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DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, aor
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thersof.
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"This report was prepared as an account of Government-
sponscred work. MHelther the United States, or the Energy
Research and Development Administration nor any person
acting on tehalf of the Commission

&, Makes any warranty or representation, exvressed or
implied, wlth respect to the accuracy, completeness
or usefulness of the information contained in this
report, or that the use of any Information, apparatus
method, or process disclosed In this report may not
infringe privately owned rights; or

B. Aszumnes any liabilities with respect to the use of,
or for damages resulting from the use of, any infor-
mation, apparatus, methed, or proceszs disclosed in
this report.

As used in the above, 'person acting on behalf of the
Commiasicn' lnecludes any employee or contractor of the
Administration_cr empleyee of such contractor, to the
aextent that suceh employee or coniractor prepapres, dissem—
inates, or provides access to, any information pursuant
to his employment or contraet with the Administration or
his employment with such contractor.”
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Reports and Papers Published under
MIT Coolant Mixing in LMFER Rod Bundles Project

A. Quarterly Progress Reports (Available from NHational Techniecal
Information Service, U.S5. Department
of Commerce, Springfield, VA 22151)

CO0=22U45=1 Period June 1, 1%7¥2 - November 30, 1972
Co0-2205-2 Pericd Decembar 1, 1972 - Februacy 28, 1573
CO0-22L45-3 Period March 1, 1973 - May 31, 1973
_FDD—?EHE-& Period June 1, 1973 - August 31, 1973
Co0-224%-7 Period September 1, 1973 - November 30, 1973
CO0=2245-8  Period December 1, .1973 - February 28, 1974
CO0-2245-10 Pericd March 1, 197% - May 31, 1974
CO0+2245-13 Period June 1, 1974 - August 31, 1974
CO0=2245-18 Period September 1, 1974 - November 31, 1974
C00-2245-15 Period December 1, 1374 - Pebruary 28, 1975
COO-2245=-23 Period March 1, 1975 - May 31, 1975
C00-2245-25 Ferled June 1, 1975 - sugust 31, 1975
b Co0-2249-26 Perlod September 1, 1975 - Hovember 30, 1975
£00-2245-28 Perlod December 1, 1975 - February 29, 1976
£00-2245-30¢ Perlod ¥Mareh 1, 1976 - May 31, 1976
£00-2245-31 Period June 1, 1%76 - August 31, 1976
C00=22U5~34 Pericd September 1, 1976 - November 30, 1976

C00=2245=38 Pericd December 1, 1976 - February 28, 1977
CO0-2245-50 Perlod March 1, 1977 - May 31, 1977



Reports Isaued Under This Contract

Topical Reports {Available Ffrom National Technical Information

Service, U.5. Department of Commerce,
Springfield, VA 22151)

E. Khan and N. Todreas, "4 Review of Recent Analytical and
Experimental Studies Applicable to LMFBER Fuel and Elanket
Azsembly Design," COQ0-2245-4TR, MIT, Sept. 1973.

E. Khan, W, Rohsenow, A, Senin and N. Todreas, "A Simplified
Approach for Predic¢ting Temperature Diztribution in Wire
Wrapped Assemblies," CO0-2245-5TR, MIT, Sept. 1973.

T. Eaton and H. Todreas, "Instrumentatlion Methods for Inter-
channel Coelant Mixing Studies in Wire-Wrap Spaced Nuclear
Fuel Assemblies," CO0-2245-3TR, MIT, June 1974. °

¥.B. Chen, K. Ip, N.E. Todreas, "Velocity Measurements in Edge
Subehannels of Wire Wrapped LMFBR Fuel Assemblies, " C00-2245-
11TR, MIT, September 107L4.

E. Khan, N. Todreas, W. Rohsencow, A.A. Sonin, "Analysis of
Mixing Data Relevant to Wire-Wrapped Fuel Assembly Thermal-
Hydraulic Design," CO0-2245-12TR, MIT, September 19714,

E. Khan, W. Rohsenow, A, Sonin, N. Todreas, "4 Porous Body
Model for Fredicting Temperature Distributions in Wire
Wrapped Fuel and Blanket Assemblies of 2 LMFBR," CO0-2245_
16TR, MIT, March 1975.

E. Khan, W.M. Rohsenow, A. Sonin, N. Todreas, "Input Parameters
tc the ENERGY Code {To be used wlith the ENERGY Code Manual)
CO0-224523TTR, MIT, May 1975.

E. Khan, W. Rohsenow, A. Sonin, #. Todrees, "Manual for ENERGY
Codes I, IT, III," COOQ-2245-18TR, MIT, May 1975

E. Khan, W. Robhsenow, A. Scnin, N. Todreas, "Manual for ENERGY
Codes I, II, III Computer Programs,® COQ-2245-18TR Revision 1,

MIT, July 1976.

P. Carajilescov and N. Todreas, "Experimentzl and Analytical
Study of Axial Turbulent Flows in an Interior Subchannel of
a Bars Rod Bundle,™ {00-2245-19TR, MIT.

B. Chen and N. Todreas, "Frediction of Coclant Temperaturs
Field 1n a Breeder Reactor Including Interassembly Heat
Transfer,” CO0=2245-20TR, MIT, May 1975.

B. Chen and N. Todreas, "Prediction of Coolant Temperature
Fleld in a Breeder Reactor Inlicuding Interassembly Heat
Transfer," CO0-2245=-20TR Revision 1, MIT, December 1976.

F. Carre and N. Todreas, "Development of Input Data to EWERCY
Code for Analysis of Reactor Fuel Bundles," CQ0-2245-217TR,
MIT, ifay 1979.



Reports Issued Under This Contract

E. Toplcecal Reports, Continued

H. Ninokata and N.E. Tedreas, "Turbulent Momentum Exchange
Coefficients for Reactor Fuel Bundle Analysis," CO0-2245-
22TR, HIT, June 1975.

R. Anoka and N. Todreas, "Coolant Mixing in LMFBR Red Bundles
and Outlei Plenum Mixing Transzients," CO0-22U5-2UTH, August

1275,

B. Besy, "Fabrication Details for Wire Wrapped Puel Assembly
Componants,”™ CO0-2245-27TR, MIT, Movember 13975.

Ralnh 2. Bennett and Michael W. Golay, "Interferometric
Investigation of Turbulently Fluetuzsting Temperature in an

LMFaR DJutlet Plenum Geometry," CDO-2246-29TR, MIT, June 1976.

N.E, Todreas, "Analysis Methods for LMFBR Wire Wrapped Bundles,"
COQ=22L5-32TR, MIT, November 1976.

K.L. 2aszehope and N.E. Todreas, "Development of Stability
Criteris znd an Interassembly Conductlion Model for the
Thermal-Hydpraulies Code SUPEREMERGY," CO0-2245-33TR, MIT
Decembar 1976.

Robert Masterson and Neil E., Todreas, "Analysis of the
Fegsibility of Implementing an Implicit Temporal Differencing
Schema 1n the SUPERENERGY Code," CO0-2245-35TR, MIT,

Feoruazy 1977.

3. Glazer, C. Chiu and N. Todreas, "Collection and Evaluation

of Salt Wixing Data with the Real Time Data Acquisition System,”
£00-2245-36TR, MIT, Aprll 1977.

B. #ikle, E.U. Khan and N.E. Todreas “An Approximate Method

for Fredlcting Temperature Distributlon in Wire Wrapped Fuel
dssemo’les of a LMFER," CO0-2245-37TR, MIT, April 1977,

€. €hiz &znd N. Todreas, "Development of a Technique for
Subcharnel Flow Rate Measurements in LMFBR Wire Wrapped
Assemblies,” CQ0-2245-397TR, July 1977

C. Chiu and N. Todreas, "WARD Blanket dssambly Fre-Test
Fredicsions by SUPERENERCY," CO0-2245-40TR, July 1977

C. €hia and N. Todreas, "Flow 3plit for a LMFBR 4" Wire
Wrapped Blanket Assembly," COO-2285-41TR, July 1977

C. Cniu and N. Todreas, "Statlc Pressure and Pressure Drop

for a LYTBR 4" Wire Wrapped Blanket Assembly," CO0-2245-
4Y2TR, July 1977



Reports Issued Under This Contract

Topical Reports, Continuad

¢, Chiu and H. Todreas, "Mixing Experiments for a LMFBER
4" Wire Wrapped Blanket Assembly," CQ0-2245-437TR,

July 1977

¥i Bin Chen and Michael W. Golay, "Coolant Mixing in the
LMFER Qutlet Flenum," COQ=2245-44TR, June 1977.

