions, the veloclity profile within the bundle is assumed
known. Flow 1n the interior region of the bundle is assumed
to be purely axial, and 1s currently approtioned to each sub-
channel type using E. Novendstern's friction drop correlations.
In the peripheral region of the bundle, consisting of all the
edge and corner subchannels immediately .adjacent to the duct,
the flow is postulated to contain both the axial component,
as well as a circumferential component taken to be a percen-
tage of the axial flow.

The assumption of known velocity profile under forced
convection conditlons is particularly significant, in that it
permits uncoupling of the energy equations from the momentum
and continulty equations, and causes vast simplifications in
the computational procedure. In the discussion of analytical
methods for conversion of SUPERENERGY to a transient code, it
will be assumed that forced convection flow conditions, as
defined in section 1.0, prevail. The transinet codes developed
as a result of thilis study will be applicable only to transients
which remain in the forced convection flow regime at all times.
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4, MOdifications for Transient SUPERENERGY Code
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where At 1is the time step, and 1 is the timestep index,

The primary advanteges of this method are extreme simplih
city, minimization of core storage requirements,.gnd epeed. ;?he’
major disadvantage is th%‘stability-limits which must be obeerved.
‘Note that in order for equation 452 to be considered strietli'
correct, the timestep must‘nerer'be taken larger than the time
required for the coolant to pass completely through a-uode. -This
time period is called the nide. sweep time.lhThiserestrictiomgis
necessary in order that the -last term in equation 4-2, the con$
vective term, result in coolant being conveeted into the current
node only from the‘coolant node immediately upstream. It would
be physically incorrect‘to oermit the eoolant to be drawn from]’
more than one node ﬁpstreem of the current node, as the effeet
of intermediate nodee'ohfthe‘ooolant temperature woulld be lost.
Therefore, in order to insore the node sweep time criterla is

always observed, we require that

vht < az - | (4-3)
or
Az '
At 2T (4-4)
where At 1is the timestep

é@ 1s the axial step length

v is the smallest axial coolant velocity in any sub-
channel of the bundle.
Note that the node sweep time eriteria also applies in the

circumferential direction. In the edge and corner nodes, which

N
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1ie exclusively in a flow region postulated to contain a cir-
é@;%érential'component éf velocity, ant' additional term would be
-added to equation U-2 representing the transient cénvectidn'of
energy into the current node from the -adjacent edge' or corner
node. Care must be taken to insure that in addition to equatipn
'4-4,

CatEgh - | © (4-5)
where Al 1s the lateral -extent of the adJacent edge or corner

node, V@ 18 the circumferential veloeity component.

4. 2 1 2 Bender Method

" Another finite difference formuiatibn in use ih'codeé'sucﬁ‘

as CORTAC is one which specifies two nodal temperatures; the node
average temperature and the node outlet temperature, as shown. in
Fig. 17(a). Aifhough this formulation 1s poﬁentially more accurate
than the assignment of . a single temperatufe'per coolant node, it
-hés a disadvantage of.requiring twice as much storage.

| Bendef5€§3];ihﬁié%ﬁes- thaf for. the case of single isolated
axial eoolant channel, in. contact with only one fuel rod, the

governing equation for determination of cbolant'temperature as

a function of position, z, and time, t, within one axial section

1s-givén as:

3T (t,2) (4=5)

[T (t) - ﬁ%(t)] -ﬁpngA °éé""

wc
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where Tc(t’é),é coolant temperature
‘E;ff) =A-node'av_erage coolant temperature
Tw(t) = node average fuel rdd‘wall temperature
Rye = thermal resistance between the clad and the

coolant.

‘_BendEr furthef'notes that-f

: . Az A .
A.w‘.‘_‘(\'__ -. 1 ' ' . » S -
T, (t) = 3z 50, T,(t,2z) dz o (‘4-6 )
and. |
' ‘Q&E’zl: ="¢D‘t) «;3&n9§)¢ ' . (4=7)
E 2 Az . o
where TL(t) = node outlet temper&tﬁre

A Tin(t); node inlet temperature, whiﬁh equals the
) l‘Aoutlgt temperature froﬁ‘the upstre#ﬁ-node.

In order to determine a valid'expiession foriTL(t);.'
Bender solved a reduced form of.equation (4-5) by4Laplacé trans-
,formAmethods, where.the heat transfer ffom the fuel rod to the
coolant is replaéed by a time varying heat flux, q"; From thié,
the coolant temperature as functions of bbthiposition and time was
expliclitly determined. Evaluating this solution at z = Az, the
node outlet, and eipanding-the result to be applicable to a
coolant subchannel in the core, Bender obtains the general soiu—.

tions for the coolant nodal outlet temperature as a function of

time:
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141, _ 1,3 o [Tan oo = Tan T NARREL 0 = = 1,3
L DY b | Vi ++ L - R, (1, *°-T, ")
. At k=1 °k
l“ .
. R Az . . .- . .
A+ ~2é§t%_~ (for At> Az). o - - (U4=9)

" where :” 1 is the timestep index
o J is the axial step 1ndex A _
k is the 1ndex for neighboring subchannels
.Rck = thermal resistance between node k and the cu?rent
'~ coolant node,
The general form for the”cooiant node avérage témperature

1s also given by an adaptation of equation 4-5 to finite aiffer-

- ence form:

— 14 = N.q , - o
TURAEIT I JCTL RPN S XU 1,35, (T hed) at DI St

| : K R"°

VAt

Bender compared the accuracy of his particular sélutions for the
coolant outlet temperature as a function of time with some other

- heuristic algorithms commbnly in use at the time, namely
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T(6+80) = Ty (6) + [To(uhat) = Te(e)] (u-ilj'

and

T, (t + At) = Tc(t_.+ At) + [T, (t+At) - Ty, (t+4t) ] . (4-12)

It was shown'that in all cases considered the exact solution |
.»obtained by Bender produced results of higher accuracy than
‘expression (4- ll) and (4 12).

In addition,aBender introduced:a solution‘procedure of
’Levy [24] which permits'extension of the timestep, t, in ex-
,plicit finite difference equations without. 1nstab11ity - As
reported in the paper by Levy, however, this technique will
only produce acceptable accuracy 1f the temporal stability
criteria, as derived for example, by DuSinberre [25], would not
Anormally'be exceeded without the methodlfor the majority of nodes‘
in the bundle cross- section. Levy's procedure was-derived for
the specific purpose of permitting the 1nclusion of a small
number of physically ‘small nodes in a finite difference network
containing nany larger nodes. As shown by Dusinberre, the time-
step stability criteria varies directly with node volume. Since
overall network stability is.gOVerned by the stability of the
‘least stable node;vLery's method4was capable of reducinngverall
computational time by permitting selection of timesteps normally
suitahle for most of the larger nodes, Levy reports, however,
that even though unconditional stability for all timesteps
results with his method, solution accuracy is good only when the
timestep,selected is normally'stable for most of the nodes in

“the network.
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The Bender, method. was.originally, investigated becauseof ,

the promise of unceonditional temporal. stability. of. the explicit,
finite differenge;equatipnsw,nThefLevymmethod»does~notwinngeneral

Ypermitclarge,increasesnin.th 1sizeqof‘:ythentimestepwwrch acceptable
accuracy. -Bender;-does.point jout; theimportance; of. :the node sweep

time, and develops speciallzed expressions which are valid for
vedyde . LUMDEG Gre o ixr  Logolunion UCoannigue

. the nodal outlet temperatures for At less than the 8Sweep time and -
caryy In the lavestigarlian into whe characierisiics o1

approx1mate expressions for the case of t greater than the sweep
SEILIUS megthous of soiution of transient hesy {iuxeg trom the

time. Timesteps larger than the sweep time'cannot strictly be
fuel ping, it was recognized that computaticonal time and the

used in‘a. finite difference scheme _(see sectlon 4.2.1.1). Other
starage reguirements could potentlaliy impcse & nore severe.
methods, such as that employed by Fox and Yackle [16] have been
bowhorronion o code performance tnhan the completely sxnllait
deyeloped which provide alternate definition of the coolant out-
“ent solution schene. It waz chereflore decided Lo invasil-

e drd

let temperature as a function of time. Doubling of the storage
cate whebher o welghted lumpeq parameter approacn would parmit
requirements, added complexity and lack of increase of stability
ragld and efficlent caloulation of transi an®t haat Yiuxes fronm

suggest reJection of the dual temperature specification per node

o /,)

fuel pins, while requiring mindmal cors svorage, vogquLrotnants,
formulation in favor of that. described in section 4.2.1.1.

"

2 the previcus project report P renults of thais rooasti
The only unresolved questlon concerning fhe final selection

-

. tlon were reported. The mRss o Lno entirs fuei TN Ovel o

of the single versus dual temperature per node formualtion is
rxlel segmenc was lumped 1n two studlies into ong 2l Lwe rialte

that of accuracy. An 1nvest1gation comparing the results of ‘both
Lo sence nodes, apecuive.ly, BNd btransient ene gy UalDnces

methods for various trans1ent test cases w111 be carrled out.
cvten FPor these nodes, Emplrical ractors . x- ¢ opplied

(Y

Only if the dual temperature approach yields significant improve-

B g wa s -, L 1 v- ~ - 4r
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y, 2 2 Fuel Models,_

‘4 2. 2 1 Analytic Solutions

While a number ‘of %otally analytic methods [27] exist for
determination of both temperature distrlbutions and heat fluxes
valld at all times, such tecniques are in general not applicable
to the current problem. .All such me thods necessarily require .
a priori specification of the heat transfer coefficient, power |
generation,.and coolant temperature. In a transient SUPERENERGY
code; the heat transfer coefficient is determinate from the
1nput specification of . coolant flowrate and an experimental
'y:correlation for -heat transfer coefficient in 1iquid metals as a
a function of localeusselt_numher, Transient power generation B
is also specified in the input. The coolant temperature as a
function of time is not known alpriori; Hence, as the coolant
'temperature is calculated at each timestep, the analytic
solution for transient temperature distribution and heat flux
-may be advanced at most by only one timestep as long as care 1is
taken to insure correct initial conditions at each calculation
point.l Hence,peven.thoughlcore~storage requirements are minimized,
the. advantages of the analytic approach are lost. |

U 2.2.2 . Hybrid Solution

Nijsingand Eifler have developed a hybrid solution tech#"
ﬁiQue (28] which permits accurate and computationally simp1e<
solutions to the transient temperature problems in fuel rods.
The hybrid method breaks up the fuel pin cross section into

several radial annular nodes, similar to a finite difference



27

/
nodalization. The analytic'transient~energy equation is written
for each node, so that the temperature of each node as a function
of time may be determined in closed form. .This solution tech-
nique is not advantageous in the current problem for the same

reasons as the analytic solutions (see section A.2,2.1).

4.2.2.3 Lumped Empirical Solution Technigue

, Eafly in the investigation iﬁto'the éharacteristics of
'vafious methods ofrsolution 6f-fransient heat fluxeslfrom the
fuél pins, it was recognizéd thét éomputational,time and the
storagé requirements'coﬁld potentially impose a more seVére
restriction on:code peffbfmancé than @he completely explicit
coolant solution scheme.- It was therefore decided to investi-
gate whether a weighted lumpéd parameter approach wouid permit
rapid and‘effiqient'calculation of transient heat fluxes from
fuel(pins, wﬁile requirihg-miniﬁal core storage requiremeﬁts.
In the previous project report []9] resﬁlts of this invésti-
gation were reported. The mass of the enpire fuel pin over an
axialAsegment was lumped in two_studies into one and two finite
difference nodes, respective1y, and transient energy balances
written for these nodes. Empirical factors, r, were applied
" in such a way as to alter the heatvcapacity of the elements.
These empirical factors were calibrated against the finite
difference fuel model 6f COBRA III-C-MIT in such a way as to.
match the transient heat flux from the rod és weil<as possible.

The finite difference lumped energy balance for the single

region model is:
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ar L wo v ; : o A .
mcpra? =qV-nhA(T-T,) | _ (4-13)
= fuel rod mass

where m
C.. = specific heat ‘
T = temperature of the (single node) fuel pin

~h'= heat transfer coefficient from the surface

AS = fuel rod,surface area
T = coolant temperature
q" = volumetric heat flux’

V' = volume of fuel pin. . o

Similar equations used in the two region lumped model are .
given in [29]. Note that. in the formulation of the single region
‘lumped model, equation (4=13), the thermal resistance of the fuel
clad intérface'does not explicitly .appear.  This resistence BRI
‘was included in the finilte difference~code used for calibration,
andhence,its effect is included in the empirical conetant, r.
Results presented in [29] indicate that nelther the singleAnor
the dual lumped node approach provides acceptable matches in
transient heat fluxes, especially in the relatively massive blan-
ket'bundle pins., Additionally, it 1s consldered possible that .
the empirical’conétantS'are functions of fuel rod properties,
pin geometry, and transient characteristics. The adVantages
of this method, including extreme computational speed and mini-
mal core storageorequirements, were offset by poor accuracy in
some cases, and the need.for extensive additional parametric

analysis and evaluation of the empirical constants. The use of
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this 'meth6d in the transient‘:SUPERENERGY' codé$was:therefore!re=:
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order two are chosen as these two collocation points so as to

maximize accuracy.

It can be seen that at each step, the simultaneous solution

of a set of equations is necessary in order to. determine heat

B fluxes and temperature distrfbutions. A transient version of

_ SUPERENERGY, ‘capable of-. detenmining temperature distributions :
in a-7 pin pundle of fixed geometry, was written as a test |

vehicle for evaluation of various coolant and fuel models. Coms=

- parison of running times using the simple explicit single lumped

‘ region fuel model discussed in section,u.2,2.3, with a modified
version‘Of a collocation code written by Yeung.[33] with constant
properties; indicates the collocation procedure is slower by an
order_of magnitude. Rough estimates for the running time of far:
larger bundles during long transients would prohibit the use of &
the collocation technique. Therefore, even though extremely high
accuracy has been demonstrated with the collocation method using
variable fuel and clad properties, the use of this procedure is.
tentatively rejected 1in favor_of some other very simple and fast

explicit fuel model.
4.2.2.5- Finite Difference Method

The finite difference method, as used in codes such as
COBRA III-C, assumes circumferentially symmetric nodalization
of fhe fuel and clad into annular elements. Discussions with
Dr. Ron Coffield of Westinghouse ARD'have indicated that 3»"
nodes in the clad and 7 nodes 1n the fuel region would normally

be suffieient for a "high accuracy" solution. Fully exolicit
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solutions to the finite difference model are possible, and are
described, for example, by Bender [23]. While this method has
not Currently beeh programmed 'and testéd in conjunction with

the 7 pin bundle test versioﬁ of transient SUPERENERGY, estimates
of running time based on extending theAsingle region explicit

_ fuel model described in section 4;2.2.3Aindicate the finite
difference method will be'much faster.than the collocatieh,
procedure. Storage requirements wili be very large, but
estimates of these requirements:made in see¢tion 5.1.3 and 5.2;3
indicates sufficient storage availabie in industrial and govern-
hent computers for éven the largest anticipated cases. Evalua- -
tion of the finite difference procedure in the test cose, and
investigation of the effect of temperature debendent properties
on solution accuracy is necessary before final selection is |
made. If running time and accuracy of the explicit finite
difference fuel model compare favorably with the collocation '
.precedure; the finite difference'fuel model will probably be
selected for use in the transient SUPERENERGY code.