J. Kelly and N. Todreasz, "Turbulent Interchange in Trlangular
Array Bare Rod Bundles,"™ CO0-2245-45TR, July 1977

K.L. Basehore and N.E. Todreas, "Assessment of the Need
to Incorporate & Variable Swirl Flow Hodel into the
ENERGY Code," CO0=Z245-46TR, July 1977.

X.L. Basehore and N. Todreas, “"Analysis of the Thermal-
Hydraulic Behavior in ths CREBR Secondary Control Assembly,
Including Interassembly Heat Transfer Effects,” CO0-2245-47TR,
July 197F.

J.. Bartgils and N.E. Todreas, "Hydrodynamiec Behavier of a
Bare Rod Bundle," CO0224%-~U48TR, June 1977.

M.R. Fakori-Monazah and N.E. Todreas, "Measurement and Analysis
of Flow Wall Shear Stress in an Interior Subchannel of Triangular
Array Rods," CO0-2245-~-40TR, August 1377.
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Reports Issued under this Contract

Papers and Summaries

YL Bin Chen, Ka-Lam Ip, Heil E. Todreas, "Velocity
Measursmenta in Edge Channels ¢f Wire-Wrapped LMFER
Fuel Assemblies," American Mucleazpr Soclety Transactions
Yol. 1%, 1974, pp. 323-32L.

P. Carajilescovy, N. Todreas, "Experimental and Analytical
Study of Axial Turbulent Flows in an Interior Subchannel
of & Bare Rod Bundle," J. of Heat Transfer, Vol. 98,

No. 2, May 1976, pp. 262-268 (Included as Appendix to
Quarterly Progress Report, C00-2245-17).

E. Ehan, ¥W. Rohsencw, A. Sonin, N. Todreas, "A Porous
Body iladel for Predicting Temperature Distribution in
Wire-Yrapped Fuel Rod Assemblies,” Nuclear Englneering
and Design, 35 (197%5) 1-12.

E. Khan, W. Rohsenow, A. Sonin, N. Todreas, "A Porous
Body Model for Fredieting Temperature Distribution in
Wire-Wrapped Rod Assemblies Operating in Combined Forced
and Free Convection," Nueclear Engineering and Design,

35 (1975) 199-211.

Ralph G. Bennett and Michael) W. Golay, "Development of
an Optical Method for Messurement of Temperature Fluc-
tuation 1n Turbulent Flows," American Nuclear Scclety
Transactions, Vol. 22, 1975, p. 5E1.

B. Chen and N. Todreas, "Predietion of the Coolant
Temperature Fleld in a Breeder Reactor Including
Interassembly Hzat Transfer,” Nuclear Engineering and
Design 35, (1975) 423-440 (Included as Appenaix to
Quarierly Progress Report, C00-2245-23).

R. Zdennett and M.W. Golay, "Interferometric Investigation
of Turbulently Fluctuzitlng Temperature in an LMFER Qutlet
FPlencm Geometry," Accepted for the ASME Winter Annual
Meeting, Dec., 1976, {Includsd as Appendix 1n Quarterly
Progress Report, C00-2245-3G).

B.B. Mikie, E.U. Khan, N.E. Todreaz, "An Approximate Method
for Predieting Temperature Distribution in Wire Wrapped Fuel

Assemblies of a Ligquid Metal Fast Breeder Reactor," Mech.
Res. Comm., Vol. 3, 3193=360 (1976},
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keports Issuved Under this Contract

Papers and Summaries {Continued )

L. Wolf, R. Karimi, I.¥Y. Kim, C.N. Wong, M.K, Yeung "2-D
Thermoelastic Analysis of LMFBR Fuel Rod Claddings,"
Paper CU/gd,dth International Conf. Structural Mechanics
in Reactor Technology, San PFranciszsco, August 1977.

M. Yeung, L. Weolf, "Effective Cun&uctionrﬁixing Lengths
for Subechannel Analysis of Finite Hexagonal LMFBR Bundlez,™
ANS Meeting, New York, June 1977.

€. Chiu and N. Todreas,"Flow Split Measurements In An LMFER
Radlal Blanket Assembly," ANS Meeting, Hew York, June 1977.
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Commencing with report C00-2245-30, a new task,
TASK IV, which has been added t¢ the contract, was reparted.
This TA3K IV and TASK IID differ i1n that TASK IV is Initially
concentrated on thermal analyses using slug and laminar
veloclty proflles while TASK IID 1s concentrated on hydro-

dynamle analyses of turbulent velocity fields.

/¥



COOLANT MIXING IN LMFBR ROD BUMDLES AND
OUTLET PLENUM MIXING TRANSIENTS

Contract AT(11l=1)-224%

Quarterly Progress Report

The work of thils contract has been divided into the

followling Tasks:

TASK I: BUNDLE GEOMETRY {(WRAFPPED AND EBARE RODS)
TASK TA: Asseesment of Available Data

TASK IB: Experimencal Bundle Water Mixing
Investigation

TASK IC: Experimental Bundle Feripheral Veloclty
Measurements (Laser Anemometer)

TASK ID: Analytic Model Development - Bundles

TASK IX: SUBCHANNEL GEOMETRY {BARE RODS)
TASK TIXA: Assessment of Avalilable Data

TASKE IIB;: Experimental Subchannel Water Mixing
Investigatlion

TASK IIC: Experimental Subehannel Local Parameter
leasurements (Laser Anemometer)

TASE IID: Analytic Model Development - Subchannels

TASK IIL: LMFER OQUTLET PLENUM FLOW MIXIKG

TASK IIIA: Analytical and Experimental Investipgation
of Veleeity and Temperature Fields

TASK IV: THEORETICAL DETERMINATION OF LOCAL TEMPERATURE FIELDS
IN LMFBR FUEL ROD BUNDLES

>



TASK I: BUNDLE GEOMETRY (WRAPPED AND BARE RODS)

TASK IA: Assessment of Avallable Data and Codes (Kerry Baschore)

No work was performed thls quarter.

TASK IB.2 Experimental BundleIWater Mixing Investigation

Heﬁeat of Laminar and Transition Plow - 61 FPin Fuel Mixing
Experimentz (Stuart Glazer)

During the previous gquartesr, a variant of the isckinetic
sampling technique used by €. Chiu with the 61 pin blanket
bundle, was developaed to handle differences in conetruction of
the fuel snd blanket bundles. The tests were not satisfactorily
completed due Lo unacceptable sensitivity fo the particular
meazurements talken and non repeatabllity of volumetric flow
measurements in individueal =ubchannels. Minor wvarlatlons in
flow exiting from fthe same subchannel was observed, and was
postulated to oceur due to the relative "looseness" of the
plns withlin the duct assembly. The ratio of nominal pin to
pin centerline distance, to pin diameter (P/d) is much larger
for the fuel bundle than for the blanket bundle (1.2Y4 versus
1.067) so that more significant rod bowlng and rod repositioning
may occur at the exlt plane, particularly due €0 the influence
of insertion and removal of the lsokinetic sampling probe.
Since flow =spllit meazzurements are sensitive to the "sprezd"
of the fuel pins, and since the work of Chiu [1l] indicatsd
relatively uniform flow over each of the intericr, sdge and
corner reglons, it was decided to drop the current plans for
flow split measurement on a subchannel by subchannel basis.
The sampler tube has been redeslgned to record the axiszl
volumetrie flowrate from 1/6 of the interior subchannels at
ohnee., It has also been found that the znalysis techniques
reported by Chiu in (1) are applicable to the surrent situa-

- tlon, 2o that these will be used. The new sampler tubs has
been designed and fabricated, and is currently being used to
collect axial flowsplit data as a function of Eeynolds number,
Flow splift tests are expected to be completed shortly.