4.,2.3 Dynamic Storage Replacement Scheme

Initial investigation of Eq. (U4=2) indicates a need
to store one valﬁe of c¢oolant temperature for each subchannel
at every axial level,; for both the current timestep and the
previous timestep. This would seem necessary as the explicit
sc¢heme requires knowledge of the current aﬁd surrounding sub=
channel temperatures at.the current timestep, at both the

current and previous axial 1evels, Schematic representation



of this method of temperature storege is shown in Fig. 18a.
It'may be seen from Figs., 18a that storage of temperaturee

at theAeurrent timestep more than'one axiel level upstream is'
_unnecessary. An alternate storage method 1s therefore propesed
‘shown in Fige. 18b and 18c. 1In.this method, temperatures.atuthe
. next timestep are calculated and placed in temporary storage |
until the calculational procedure has:marched two levels down-
stream._ Then;'the next'timestep temperatures are d&nemically
replaced into the.(single) main array as shown. ﬁith estimates
eof 18—36 axial‘leve;s';n assemblies, the'reduction'in:core

storage reduirements is_significant.

5.0 Analysis Method for Detailed Single Bundile and
‘ Multiassembly Studies A )

It is proposed to write two optlons within the ‘transient -
SUPERENERGY code,Aone which provides detailed temperature fields
within a singie large bundle while accounting for.eitherbuser
defined or previously calculated interaésembly_heat transfer,
and one version which'is capable of considering a 1/12 core
sector. of 39 highly "lumped" assemblies while determining and
storing interaseembly heat transfer data} Both versions of the

code are described below.

5.1 Single Bundle Studies

"'5.1.1 Basic Model

The primary pnrbose of a single assembly study should be
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to prdvf&e exfréﬁély detailed.spétial';ha temporal coolané'and
fuel teﬁperaﬁure fields for desigp, analysis,'and safety veéi-
fication, while considering interassembly heét_tfansfér effécts.'
Thereforé, the basic subchannel coolant noéal structure‘ﬁill
not be changed ih the single bundle version of the transient
SUPERENERGY codé, with two ‘exceptions; it is proposed to
"eliminate the cofner subchannels, ahd the subchannels within
the interassembly gaps between 2 neigboring assemblies. The
maJor'purpose §f these moves is to enhance axial stability
critéfﬁgl permit use of fewer axial steps, and hence reduce
computational running time. |
.Strict‘stabilify criterié exist for each subchannelltype
in thercoolaﬁt and in the fuel which specify the maximum per-
missible_axiél step~size, andithe maximum pefmissible timestep
sizé, dﬁe'to the explicit nature of'the pfopoSéd compufation
scheme. As.reported in[22], axial étability criteria of the
gap edge and cornér subthannels nearly always governed the
overall stability of bundles in the steady state case. To
eliminate the need for an excessive number of vefy small axlal
steps, K. Basehore developed an alternative procedure which
elimlnates the need to calculate.tempEratures in the gap and
duct regions. Heaf transfer between assembllies 1is modelled
as occurring solely by conduction between edge and corner
subcﬁannels of adjacent bundles. The duct walls of the 2
facing assemblies, as well as the sodium in the interassembly

gap reglion, are taken to be effective resistances to heat
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transfer.

It has been found tnrough examination-of stability criteria,
that the small physical size of the corner subchannels makes
them the next most limiting subchannels after the gap edge and

- corner subchannels. It becomes possible to significantly '
ﬂ'increase-the aiialistep slze by eliminatiné the corner subchannels
as.separaﬁe entities, and instead combine'l/2 of the areas of
the corner subchannel into each of the_two neighboring edge .

- subchannels. Preiiminary results from test cases run with the

7 pin bundle.test code'previouslyﬂdiscussed has indicated very.
little loss in aocuracy by this move. In many caees,'the temper-
ature of the coolant in the corner subchannel 1is predicted by -
the steady state SUPERENERGY oode to be very close to the
temperature of the surrounding edge channels due to both con—
duction and the circumferential coolant velocity component
assumed to occur‘;n the peripheral subchannels. Therefore, unless
further investigation yields significant loss of accuracy, only
interior and edge subchannel temperatures will be computed.

Further moves to permit evenAlarger axial step sizes would
be desirable, but are not essential at this point. Current
. estimates are that axial step sizes of .the order of 1 1nch would
be permissible'for a variety of bundle geometry and coolant
flowrate conditions. This would result in 36 axial ;eveis in
a 3 foot bundle; and will probably be considered acceptable from
an accuracy, storage, and running time standpoint. It is impor-

tant to realize that owing to the explicit marching scheme used
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in the code, where temperatures are @etermined by the tempera-
tures of immediately adjacent nedes, it 1s possible for thermal
effects to prepagate radially inward by 1 node for every axial
§§§§ taken, .A 2;? ﬁin bundle w@uld'r@quire at least 18 axial
seetions for the effects of an externally applied heat flux to

penetrate to the center of the bundle.

'5.1.2 Timestep Selection

The cede will be set to automatically determine the largest

permissible timestep. In all cases, the smallest of the

following eriteria will be used to select the' timestep:

1. node sweep time
2, stability criterla of the most restrictive coolant.
or fuel node

3. maximum time step size as input by the user.

5.1.3 _Eggimétes
. Requiremen

of Computational Time and Storage
Requitencits

£

Détailed estimates of running time and core storage required
are currently underway and will be reported in the next Quarterly
progress report. Rough estimates.can’be made on storage require-
ments, however, MajJor arrays, which @onta1n al1'coolant ahd
fuel node temperatures at all axial sections in bundle, are
assumed to 1lmpose the primary storage requirémenﬁ for the pur-
poses of thié calculation. Then, the number of byteﬁ-of core

storage required is determined approxlmately as: . . -

B= [N, + (N, x N)J x N, x Ny
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where | B = # bytes of storage required
| Nc = # subchannels in the coolant
.Np = # fuel bins in thé~bundleA
Nf = # nodes 1n each fuel pinlcross-section
Na =”#'akial sections in the bundle
N, = # bytes/computer'wbrq;

For the largest bundle now considered .for use in the CRBRP core,
the 217 .pin bundle,

Nc~ 440, Np = 217, Nf = 10’ Na': 36’ Nb = 8

'The number. of bytes of cére storage required 1s then:

2]

B = [440 + (217 x 10)] x 36 x 8

n

750'K bytes

| ‘Allowing for 'all other brogram arrayé, a total storage re-
quirement- estimated at 1000 K bytes would'appear té be fairly -
realistic for the case oan 217 pin bundle. This'estimate falls
well within the design goal of 2000 K bytes as discussed in
section 2.3. N

5.2 Multiple Assembly Studies

'5.2.1 Basic Model

Projections of core storage requirements alone listed in
section 5.1.3 indicate that the design goal of 2000 K bytes would
be grossly exceeded if the 39 bundles in a 1/12 core sector

were modelled on'a subchannel basis. Computational running times
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would also be excessive. To efficiently run large tran51ent
multiple assembly studies therefore it is necessary to greatly
reduce the detail of a subchannel and individual rod nodal
structure of individual bundles Such homogenization or
lumping is'acceptable 1f we realize that the primary purpose
of this multiassembly code 1s to provide interassembly heat
Vtransfer rates as boundary conditions to the detailed single
assembly code. In this sense, the multiassembly study results
are,used,in a cascade method, enabling the designer or analyst
to select: particular individual bundles for detailed examina-
tion.with the single assembly.code described in section 5:1.
Since the designer may not know a priori which particular
assembly-willfbe‘selected‘for‘laterzdetailed~study,wmaximum
~utility is achieved only if ‘the multiassembly code stores on
a secondary scratch storage medium, such as magnetic tape,
all interassembly heat transfer rate data, at selected axial
levels at selected pointS‘in‘time durlng the transient. The
single assembly code can then use the stored interassembly. heat
transfer data for the particular bundle selected as thermal
boundary'conditions_throughout7the transient.

Bundle nodal structures in the multiassembly code must
be detailled enough to indicate the presence of internal
power skews, and exhibit the/effect of interassembly heat
transfer from each of the six bundle faces. The nature of
the thermal exchanges in a wire wrapped bundle as incor-

porated already in the ENERGY model suggest that in the
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multlassembly code, each assembly may be modelled as a lumped
7 pin bundle w1th no corner. subchannels, as shown in Flg 19.°
AIt is believed that this is the coarsest nodal structure which
can exhibit both inter- and intra-assembly heat transfer effects.
‘However, any one or several assemblies could have a more detailed

representation as desired.

The 7 p1n lumped bundle does not alter the basic ENERGY
heat transfer model in that it retains the two region flow
3field representation.' The nodal structure permits the transfer
dofsheat through the4turbulent eddy'diffusiv1ty hechanism. “lfld'
also‘retains the'feature of energy transport around the bundle
oy means ofAthe cirCuﬁferehtial coolant flow aroundfthe.periﬁ
' phery of the assemblj. The felatively coarse nodal structure
in the interior of the bundle is believed to be acceptable, as
it has'been shown that the circumferential convection of cool-A
ant around the bundle has dominant effects on inter- and intre-'
assembly heat transfer in most cases. The nodal structure |
should prove acceptable ‘as one of the primary purposes of C
the code is to determine transient interassembly heat transfer
rates. The single edge node in the bundle also facilitates the
couplingbof any size bondle to any other size‘oundle. A |

The proposed 7 pin lumped bundle model-includes 12 evere .
aged‘nodal temperatures in the coolant, and a maximum of 10
nodal temperaturesiin each of the 7 lumped fuel rods. The
presence of the fuel rods 1is necessitated due to the important
thermal moderating heat capacity effects in determining trans-

‘1ent. heat fluxes to'the coolant. Interassembly heat transfer
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rates as determined from the proposed model will be'compared
~ with results from more detailed models, and will be considered
acceptabie if no significant differences reSultﬁ

5.2.2 Timestep Selection

The procedure for the dynamic sélectién of timesteps are

as described in section 5.1.2.

5.2.3 Estimates of Computational Time and Storage
‘ "Requirements A ' = B

Detailed ést1mates»of.running_time and core storage require-
"ments “are curréntly underway and will be reported_in the next.
quapterly p#ogfess report. A rough estimatg on the amount of
core storage’réquired will be made in manner of section 5.1.3.

In the multiassembly code, storage réguired for“the major

arrgys is approximately given by:
B = [Nc +»(Np X Nf)] X Na X Nbd X NbA

where B, Nc’ N N

N,, and NA are defined in section 5.1.3, and

p’ f° b
Nbd is the number of coupled bundles. For 39 coupled assemblies, .

N, = 12, Np =7, No =10, N, 18, N, * 8, Npg = 39
‘Phen:

B> [12 + (7 x10)] x 18 x 39 x 8

® 460 K bytes
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Allowing for program and miscellaneous storage, the total
storage requirement for a 1/12 core’sector with the cornerless
7 pin: bundle assembly idealization could be taken to be approxi-
mately 700 K bytes. This too lies well within the design goal
of 2000 K bytes specified in sectilon 2.3. Note that if accuracyil
demands, individual assemblies could be modelled as 19 pin '
assemblies. - For a 19 pin assembly, '
= 36, Np;=fl9, Nf = l'0~,,Na =>18? Nb‘= 8, Nbd =39,
and,

B =z~ [36 + (19 x 10)] x 18 x 39 x 8

® 1250 K bytes.

The total storage reouirement:with.a 19 pin bundle model woﬁld:

therefore be spproximately 1500 K bytes.

6 0 Future Development

Work is currently progressing on determination of axial
step and time step stability criteria for 61 pin and 217vpin..
bundles of CRBRP‘geometry for the single and multiple assembly
code models. This data will be used to make detailed pro- -
jections of core storage and computational running times for .
various transients listed in table 2. This in turn will enable .

determination of the range of transients for which each of the
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two codes are practically apolicable.

In the next quarter, development will begin on the single
assembly translent SUPERENERGl code. 'Upon completion, the code
will be tested against existing translent codes such as COBRA III,
and compared for accuracy of solution. A

Work will be initiated in the near future on development of
-tne multiassembly‘transient SUPERENERGY{code. Results from the
‘code utilizing the 7Apin bundle nodal structure will be compared
with those from one using a 19 pin bundle nodal structure. Solu-
tion sensitivity to the particular lumped model used will: be
examined Estimates as to accuracy, as well as running times,
will be compiled for various transients
. Resolution of several questions will be necessary before
release of either the single buridle of multiassembly transient
computer code. Among those items'to be examined are: 1) physieal
implications of elimination of the corner subchannels as separate
‘entitites, 2) sensitivity of coolant temperature distribntion
to temperaturedependent properties in the fuel and clad, 3)
neccessity of inclusion of heat capacity in the duct walls.
Additionally, attempts will be made to include in the capabilities
of transient SUPERENERGY as many of those specified in Ref..l9
as possible.

Finally, very little detailed data is avallable to date
on mixing effects during flow transients in rod bundles. If
deemed necessary at some point in the future, it will be possible
to utilize the Automated Data Acquisition System to measure the
effects of transients on mixing parameters in 61 pin fuel, 61

pin blanket, or 217 pin fuel bundles.
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TABLE I

CODE APPLICATIONS

SUBCHANNEL

CLUSTER

COBRA V

COBRA V

SINGLE ASSEMBLY WHOLE
ADTABATIC | HEAT | ADIABATIC HEAT OF CORE
B.C. “FLUX B.C. FLUX - ASSEMBLIES
INTER- -1 B.C. B.C.
TOR EDGE
STEADY STATE COTEC TRITON TRITON |
: FATHOM- ENERGY I SUPER- SUPERENERGY. | SUPERENERGY/
FORCED 360 THI-3D ENERGY HEXFLOW
MIT-WOLE COBRA-IIIC| COBRA V COBRA V COBRA V
MIXED ENERGY II,
| ITI
CONVECTION THI-3D
COBRA "ITIC | COBRA V COBRA V COBRA V
TRANSIENT SUPER-  SUPER- SUPER-" * SUPER-
FORCED 'ENERGY I ENERGY I ENERGY I ENERGY I
COBRA V. COBRA V COBRA B COBRA B.
MIXED
CONVECTION COBRA B COBRA .V COBRA V COBRA V
WITH FLOW |
 REVERSAL COBRA V COBRA V

af



TABLE 2

SELECTED CRBRP CORE TRANSIENTS

-Transient

Description

Type of Forcing
Functions

Power
Change

Flow
Change

Inlet
Temp
Change

Estimated
Total
Transient
Duration
(Minutes)

U-1

Reactor Trip (Scram) -

Occurs dur to PPS trip level exceeded

t 0.0 sec: PPS trips

t 0.0200 sec: control rods inserted, power

drop rapidly '

main sodium pumps trip, flow
coasts down as: :
flow = 80% full flow
flow ~-50% full flow
flow 10% full flow

t

0.500 sec:
2.500
5 500

.30.000

sec:
sec:

t
t
t sec:

2 o2

v

U-2b

Uncohtrolled Rod Withdrawal from 100% Power
t= 0.0 sec: .step 1ncrease in reactor power
to 115% full power, maintained
for transient duration
t =300.00 sec: manual reactor trip occurs

NOTE: Other less severe scenarios include
various ramp rates of reactivity -
insertion from 0.1¢/sec to 20¢/sec.

This event is umbrella event.

Operating Basis Earthquake

. Reactivity 1nsertion occurs as a result

of core compaction

Also, loss of offsite electrical power is
assumed. Diesel generators assumed to per-

mit main sodium pumps to- keep flow at pony
motor level

(Continued)

, 9":



Table 2. (continued) T TYPE OF FORClNG :
' " FUNCTIONS UP T A e
- ESTIMATED
UNTIL SCRAM TOTAL -
INLET TRANSIENT

POWER  FLOW TEMP. DURATION

TRANSIENT ' DESCRIPTION . : : ‘ CHANGE CHANGE CHANGE  (MINUTES)
U-16 t = 0.0 sec: earthquake hits, electrical_pOWer o RV & 4 2
(cont.) , to pumps lost, flow begins to coast ' o :

down to pony motor flow (10% full flow)

t = 0.5 sec: step reactivity insertion of 30¢. Also,
.automatic reactor trip initiated. Rate’
of control rod insertieon slowed due to
core. misalignment
E-16 Loss of offsite Electrical Power ' ‘ ' v v . 2

t = 0.0 sec: all electrical power to reactor lost,
including diesel power. Mailn sodium
pumps coast down, eventual natural cir- : ' ,
culation of ® 3-3-1/2% full flow estab- ' )
lished : : ' :

t = 0.500 sec: reactor trip initiated

A

©P-1 - Safe Shutdown Earthquake

Reactivity insertion occurs as a- result of core
compaction , -
Also, loss of offsite electrical power is assumed. 4 _ e 2

Diesel generators assumed to permit main sodium pumps

to keep flow at pony motor level.

t = 0.0 sec: earthquake hits, electrical power to
pumps lost, flow begins to coast to
pony motor flow : , _

't = 0.500 sec: step reactivity insertion of up to :
60¢ occurs. Also, automatic reactor :
trip 1nitiated. Rate of control rod
Insertion slowed due to core. mis-
alignment

(continued)



Table 2. (continued)
TYPE OF FORCING
FUNCTIONS UP ESTIMATED
UNTIL SCRAM TOTAL
., e s
‘ POWER . FLOW TEMP. (MINUTES )
TRANSIENT DESCRIPTION CHANGE CHANGE CHANGE
F-1 Note: This is an especially severe transient,.due
(cont.) ‘ to both severe structural damage, and the fact
that maximum power could reach 230% of full .
power for short time before scram.. Thermal
- effects could be very severe. : :
Large Reactivity Insertibns . .
' For purpose of PPS analysis only, large reactivity v 1

insertions of up to $2.00/sec are studied. ' Ramp
rates this large are assumed extremely unlikely
faults, and are not postulated‘tO'occur.

8
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Figure 7
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Figure 17
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Figure 18
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Fig. 19 7 Pin Assembly Without Corner Subchannels -
Proposed Lumped Bundle Model in an Inter-
assembly Code.
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"TASK II: SUBCHANNEL GEOMETRY (BARE RODS)

TASK IIA: Assessment of Available Data

Nothing to report this quarter.

TASK IIB: Experimental Subchannel Water Mixing Investlgatlon
(Joseph M. Kelly)

Bulk mix1ng coefflcients were measured for single plane
_water flows in a simulated rod bundle with a piteh to diameter
ratio of 1.10. A tracer technique employing Rhodamine B as the
tracer and measuring fluorescence was used. Isokinetic’ sampling
was achleved by using a pressure balance method. The results-
were corrected for both entrance effects and diversion cross-
flows

‘ our results showed a change in Reynolds number behavior -
as the laminar sublayer began to "choke" the turbulent mixing.
This, and a review of other mixing experlments,_suggested that
- secondary flows do not compensate for laminarization and that
turbulent mixing decreases as the pitch to diameter ratio de-
creases for values of P/D less than 1.05 in a manner 51milar to
.that predicted by Ramm et al.

Concentration profiles were measured through the clearance
-gap and the values of the gradient were used to calculate the
gap averaged circumferential eddy diffusivity for mass.

TASK IlC: Experimental Subchannel Local Parameter

Measurements (Wall Shear Stress Measurement

and Laser Doppler Anemometry)

TASK IIC.1: Wall Shear Stress Measurments (Mohammed Fakory)

As 1t was shown in the last progress report, use of a

Preston tube was selected to measure wall shear stress. In
order to measure the total pressure point by point in the
peripheral direction around the rod, some changes were necessary
to the selected test section. These changes are done and the

test sectlion is ready to be set up. After considering several
viewpoints it was decided to use air flow in the experiments.

~ A brief summary of these considerations follows:

Water Flow Advantages

1) One of the advantages of water flow is that we
have larger Preston tube differential pressure (total
local pressure - static pressure) than in the case of

~
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air flow. The ratio of the differential pressure for the'same
Re number is of order

APoyy | uair'2 PH d 3.827 1077 | 1‘935 1
AP v reead el e 5 ~Z2=— | = 0.14
H,0 uH2o Pair 1.925 10~ 0.00548 | ,

A typical fatio using .the Patel correlation 1s

P . B
alr = 0.1405

2) In the césé of water flow, the laminarbsublayer is
thicker so it is possible to wuse larger diameter probe respect
to air flow.

Air Flow Advantages

1) The dissolved air in the water causes creation of air
bubbles. at the entrance of a small diameter probe and thus.
causing a false differential pressure.

_ 2) Air flow requires a simpler transducer than water'flow,
there 1s no zeroing problem, and no zero set point shift.

3) . The following error estimation shows that although as

above APyip < APy the measured wall shear stress error in the
case of air flow2gs less or at most is the same. as ‘in the case

of water flow.

The preferred Patel correlation for finding the wall shear
stress is .

y* = 0.8287 - 0.1381 n* + 0.143 n*° - 0.006 n*3

where 5

. 2 ' T.d
APA . w
n* = log, .(—=) y* = log,,(—=)
10 Upvz 2 10 uva
This formula gives .t. within + 1.5%. Considering both
instrument error and'correlation error we have in the case of

water flow

Y- 0.432% + 1.5% = 1.932% (Re = 25000)
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And in the case of air flow:

,?J! = 0.32% + 1.5% = 1.89% - (Re = 25000)
W .

Therefore probes, accessory devices, and instruments were
designed and calculated on the basis of air flow. Hoepfully
gathering of experimental data will be initiated during January.

TASK IIC.2 ' Laser Doppler Anemometry Measurements (John Bartzis)

. 'No measurements were obtained this quarter since the LDA
system was being used for Task III.

TASK IID: Analytical Model Development - Subchannels (John Bartzis)

1.1 The Differential ‘Equations

l 1 1 The Equations

Since we are going to use a 2- equation turbulent model,
the equations of continuity, momenta, turbulent kinetic energy,
“energy diysipation are to be solved. ' The modeling of the above
equations is discussed in Ref. 1. '

The momentum and transport equations can be put in the

general ‘form
\

|<---Convectioné—ﬁje-——Diffusion-——Aj--—Source>|

| ¥*
‘7 4)}! : + Y7~:I19 . :::§7SNP'+§5¢

C T?v) TQQ) |
( S¢r, See)

The separation of diffusion term into a T4 term and an S, term
which is treated as a source term has been on the ground that
T¢ includes only the terms that depend explicitly on ¢.

e (1-1)

J

'1.1.2 The Solution Domain

The equations are to be solved within the characteristic
triangle of the infinite rod bundle as shown in Fig. 1.

The secondary flow quantities (i.e., vp, vg, P/p) are
going to be solved in the whole flow area of the characteristic
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triangle whereas the vz momentum equation and the k, ¢
transport equations are 80128 to be solved only in the outer
region of the flow (i.e., yg 2 25-30). - As pointed out in
Ref. 1 (p. 56) the exclusion of the wall region is made due

to the following reasons:

a) The sharp gradients of the hydrodynamic quantities
: within the wall region need a relatively high number
of polnts to describe the hydrodynamic field suf-

ficiently well

b) The strongly anisotropic turbulent kinetic equation
makes a turbulent model based on the Kolmogorov-Prandtl
hypothesis questionable. However, on the other hand,
the prescription of the quantities themselves within.

- the wall region is relatively not difficult since the
main parameters of dependence are the wall shear
stress, the distance from the wall and the fluid

viscosity

The approach of excluding the all region frmnthedomain
of solution has been used by several authors (see e.g., [2],
[3]) and in the efforts preceding this work at MIT [4].

1.1.2.1 Wall Layer Thickness Prescription

The wall layer thickness is defined from the relation
~ 30 A (1.2)
where U* 1s the average friction velocity

% (r_:_g_o_) 12

1.e W = aw?

yg Is the wall layer thickness
v is the fluild kinematic viscosity.

In case the bulk velocity vp is given instead of U* we
use the friction factor relation, i.e.,

¥ = \}__{ Vi (1:3)
2

For the friction factor estimation we will use Ibragimov's
expression [5] which has also been-used in Ref. 6.. This ex-
pression is as follows: :
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é (0 58 +o. \QeX> [4*'01 )V/g

o

(1.2)

v~

W‘we-f.eax=o.21.?_.( /“'_J__;_ )
o 0 \37) (w2 7

7‘““3“‘“‘9‘5 Zae )

A is the_flow area within the characteristicrtriangle‘and

£ =0.046Re™0"2 (1.4)
_issthe;friction factor for -circular pipe. '

1.1.3 Boundary~Conditions

The boundary conditions are given in Table Ib. The nature

of the boundary conditions at the symmetry lines is profound.
We will discuss below the boundary conditions at the near wall

boundary (i.e., at the position ypg).

‘1.1.3.1 Near Wall Boundary Conditions

1.1. 3 1 1 Axial Velocity

Along the YB circumferential line we will make the w1de1y :
used assumption of logarithmic profile, i.e.

Vz (‘13,9> = &Eg?l ‘QN'LAEM—"—*(?\, A.<1.5‘>:

where Kk and E are constants
According to Ref. 4, « = 0.419, E ~ 9.8

The Velocityiprofile in the region 0 < y < yp needed for
calculation of the bulk velocity is taken as follows



5531"

0("“’@2 (Ye, 95/“ ( ©) + 5- PQM SYB *(B)J(‘é“g ’

The expressions for o, B come from the ve1001ty continuity
condition at the points

\[u’ 9) ..5 omoL\/ 30

1.1.3.1.2 Turbulent Kinetic Energl

" As we have pointed out in. Ref. 1, p. 58 the near wall
boundary lies within the dynamic equilibrium subregion where
the importance of the convection and diffusion mechanism are

: minor.

Thus the transport equation for k can be reduced to

(" V\r VZ ((a z ~ EB . (1.7)

7- Ye

where eg is the energy dissipation at y=yg-




On the other hand the axial momentum equation neglecting .
the lateral gradient as small compared with the radial gradient

is reduce to. _
\ f2> \ﬁz
4 {—k.
Y'DY“\PV*VZ) "‘("L) Ca.e

' where Dy is the hydraulic diameter and u* is-the average
friction velocity. ‘

Integrating Eq (1.8) over YB and neglectlng the friction
‘effect at yB we obtain

S I
- v yd ) = -fi—[‘**(eﬂ ~2 'é';;"‘(‘**)

2 ,
Y- (1.9)
. p R .
YYg -
where '
ry = D/2
r, = D/2 + Vg A |
“IVz ) _uwX(e)
. 1=Ve | \/B
) .PQB vz) 5 gy )
g - Yy V2 Y=
we find final%y ’DT \Iz\,B | YB A |
gé! -
= (-w z) s o
..\/B K\/B

R < ——= ~v'v")E> LT
’B \I‘E\: ( ’v' 2 . -
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1.2 Grid

We have tried to make the grid space as uniform as possible.
The reason-is that although grid nonuniformity can improve the
accuracy of the problem in some cases usually it has a negative
effect on rate of convergence and stability [8]. On the other
hand a uniform grid makes- the numerical equations easier to

" handle. So in the 8 direction a uniform spacing A6 is used,
i.e., : : - .

AB = 9 - "‘Tr : (1.1é)
AR J, 6%(TN 1) :

where JN is the number of mesh points in the 6-direction. With
respect to the r-direction, the spacing along the gap (i.e., 6=0)

" 14is also taken uniform, i.e.,

where
M is the number of points along 6=0 line

IN is the number of points along 6=30° line, and
yp 1s the wall boundary thickness

For i>M the spacing cannot be uniform since 1t is defined
from the zero shear stress line as shown in Fig. 2.

In this case

| o
Vi oy, T e - — . MIigIN
v= M- 2c0s B 2 <

UN)

So by the above procedure the mesh points (i,j) have been
defined. However at these points only the scalar parameters
k, €, and p the axial velocity v, and auxiliary quantities (e.g.,
eddy viscosities, mixing length) will be calculated. The

The grid is shown in Fig. 2.
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parameters vp(i,J) and vg(i,J) will be defined in a slightly
different position as shown in Fig. 4. This procedure is

similar to that .adopted in TEACH code [9].

.1.3 The Finite Difference Equations

The finite difference equations are obtained by integration
of Eq. (1.1) over the control volume. The control volume sur-
-rounding the point under consideration is shown in its general
form in Fig. 3.

After integration over the control volume and taking into
consideration the Divergence Theorem Eq. (1. 1) ‘becomes.

CPMOLQ%-

(1.15)

where by oS we,denote the integration over the boundary of-
the control volume, and n is the unit vector perpendicular to
the surface boundary as shown in Fig. 3. Let

A = 1ength>(ne, se)

=
1

length‘(nw,vsw).

A_ = length (ne,. nw)

=
]

length (se, sw)

area. (ne, se, sw, nw, ne) : _ (1.16)%

<3
]

The value of above quantities for the varlous angles ¢
are given .in Table II. Equation (1. 15) can be written

Ae e Vee— Aw $y Vew + Am 4’m\’9m- Ay &, Voo +
+ Tore Ae - Tevw Aw + E'em‘Aﬂ"‘ Taes As =
S@re_Aa - Spvw Aw + g@éﬂA’h;S@eg Ag +

+ S¢g Vf . A- o | S aan

T¥)The nomenclature used in Fig. 3 is almostvthe'same as
that used in Ref. 2. ~
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In Eq. (1. 19) the following approximation has been made .
~Jo ‘ _ o - i
gg S ’\) S?B VE o (1.18)

where
Sf is the value of S¢ at point P -

VP is the control volume surface

The continuity equation gives after integratlon over the
control volume :

Be Vre - AwVen + A Vom - Asvoss ©

(1.19)

In Eq. (1.17) we can distinguish the Convection term,
Diffusion term and Source term as follows

Diffusion term: : : ‘ .
PT= T ve Ae - (wa Aw + C?B’nA -‘Tws A-‘“ (1.20a)
Convection term '

CT= AeVeie ¢, - Aw Vﬂ,q’ t+ A%V9“¢M | (reeom
- ASVGS ¢s |

Source term:

ST= 31’" Ae'— gQTW W+S¢o'r) Vgen gq;es\/ez(l -200)

Thus Eq (1. fgg cah be written

DT + CT = ST
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. 1.3.1 Diffusion Term .

1.3.1.1 Scalar Quantities k, € and the Axial Ve1001ty Vo

From the Table Ia we have i

We can make the following approximations

| T?m-(w %) ”f (b“:"qpf |
o 9\5'4, | rE-‘Y_E 3

o5 vD |

| T#w = )W+(v“2)f . Se- 4>w- !

2674
T<P9"r\ _ Q)QZ)N ‘(u)z) 'NA - CPE
2 ¢ e 0B
TQ o = @ez)s*@ez) CPE Po
QG_Q o N V-E AO

Thus Eq. (1.7a) becomes .