Freparations have also been made for the conduct of the
61 pin fuel bundle salt mixing tests. A new complete set of
126 salt conduchbivity probes have been wired to the sztandard
16 pln connectors teo facllitate . gonnection to the Real Time
Data Acquisitlon 3ystem, Three injection rods previously



fabricated, were wrapped with the spacer wire, and willl be

installed in the 61 pin fuel bundle upon completion of the

current series of flowsplit testas. At that time, the elec-
trical conductivity probes will be platinlzed and inserted

into the flow separator. Salt mixing tests are expected to

be run and completed during the current quarter.

The report on the Real Time Data Acquisition System has

been nearly completed, and will be issued durlng the current
gquartar as [2].

TASK IB.3 217 Pin Mizing Experiments {(Stuart Glazer)

During the past quarter, a version of the SUPERENERGY
code was used to determine the number of subchannels at the
exit plane of the % foot test section which wlll be expected
to contaln higher than background salf concentrations as a
result of zalt tracer injection at predetermined posltlions.
Although the results zare lrcomplete, it is currently believed
that less than 1/2 the 438 subchannels in the 217 pin bundle
need be instrumented, Previous probe manufacturing efforts
have resulted in a stock of approximately 200 partially com=
pleted probes. An appropriate number of these probes will
be finished pending final results of the study. Operation
of the 217 vin mixing tests must necessarily walt until
completion of the 61 pin bundle salt mixlng tests, as plans
call for the centerless grinding of 1 or 2 of the injection
rodz buillt for the &1 pin test bundle {(piln dia=.253") te
the size of the prototypleal pins (pin dia = .230") in the
217 pin bundle., Injectlon rod fabrication costs will there-
fore be held to a minimuam,

TASK IB.4 £l Pin RBlanket Bundle Expeirments (Chong Chiu)

During this quarter, much work has been devoted Toward
the mixing experiments of the zlternating wire wrapped blanket
azsembly and the static pressure drop measurements of the 2¢
lezad wire wrapped blanket bundle.

The mixing experiments of the alternating wire wrapped
bundle are performed by measuring the salt concentration map
at the bundle exlt with different salt injectlon depth for a
given Re. The eziperimental conditlon of these data are
summarized 1n Table 1. The purpose of this study 1s to unders-
stand the salt transport process at different distances from
the position where the saline solution is injected from the



injection rod. The salt concentratlion maps at different Re

for & given injectlon depth are used to callbrate the input
function FFPFECE of COBRA-IIIC computer code., By dolng so,

we are able to determine the subchannel coelant temperature

and peripheral duct temperature distribution of a typlczal
heated alternating wire wrapped blanket assembly by this
callbrated computer code, The results from this COBRA I1IIC
study will ke compared with the subchannel c¢coeclant temperatures
and duct temperature distribution of an in-phase wire wrapped
blanket assembly under the same operating condition predicted
by SUPERENERGY. From this comparison we believe we can
determine the advantages and disadvantages of the alternating
wire wrapped assembly versus the conventional in-phase assembly.

The static pressure data of the 2" lead blanket sssembly
are obtained in two different kinds of subchannels. Une is
an edge subchannel, the other is an interior subchannel.
Injection reds are used in both subchannels to obtain static
prezsure data at two different depths, 1.s&., lﬁ inches and
22.5% 1nches from the bundle exit.

The static pressure data are presented in Figs. 1 and 2
for edge subchannel and interiocr subchannel respectlively.
The pressure drop data for these two subehannels are presented
in Pigs. 3 and 4, 8ince the pressure drop data for a glven
He of these two subchannels are ldentlcal, the bundle frictlon
factor can be determined by assuming unlfiorm pressure drop
over a certain bundle axial distance. The resulting friction
factor is plotted versus Re as shwon in Fig. 5. :

TASK IC: Experimental Bundle Peripheral Veloclty Measurements
{Laser Anemometer)

He work was performed this quéftar{

TASK ID: Analytic Model Development - Bundlee (Kerr? Basehore)

Our model development =fforts have besen substantizl in the
past. To assist the reader in identifying cur published material
on these efforts and the associated codes, this new summary
fermat has been added to our progress reports

Summary of Exlszsting ENERGY Mcdel and Relatad Refaprances

Report numbers listed refer to those report titles ineluded
in the complete listing at the bheginning of this progress report.
1. ENERGY Physical Model Development

a. General

CO0-2245-12TR
CO0-2245-14TR *



II. Code Listing and Input Description
a., Sammary of Capabllities
CO0=22485-28, pp. 16-17

b. ENERGY I, IT, III
CO0=2245=-17TR
C00-2245=18TR, Revision 1

¢. SUPERENERGY
CO0=-2205-20TR, Revision 1

III. Emplrical Input Parameters, ¢* and C

a. Khan correlation, fuel bundle
CO0-2245-16TR, pp. &€7-69 or
CO0-2245-17TR

B. Blanket bundle
CO0-2245-34, pp. 3
COD-22L5.L8TR {not relesased)

¢. Conversion factors between porous and subchannel models
C00-2245-16TR, Appendix 4
CO0=2245=34, pp. 4=7 (graphs)

IV¥, Model«Data Comparison
a. General

CO0~2245=-12TR
CO0=2245=-146TR
CO0=2245-21TR

b. ANL XXO07
CO0-2245-33TR

¢. ORNL FFM-2A

C00-2245-28 pp. 2-3
COD=2245-32TR
£00-2245-46TR



¥I.

ViI.

Mcdel Comparison with other Codes

a. Ganeral
CO0-2245-14ATR

b. COBRA

CO0=-3245=32TR

¢, TRITON = COTEC
COD~2245-31, pp. 3=4

Model Additions and Improvements

*
rc

CO0-2245-16TR, pp. 76-90 (derivation)
co0-2245-28 PP. 14 feoded wersion)

a. G Criteria forr Forced Convection

b. Stability - ENERGY I
CO0-2245-16TR, Appendlx 3

¢, Stability - SUPERENERGY
CO0-2245-32TR
d, Interassembly gap conduction model

C0O0-2245-20TR, Revision 1 (original model)
C00-2285-.33TR (resistance model)

e, Vapiable swirl flow model

C00-2245-34, pp. 8-10
COn-2245-38, pp. 4
CO0=2245-46TR

Codes and Models under Development

2. Secondary control assembly model

CO0=-2245-38, pp. 5
CO0-22Y45=47TR (not released}

B. Transient SUPERENERGY

COO-2245-31, pp. 14=22
C00-2245-3Y4, pp. 11-41
CO0-2245-38, pp. 5
C00-2205-35TR

c. A complete summary of code developments is
shown in Table 2.



TASY ID.1 Steady State SUPERENERGY (Kerry Basehore)

1. Variable Swirl Flow Model

A report assessing the practicality and worth of intro-
ducing a variable swirl flow model into the ENERGY codes, using
the data reductlon and mod=l implementation schemes documented
in previous progress reports [3,4], has been written [5] and is
tiow in the distribution phase. The conclusions reached were as
follows:

1} The wvarlable swirl model will give temperature
predictions close to the conatant swirl model for
axial heights above one wire wrap lead length and
for power distributions that are not unrealistlcally
skewed, At relatively large axial helghts local
fluctuations of opposite slgn caused by variable
transverse flow tend to compensate. The transverse
veloclty 15 less important In bundles that are not
highly power skewed.

i1y The mass imbalance effects in the swirl model used
to date are noticeable. If a permanent implementa-
tich of the wvariable swirl flow model is attempted,
g2 method of providing a mass balanece will have to
be done carefully, zo as not to destroy the sim-
plieity and physical nature of the ENERGY model.

iil} The differences between the variasble and constant
swirl modals are generally insignificant compared
to bundle tolerance effects. It 1s recommended
that the variable swirl model not be used until it
is found that varlaticons 1n predictions between 1t
and the constant swirl model are equal to varlatlions
due to lfabrication tolerances.

2. GE Secondary Control Assembly

4 computer model of the thermal hydraulic behavior of
the Clinch River secondary control assembly has been completed.
The computer program uses & seml-analytlcal method o model
the counterflow sectlion and explicit SUPERENERGY type egquatlons
to model the poison control section. A& simplified sample problem
ghows that the results from the counterflow sectlon of the
program have excellent agreement with the purely analytical
sclution. Boundary condition interfacing with SUPERENERGY has
been achieved and works well, Doocumentation on modeling 1s
now being completed and will be released in toplcal report
form next quarter.