L (1.21)

‘ (l.éaa)

(1.22b)
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| pT = (DE+DW+DN+.DS_)¢P;- DN-¢N-DS°¢S-DE-¢E-DW-¢W' .

- (1.23)

where

4 . DE - .gE [@ ~ ) —) (1 N -
DW= BW [ q}f) )] xl?“*?f
N: 8N L@ ) (Vez )f} N .
[( Voo (vg‘)f e

‘ BE: Re L
| (TE“Y‘_E) | - (1.25a) -
a2
. 3.(1-3 __Y-w) o ' (1.25b)
| A
PN = i (1.25¢)

' gl'{]p Lhnéa



B0

BS - . AS : o . | : | él.25d) ‘4

~ &yp KO |

The values of DE, Dw DN, DS, BE, Bw BN, BS are given in
Table III ' _ , :

1.3. 1.2 The Velocity Vp

From Table I we see that -

qu: - era\/r - |
| o fDY‘ o - "’-j_ (1.26)

we make. the following approx1mations

Tere == 4V (Vee- Vi Q/(r - TP)

.T¢vw ="9\V(VM£ VYW)/CQ Y_w')
T?gm = _Vfg‘?n (VT'N“ VYE)/‘(:P/DG

'TQes = - Vrgg <Vr2 Vrs)/YB /09

Thus the diffusion term _ 'S

vy

> . (1.27)

—

]?T = (DE .+ DW + DN + D-S)VI'P - DN':-,er -DS - Vg~ DE - Vg~ DW " Vow

(1{28)

where

(1.29a) _'
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PE= BE-V

DW= BW.V

(1.

. . - _...4 »
4 el off +(V ) (1
DN = ESI“J{}:\Z:Z: ﬁJeg (%Z}GP‘)(;*’(E;§13A w (TIVu: Nw

55 (Vre )sa ( )‘( ) CH) w]

“

'~ BE.

. BW W

The values of DE Dw DN, DS, BE, Bw BN, BS are given in

Table III.
1.3.1.3 The Velocity Vg

From Table I we have

. _ _eff 2-3 Vo
T¢r = Vpg T Br_(r )

Bve

We make the following approximations

(1.

(1

- (1.

(1.

(1

29b)

.29¢)

1.29d)

30a)

.30D)

30c)

3la)

.31b)



| YeE _ YoP
. = eff 2| e Tp
¢re ‘rge “e rE'f rP J
rVeP~_.Yew
p o eff 21 Tp - Tw
,¢rw :ﬁrew_ w | rP 5.rw J
' v -V
= _oy | O8N — "6P
Toon 2v X} 1
L T
T = 5y |82 " Yes
“¢8s A6 |

Thus Eq. (1.20a) becomes

(1.32)

| DT —4(DN+DS+DAE°I—”—I;+DW g)VeP-DE° VQE—DW' V‘GW.- DN ¢ V@NA-PS . VeS
‘ . , . L (1.33)
~ where . | e \ (T e*i)‘ -
- DE= 6(:—[()}19) E_+ (VTB _$+ )}YQ ,,:J’
D ", ) v /) L (1.34)
DW: Bw[<vY9 )’hw-}( YTG ) ( e

,n,
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w

(1 .’35)

The values of DE DW, DN DS, BE BW, BS are given in
Table ITT.

1.3.2 The Convectlon Term

4 Recall that the convection term is given by the Eq.
(1 20) i.e.,

C,T:: Ae VTQ 4)9'_ AW er ¢w+ Am\/g—n @,“— A5V954>; (1.20b)

where
¢ is given in Table Ia
.From'Eq. (1.20b) it is evident that the common substitution

¢ =3E__+_¢—P.

e )
etc can produce a finite difference equation with negative
coefflcients which can produce nonconvergence in the solution.
Since our-ultimate purpose is to obtain a finite difference

- equation with positive coefficients and on the other hand as

much accurate as possible we proceed as follows:



‘?f, , ?g "’f_ (-%%“') (‘(‘e_- Tf) | A(1.365).
be t ( )f_ 2 | | | (l.—36b)
‘Pw = ’ ) (r Tw " | (1.36c)

4’ 4’3 '(fbe Af_. . o e '

Substituting Egqs. (1.26) into (1 20b) and taking into cons1dera-
~tion continuity Eq (1 19) we end up with

C.T Ae_Vve, (“e- f) 4 Aw Vyw (’(‘ Tw)] (

' D
RS A"‘Ag (V%*Ves ¢ f | A (;;37)

Let




‘- e

"D'e A N Y e
oE T %%y otharwise ( )*"
B Y- R

1. Under these circumstances the convecti on term can be written .

<= (ce +CW+CN +c.s) 4’1’ - CE d> -
-f,'.‘—- CW% N ‘PN" cs ‘f’s | (14'1‘0‘)’,' .
.where B - . 4
CE-= 'o".s g{ A;Vm(vg -T’E)‘ v+ AW Vew (fg-*'w)\:-'
o A&‘-vfg (re-Te) -Aw‘vv'w (‘52-“") 1)/ (Y *V'E) b,
'C\N: 0.5 i! AJ@(" -‘FB) ;AWV\W\J(rf_rw)"\'

+ Ae.er,(‘( V‘f)-}AwVV’w Tf'fw i/(rf TVJ) (1.41b)
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\ Vom l* ,VeIS\‘ \-'ABW' Vgg |

CNz Am e
1 (1.41c)"

_ \V ‘-..+\) +V ,Q—.'V B ‘ :
CS:‘~-A5 > | eg\ Sihiiie - (1.414)

The value for CE CW, CN, CS at a particular p01nt (i,J) and
for ¢=k, €, vz, Vy are glven in Table IV

 The convectlon term for the component vg itself is
slightly different (*) than (1 40) as in the case of the

dlffusion term, i.e.

CT (CE rf' +C_W ‘('_Q .-\;.'C,N+_C,-S>Ve'f‘-
‘rE‘ Y-'_W’ “ ‘

- Ck- Voe -.CW. Vow - CN Von ~ C—‘S Vo g

~.The values of CE, cw CN,. CS for ve are given also in'Tablé IV.

1.3.3 ‘Source Term

Recalllthat the source term is given by (1.20c) i.e{,

= - + - + . -
ST= S 4nehe = Sgmehy * Spontn ~ Seoshs T Sep  (1.200)

The form_of the source term for each quantity is different
in character so we examine ST for each quantity separately.

1.3.3.1 Axial Velocity v,

From Table I we see fhat

Tr)ayg Vp

(*) Ec, (. LKD) s vaid ch,‘ Ve '\'ﬂs-‘e'q',d o,f o -

as .(QLQQ- .Ikx SL“OMU'
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where
. . . . |
( W)‘ . is the average shear stress, and
DH is the hydraulic diameter. . '~.' -

1.3.3.2 Kinetic Energy k

From Table Ia

2
2>Vz)
92) Y'DG.

= 6512:] \/13 - (1.4
. For reasons of numerical stability as we will see later the
~energy- dissipation term can be transferred as follows:

Sincé
Cuk2
€ = T
Thus | ' 2
OIAN T ’sz)
T z —
ST= [O)YZ')E ( 'DT)_E+ vez)_g “]:) P Vf
| — SP ‘. k-ﬁ (1.45)
where | Cﬁkf ‘ : | :
SP = —-,—I,-)— ‘ | (l".ll6')
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1.3.3.3 Enérgy Dissipation

From Table Ia

| Since

Then " -
sT= c, c,,,.,ng (V-r ) : (’avz)z .
- Yz
(VJ)E- ). "E or/e
T fD'Vzﬁ
+ Y =] ¢ - &
. oz rpoa)B}% SE e

$F ,=  Cz C-

1. 3 3 4 Radial Velocity

From Table I we hgve

'2 R
S¢1” e _(\'i'.’ + £)
. _
_ .eff _ 3 '8
S¢6 Yrg T 3T (r)
v2 v'2 EAY v v e
# _ Vo 6 2v 6 ry _ 0
So = T wmetT) T

(1.47)

(1;48)

(1.49)

(1.50)
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" Thus Eq. (1.20c) becomes

sT= A vt v (¥l ] L vt +(P/e)]°
+(v ) e gr( r)]Am-)}'e" [ )_)Aﬂ
T Ve

‘e

+ (1.51)

" The ST value for the pointA(i,j)fis given in Table IV.

. 1.3.3.5 Velocity vg

From Table I we have

eff 9Vn

S¢r - “Vrg 736

(1.52)

o 0 7o ' -
= - _re . _ 2 ., p :
»S¢6 2vvr. rve - ® r(ve + p) : | (1.53)

Thus Eq.. (1.20c) can be approximated

eff (avr | LT Ch

- 5T = rbe W)e Ae - rew (TG_)

b oA [w{f)s + (0/p), = (vg2) - <p/p'>n] (1.50)

The ST value for the point (i,j) is given in Table Iv.
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1.3.4 General Form of FDE

The general‘form'of‘the differential equations of all
the quantities under consideration, has as follows

(_A-P.A?I-YSP)q)P = AE + ¢E‘+ AN - ¢yt AW oyt AS ¢S + SU (1.55a)
where B - ‘
AE = CE+DE ‘
AW = CW.+ DW » |
: _ ¢ (1.55b)
AN = CN + DN . '
AS = C8+DS - - ,I- | /.
Corg 0 T r r '
(= CE + —E DE + - CW + ;ﬂ DW + AN + AS for v,
|*E o Ty P
AP =4 , A (155c)_
AE + AW + AN + AS _ ' Otherwise
where CE, CW, CN, CS, DE -DW, DN, DS, SU SP are given in
© Tables III IV and i
1.3.5 The Boundary Conditions
1.3.5.1 Quantitles k, €, vy,
1.3.5.1.1 Boundary I and II (Fig 1)
According to Table Ib
30 ) o 4 S ,
where
"¢ = k, g or v,
Numerically Eq. (1.55) is translated to
¢i,j = ¢i,j+l for Boundary I

. = . for Boundar II;
4,57 41,51 ndary
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1.3.5.1.2 Boundary III

~From Table Ib we have

y ) o | o
(an)III =0 | - o - (1'58)

Integrating over the triangular control volume shown in Fig 5
and taklng‘into consideration Eq. (1. 58) we end up w1th

(AP + SP')¢p = AW * ¢, + AN + ¢ + SU . - (1.59)
. AW = DW+CW'
AN = DN+ CN'
AP = AW + AN

Where DW, DN are given from Table III and IV respectivély

CN' = AN(v

\
e)i j+1/2 ’
t =
CW A (v )1 j |
!  (1.60)
SU'?SUT '
‘ P
: VP'
t =
SP SP v
P
/
and Ae’ An, V? are given from Table II. SU, SP are given

from Table V.

Vb is the area of the trlangular control volume under
consideration, i.e.

g o f + Vg
V [( “_|+V'i) sim AB - <Ti+\(';l-‘> Ay -——-———‘9 (1.61)
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It is evident from Eq. (1.60) that we have substituted for

e+

be = T3
.andltimila;ly for ¢w’ ¢n’ ¢S.

1.3.5.1.3 Wall Region

1.3.5.1.3.1 Axial Velocity )

At the YB line we 'will demand continuity of the velocity :
and the velocity gradlent ,

, . -The velocity gradient can be calculated numerlcally w1th
‘accuracy 0(Ar2) from the . relation . o

V)3

dv 2,) (Y‘ —Y'z)(f \(‘3)

Yy+V3-2 Vi“ , (VZ)Q . 4‘ | | - ~ _-(1.62é)'
(O fz)(‘@ 1) 0 - | |
Slnce

. %. Ry
<:VG;)' = __Eﬁ;;iﬁ le’YL. t_‘_ﬁt;i;Z&?
‘ 2,) Tk :

V
(1.62b)
and : ¥
dvz) _ Wy
dv o | o
2)) | K \/B | | (1.62¢)

we can solve Egs. (1.62)for u§ and (vz)2 j numerically
. , -
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i.3.5.1.3.2 Turbulent Kinetic Energy and Energy Dissipation

- thus

' kz’- and €5 are.Calculéted from the algebraic'rélations
given in Table ID ' ' '

1.3.5.2 vy Velocity

1.3.5.2.1 Boundary I and

According to-Table IB

(avr

561,11 - ©

numerically Eq. (1.63) is

)y g = () for

r’1,3 i,541 ¢

(vp)g,3-1  for

(Vr)i,j

1.3.5.2.2 Boundary III F

From Table Ib we have

V. n=0

translated

Boundary I’

Boundary II

ig. 1)

I .(Fig. 1)

(1.63a)

.(1.63b)_

(1.64)

A Numericaliy Eq. (1.64) can be expressed as we can see from

Fig.

5b

(Ae)i_l(vr)i,j'= (An)if

1(vg)1-1,

where A_ and,An'are given in Table III

1.3.5.2.3 Wall

Frém Table 1b we have

(vpdy,5 =0

from the continuity equation, since

Vv

8 _
AT i 0 at the wall

(1.65)

(1.66)



L

3 -
rv,
=0

or
which gives
(vpli,y =0 | L (1.67)

“as well

'1.3.5.3J‘vﬁ Veloelty =

1.3.5.3.1 Boundaries I and III
From -Tablé 1lb we have

(vdpgr =0 o (1.68)

Numerically we can approximéte (with accuracy of O( ))
(Veli,0 = 0 -
S (1.69)

where N is the maximum number of points. for vZ along the
tangentlal direction.

1.3.5.3.2 Boundary III.
From Table Ib
vV

0
n

sec

This relatlon leads to (see Ref. 6)

8(rve) ;avf | | ‘ ’
v . 38 . | - (1.70a)

Numerically Eq. (1.70) as we can see from Fig. 5c¢c can be
expressed :

¥More accurate schemes for Eq. (1.68) have led to instabilities.



1,5 7 %11V )s e 1 J ___‘%H,j‘ (‘Vr)i,l-l

5 (1.71)

1.3.5.3.3. Wall

.- From Table Ib

(Vg  = 0. (1.72)
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Table Ia THE DIFFERENTIAL EQUATIONS

General o ‘
Form: : VoV + VT¢ = VS¢ + 3,*

e —hh AL o A L 587 A e et e P b oo &0 3. ——n

li

L L
T Toér T¢6 . S¢r - f S¢0

RSP S A
" s .

7 . wbe o i N B rin o ne b 4 e v e Ste o n s v e .
i eff _ S ' - e oy T Uy T

; dVy, Vpg an P e - eff 3 ['8 \ Vjﬂj’-ﬁve“ C 2y {&Vg Vp \ _

Voo =2V - - 551 ~Vpt? +v r -— I . +
§ or r ‘g = p/o. . ar ; R r \rae._‘ r
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"Fig. 1. Characteristic triangle for the study of
fully developed flow in an infinite
triangular array of bare rods
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TASK III. LMFBR.OUTLET PLENUM FLOW MIXING
III.A. Velocity Field Analysis (Yi Ben Chen)

The planned program of steady state velocity field
measurements has been completed. - The measurements -involve -
obtaining steady state mean flow velocity and turbulence
field mass in small-scale LMFBR outlet plenum flow cells,
using water. Candidate turbulence model computer codes are
used to predict the experimental results, and their success
in doing so is taken as a measure of their respective validities.
The results of the measurements and the validating.calculations
are presented and analyzed in Appendix III.A., in the paper,
"Validation of Turbulence Models for LMFBR Outlet Plenum Flows"
which will be presented at the 1977 National Heat Transfer :
Conference, and which has been submltted for publication by
the Journal of Fluids Engineering.