TﬁSK ID.2 Anazlyticzl Model Development - Translent
SUPERENERGY {(Stuart Glazer)

hs reported in [3], two versions of the tranzient
SUPERENERGY code sre under development: 2 detailed single
assembly version capable of analyzlng flow, power, and iniet
temperature transients at 2 subehannel level for bundles up
to 217 pins, and 2 multiassembly wversion which represents
each bundle as 2 7 pin assembly for the purpose of determina-
tion of interassembly heat transfer. The multiassembly version
will be desinged to permit up to 39 assemblises ( a2 1712 core
sector) to be coupled.

Current plans call for the use of the two codes elther
independently or 1In a caescade technique. In the cascade
technigque the multlassembly lumped verzion 1s first run to
determine approximate interassembly heat transfer during the
translent, These heat fluxes will be stored on magnetic
tape and used later by the single assembly verslon as boundary
conditions on the s5ix bundle faces throughout the transient.

An effort has been made to develop a base of commonality
and interchangeabllity between several subroutines in these
two codes, as well as wilth the steady sfate codes being
developed by K. Basehore., Division of work has been made,
and a coordinated effort of code development ls under way.
Currently, the author has expended most effort on the develop-
ment of the detalled single bundle code, with emphasis on
development of common data structures and internal organiza-
tions between the single and multiassembly cocde versions.
Completion of both codes is expected during the current
quarter.



[1]

2]

[31]

(4]

(5]
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TABLE 1

TEST RUH NO. AND YNJECTION DEPTH

Center Injection
Zubchannel

Edge Injecticn
Subchannel

{180° Out-of-Phase W.W}

Edde Injectlon
Subchannel

{ In-Phase W.W.)

-

Test Run In)Jection Test Run Injection Test Run Infection
Mo, Depth Ho . Depth Ho. Depth
16 16.0" 33 13.5" L7 13.5"
17 16.5" 34 1k,5" i § 14, 0%
18 17.0" 35 15.5" ug 14.65"
13 17,5" 36 16.5" 50 15.0"
20 18,07 37 17.5" 51 15.5"
21 19.0" 38 18.0" 52 16, 0"
22 19.5" 39 18.5" 53 16,5"
23 ao.o" ho 19.07 54 17.5"
24 ap,s" h1 19.5" 55 18.0"
25 21.¢" i2 20.0" 96 18.5"
26 22,0 43 23.0" 5T 10, 0"
27 22.5" Y 23.5" 58 19.5"
28 23.0" L5 240" 59 20,0"
23 23.5" Lp 25.0" (] 20.5"
30 2. 5" 61 21.0"
31 25.5" 62 21.5"
32 26.5" 63 22.0"

6l 23.0"
65 2k, o
66 25.00




TAELE 2

ENERGY SERIES CODE DEVELOPMENT

Coda Oprlong Status Docunentatilon Author Comment
Sceady State- CO0-2245-%%%
Forced Convection
EHERGY I I-Povous Body Superceded by 18TR Ehan
I5-Subchannel ENERCY I, Rev. 1 May, 1975
Madel
EHERGY I, Pev. 1 I-Porous Body Superceded by 18TR, Rev, 1 Basehore | Sanple Propram
Is—Subchannel BHERGY I, Rev. 2 July, 1976 changed
Hodel
ENERGY I, Bav. 2 I~Porous Body Latest of itse class | To be assigned | Bagehore |1) Reprogrammed
Is=Subchanael version of Rav. 1
Model but with adiasbatic
wall condition.
2) Use in place of
SUPERENERGY 11
{low storage)
application and
for direct enthalpy
calculations.
SUFERENERGY Subchanmel Hodal Suparcedad by Z0TR Basehora
only SUPERENERCY, Rev. 1 May, 1975
SUPEREHERGY, Rev. 1 | Subchanmal Model Superceded by 20TE, Bev. 1
oaly SUPERENERGY, Rev, 2 | December, 1976 -
SUPERENERGY, Rev, 1 Porous Hody Lateat of 1ts class | To be assigned | Basehora jUes for core sepg=-
Model and nent {can handle

Subohannel Medel

vith extra bypass
region) or single
assembly with wall
temperaturea or heat
flex condition

0T



TABLE 2 {Concinuad)
ENFRGY SERIRES CODE DEVELOPMENT

Code

Options Status Docymentatbion Author ommant
Trangient-
Forced Convection
TRANSEHERGY-S Single 4ssembly- | Latest of its class | To be assigned Glazer
Forous Eody
Model
TRANSENERGY=C Core Segnent— Latest of ics class To be assigned lazer
Fixed Hodal
Layout
Steady State-
Mixed Convection
EHERGY IT Porous Body Suparceded by 18TR Khan Reglects convec-
Hodel ENERGY II, Rev, 1 May, 1975 tive terms In
axlal momentun
aquation and
lateral energy
convection in
anergzy eguation.
EHERGY 1II, Rev, 1 Forous Body Latest of ics class 18TR, Rew., 1 Bagehare | Sample problen
Model July, 1976 changed.
ENERGY 111 Forous Body Superceded by 18TR Khan
Hodel ENMERGY IIT, Rev, 1 May, 1975
ENERGY 1II, Rev. 1 Porous Body Latest of irz class 14TR, Rev. 1 Basehore
Model July, 1974

It
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Figure 1: Fdge Injectlion Tube Fressur vs Reynolds Number



Pressure (FSIA)

10

10

13

|,|1|I

] 1 rrlrlll

Interior Subgshannel
Pressyure Drop Data

/D o= 1,067
B/D = 4.0

i

Pll1!

Fizure 2:

Re

14

Center Injectiuﬁ Tube Pressure vs Reynoelds

Number

L



AP(Ps1)

L
ol
E ) I ) q:b

H':E LOSARITHMIC 4d a0
R W= LN 1] ik nm A,
- HEUFFLL & ERAER &

1 4 _ 3

T
L

L
H

ol l.}'ﬂ_'
:Ei

o

]

LAP. |

?}::::

% 10®

a4 9 H‘rlo




TR I‘{* LOGARITHM|C 48 Faz0o T
11X 3 CYCREE L AL RN

KELUFFLL B EEFETI GO

I::#i-w

w
[

oY g ————

i

ii-

H
-~

1.

-

H

i
S

LX]
e
[ ]

AP(PSD)

- e |4 !'l,' H 'l r
i i T ' C LY i
H He
1 2E 7 = rj}%:g = 1
’ =< 55 £K E24C £ ) E SOC = Sa S assedaaE :
" tHE Ik = : z SESiEoeir
B E e EEE =t sraaziis i L
7 i it igih ESh i :
¢ il i
2 ey ]
i i Il ; i i
Ll === = =1
; ¥ h R H i
g I ]
{1 L HH
rd
o 4 S AN migae 0 SRR LAASE T |
2 . - H
¥
7 £ ]
i 11
(l 1 TH 1
I i i

L }
] 3 .nii?ﬂ!ldg 2 3 A 5 & 7 &

ixjo® 1x\



16

1.00 1T 77T T 4—|1|||’1| ! S

LI A |

AVERAGE FRICTIIN

N *\\\ FACTOR,

0.10

0.0l T W B A [ E ] I T A

10° 10° 104
Re
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TASK II: SUBCHANNEL GEOMETRY (BARE RODS)

TASK IXIA: Assessment of Avallable Data

Ho work performed on this task this quarter.

TASK IIB: Experlimental Subchannel Water Mixing Investigation
{Joseph M. Relly)

Work has been completed and reporte in CO0-2245-45TR.

TASK IIC: Experimental Subchannel Local Parameter
Mzasurements (Jobn Bartszis)

& 2-channel Laser Doppler Anemomeier worklng on the
Feference mode with forward scattering was used to perform
the measurements in a simulated interlor subchannel of a
triangular rod arpay with P/D=1,124. Experimental measure-
ments of the distribution of zxial veloeity, turbulent axisl
velocity, turbulent kinetic energy and radial Reyneolds
stresses were performed in the developlng and fully developed
reglons. All measurements have been completed and will be
reported 1in CO0=-2245-48TR.

TASK TIC.1 Wall Shear Stress Measurements (Mohammed Fakory)

In this pericd the measurements were completed. The
experiment was performed at different Revynolds number in
the same test section geomebtry (F/D=1.1, D=1.5 inches).
Table 1 summarizes the measuvrements: and conditions under which
they were performed.

We are now reviewing the data. Conclusions drawn so
far are as follows:

l. The wall shear stress 1s a2 monotonlecal function of
8 (azimuthal angle aleng the rod periphery)}, within 0< 8 < 30
degrees, The maximum value of the wall shear stress occurs
at 8= 30 degrees, AL =0 and 8 = 0 degreess the distribution
of wall shear stress 1s symmetrical with respect to 8 =0 and
2 = 30 degrees provided that there 1z grod symmetry between
the nejighboring subchannels,

2. At Reynolds number equal to 4,000 the Flow regime
iz not =table but is between laminar and turbulent.

3. There is no effects of gecondary flow in the region
very close to the wall.

4. The wall shear stress is not skewed from the rod
axls by the effect of secondary [flow.
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5. The frictlion factor calculated from the average wall
shear stress distribution (fg) 1ls lesz than the friction fagtor
resulting from the measured pressure drop at 8 =0 degree (f).
The £, c¢an be calculated using the squivalent aznnular zone
formuia or the round tube friction factor multiplied by a
coefficient.

6. The statie pressure {(pg) ls not uniform around the
subchannel periphery amd decreases as 8 lnereases from zero
to 30 degrees,

TASK IID: Analvtical Model Development - Subchannels
{John Bartzils)

The thesiz in this area has been completed znd will be
issued as Report COO-2245-4BTR which will include the measure-
ments of TASK IIC.

In the present work a 2-equation turbulence model - a
strong candidate for analyzing actual three dimensional turbulent
flows = has been used to predict fully developed flow of infinite
bare rod bundle of warious sspect ratics (P/D). The model has
been modified to take into account anisotrople effects of eddy
viscosity.

Secondary flow calculations have been also performed
although the model seems to be too rough o predict the
secondary flow corrently. Heat tranzsfer calcualtions have been
performed to confirm the importance of anlsotropilc viscosity in
temperature predictions.

All numerical czlculations for flow and heat have been
performed by two computer ¢odes developed in the present vork
which weie bazed on the TEACH code.

Comparisons between the analytical results and the results
of this sxperiment as well as other experimentzl datz in rod
bundle array avallable in liferature were made. The predictions
are in good agresment with the results for the hiph Reynolds
numbers,



Experiment
Humbex

Test
fection

Final design
Final design
Final desian

+
Intermediate
design

+
Final design

Final design

Final deailgn

Flow Probe
Source Model
Blouwer 3
Blower 3
Blower 2

Compreasor
{Regulator Valves) 2
Blower 2
Compresgor 3
{Continuously}
Compreagor 3
{Continucusly)
TAELE 1

Rexld

4.15

4.lb

3.11

9.52

1047

18.89

36.17

3
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_ 1,8
T (8), T, £ £,P (0),RNS

w
_ Tw':ﬁ:'
TW(&)lTW. -"-T-r_u"',fsl E’?ﬂ{a)
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List of Test Conditions and Measured Paramaters

These results are unreliabls.

6T
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TASE III. LMFER OUTLET PLENUM PLOW MIXIHNG

IIT.A. Steady State Velocity Fleld Measurements (¥i Bin Chen)

The steady state cutleft plenum velocity fleld measurements
and analysis have been completed., The results are summarized
in the project report Coolant Mixing in the LMFBR Outlet Plernum,
CO0-2245-44TR by Y1 Bin Chen and Michael W. Golay (transmitted
separately), and in the paper Validation of Turbulence Models
for LMFER Outlet Plenum Flows by Yi Bin Chen and Michael W.
Golay (Appendix ITI.A)} which will be presented at the 1977
National Heat Transfer Conference, The major coneluslions of
the work sre that the VWARR-II turbulence model 1s zdegquate for
design calculations in geometries having significant length
sczles of different magnitude (as with the FFTF plenum). How-
ever, in cases having several length scales of the szme magnitude
(az with the CRER plenum), the model fails to provide results
which are accurate even qQualitatively. ITn the latter case, no
amount of model parameter adjustment was adequate to Improve
experimental and thecretical agreement slignificantly. It was
alse found that detalled knowledge of the inlet flow mean flow
and turbulence fields 1s required for accurate calculaticons.

ITI.B. Combined Temperature and Veloclty Measurements (Vincent
P. Manno)

During the past guarter, the fluldized bed sged injection
system discussed in the previous progress report was constructed
and intrgduced into the flovw clircult., The prellmlnary testing
of thils system" has been very promising and 1t seems that this
mode of seed Injection willl prove successful. With the 'low
now seeded with particles, the guestion arose as to whether
the presence of the partiecleses would interfere with the inter-
ferometric tempepature measurement. Therefore, the temperature
measurement system was tested first with and then without flow
seeding, and no appreciable difference was found. The Inter-
ference patterns obgerved during both modes of operatlon were
identiesl in both Intensity and configuration. In addition %o
the seeding system, the new test ecell also deseribed in the
last report was installed into the experiment.

The next task undertaken was the transfer of the remainder
of' the LDA equipment to the experimental area. The componentis
which were introduced were: & photomultiplier and 1ts asscciated
high voltage unit, the Doppler frequency tracker and power unit,
the exclter unlt for the LDA frequency shifting Brage cell,
turbulence processor, and RM3 {root mean squared) voltmeters.
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4% present the LDA system has been completely 1nstalled and
iniltlal allgnment and adjustments have begun. The present
efforts are centered arocund finding the opbimum flow seeding
rate and equipment settings so as to attaln the best veloecity
data. Once this is established, ac¢tual measurements will bepgin.
The first measurements to be taken will allow svalusation of
the averags veloclty signal (U) and mean temperature sigzgnal
(T) at preseribed measurement stations in the flow. A= was
outlined in a2 previous progress report, the product of these
two quantities must be subtracted from the measurement systen
autput 1in opder to attaln =2 value for <u'T'> at the various
positions, singe <u'T'> is the cruclial quantity for evaluation
of the eddy diffusivity of hezt. The efforts of the next
quarter will therefore center around aligning and adjusting

the completed integrated system and then turn to data acquisition.
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Validation of Turbulence Models for

LMFBR Outlet Plenum Flows

Y. B. CHEN M. W, GOLAY

ABSTRACT

Small scals experipentzs Invelving untey flows
arg used to provide mean flov and turbulence Field
data for LMFRAR outlet pleoum flows. Messurementa
ar+ performed at Beypolds nunbsz {Fe ) values of 313000
and TOOOD im a 1/1% - acale FEYF geomatyy sand at
A = 35000 in o 3/90-scale CRER gegmetry. The sxperi-
mantal hahavior iz predicted wiing twoe differest twos
equatign turbulence mudel computar prograns, TEACH-T
apd TARR-II. It i5 faund that tha gualitative oatiure
af the flow fiald within the plenum depends sirongly
upoen the dlstributisn of the mean inlat Flaw fi1a34,
importantly alse upon the deeree of Ialet turluleoce,
and alss upor the turhulent momentum exchange model
ufad in the clzulations. It iz found 1o the TFTF
ghooetry thet the TEACH-T predictions agras wvell with
the sxperiments, while the sgresnemt of the VAAR-IT
prediction is poorer, mnd in the CABER geotetiy
a=ither code grovides a g&ood srediction of the ob-
served veharior,