«

"III.B. Combined Temperature and Velocity Measurements
‘ (Vincent P. Manno)

The efforts of the last quarter centered on acquiring all
the required-components of the integrated measurement system.
Currently, the acquisition procedures have been completed and
all needed equipment is on hand. Among the major items pur-
chased and received are the following: mirrors, a beamsplitter,
LDA (Laser Doppler Anemometer)transmitting optical unit and LDA
frequency shifter optical unit. The transmitting optics unit
purchased 1s a model 910 assembly manufactured by Thermo-Systems,
Inc. (TSI). The unit is a transducer which splits an incomilng
llght beam (the light source being utilized is a He-Ne laser)
into two beams which are focused at a particular point in the
flow where the velocity is to be measured. These intersecting
beams are the '"probes" of the anemometer and the Doppler
frequency shift caused by the flow velocity is recorded by a
photodetector which is a photomultiplier tube in this case. The
unit has the versatility of three different intersection focal
lengths (120mm, 250mm, and 600mm) which allows greater ease 1in
alignment procedures. ,

The frequency shifter purchased adds a significant feature
to the velocity measurement system. Inherent in the LDA system
is a directional ambiguity in the output signal of the apparatus.
This is caused by the fact that flows perpindicular to the beam
intersection yet moving in opposite directions will produce the
same output signal. In other words, if the system is aligned
to measure the vertical velocity component, it will produce the
same signal whether the flow direction 1s up or down. The
frequency shifter (TSI model 980) shifts the frequency of one
of the LDA measurement beams by a specified frequency as to
alleviate the directional ambiguity. Its mode of operation con-
sists of an acousto-optic cell (Bragg cell) with an RF driver
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and assocliated frequency downmixing electronics. ' The cell is
mounted in front of the transmittling optics before the focusing
lense which directs the beam intersection. Assoclated with the
model 980 optical unit is the model. 985 control and power unit
which 1s already part of the equipment inventory of this task
and 1s shared among the various sub-tasks using LDA systems.
Other shared LDA equipment used in this experiment include the
photomultiplier tube and power source, frequency tracker, and
‘control unit all of which.when combined with the laser source
and transmitting optics comprise the complete LDA system.

At present the complete temperature measurement system is
in place and operable including the photodiode. The flow circuit
is also complete and operable. The experimental area's electrical
system has been upgraded to provide proper power for the various
electronic components and laser. The LDA transmitting system has
been assembled and positioned on the optical bench. The next
quarter's work will consist of installing the LDA detection and
control units and aligning the system. The system alignment is
a crucial step in the experiment since the velocity and tempera-
ture measurements must be made at the same point in the flow.
The -alignment procedure while being straightforward is time
consuming and has just begun. .

As was specified in the previous progress report, the
development of a proper flow seeding scheme 1s being investi-
gated. The flow seed is a suspended particle in the flow which
provides light scattering centers which produce the Doppler
frequency shift characteristic of a particular velocity. The
desired qualities of the seed are the ability to follow the
flow truly and the ability to significantly scatter light. The
natural contamination of ailr is sometimes sufficient for pro-
duction of good LDA data but whether that is the case in this
experiment has not been ascertalned. The reason for the un-
certainty is that the criteria are empirical in nature; that.
is, one must perform some initial LDA measurements and examine
the results in order to evaluate the performance of the partic-
ular seed. Since the LDA system is still not operable and the
possibility of a seeding system exists, some preliminary
investigations have been undertaken. The first tested was
ordinary tobacco smoke injected at the air blower intake but
this scheme was immediately seen to be inadequate for many
reasons. First of all, the large volume flow rate (@ 30 cubic
feet per minute) necessitated ‘the presence of great amounts of
smoke which seemed beyond the capaclty of typical sources and
secondly, the system would have called for a wventilation
system-which was not available. The second seed tested was
powder (actually commercial baby powder) which also had un-
welcomed qualities. The most negatlve aspect of this partic-
ular seed was the fact that it adhered to the test section walls
rendering them occluded, which 'interfered greatly with the
optical measurement system. Also, the power was 1njected into
the system at the air blower intake where the only natural
suction of the flow circuit exists. As can be ascertained from
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the flow circuit description presented in the previous

progress report, the flow exits the blower and after being
divided into two flow legs (one to be heated and the other to
remain ambilent) 1s directed 1nto a heater. Therefore this
seeding scheme had the unfortunate quality of deposlting

powder on the heater filaments and 1t was feared this contamin- ,
ation would degrade the heater's continued operation. Therefore,
the powder seed concept was abandoned:

The final seeding scheme tested used plastic micro-balloons
which are basically hollow plastic spheres with diameters on
the order of ten microns. These spheres (product name 1s :
Phenolic Microballons) have the attractive quality of very little
adherence to the test cell walls.” Also, their chemical compo--
sition would be less detrimental to the heater's operation. The
only negative feature 1s that they burst at elevated temperatures
- (@4UOOF). This characteristic could cause substantial attrition
in .seed density in the flow leg that passes through the heater.
Two possible solutions are being investigated. One possible
answer would be to create a suction 1n the circuit after the
heater by using a "Venturi" or reduced flow area section and
the othér avenue of investigation will be to actually measure
‘the attrition rate through the heater in - order to determine
whethe? the depletion can be compensated for by overseeding the
flow. Finally, concurrent with these tests an alr filtering
system was installed and successfully tested which consists of
directing the two exiting.jets from the test section into a
crude air filter which utilizes a standard ventillation system
filter. The goal of the next quarter in regard to the seeding
problem is to establish whether a seeding system is actually
needed and to iristall a workable one if called for.

Therefore, the experimental efforts of . the next gquarter
will be directed toward aligning and testing the complete
measurement system. After testing the system the actual measure-
ments will be made using the 1/15 scale FFTF outlet plenum test
section described in the previous progress report. The output
of the measurement system is the product of the DC analog
voltages.of the temperature and velocity systems. Represented
mathematically, the output arlse as: : :

output = J (u+u') (T+ T dr ‘ (1)
o o . :
where U = mean velocity, U' = velocity, fluctuation about the mean
T = mean temperature, T'= temperature fluctuations about
the mean, and : :
T':

resolution time of system
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The integral can be evaluated with the result

. T . .
f (@ + u') (T + T') dr=<u T> + <u'"T>+<u T'> + <u'"T'> = (a?@)+<uFT’>

A | N | (2)

since the second and third terms both egual to zero-by definition-
and the first term is merely the product of the two time averaged
values of T and U. Now we note that the eddy diffusivity of
heat is defined in the following manner: L

- <u’T"> + <u'T'> :

B {a"f aT} (3)
— + —
3y ?x

Therefore the gquantity <u'T'> which is the desired value can be
easily computed from the system's output signal by subtracting
the product of the time averaged temperature and velocity DC.
analog voltages from it. Mathematically, that is (using Egs
(1) and (2)) the result is obtained o

<u'T'> = J (d + u') (T + T') drt -.(E-T) . (4)
Jo . _

. Hence, the final measurement scheme must include evaluating the
time averaged values of the temperature and velocity outputs
using their respective measurement systems. These measurements
will commence once the system is completely assembled and tested.
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 ABSTRACT

Small-scéle experiments involving'water flows-are‘used-to
_ provide mean flow and turbulence field.data for LMFBRfoutlet
" plenum flows. Measurements are- performed at Reynolds number ST
{(Re) values of 33000 and 70000 in a l/15-- scale FFTF geometry
and'at Re = 35000 in a 3/80-scale CRBR geometry. The experimental'
. behav1or is predicted using two different two-equation turbulence
model computer programs, TEACH—T and VARR II. - It is found that .’
-tthe qualitative nature of the flowvfield.within'the plenum depends
.'istrongly upon the distributiontof the'mean'inlet'flow‘field;
3“importanﬁly also upon theﬁdegreerof.inlet-turbulence; and“alsovﬁ
iupon the turbulent momentumvexchange model used in the calculations.
It is found in the FFTF geometry that the TEACH-T predictions |
agree well with the experiments, while the agreement of the VARR—II

'prediction is poorer, and in the CRBR geometry neither code

‘fproyides a good prediction of the observed,behavior.. g
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':In.the Liquid Metal-cooled Fast Breede“ 3eactor (LMFBR), sodium -
is used as coolant to remove heat from tae reactor eore; Since
sodium is a godd heat transfer medium.and has low heat capaeity;
the temperature difference between .inlet 2nd outlet of the core.is :
mueh higher than-tnatvof the currentddesign light water reactor o
A(LWR).-lA'typical value for this~temperature'rise,is approximately
‘300 °F. During a reactor scram with (or n’tqout) flow coastdown,
the cold sedium will isSue'from the reactor core, and will mix with
hot .sodium which had previously filled ‘the reactor outlet plenum.
fPredicting the ‘transient thermal response o"theisodium in the aA
'outlet plenum is an important.problem, singe thls thermal reélﬁe
will dictate the thermal fatigue environment fer the'outlet nozzles,
instrument trees, and other mechanical co*oo“ents Wthh will be )
.-exposed to the reactor coolant flow.. ”wo eﬂuation turbulence model
.calculations.are being used to predict the:tnermal histories which
such components will experience.- Thus, it is necessary, in order to
~insure the adequacy of the design of these cohponents, that the |
~design numerical simulations be both accurate'and_economicaluu
Experimental verification. of the accuracynef the resulting predic-
‘tions is an essential'component of that i:srrance.'

The detailed analytical treatment of the coolant mixing in.thew
outlet plenum is very difficult due to tre zcmolex nature of the
resulting turbulent flow. The Navier-S<o:as equation cannot ne
solved numerically'because ef small‘scale 57 turbulence, and ‘due

to the limited storaze capacity and sr=22i 57 existing computers.



-117.

"Therefore, most of thé problems in the turbulent'flow.ére solved’

'by using the time-averaged NavierfStokes_equationsl(or Reynolds

equation) . Due to the nonlinearity of the Navier-Stokes equations, -
one additional term, known. as Reynolds stress,.appears in the -~ -
Reynolds -equation. Mﬁthof.the attention has beén COnégntfated
oﬂ}how to model .this paéameter ip.§¢rms of knoyn éuantitieé;'

This is the so-called turbulence model approach. In general

‘the LMFBR outlet plenum will diSplay'a_recirculatihg‘flow pgttern.‘

" The simplest model-(é.g., Prandtlfs.mixing length theory) has been

found to be inadequate in providing accurate prediétions'of this

:behavior”‘l) Thereféredcurrent'design4work‘bas adopted.the use of

the two-equation turbulence model. This decision is based on the

need for accuracy and for reasonébly short cqmputation times.

In our work two COmputer‘codes,'namely'TEACH—T(z) and VARR-II(3)

are used. TEACH-T is a steady-state two-dimensional code which

adopts turbulent kinetic energy and turbulent energy dissipation -

as two additional dependent variables. VARR-II is a time-depehdent

"two-dimensional thermal hydraulic code. Different from TEACH-T, it

solves turbulent kinetic energy and turbulent viscosity conservation

' equations in differential form. In addition, a heat conservation

equation is also incorporated into the code for temperature prediction,

-and in order to provide buoyant force feedback to the vertical momentum

equation.  (See Appendix A for a more complete discussion of the two

codes). The code TEACH-T has been modified to calculate flows in the -

‘reactor plenum geometry, and has been used to generate a prediction of

the flows which would be observed in the validation experiments of

" this work. The code VARR-II is currently in use as a design tool in
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'the U.S: LMFBR demonstratlon reactor (Cllnch Rlver) program.
—Its predictions have not been verified experlmentally in the
_ flow geometry of interest. It is also being used in this work .

~to predict the flow in the experimental test cell ‘Thus;hby‘
intercomparison of the results from these two competlng turbulence
:,4model codes and. the observed experlmental data, one may. 1dent1fy
:sources of error in the predlctlons and make approprlate 1mprove—
-ments in- the turbulence_models ror the outlet plenum appllcatron.

In the experiments,small-scale Cartesian geometry test models_
of a“diametrical section of the prototypic outletxplenum geometries
are used. The experiments consist of meaSurements'of'appropriate. '
turbulence model parameters in steady- state water - flows These'
data are then compared to predlctlons of the behav1or of the o
 experiment by each of the two-equation turbulence model codes.

A Variable_geometry outlet plenum test cell which stimulatesi
'two-reactor_cases,,namely;those of theAfast Flux Test Facility "
AkfFTF) and the Clinch-River Breeder Reactor Project (CRBRP);,has
been fabricated;'andVis shown in Fig. 1. Measurements of velocity,4
turbulent kinetic’energy, and Reynolds-stresses in the two perpendi—
cular directions are obtalned 51multaneously by use ‘of a DISA Mark II
two-channel- Laser Doppler Anemometer('x operating in the reference ~
beam mode as shovn in: Flg 2, Both velocity component 51gnals have
40 MHz preshift devices and frequency down mixing to remove the
ambiguity regarding the flow direction in low speed measurements.

A 2-watt Spectra.Physics Argon baser is the light souroe. |

The results obtained have shown significant discrepancies. in the
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agreements between the measurements and the'code oredictions

in a spectrum of cases. .The.experimental'errors are'typically |
20 percent for the Reynolds stress, S percent for 1"he turbulence
kinetic energy, and 2 percent for the mean velocivy data ln‘
all of the 'TEACH-T calculations the mean ve1001ty lield and the
.turbulence kinetic energy field at the. plenum in let'arcf set equal
" to the values measured in the case of interestf In all of the’
VARR—II calculations the-inlet'mean velocity distrihutions'are'”
set eoual to the measured values; however, the unbulence kwnetic
energy and Reynolds stress values are calculated _nternally in the
program. In two cases. (Figs 11 and 22) a VARR-I data option o
is used which permlts matching the turbulence kinetic energy at

a single mesh: p01nt_to the measured yalue.

The measured and predicted Velocity field datalfor the cases
.investigated arehshown.in Figs; 3 -through 18 for the 1/15 scale
FRTE geometry-and in Figs.:19 through 26 in'the-3/80—sca1e CRBR
geometryL In each of the Figures the data .are nO“nal zed in terms
of the maximum velocity value in the field. The range of cases
examined is summarized in Table’l.. It is seen consistently in
examining the data that both'the.measured'and predicted flow .
fields depend strongly upon bothvthe inlet flow conditions (velocity
distribution and turbulence'level) and the turbulent momentum
exchange in the flow. The results'obtained are GIs cussed in order'
¢ zscanding Figure number. | o o
ne Tirst set of data applies to the FFTF gz=ome<rv. at a
2vnclds nurmber (Re) value of 33000 (defined witn ra2s3pect to the

Inlet duct width). As with the data obtained In oiner ze metries
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4 nigher Re values it is seen that both codes prediet_

v
3
1]
4]

ty fields with inlet jets which persist.spatially with

e

v
)
|

Q

e
. |,.1,

2ed

1([)

acar wonentum than are observed experimentallv. ~Similarly

-

the zredicted vortex centers are significantly dlsplaced from the

sbserved vortex location and the predicted mean velocity valuestf

nsar the c=ll boundaries are significantly greater than those
Qﬁser=ed exoerimentally, while the opposite comoarison is observedﬁ<;ua

. ~

in tqe low flow speed region near the vortex center, ‘The agree-
ient with the experiment of the TEACH=-T prediction is generally
superior to that of the VARR-II orediction. ‘This‘is because.

the f@rmgr calculations are performed by matchlng the inlet

It is seen in Fig. 6 and 7 that the turbulence parameter flelds

prsdicted py TEACH-T agree reasonably well at most positions w;th
those .observed experimentally (i. e., within the same order of

agﬁi?ude), and those oredieted by VARR-II are'generally lower

i3

tnan the measured values by as much as an order of magnitude,
t¥pizally. It is seen that the Reynolds stress agreement is
4ponre" “or both codes than is that for the turbulence kinetic

»zv, since in nelther calculatlon are the inlet Reynolds stress
3%tghadtto.the experimental values. The generally better
zemans of the TEACH-T prediction reflects the'velue of

Firg accurately'the inlet velocity, and turbulence kinetic -
Frner Iy, élthough it has not been tested it is éxpected_that |

‘mrroved agreemant would be obtained by matching also the

Fzrnolés stress values In the calculations tc those observed
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experimentally.