AERCLATURE

EL. CE, Cu constagts appearing in tranaport aquetiona
of TRACHaT

Bys B, Zravitatiope]l foree in x apd 2 directiom

I intareal energy

k turbulence cinetie anergy, %-u.i'z

B pressurs

q amount of heat trazosfar from houndary to
the surroanding Fleid

Ré Reynelds trmber, defined with respect to
inlat duct width

r radial coordinats

t tine

u oean relocity o r  diraction

uty! klnemarie ghorr Shreay

ul’u:l' kipematic Reynolde atressas

uys Yy oesn velosity coaponeots

upte oyt fluztuatiog velocity components

Ly mprn welocity in 3 diraction

x xJ geoeral certesisn coordinate

a twrbwhant kineoatics viscosity

C‘k_ I:rE effeceive turbulent Prandtl nomber {or

trapspert of k and £

u] density of tha fluid

P rafardnce density

[ l'l, G copstents appearing in treosport sguation?
aof VARR-IT

Ty reciprocal of the turbylent Prandtl nupher

W klinwnatic vigcesity

1} matecutar viscosity

u, turbulent viscesity

£ turbulent snergy digssipavien rate

INTRCDUCTION

In the Ligquild HMetal-conled Fast Dreeder Resctor
(LMFER), scdium 1s waed a3 2oslant to remave heet
from the reactor eore. Since sofium {3 & good heat
tranafet madius And has lov hest caPecity, tha t4rner-
Ature gifferepce Yetyeen (pied and Sutles of Yhe core
is much higher than thet of the current dedign lignt
watar resctor (LWR). A& typicel welue Zfor this temper-
ature rige ls approximetely W0 F. During m reactor
sorem vith [or vithout) Flow coastdown, the cold
sodium will fggue from the resctar core, eod will mix
%1th hot sadivm which had previougly [1lled the réac-
toar outlet plenm. Tredieting the transient therasl
regponae of the scdlum 1n the cuklst pleoum ie sn
laportant preblzm, sinee this thermal regime will dic-
tate the thermal fatlgus environnent for the outlat
nazzies, instpument ir=ey, and other mechanical com-
ponente which wlll ba exposed o the reactor coolant
Tlow, Tuo-squation tuwrbalence bedel calculstlong are
being used ta predict the tharmal historiss Jhich Fueh
cugpunants will =xperjencs. Thug, it {1 oecsssdsy, in
ordar ta inaure the sdequasy o7 the design of thess
conponents, that the dexigon numeri<si slmulstlons be
both accurate aod atoncdical . Expariodntal varifize-
tion of the accuracy of the resulting predictions is
an ezmgentlal compoment of that lpsurance.

Tox detailed wpalyticel treatment of the coolant
witing in the outlet plenum i wery dEfficuli dus to
the comblex pature of the résulting tuwrbulent flow,
The Aavier-Stokes sgquaticn cannot be aelved pnumerically
becsuse of small zeale of turbulence, and dve to the
limited ztornee crpacity and spewd of existing compu=
terzs. Tharefore, most of the problesns in the turbulent
flew are golved by unalpg the tife-averaged Horidr-
Stoher equaticns (or Feyneolds couetion). Dug to the
ponlinwerity of the Havier-Stokes eguations, sne addi-
tivpal term, knosm as Beymolds strese, appears in the
Remolds equation. Much of the atiention hes be=n con-
centrated &h bavr o sodal this parasstsr in terms ol
kv quantities, This 15 the To-called turbulence



nodel approach. In general the LMFBE outlet plemun
will digplay 8 reclirculating flow pattern. The
siopleat wodel (e.5., Praodtl's adxing length theory)
hat besn Found o bre inzdequate in proriding accurate
predictions of this Yehavior (L), Therzfors current
dagign work s adopted the use of the two-squation
twrbulence model. This decision 13 baged on the
need for accursacy and for renzonably shoart compuba-
tion tilmes.

AHALTTIC TOOLS

In our work tvo computer codes, namely TEACH-T
tg] and YARR-TI I:;] axz uaed. TEACH-T ls a stesdy-
state tunedimenaional code which adopts turbuolent
kiowtic energy and turbulent scacgy dissipation as
twm pddirienal dependent variables. Turbulest kines
tic epwrgy and turbuleat epsrgy digalpation are
dafinad g Tu_'-;

1oz i

2 ui® &nd w[ﬂx )
fhath ip tenser form) respeétive!.:.r. YARR-IT 13 &
time-dependent two-dimsnaional thersal hydranliz
code, Different from TEACH-T, it soclves turbulent
kimetic snacgy and turbulent kinematic wizsosity
conserration eguations {n diffacential form. Io
addition, 4 Mbat conzervation &dquafion ia Aalse fin-
corparated imto the code for temperature prediction,
and in order to provide bugyant force feedback o
the wartical momentum aguation. (Ses the Appendix
for a mera complete diacuzaion of the two codes.)
The ¢ode TEACH~T has been modified to caloulate flows
in the reactar plenvm gromeiry, and has been uzed to
penerats & prediction of the flovs which would ba
observad in the walidatlon expariments of this work.
The pode VARR-IT f23 curreptly In uge ag o dasign
teol ip the I.5. LMFER demonsiration reactvor {Clinch
River) progrem. Its pradistions have not been vari-
fied ¢rparientally io the flov gedaneiry of intersst.
It is al=sn bedng osed {n this work to wredict the
flow in the experimental test cell. Thuss by inter-
comparizon of the pezults From thesa tie competing
turbulances model coders and the abzerved saxparimental
datn, one may ldeotify sources of error in the prew
dictions and meke appropriste lmprovements 1ln the
torbulence modela for the owtlat plenum epplication.

EPERINENTS

In the sxperiments, small-scals Tartesisn geo-
matry test wodels of 5 diametrical section of the
prototyple cublet pleoun geometries arw used. The
experiaents conalst of orasursmsnts of appropriate
turbulence podel peramatirs in steady-xtate wvater
flows. Theuee deta are than cospared to predictions
af the behavior of the smxperipent by each of the twvo-
squation turbulence model codes.

A wariable Feometry outlet piledum taxt <wll
which aimulates Tus reactor casex, namesly those af
the Past Flux Test Facility (FFTF) azd the Glioch
River Bresdar Rasactor Project {(CRERP}, huz bewrn
febricated, and is zhewn in Fig. 1.

Hemgurenkivts &f velooity, turbulent kinetic

snecgy, and Reynalds stresses (-p u'™v') ip the twe
verpepdioular dirsctions ars obtained simultansoualiy
by use of & PISA Mark~II twes=chaonel Laser Doppler
Anspemetar (4) cpersting in the refarsnce bead made
a3 showvn in Flg, 2. Botbh velocity compooent sigmals
have L0 Mz preshift devicss spd frequency down
@ixipg o resave the ambiguity regarding the flow
diraction in lev spasd meagurementz. A Z-watt
Spectre Phyaics Argen Laser iz the light source.
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RESULTS

The reaunlis obizained Dave shown significent dis-
crapancies in the agresments between the peazurements
tnd the ccde predictions in & spactrm of cases. The
arperimantal errors are typically 20 percent for the
Reynolds stress, 5 percent for the fturbulence klnetic
energy, and £ percent for the meen velocity data. Ta
all of the TEACH=T calculations the meen velocity
fleld end the turbulence kinetlc energy Cield at the
plapm {nlet gre A&t aguat to the vrloss measzursd in
the cmge of iptereat. In all of the YARR-II calcula-
tions the inlet maap veloolty diptributicng are cat
sgual to the oeasuwrsd valuss; hovever, the turbulencs
Einatie snerpy and Raynolds stress valuss are calcou-
lated lotermelly lo the prograno.

Tha Skazursd and pradizted relocity fis1d data
for the casen [ovestigated ars 3hovn o Figs. 3
through 12 for the 1/15 gspale FFIF geomktry and io
Figs. 13 througn 15 for the 3/B0-scale CRER grometyy.
In sach of the Flgures the deta are normaliged in
terzs of the maximm value of the lolet velocltles.
It iz swan consistantly in exeminiog the data that
Both the measursdt and pesdicted Tlor fislde dspend
atTongly upen both the inlet flov conditions (vele-
eity distribution and turbulgnes leval) apd the
turbulent pomeptum exchange in the flav. The resulis
ohtained are digougsed in order of wscending Figure
rambear .



Tha first set of data applies to the FFIF geo-
© o#tTY at & Aeynolds oumber [Re)l welys of TO,000
(defined with respect o the iolet srifics width).
It 13 seen thaet the velecity flelds comparison bee
twaen TEACH-T, VARR-TT and the axperiment iz gomd
throughout the [isld, except that the predicted
vortex centers are displaced from the observed loca—
tion amd the predicted mesn velosity vluss nsar the

cell bourdaries are significantly grester than those
obaervad experimentally.
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Fig. 4 TEACA-T Prediction, FFTF Ceometry,
Re = 70,000 -

it 19 aawo in Figs- § 2ud 7 that the turbulence parn-
mater Fields predictad by TEACH-T agres ressonably
well st noat pasitione with these cbserved sxperi-
mentally [i.e. within the sane ordar of masnituds},
and thoge predicted by YARR-IT are generally smallar
thas the measvred values by a® ouch as an order of
negnitude, $yplcally, It is fedn that ths Reynoids
stress agreemsnt i poorer faor both ¢odes than L5
that for the turtnlshce kingtic enargy, since in
neither ealeulation are the inlet Reymolds stregs
¥Elugy matehed to the syparimsntal valoes. The
generelly bevier quality of the TEACH-T mredictiop
reflects tha wmlus of speeifring accurately the {plet
waeloctfty aod turbulence kipetic eoargy distributions.
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It has gsl3e been obierved thet further imgyrovenent
can be obhtained by matehing the inlet Reynolds atress

values in the caléuwlations to thase oosarved axperi-— — Y N, T —— — - - —— !
m=ntally. . ' . T "

The guelitative dependence of the observed and Lt T, - .
predicted flow fields upon the inlet meen veloelty et e .
distribution is shown in & startling rfaghian in P T e T T T L T L B T
Figas. 8 through 12. In this case in the FFTF gao- P T T T T L T B B .
matTy the lnlet mazs low rate i35 caintzined for P A P T O T T T . e
Fe m T DO0; however, & partial inlet rlov bleckage e T T T T T e
it uaed to provide a velooity distributicon Which has \ . . R B T .
a maximum near the outslde edge of the {nlet duct ' T
{Zee Fig. 8). This results in & mean flow map which e I '
i3 guelitativaly different froo that cbiwrved {o the rer e m o o
previcus gisaes. The main flaw 13 obierved to paas T AL A L
through the lower porticenh of the plenum, with an I R e A - .
Upper region being oosupied by A counter-rotating P L T A . .
secondary [low. This is due to the hlgh rate of zean L e . P
Tlew shear sbave the inlet arifice with rapid entrain- - - . - . e
zant of fivad in the pleanun, aceonpanied by strong e e - . e e e e e
degradation of the inlat Jet mooentun. It iz notablae

that both of the aodes SFe able to predlict the gquali- Fig. 19 VARR-IT Pr=dictlon, FPTF Geometry, Re =T0,000,
tatlve faatures of thiz flow, although neither code Distortad Inlet Maan Flow Distributisn

is succassful in descriving the experimantally obh-

served flow fleld in deteail, perticulerly in regard

to the locstion and rets of clrculaticon of the

secondery Ilow vortex. ] |
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Az with the prerigus cases the TEACA-T predie-
tion of the ifurbulence pLranEters is much HOra Sucs
ceasful than that of YARR-TT, -reflecting the more
accurate inlet turbuwlence specification in the (ormer
ckze. The inportance of this cass 1iem in dedpon-

trating that tha qualitativae nature of the mesn Flov
field is strungly dependent upon the ilzlet mean
velooityr field. The implications for desipn caicule-
tivn: of the need for ab accurats knowledge of theas T T
inlet gonditions is clsarly avident.

Tats similar to those obteined i1a the 1/1%5-scele
FF{F test call have alss heen chizined for stesdy
gvate vater flows io & 3/00-acale Ciinch River ..
Hasdar Rewator {CRER} sutlet pilenum gecsmstry [oes I, .
Fig. 13). In this geometry the lnlet orifice (i.e., AN
the reglen abave the reactor core] is much wider, and v s

penetrates to a much greatar helght into the plenum, U
so that relative to the lolet orifice width the aurg-
let plenum is much shorter end nerrower than in the
FPIF case. A mass Tlovrate approwimately squal to - =
thet at 4 Re value of 70,000 in the FFIF ghoEstry res — = =
jults fa & Re walug of 35,000 in the CRER geometry. o -

The CRER dats with the "normel® inlet mean :{ou Fig. 14 TEACH=T Frediction, CRHA Geometry, Re = 35,000
A gtribution are shown in Figs. 13 through 15. EF-
feetively 1in this geometry the inlat jet fmpacts
against the upper plenun bouadary in & much shoerter
diztance than ip the FFIT case and then rabound: ta
the outlet duct due %4 high upper planum atignation
rrasiures, vhile in the FFIF geobatry the mean flow
iz able 1o follow streamlines from the entrance %o H -

tha #xit in 4 fashidn ma weuld bBe engountered in a -t \ _— e o e
Ilaminar flow. .o
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i . Fig. 13 VaARR-TT Predicticn, CRBEA Gecmetry, Re = 35,000

throughout post of the flew fiald.
CRER rlow data for Ae = 15,000 are oot shown

bare for the caze with a partial [plet flov blockage,
regulting in & distorted inlet mean flow diztritution.

_ _ _ - o The striking featucs is that oeither code is able any-
_ whare sxcapt in the peighhorheod »F the inlet and out-
let ducts. In g situstlon such oa thiz ons the nighly

chaotis meen Flow distribution [vith little oot mas
tlov] in the upper pienun regies s treoslsted by the
codasd intds & stagmant, or alternatively isto a re-
clrculating flov reglon, Thus, the net flow into and

This greater meen [low checs 1z teen o the com- out of the plenum 1 predicted corrwetly, but the flow
parison of the messzred mean Flow fiskd (Fig., 13) to

Fig. 13 Mraaured Mean Flow riald, CRER Ceomatry,
Rw = 35,000

prtterp within the pienum iz described vary inacou-
the TEACE-T (Fig. 1k} and vaRp-IT (F{g. 1%) predic- retaly.
tions. It I3 szen in the lower half ef the plenum
that the megsurements and code predictions sgres CONCLUSIORS

reasonably well, uwith the TEACE-T prediction aprseing
excellantly and with the YARR-IL predictian belog
approximatsly 208 too hizh in the hizh velooity
regiong. In the upper nelf of the planum 1t is xmep
that nalthar of the eodez fa abla 0 predict the

flou Tield gualitstively.

From wxaminmtion of the turbuwlencs data Ffor the
FFTF and CHER gecswtries it 15 seenm that ths predic-
tigng for the latter gecmetries fall hesauss the
degras of datal]l reguired for describing the tuwrbu-

A5 in vrevious cmses the leocw kinwtic mpergy (k) apd Faynclds gtre=ss variatiaop
VARR-TT pradictien (not shown herel i3 fnasssitive (7} 15 nee supplied in the turbulence nodels samingd.
to the patching of the turbudence kinetic snergy to From the sxpericentel dats {see FPigs. & and T) it 13
the exparimsnt at a single folet pedint, and the pre- se#n in tha FFTT cass that & 45 approximataiy wni-

dicted turbulence kinetic emersy field iz typically

formwly distribated spasfally, aed that 0 increaces
tos low by approximately an order of mogpltude

from the vortex center approximately ln proportion to

&



the wean-flov kKinetlc energy. Hotably, the caleu-
lated turpuwlapce fislda do not display this detailed
sapetial behavior, although the mesn flow [ield pres
dlcticng ares plmilear to the measared Flelds.

The TEACH=T madel hag beepn developsd Vith sxe
tenaive experimentel tasting in recirculating (lows,
while tha VARE-II model has been verified sxperi-
mentally omly for boundary layer flows (5). Thus,
it is mnt surpriaing that the former sadal provides
supeTior resulta.

In a seperate salsulpticn we have ghoerved that

use of & raletionszhip ua'v' = l:.":I'|||.1|2 rather than a

fwo-egquaticon turbule=oce podrl yirldx results io the
FFIF geometry which are of accuracy equivalesnt to
that cbtained (rom the pore complicatsd modsls for
both normal and distorted inlet valosity dlstribu-
tlong., The resunlts are oply veakly senzliive to the
waloe of El.