In Figs. 3_through 13 data for the‘FFTF‘geometry'ét Re;?b,OQO'
are shown. It is seen that the velocity field’comparison between
TEACH;T and the_experimentiis ekcellent throughout the.flou'field,
reflecting the value of matchinv inlet flow and turbulence con-
jditions, and reflecuing the . expected 1morovement 1n turbulence
model predictions at higher Re values As in the case at Re = 33 OOO
”cthe VARR—II calculation (Fig 10) tends to predict too —-llttle
turbulent momenttm exchange, w1th the resultingivalues of inlet
Ljet and near—wall flow rates being hicher then thoserbserved
experimentally by- aoproximately 20 vercent, and»with the overall
vortex shape being dleOPted from that observed experimentally.

In Fig 11 a calculation is presented which is identical to that
in Fig. -10 except tnat the VARR—II data option of matching the
turbulent kinetic energy at one inlet p01nt i1s exercised. It
- is seen that the mean flow fields predicted in the_two cases are .
'virtually identical, and,that the predicted turbulence'fields'(see,‘
‘Figs;bl2land 13) are affected‘by this turbulence data matching |
only in the inlet flow region. Thus, a nore conpletevprescription
of the inlet turbulence state‘is seen to be required,in‘order‘to ‘
provide accurate turbulent momentum exchange predictions throughout:
the entire £low field. Even with the limited inlet flow turbulence
kinetic energy matching it 1s seen throughout most of-the flow:
field that “he VARR-TT predictedbReynolds stress and turbulence -
kinetic energy z>= lower than the exoar imental values by approni—‘

mately an orisr < maznitude.
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The qualitative dependencevof the observed‘and oredicted
flow fields upon the inlet.mean velocity distribution is shown -
in a startling fashion in Figs. 14 thfough 18. ‘Indthis case;in":
thé FFTF geometry the inlet mass flow rate is maintained for
Re = 70,000; howeven, aipaftial inlef flow blockage is uséd to.
'provide a velocity-distfibdtion which has'a maximuminear'tne
outside edge of the’inlet duct (See Fig;_lh). This results in
-a meanAflow map which is quaiitatively diffefent from that'ob—
served 1in the previous cases. -The main flow is observed to pass
'through the lower portion of the plenum, with an upper region
being occupied by a counter—rotating secondary flow. This is
due to the high rate of mean flow shear above the inlet orifice
with rapid entrainment of fluid in the plenum, accompanied by..
strong degredation of the inlet jef momentum. It is notable that
‘ both of the codes are able to predict the qualitative features of
this.ilow, although neither code is successful in describing the
eXperimentally obsefved flow field in detail, panticularly in
regard to. the location and rate of circulation'of the secondary
flow vortex. | '

As with the previous cases the TEACH-T prediction of the-
ﬁurbulence parameters is much more‘successful than that of'VARR-II,
?eflecting the more accurate inlet tufbulence specificationlin o

the former case. The importance of this case lies in demonstrating

&)
D
Y
ot
[q N
oy
(€]
Q

ualitative nature of the mean flow.fieid is strongly
2penient upon the inlet mean velocity field., The implications
for design calculations of the need for an accurate knowledge of

“hese inlet conditio“s is clearlv evident.
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-2  similar to those obtained in the‘l/lS-séalefFFTF test

c2 ngve =lso been obtained for steady state water Plo.s in a
3/33-s:ale Cllnch River Breeder Reactor (CRBR) outl t plsnum
zesmetry (see Fig 19) In this geometry the 1nlet orifice

(ite., the reg gion above the reactor core) is much w1d-_, and-
.~penetrates o a much greater'height into the plenum; so_that
‘.relat;ve tc the 1nlet orlfice width the outlet plenum is‘much:
shortar 2and narrower than in thelFFTF case. A mass.flourate'

ecuzl to that at,a Re value'of 70,000 in the FFTF.geo#etry results
_“ 2 Ze vzlue of 35,000 in the CRBR geometry. SR '
" "The CRBR'data'with-the "normal" 1nlet mean flow uls ibutlonfr
' areishoun‘in Figs; 19 through 23. Effectlvely in ‘this’ .eometryl"
2t impacts against the upper plenum bounda“" in 2 much

ghortz> distance than in the FFTF case and then rebou ds to the

T
I
‘.) '

ucyT due to high upper plenum stagnatlon presslres, while
ze ometry the mean flow is able to follow reanlines
Trom tha trance to the exit in a fashion as would Se an countered
n =z laminapr flow. |

This greater mean flow chaos is seen in the oomparison of
'_the rzz3ured mean flow‘field (Fig. 19) to the TEACH;T (Flg{ 20)
ani TARR-II (Figs. 21 and 22) predictions. It is seen in the lower‘

ne p’enum that the measurements and code preiictions

zgzrzz re=sona:ly well, with the TEACH-T predlctlon agreaing
e;:elle:rlj zand with the VARR-II prediction being ao““O"zr" t2ly
Z2% Tz nilzn in the high velocity regions. In the ugger nzif
-l Trnz tlzrum 1t is seen that neither of the,codes is-atle £0
Tr2dlzzT <mz flow field qualitatively. - As in previcus caseslthe
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I prediction'is.insensitive'td the matching of the tur-
bulenee kinetlic energy to_the eXpenimentuatva slnglelinletvboint;
ani <ne predicted'turbulence kinetic energy fleld-is typically
wmooelow by aparoximate1y=anjoruer of magnitudeﬁthroughoutemost e
| 5fshe flow field (see Fig. 22). L
Tn-Fivs 24 through 26 CRBR flow data fer'Re = 35 Ood'are
‘shown for the case with a 'partial inlet flow blockage, resulting
in s alsto"ted inlet mean flow distribution (see Fig. ‘24). The

striking feature 1s‘that nelther code is able to predict the

e e lem

"4‘qualit ive features of the mean flow anywhere except in the

B
T B

'aslthLS'one_the highly chaotic mean flOW‘distribution (with little

e rzass flow) in the upper plenum region is translated by the

2zd=s into a stagnant, or alternatively into a recirculatingvflow-f

zicn.  Thus, the net flow into and out of the plenum is pre-
Aléi::ed rrectly, but the flow pattern within the plenum is

ies:riced very 1naccurately

-évVOO“hood of- the inlet and outlet ducts In a s1tuation such%,

s
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Conclusions

B From the FFTF cases having normal inlet flow conditions it.

”is seen. that excellent agreement is obtained between the TEACH—T

- oredictions and the measurements The inferior ouality of the |

VARR—II predictions is attributable to the inability to match

the inlet turbulence conditions to those in- the experiment as

well as to possible errors in the turbulence model " The more

: important conclusions arise from the . inabllity of either program |

to predict the qualitative flow behavior in either geometry

hwhen the ‘distorted- inlet conditions prevail This indicates that ;l:

.‘he ‘turbulence model used to- describe turbulent momentum transfer -

11thin the flow may be less 1mportant ‘than. an accurate knowledge

of the detailed inlet mean flow and turbulence field It also

inplies that codes-such as those used in this study should be

-used with great caution in which abrupt chances in shape situations
1se (1. €., CRBR flows) or- in which strong mean flow gradients

are 1mposed. Within these'limitations codes of the type used

in.this work can proVide predictions which are-useful.for design»

purposes, -although further-work iS‘requiredbto determine the |

degree of accuracy of turbulent momentum-exchange within a simple i

zeometry well-srecified flow.
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TABLE 1

Figure ‘Number

o VARR-IT
VARR-II °  Prediction ' Turbulence

Ttet : Prediction With Reynolds - Kinetic. ‘
o Reynodd:s ~ Veloelty , TEACH-T No Turbulence  Turbulence Stress Fnerey
Geometbry Ntunber Nisteibultion Measurement,  Trediction Match Mutch Compnrigor Comparison -

. FFTF 33,000 Normal 3 ~ » . 5 T T
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Aopendlx 4 - Turbulence Model Code Descriptionsi‘

The fundszmental equations of the varlous turbulence model
codes - are outllned in this Appendix. These codes are used-to
provide. the dstailed analysis of the experlments; and the
~theoretlcallv predicted veloc1ty and turbulence dlstributlous

«The basic conservation equations are the follow1ng.

. 2 ia N D N
Mass: &= .+ = (W D= & € — S S e (ALY
VORI N TR | LA R e
Momentum: 2=t «+ = W, = — e SN and (in VARR II)
SR R S
' (A.2)
. 2"’ "o . o
Heat: “ +« w 3..\_ ( _Z__ . where
J J,f’ S ..
(A.3)
a = thermzal dlffu31v1ty
P = C.,..1"0, = local gas density deficit;
= 2221 ges density
~local
Po = zmzlian%t gas den31ty,
Xj = :-== spatial coordinate,
t = <Tim=,
uj = J-<rn r2iocity coordinate,
P = Lrzz3ure /

':;fsddy heat diffusivity

-~ -

------ ‘\=2ddy momentum dliqulVlty) :

-
1l
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A4

T = temperature,
gj - = gravitational acceleration componeht in j-th direction
Dy UG L A :
s = ws -e( T T o ‘Stres b
13 03 V) i ,DXJ TS : or.Reynolds Stress (A.})
k. = %; A.Ul‘u:\7, : o or‘turbulénce.kinétic.ehergy (A.°
‘ fuil ='1-thAturbulent fluctuating velocity component,
. \ ¢ . ) - . R -
W\ . L : o .
e = - ( S or eddy diffusivity . (A.¢
- QUL MG S of momentum R
-pt‘ =-turbulent’ viscosity,
o = turbulent momentum diffusivity,
k = molecular momentum diffusivity,
1m = mixing length,

= shear stress,

T~
Y. =-disp1acement,norma1 to a boundary, .
R = duct radius, ' ‘

‘a,b,c,cl,ce = free parameters, and

i

the Kronecker delta functlon

Equations A.l and A¢2 are solved via coupled iteratién uﬁén
the veldcity divergence as in the marker and cell (MAC) method (%5).'
- Equation A.3 is solved explicitly at eéch time stepAin terms of
variableé known from the preceding time.step and from Eqs.'A}lfaﬁi
A.2. . - | ‘
- In order TO solve Eqs..A.%/tbrnush A.3 knowledge of the
turbulent diffusivities for heat (Ev..) aﬁd momentum fvT) is

required. For this a variety of phzaromenological "turbulence .
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models" have been deyised'in:Which'appropriate time-averages of
Eq. A.2 (weighted by_velocities or velocity gradients).are used.to
'provide conservation4equationslfor the turbulence-kinetic energy,
viscous energy d*ssioation rate, etc. The order of a”turbulence S
model is denoted by the number of dlfferentlal conservation |
-equations Whlch must be solved in addition to Eqs; A. 1 - A.3.
In Table A l are summarized a spectrum of ZEero, one, and’ two- equatlon
turbulence models which are currently in common use - including
those used 1n TﬁACd—T and VARR-II. In the formulation of the
turbulence conservation equatlons because of the quadlatlc nature
of the convective terms of Eq. A.2 there are always created more
statistically —»defined,varlables than there.erlst equations_for o
their solution. r"’hus, relationships between a sufficient Set of
extra variables must be postulated in order to permlt solutlon,
of the equations. Thus, a comblnatlon of emplrlcal knowledge
and intuition is required in the formulatlon of. a turbulence
models, and 1t 'is the requirement for the arbltrary additlonal
closure equations vhich accounts for ‘the difference between
turbulence models

The TEACH-T program uses the turbulence kinetic energy -
viscous diss oa ion rate ‘two-equation model (K,e), and the
VARR-II progr:zm uses the turbulence kinetic‘energy'—Hturbulent

Viscosity,two—e;uation model (K,o) -as described in Table A.l.



MODEL

EQUATIONS (proposer)

Table A.1

Several Proposed Turbulence“Models

APPLICATION

ASSUMPTIONS (propgser) ADVANTAGES DISADVANTAGES
1. Mixing Length Theory (Prandtl) ) 1. Simple, no additional In sftuation where move than
— 3ul : , . differenciol equations |- one characteristic lenpth
- TERD “puyu, = ey 1. fm o §, where § 2 width of 1/2 Jet Jet nced to be solvad, and time are {nvolved (e.g.,
EQ,. ' 2|3d1 . o 2 : ‘12, For boundary-layer ;citzguiatingq(i:U)rzhc :e—
: where = pim .—-1 2. %o/R = 0.14 = 0.08(1 ~ X,/R) Pipe flow, this theory made | *° ctween Lhe streas
z fax : . A and velocity gradients are
20 4 very good predictions, | too complicated. Thi he
: . ' - 0:U6(1 = Xz/R) ; L 0 compiicatec. This theory
2 - ﬁn\xl.xz). the . ‘ 3. Much experfence has - does,not zive a good result.
nixing langth, been accuyulated_ :
must he pre-
sceitcd : . . .
3. fm a - It romoves the 1. The predicrion is not in

- 2
11/“«
3., / 3x22

| %%

{Von Kirwan)

necessity to-pre=- -
scribed the mixing
length profile.

. agrecment with acasurée-

ment except {n the
vicinity of a wvzll

For certain t'1ovs the

. veloeity profiles have

inflection yoinis (l.e., -

e

—_ = 0) this formuia

ax.,
&

" glves iufinite wixing

leagth,

65T



~Table A.1 .
Several Proposed. Turbulence Models

1

-~

. . o SUCCESSFUL . ’ L . :
MODEL EQUATIONS (proposer) ASSUMPTIONS (proposer) " APPLICATION - - ADVANTAGES - DISADVANTAGES
1.. Turbulant Kinectic Energy Model
ONE (Pracdel) : . ‘1. Transport of leugth
EQ. - S © scale {s not accounted
", du 3 ) e PO . for .
ulu, .- > [5;_ = ] 3 6‘1 k diffuston term -.f; I 2. In practice, the model
3 1 ' 4 only offer very small
advantages over the
L . ri' Wk +ua V_EE ) dissipation term = € wixing lengeh model
p 4 3 K 3 3 x
—— J -— o ‘j
cenvaection uiffusion _
35 EEY) : _ pk3/2 _ boundary-laycr | local shear stress is 1. Transport of length
T i v .__i} dissipation = T = € flow - not related to the scale s not acccunted
t axj lbxj o ; : local mean velocity for
Nt s : . | gradient 2. ‘Shear stress " energy
g2acration {ssipation I —_— -/ T " relation is of limlted
_ diffusion =-v'k' = Bk nax " validity. In practice,
1 — _ 1/2 p: applicable only to ex- e
wheoo k 2 i-u;ui, 4y z pk™' %L ‘ ternal boundary laycrs
: Tmax . ' without velocity maxima.
. B = g(y/é)
puc2
Lz Q(xl,xz,x3) prescridbed -

algetrically

T=a *pk (a=0.3)

(BRADSHAW)




¥ODIL

EQUATIONS (proposer)

. Table A.1
SeVéral Proposed Turbulence Modéls

ASSUMPTIONS (proposer)

SUCCESSFUL .
APPLICATION

{

1. . k=€ Mocel

%% =~ d$ffusion term + generation term
- + dissipation tecre

(ssn¢ 23 above)

ax, axl Qxi_ ¢r.k3xz
b
Y]
2 (T 2 )
= 9%, Uk o v, ox. " 3x
d‘k o 3“2 cXg axk

t s
u.u

' 1k . :
.a ,(cl " + c1 C‘k)c '
' 2
b c2 e /k
o, %y

boundary-lnycr.flou,:

recirculating flow

:15

3.

"o

z.

simple model -

- ADVANTAGES

The exact equation for .
€ can be derived from
Navier-Stokes cquations
and- € appears directly
as an unknown in the
équatton-for k.

Gives satisfactory pre-
dictions for both
boundary-layer flow and
recirculating flow. -

It does not greatly in-f
crease tha cost of com-
putation over that with

DISADVANTACS

The empirical constants are’
difficult to predict.

R 1}

19T



‘Table A.1.°

Several Prqposéd'Turbulenée Modeld

SUCCESSFUL -

MODEL EQUATICNS (proposer) ?ssunvrxo&s APPLICATION ADVANTAGES DISADVANTAGES
S . proposec) ) _
2. k=0 Model (Stuhmiller) . 1. fhé'exact.cduation for g can be | The empirical constants are
w0 : ) derived from Navier-Stokes equa-| difficult to predict.
EQ. . tion and 0 appears dircctly as : :
o 35 12 ? ' ) an unknown in the equatton for
_1_.3 - ._o[.:.;_!..f ._i} +.l.l”°.a_‘£.a.(_2i‘)—- plpo flow . k. . '
be 2 Xy _Efi .aAg axj A ! recirculating flow|2. Clves satisfactory predictions
B for both boundary-layer {low .
and recirculating flow.
3. It does not greatly increase
2 2 25 12 _ the cost of computation over
OIS o 9 3k : that with ‘simple model.
5wk x Yo, YR O |
3 1 3 3
3 ..
o” 3 ek .
- =T ke (=) ~ak -
29 1" ax, ‘v
Kt %y %3 2
w, 3u
T 0 2 m.l1
P S T
P Uy 75 Sk o[a 'ST?}] b

vhate T, «, Fl-are ccnstants

P




Table A.1

Several Proposed Turbulence'Modélé

ASSUMPTIONS

SUCCESSHUL

coastants

MODEL EGUATIONS (proposer) (proposer) APPLICATION ) ADVANTACES DISADVANTAGES
3. k-%L Model (Rodl aund Spalding) 1. The exact equat!én for kican be The capiticél constants are
WO : dertved from Navicr-Stokes equa- | éifficult to predict.
EQ. . tion and kX appears-directly as .
g 3K W 1 3 Ve 3 ) * an unknown {n the cquation for
[ it ™ +V ';; ;f -a—; [‘/i-a: —a—_j-] + Vz[’é}'} Free Jet k.
boundary-layer { 2. Cives satisfactory predicttons
near wall for both boundary-layer flow
k3/2 and free jec. o
- cp [ 3. 1t does not greatly increase
: the cost of computation over
© that with simple model.
g Mk, g3kt 1o | Ve (ot |
ex dy . yi 9y ok { dy
: 2
ak Ju
+ Ckgl -a—y‘] +C V 9.[ y]
-c k3/2 o
s )
where Cpe CS’ Cn. ck. ckL and ckl are
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TASK IV: THEORETICAL DETERMINATION OF LOCAL TEMPERATURE
- - FIELDS IN LMFBR FUEL ROD BUNDLES

TASK IVA: Code Development for Solving the 2-D Multlcell
. Multiregion Energy Equations (Man Kit Yeung)

Summary

During the last quarter emphasis has been primarily
focused on the application of the 1lterative analytical -
solution to determine 2-D temperature field in finite
bundles of both square and hexagonal geometry. Further
progress has been made to predict the "effective mixing
length" for conduction heat transfer, a parameter which
enters the subchannel formulation and application for
LMFBRs. Both clad temperature distribution and the effect-
ive mixing length for conduction yield excellent agreements
when compared with results in the open literature for the
square array bundle. - In addition parametric studies of
conductivities and channel wall effects have been also
“investigated. A calculation with the accurately predicted
effective mixing length for a 7-pin LMFBR bundle is performed
with COBRA-IIIC. The calculational results reveal the excess
conservatism in current design calculations due to the un-
"certainty of the effective conductlon mixing length.

1. Clad Tempereture’Distributions in Hexagonal Rod Bundles

For subchannel calculations, it is generally assumed that
the heat flux is uniform around the clad surface and the clad
temperature is calculated by using the simple heat transfer
coefficient method. ‘However, this procedure is highly over-
simplistic when applied to the side and corner cells because
the high degree of geometric irregularities of the cells
greatly enhance the azimuthal variations of the clad temper-
atures and heat fluxes. Information about a correct treatment
of these phenomena 1s only avallable for single side and '
corner cell calculations with artifically imposed adiabatic
boundary condition at the imaginary cell boundary [1]. The
present stuc¢y gives detailed clad and coolant temperature
distributions in a finite hexagonal rod bundles.

_ A 30° symmetry section of a typical 7-pin fuel bundle
as shown in Fig. 1 is studied in the first place. Analytical
solutions of the temperature fields in all regions are obtained
for thermally fully developed slug flow condition. Thermal
and geometric parameters used in the analysis are presented
in Table 1. The results of the calculation of the clad tempera-
ture distributions as function of the azimuthal angle for both
the internal and corner cell are given in Fig. 2 at the axial
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plane where the bulk coolant temperature is 1150°F, ‘which -
represents a typical core exit temperature.. Case 1 denotes
the clad surface temperature distribution with the commonly
imposed condition of uniform heat flux at the outside clad .
surface and case 2 denotes the multiregion analysis. It is
evident that the latter 1ndeed removes excess conservatism
as compared to the single region analysis by reducing the
clad temperature variation of the corner cell from approxi-
mately 185°F to 100°F. On ‘the other hand-the temperature
variation of the internal cell is much less sensitive to
the boundary condition because of its higher degree of
symmetry for this 7-pin bundle case.

2. Calculation of Effective Conduction Mixing Length in
Hexagonal Rod Bundles

Subchannel codes usually "lump" the assembly into a
.finite grid of subchannels, each of which is characterized
by a bulk temperature, flow rate and pressure. Energy
transport between adjacent channels 1s governed by the
‘mechanisms of diversion cross-flow, turbulence mixing and
conduction mixing. For LMFBR design calculations the energy
transport by conduction constitutes a major contribution to
the overall energy transport. Thils effect is even more
pronounced for flows which are characterized by low Reynolds
numbers. These flow situations especially arlse 1in the case
of a loss-of-flow accident and the like. Despite this
importance only scattered information 1s availlable for
internal cells but nothing is known for the bundle-wall-near
reglons of finite bundles.

The .heat transfer rate'due to conductlon between
adjacent subchannel 1 and j as calculated 1n subchannel codes
1s given by: [2]

T -T S S
Qi_=k'_1j( J) =x 41 (T -F) L (1)
J 113 * i) Lij

Where Sij is the length of .the common boundary, lij is the

. *
effectlve.conduction mixing length, lij is the centroid-to-

centroid distance and L1J is a dimensionless correction factor

-which represents- the ratio of the effective conduction mix}ng
length to the centroid-to-centroid distance (Lij =1 j/l 13 ).

In subchannel calculations, 13 is usually set to be unity due
to the lack of knowledge of the 10cal temperature field. '
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It is obvious that the lumped parameter subchannel codes
will give reliable results only if reasonably correct
effective mixing lengths are known. The calculation of

~the local temperature field thus provides a tool for the
determination of the L With some rearrangements Eq. 1
can be written as: 13- '

s, (T, - T) ' (2)

where the channel averaged temperature and the heat transfew
at the channel boundary can be calculated explicitly from
the local temperature field of the coolant, and-the ratio -
S, J/1 ¥*which appears in Eq. (1) and Eq. (2) can be simply

expressed by geometric parameters as:

* p v —
WOl B s B Ak

+ —

HHE) S B 2B

(3)

Fig. 3 shows L as a function of the dimensionless wall
distance for the corher region in case of P/D = 1.20. The
results of both the single region and the. multlreglon analyses
indicate that L generally deviates quite ‘substantially from
unity, what is ugually employed in subchannel codes such as
COBRA-IIIC. [2]. The singularity indicates zero integral net

heat transfer rate by conduction between the cells. The. behavior

of the curves for large 2W/D values implies that the effect of

the bundle wall diminishes and only P/D governs the asymptotilc

regime. The domain of the curve to the left of the singularity
which results in Lij > 1 indicates a reversal of the heat flow

direction. _

For this regime of 2w/D the net heat transfer. is obviously
from the corner channel into the internal channel due to the
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decrease of the wall distance and reduction of flow area
in the corner channel.

In order to demonstrate the effect of L on subchannel
‘calculations, three cases with different effettive conduction
mixing lengths were performed with COBRA-IIIC to compute the
channel averaged temperatures for a bundle with geometric
parameters of P/D=1.20 and 2W/D=1.24., The channel averaged
temperatures at 36" from the core entrance for the cases with
no conduction (L43= =), the centroid-to-centroid distance as
effective conduction mixing length (Lij=1 0), and the effect-
ive mlxing length calculated from the analysis (Li 0.65) are.
tabulated in Table 2. ' The case without the conduc%ion mixing
effect 1is essentially an isolated channel problem with respect
to conduction and naturally ylelds the highest difference of
averaged channel temperatures. Using the centroid-to-centroild
distance without any correction leads to a reduction in AT
of about 20°F and using the analytically derived Lij from
Fig. 3 further decreases the temperature difference by another
9°F.. Thus the advantage of an accurately determined Lij
becomes obvious.

It should be mentioned at this point that most ongoing
efforts have been devoted to the diversion mixing area which
obtains mixing effects of similar magnitude and it is felt
that an equally significant gain in design margin is possible
by properly accounting for the conduction effect.

3. (Clad Temperature Distributions in Square Array Configurations

In addition to the analysis of hexagonal arrangements,
a two cell section of a square cell arrangement as shown in
Fig. 4 has been analyzed in parallel because the only concise
information in the literature is available for the latter. Thus
this case serves 1in order to check the validity of the developed
code. The clad temperature distribution of the two cell
calculation 1is compared to the result reported by France and
Ginsberg [3].. In addition, the effect of changes in the flow
split as well as multiregion analysis are also investigated to
provide full understanding of the problem on hand.

As a first step only identical power source densities
are considered in the fuel bundle. Slug flow is assumed within
each cell and the variation in the velocity from cell to cell’
is given by [41].

'5/7
U [Di ] (4)
Uj Dj
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where Ui and Di are the cellular velocity and hydraulic

diameter of cell i, respectively. This accounts approximately
for the friction effect due to the presence of the channel wall
and approximates the. flow split. It should be noticed that,

by virtue of Eq. 3 discontinulties in the velocity field at

the interfaces of the cells are introduced. However, this is
of no consequence for this analysis because the momentum equation
is not solved at all. Furthermore, it should be recognized
that instead of Eq. (4) Novendstern's approximation for the
flow. split in wire-wrapped bundles can be introduced or experi-
mentally determined quantities may be used. This will be done
in the next step of the code's development.

Calculational results are presented in Fig. 5 for a

garticular case with geometric parameters of P/D=1.20 and

W/D = 1.24. Curve I denotes a special case with no flow split
and uniform heat flux at the outside clad surface. The clad
temperature distributions of both cells are compared to those of
a-finite difference solution by using the THTB code as given

in [3]. It c¢an be seen that the solution given by the present:
method has an accuracy which 1s comparable to that resulting
from the finite difference method with 720 nodes in the coolant
. region. The excellent agreement adds further confidence to the
accuracy of the iterative technlque presently developed.

Curve 2 denotes the clad temperature distribution for a
case with uniform heat flux at the -outside clad surface and a
flow split as calculated by Eq. (3). As can be seen from
Fig. 5,the flow split due to the presence of the channel wall
has completely reversed the temperature distribution. However,
none of these curves represent the realistic clad temperature
distribution due to the unrealistic boundary condition imposed
at the outside clad surface. Only a multiregion analysis with
flow split and accounting for the additional effects of the .
fuel and clad regions is capable to remove excess conservatism.
Curve 3 summarizes the result of this calculation with some
typical conductivity ratios («x = 0.8327, ky = 0.1538). It is
obvious that the heat flux and temperature redistributions
result in a smaller circumferential temperature variation at the
clad surface, i.e. a reduction of about 60°F to 80°F for normal
operating conditions. Thus it becomes clear that an analytical
tool should handle multiregion analysis together with the flow
split in order to give realistic.results.

L., Calculation of Effective Conduction Mixing Lengths in Square
Array Configuration

It is desirable to determine the effectlive conduction mixing
length for the square cell bundle and compare the results to
those given by France and Ginsberg in [4]. Again this will
serve as an additional check for the validity of the present
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calculational procedure. For the square array configuration
the ratio Sij/133" in Eq.(2) becomes:

P
S, . D -
i O (5)
I, T x)
352 D E[Ee &
: D¢D " 'D

All other quantities in Eq. (2) are again evaluated from the
local temperature field for the square array configuration.

The results are presented in Fig. 6 with the effective con-

duction mixing length Lij plotted vs. the quantity u, which

is defined as: B

, M . , :
u .Wall (6)
Minternal‘
where M and M are the mass flow rates for the

W internal
cell next to the wall and the internal cell, respectively.

Curve 2 in Fig. 6 denotes the result given by France and
Ginsberg who used a boundary integral method for an eight cell
configuration. For both cases the boundary condition of uniform
heat flux at the clad outside surface has been used for compari-
son. The singular points as shown in Fig. 6 indicate that the
net heat transfer between adjacent cells approaches zero. It
can also be seen from Fig. 6 that L % generally deviates sub-

r

stantially from unity and exhibits strong dependence upon u,
which itself is a function of geometry. However, the Li' values

for a 2-cell configuration indicate a fairly good agreement with
those resulted from the 8-cell calculation except for the range
where p <-0.95. This 1s because the effect on the flow in the
interior cell due to the presence of the wall is more pronounced
in a 2-cell configuration than in an 8<cell arrangement. On

the other hand, the results indicate that even for the extreme
case, a two cell model gives reasonable solutions as compared
to the eight cell model. What this means is that a compromise
between the gain in accuracy and addltional computational
efforts ~should be made.
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4, Conclusion'and Discussion of Future Efforts

The iterative analytical method has demonstrated its
applicability of both the calculation of the local temperature
field and the determination of the effective conduction mixing
length. The analysis serves as a tool to abridge the gap
between the distributed parameter and lumped parameter analyses.

Moreover, it should be pointed out that the functional
dependence of L., vs. wall distance for- the hexagonal bund1e~

~is of. partlcularJlnterest because for the first time the effect
of bundle wall displacement due  to thermal and mechanical
loads during its lifetime can- be- studled :consistently with -
better knowledge of the- variatlon ‘of LiJ as a function of time.
Future effort will be directed towards the extens1on of
the present analysis from a 7-pin bundle to larger bundles.
However, by virtue of the results indicated by the clad tempera-
ture distributions given in Fig. 2, ‘the circumferential tempera-
ture variations of the clad for -most interior. cells . in a large
bundle may be quite small due to théir higher degree of
symmetry. This suggests that the channel wall -effect. probably
does not go beyond the second or third row and from the thermal
stress analysis point of view. only the first row from the wall
is of prime interest. -Thus the implication is that future
work should be directed also to coupling subchannel and dis-
trlbuted parameter codes together : )
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TASK IVB: 3-D COUPLED TWO CELL SLUG FLOW HEAT
TRANSFER ANALYSIS (Chung Nin'Wong)

Summary

During the last quarter, the analytical method which

has been described in the former progress reports has been
extended in order to analyze the . coupled corner and internal
cells in three dimensions. To the author's knowledge this .
is the first time that results are presented for this geometry.
All information hitherto availlable for 3-D analyses are
1imited to ‘the coupling of two internal cells. Due to the
similarity of the internal cells, these analyses are of no
special engineering interest. The analysis of coupled corner
and internal cells is of much more interest though because

two cells with completely different thermal entrance behavior

~are considered. A :

Results are given for the outside clad temperature vari-
ations and are compared to the results given in previous
reports. The heat flux distribution along the common boundary
between the two cells is given as a function of the axial
coordinate. :

Furthermore, a sensitivity study has been performed to
show the effect of the number of collocatlon polnts, the
number of elgenvalues and the number of harmonies upon the
solution. :

- In a next step, the effective conduction mixing length
will be presented for the thermal entrance region and compared
to that given in the preceding seection for thermally fully
developed conditions. :
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1.  Short Outline of the Method

Before this problem has been attacked, the decision was
made not to use the iterative scheme as outlined in the pre-
ceding section but instead to extend the already available
analytical tool as described in the former progress reports.

The only change which had to be made concerns the geometry of.
the coolant regime. Instead of studying the .cells individually,
the geometry as shown in Fig. 7 has to be considered; that is
the two cells are treated as a whole new unit.  This concept
works well as long as the coolant channel geometrylcan be easily
described by a rod centered polar-coordinate system located in
one of the rods. Although this 1limits the application of the
method to smaller reglons it is felt that the most important .
bundle-wall-near regions together with the next row of 1nterest
cells can be effectively analyzed.

In order to make the analysis in its initial stage as simple
as possible, the input parameters for both cells are .assumed
to be the same. Furthermore, the heat fluxes are assumed to be
axially and azimuthally uniform in both pins. :

With the assumptions made above the solution to the problem
"can still use the superposition of two solutions, namely, the

fully developed and the thermal entrance solution, which have
been outlined earlier.

2. :Results

The same data,as already used in the last report have
~been chosen here again for the test case: :

1.38 - . D=9 mm

"P/D = 1.3 ;3 2W/D =

= . = on
P, =372 ; Ty, 415°C
q" = 104 W/‘cm2

Uniform heat flux in the axial and aZimuthal directions.
It should be recalled that these data reflect one of the experi-
ments conducted at Karlsruhe.

For tha presentation of the results the following abbrevia-
tions are used for the dimensionless groups:

T(r, ¢,2) =ATin

© (p>9,&) -
| q" ry/k
S
P = 55
VA Dn
E =
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The first results of this study are summarized in Figs. 8 to

5. Fig. 8 shows the comparison between the results of the
single and two cell calculations for the clad temperature
distributlon of the corner cell under thermally fully developed
conditions. Surprisingly, the two cell calculation results

in even larger temperature variations around the clad as pre-
dicted by the single cell calculation. This complies perfiectly
with what has been already discovered with the 2-D analysis.
The implication of this result 1s that under certain geometrical
conditions the temperature variations are not getting smoothed
out as one would intuitively think 1n the first place but
instead become more: pronounced.

Figs. 9 and 10 show the axial development of the peri-
pheral temperature distributions for corner and internal cells.
Whereas some remarkable changes in the profile can be noticed
for the former the distribution in the latter does not change
that much. What is interesting to see is that around ¢=180°
the temperature distribution around the corner and the internal
pin are the same, because both channel geometries are the same
in that regime. For ¢ < 180° the specific geometry of the
coolant channel and the thermal entrance effect dominate the
development of the temperature profile in the corner cell. At
this point it must be mentloned that the temperature distribution
in the neighborhood of ¢ = 180° 1is quite different from that .
predicted by the 1isolated single cell analysis. In the coupled
two cell analysis this behavior is pretty much governed by the
internal cell even at small z, l.e. there is a remarkable
difference between the results obtained from the simplistic
adiabatic boundary condition as compared to the realistic one.
A good feeling about what happens along that imaginary boundary
between the two cells can be obtained by calculating the heat
flux along that line as a function of the axial distance. This
is explicitely shown in Fig. 11. These results indicate that
in the inlet reglme of the coolant thermal heat is transferred
from the corner to the internal cell. However about midway
. through the core this behavior reverses and heat flows from
the internal cell towards the corner cell. This trend increases
with increasing length of the channel. Naturally, the highest
amount of energy is transferred across a line segment of this
imaginary boundary which is characterized by the interval
150<¢$<170, whereas for ¢>170° the transfer rate drops due to
the similarity and symmetry of the coolant channel cross sectlon
in that regime. This figure shows that the assumption of zero
heat flux along the interface between the cells as applied
in the adiabatic single cell calculation 1s not valid in a
strict sense. On the other hand, the curves indicate that the
local transfer rate up to about midcore height 1s not very
large either which suggests that at least in a certailn -axial
regime the assumptlon of an adiabatic boundary condition can be
somewhat justified. The change of the heat flux distributilon
as function of the axial coordinate can be explained in terms
of the vastly different thermal entrance behaviors of the two
cells.
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3. Results of the Sensitivity Analysis

In order to assure the validity of the results shown in

- the previous section a sensitivity study has been performed.
At this point it should be recalled that the complete analyti-
cal solution contains the summations over three integers rang-
ing from either zero or one -to infinity. It is obvious that
the upper 1limit has to be cut down to a suitably chosen finite
number of summation terms for computational purposes. This
raises automatically the question what are the appropriate
limits for these numbers for a specific problem on hand. With
respect to the fully developed part of the solution it is felt
that its validity has been already shown by comparing it to
the iterative solution technique which 1tself was tested and
compared favorably :to a finite-difference solution. What
remains then is to check the thermal entrance solution.  For
convenience the general form of this part of the total solution

is repeated below

. o - -] . . 2
ee(p,¢,£)=h_20 21 [cn,m]n (Bmp)+Dn,mYn(Bnp)] Eje m ©OS no
o =0  .m=1l

As can be seen thils eqﬁation contains a. double summation. The
first one sums over the number of harmonies kept in the solution
and the second one sums over the number of eigenvalues.

Figs. 12 and 13 show the results for different upper
limits in the above summation terms upon the peripheral clad
temperature distribution. This comparison shows that selecting
Nei and/or Nn over a wide range does not greatly affect the

clad temperature. Only for the falrly extreme case of N =l

el
and N_=5 are some small differences noticeable. However,'%he
effecgs are much more pronounced for the coolant temperature.
This becomes obvious from Fig. 14 where the heat flux distribu-
tions along the common boundary between the cells are compared.
The selectlion of Nei =4 and Nn=5 leads cleariy to a fairly

different -distribution as compared to the standard N , =16 and

Nn = 15. Obviously the strongest effect is introducgég by the
wrong selection of the harmonies to be kept in the solution.

. However, it should be noticed that due to the differentiation
of the coolant temperature in order to get the heat flux, '
differences ia the solutions are especially accentuated. This
means that the heat flux as shown in Fig. 14 is indeed a very
tight criterion to judge upon the accuracy of a solution.

In addition to the above mentioned selections there exists
one more possibility to affect the solution, namely by choosing
the number and distribution of points directly at the inlet
of the coolant channel to satisfy the inlet boundary condition.
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This selection mainly determines the coeffibienté Em’ The

effects of two different selections upon the clad temperature
is shown in Fig. 15. The solid line results By setting 5
points in the radial direcgion in the range O <¢< 100 and

7 in the range 101°<¢< 180 which gives a total of 269 points.
The dotted line represents the results as obtained by setting.
5 points in the range 0°<¢< 140° and 8 for 141° <¢< 180° which
gives a total of 320 points. The azimuthal point distributions
are indicated directly in.thé figure itself. The results
therein show how sensitive the clad temperature is with respect
to these two choices. At this poéint there is no direct way to
decide what 1s the more accurate solution. However, éxperience
tells us that it 1s appropriate to put more points in the region..
where the two cells are coupled together. Further increase of
the number of points may lead to difficultiles in the solution
of the linear set of equations if no precautionary measures

are taken. Overall this raises some doubts as to what limits
‘the boundary least square method can be finally driven. Future
studies will show whether the observed inaccuracies are indeed
introduced by the solution method used for solving the set of
linear equations. .If this should be the case, a better method
wlll be chosen out of the variety of available methods solving
- the general boundary least square problem.

. TFuture Work

Efforts in the next quarter will concentrate upon the
evaluation of the effective conduction mixing length as a
function of the axlal distance. Curves will be fitted to these
results and then implemented into COBRA-IIIC. The outcome of
this study will then be compared to the results obtained from
COBRA-IIIC by using the effective conduction mixing lengths .
resulting from the study of thermally fully developed conditions.
as derived in subtask IVA.
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TASK IVC: FULLY DEVELOPED LAMINAR MIXED CONVECTION (Jong-Yue Kim)

Summary

Work has been completed on this.subject during the last .
quarter [5]. A topical report will be issued soon which in
addition to the analytical results obtained in [5] will
contain a review of experimental and other yet simplified
analyses.

The undertaken efforts have been concentrated upon
solving the laminar mixed convection problem in isolated & -
single cells. The clad region has been considered, whereas"
the fuel region remained neglected. With respect to the
peripheral heat flux distribution at the inside clad surface,
- two options were examined namely

a) a constant distribution.
. and b). an azimuthally varying distribution
The iatter served to simﬁlete power tilts across the fuel
region. The following parameters were changed in order to

- study their effects ‘'upon local and integral thermal and hydro-~
dynamic quantities . ,

1) pitch—over-diameter ratio, P/D

2) wall distance-to-diameter ratio, 2W/D

3) Rayleigh number, Ra

4) clad-to-coolant thermal conductivity ratio

5) . tilt parameter in the heat flux distribution
During the course of the analysis all efforts were undertaken
to compare its results against publically available information
These comparisons turned out to show excellent agreements.

Based upon these observations 1t is hoped that all the other
results obtained in this study are valid, too.
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1. Results“

, In what follows, only a small part of the overall results
given in [5] will be presented. Although the internal cell

_ has been as thoroughly examined as the edge (side)-celly
results will be shown only for the latter here.

Fig 16 and 17 show the dimensionless outside clad
temperature distributions for P/D = 1. 08 and P/D = 1.2,
" respectively, for different values o 2W/D and two values of

the Ra-number, namely Ra=1 and Ra=10 The values for 2/W/D. - .-

were chosen such that they span a certain design range for
the .P/D under consideration. Furthermore, it should be
noticed that Ra=1 very closely resembles the forced laminar
convection case.as has been shown in [5] by comparing the
results with those given by Hsu (6 7.

- By comparing Figs. 16a and 17a 1t becomes apparent

‘that designs with small P/D are much more sensitive against
changes in the wall distance, which might occur during the .
operation due to bowilng of the pin as well as the subassembly
wall. That 1s, the temperature varliations around the clad
‘can become remarkably high if 2W/D assumes values which
deviates from the design values. Naturally, this effect is
more pronounced for tighter pitches.

Independently of P/D Figs. 16b and 17b show that by
increasing Ra always leads to a nearly flat temperature
distribution at the surface which essentially means that
" free convection has a favorable effect upon the local distri-
bution. '

Fig.18 shows the additional effect of a variable heat
flux distribution. In the cases examined, the heat flux
assumed 1ts maximum towards the inside of the bundle and has
its minimum adjacent to the subassembly.wall. As can be
observed these distributions lead-to even higher temperature
variatlons compared to Ehe constant heat flux boundary con- -
dition and yet at Ra=10" the variations have been totally
eliminated. '

Fig. 19a and 19b show the dimensionless heat flux ratios
for the constant and the variable heat flux _boundary cases,
respectively. For Ra=1, the maximum of q"/q" is about 1.5
which steadily decreases when Ra increases. As shown in
Fig. 19b for Ra=105 all fluctuations have been smoothed out
and the distribution follows essentially the boundary con-
dition at the clad inside surface.

Fig. 20 shows how the direction of the flux tilt affects
the dimensionless heat flux ratio for. different Ra-numbers.

As with regard to‘the average Nusselt number, Nu, as
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function of Ra; Figs. 21 to 23 depict quite 1nteresting
behaviors which have not been reported in the open_ literature
thus far. Over a certain range of the Ra-number, Nuincreases

more or less dependent upon 2W/D. However, at some critical
Ra-number, Nu sharply drops off and may assume even negative
values before it asymptotically recovers to values around
zero at very high Ra-numbers. This general behavior is
explainable in terms of the differences of the average clad
and coolant temperatures. The latter are strongly affected

'by the veloclty field an example of which is given in Fig. 24.
This figure discloses a very complicated structure of the
velocity field for higher Ra-numbers. It .is evident that
regions exist with local downflow. This will naturally affect
the overall pressure-drop characteristics of the coolant
channel as shown in Fig. 25. Detalled discussions of these
findings will be given in the forthcoming topical report.

Finally, Fig. 26 shows the feedback effect of the variable
heat flux upon the velocity field. Naturally, for higher tilt
parameters 1in the heat flux dlstribution the effects will
become even more pronounced.

In conclusion, it should be recalled that all of the
aforementioned results were obtained with the assumption of
fully developed thermal and hydrodynamic .conditions. Whether
this is indeed justifiable under realistic conditions remains
to be seen. However, it can be reasonably argued that the
foregoing results establish upper 1limits and therefore are
conservative.

2. Future Work

Dependent upon the future funding situation it -is planned
to couple several cells together in order to derive effective
convection mixing lengths which are then inputted into the
especlally prepared COBRA-IIIC code together with the effective
conduction mixing lengths as derived in subtasks IVA and IVB.
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:Thermalvand Geometric Parameters Used in Clad

. Case 1 and 2

"i8o

TABLE 1

Pitch'to diameter ratio

Wall distance to ra&iUs ratio

.. Fuel Rod Radius

Case 2 only

Fuel Pellet Radius

Power Density

Coolant cbnducfivity'

Clad Conductivity

Fuei‘CQnductivity:

Temperature Calculations

(F/p) = 1.30

(*Y/p)= 1.38

(b) © = 0:177". .

(a) = 0.159" o
(@™ = 0.547x10% BTV e3in,
(k) = 15.5.BTU/fﬁ4hr°F.
(k) = 13.0 BT/ et nror.
(kf)A = 2.0 BT</f£-hr°F;
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Fig. 1 Configuration of a 7 Pin Bundle
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Fig. 3 Normalized. Effective Conduction Mixing Lengths vs.
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. Table 2

heir differences

"as calculated by COBRA-IIIC at core exit

13

 B/D = 1.2, 2W/D = 1.24 3"=0.3x10% BTV/p¢2 py
T . T .
"internal | corner AT
-~ oF °F oF
without j - o
conduct 1on 1025.42 92&,37 101.05
4Lij =1.0 1011.74 = [931.46 80.28
L,, = 0.65 1006.08 934.39 71.69
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