The mere lopeTtant copclusions arizs Irom thw
fpakility of wither coda to pradict the gualitative
flow behavior in eltber gecmetry vhen the distortad
inlst conditions prevail. This lndicates that the
turbulence Dodel used o defepibe furbulent Somsotus
tranafer Within the flow may he less important thap
8 accurete wnoviedge of the deteiled inlet mean
Tlow and turbulepce fizlda. Tt i3 notable that the

ero—mguation model Ww' = C'llui? (=20 2 € 2 ~50)

Drovides regulta in this cefe wvhich are of comparable
sccuracy to the fwo eodas,

By contrast in the CRER geomstry 1t i3 zeen that
the turbulencs model caleoulations abe much less ac-
curats than in the FPIF caza in the prediction aof
mean fiow fields. The predicticas of turbulence
guantity fieida ig hotelessly poor. The aauges for
this ¢can be sgen Trop en examination of the sxperi-
mental turbulepce Axka. Tt 13 Tean that the k-fisid
13 large in the inlet J#t region, with decliping
TALluAs* & oo progrezies tovard the outlat. The
region dvmatrexs from the lalet Jet js characterized
by c¢opveralop of mean flow kinstls emergy into stag-
nation preasurg, and turbulence kiostic anergy with
these quantities sxcwsding viccous ddseipation. In
this ragion 1t would be arpectad that the tupbulsagt

correlation uir' tould be leroe and would bava a

complicated spatial varistion, altbough & oesswre-
mant of it is unavalleble. In addition, hecause af
the more tartugus flow path lo the CRAER geometry,
the pupber of significant lsagth-aceles Setarmiping
the paturw of the flow ip any yegion of the plenum
would be graater than in the FFTF use; ths sagnltude
and conplaxity of each term io the espclosed turbys
1enge gquptions would be incTeansd Zreatly as will
the degres of dspartwrs oo twrbulant 1sotIopy.
The pat result i: that the closure saiumbtions for
the turbwience podels =xamined are too siople to
deseribe aiequately the cowplicated asture of the
CRER flow field.

From tha FFTF cages having normel inlet flow
topditions it 15 sSesh that excellent agreement fs
cbtained betvesn the TEACE-T redicticona apd the
mHazutepents. The loferior Qquality of the VARR-IT
predictiona is attributable to the fowbhility to
watch the inlet turbulance conditionz to thoze in
the experimect, as well as to paspible errors in the
turbulance model.

The ipability of eitbher frogrmm o predict the
naturg of tha floy under Adlstorted inlet conditions
indicatas that the cholce of o turbulence model is
not g (mpoartant &3 an dcclrete kool edge of falet
siov and twrbulepcs rield. It also 1oplies that
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coded 3uch 43 thoss osed in this study should be usad
with great caution in which abrupt changes in shepe
gltustions arise (i.e., CRER flows} or im vhich strom
mern flow gradients or several length acales are
impozed. Hithin thess linjtations opdes of the type
vuped 1p thie work can provide predictions vhiceh are
ugefl fer dssign purposas, although furthsry work 1
requitred to determing the degres of sccuracy of
turbul sant Momentum archangs within a simole geometry
well-speciiied flow.
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APPENDLY

The fundamepts) ajuoaticons of tha VARR-II and
TEACH=T codes are cutlined in thiz sppemiiz. These
eodes are used to provide the detalled aozlysis of
tha experimsnt, and the theorstically pradictsd velo=
efty and turbulence distributions.

VARR-IT
The aquations aolved by this code in cylindrical
coardinutas are the follewling:

S A LRRE

v & (@] + L o3 (1)
R R L T

S1 3, b (B (2}
Bald ek = 200810+ rid el

+ Aadi] -t {3}
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where SIT = {3_:}24_ (g—:}a +%{a—:+ 33%}2+ uE

The recommended values of constants [5) are
r X r ¥ep
1.5 -OL% 9. T% + %

Théa adlution schewme adopted iz the Sieplified
Morker And Gell (SHAC) method (§). It may be sum-
marized as follove.

1 Computing guesses for the osw veloclities for
the entira cesh from finite difference form of
squation (1} and (2} which involve only the previous
time walueds.

2 Matching the bouwdary coaditions and adlust-
ing these welocitles to satlsfy the continuity
eguation (5} wr ouking appropriste chenges in the
cell pressure. Io the iterstion, sach c=ll is con-
siderad succeszively apnd iz given a prezpurs
changes that drives itz lpstantaneous veloaclity di-
Vargeancs to 2erd.

3 ¥hep convergence hag besn gohieoved, ths
velocity and presguwre Tields can be used to coapubs
turbulesnca kinetic epergy. turbulence kinsmatic
vizooaity end internal anargr.

b Floslly, all the fleld properties are at the
advenced time leval 2nd may be used a5 starting
value for the oext cycle.

ToacH=T
The equaticea solved by this code in tepsor
forms are:

J
] 3 Ilt .
Pk = e (e dE ]~ p G+ = O {8}

e 8%, k a3y {crk_ ¥y v

2 2 e ae,  OS° 2
T P s Gk, C TR ME YT =0 9)

J 3 TET)
-E'—Ipu} = 0 f10)
ix ]
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vhers
du El'u
rervy i,
-p et o= o *ax }
a
b, = Cpk fe
. i'u.i u Bui
G = 3:\'. } 3x,
3 3
The recombended valuss of constants {3) aps
Y% 5 % % &
.00 1.4 192 1.0 1.3
The solutlon scheme {7) may be summarized ae
rollows, Integrating the partisl dirfersntizl

asguaticps ¢ver the control voeluws, ufibhg the CaUes' =
theorem to replace wolime jntegral by surface ooes,
then approximating the iotegrals with the aid of
oba=diensionk! anetysie. & hybrid of central and
wpwind 41fference is uged tn treat convectivn and
diffugion term, opd in order to obioip good stability
and sccuracy. The solution tachnique lr a gyells
aprias of guass and corract aperatichs. Firatly,
the guesse=d velocitiss apd pressure are substituted
ints momentum squations, it will yield intermadipes
velosities. However, these will not setisly the
coptinuity wguation. The pressuras are then adjusted
2 Ax o satisfy coptinuity. Io geosrel, it 13 pot
neceddary to satizfy <continuity for sach opyele, sincs
the later calculatlon of Kk snd £ will affect toa
velositiea, In TEACE-T code w, v, k end & A&re
13lved thrae timey and pressure five times for s=ech
cycle. The convergence erlterica 1z 2=t for residual
soure for maxs and valocities 1o be oelow selectad
valuws. Thiz goluticon algsrithm cbriates the oeed
ta approach the steady state vis tige evoluticn of the
flow, as 1z required by conventicnal method {a.g.,
SMAC method in VARR-II). In the plenum casg. the
computation tims for TEACK i3 epproximately one order
of magnttuie laaxxz than that orf VARR-II.
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TASK IV: THEORETICAL DETERMINATION OF LOCAL TEMPERATURE
FIELD3 TN LMFBE FUEL ROD BUNDLES

TASK IVA: (Code Development for Sclving the 2-D Multicell
Multireglion Energy Equations

{Man Kit Yeung)

SUNMMARY @

During the last quarter, emphasis has been primarily
focused on the determinatlion of the geometriec correction
factors for the effectlive conduection mixing lengths of
interszuhchammel conductlon heat transport. Detailed analy=
£lecal procedures for ealculating the geometrlc correctlon
factor from a local temperature f1eld of 2 hexagonal bundle
are lllustrated. Erfforts have been alsoc directed te ilnvestl-
gate the eflfect of power tilting on the behavior of the
geametric correctlion factor. Calculations with accurately
predlcted correction factor for & V-pin LMFER bundle are
performed with C@BRA-IIIC for different flow condltions.

The calculational results indicate that significant design
margins c¢an be gained by implementing the accurately predicted
mixing lengths in subchannel calculations.
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INTRODUCTION

Subchannel codes usually dlvide the assembly 1intoc a flnite
grid of "subchannels" each of whiech is characterized by a bulk
temperature, flow rate and pressure.

Energy transport hetween adjacent subchannels is governed
by the mechanisms of diversion cross-flow, turbulence mixing
and conduction. (Haturally, the layout of the subchannels may
noet be the same as the unlt cells used in the present analysis.)
For LMFER design calculations the energy transport by eonduc-—
tion constitutes 2 major contribution to the overall snergy
transport. This effect 1s even more promounced for flows
which are characterized by low-He numbers. These flbw situa-
tions especially arisze in the case of a loss-olf-flow acoident
and the 1ilke. Despite this importaznce only scattered informa-
tion 1s avallable for Iinternal subechannels [1], but nothing
is known for the subchannels near the bundle wall regions.

In thilis chapter, effective lumped parameters due to conduction
are determined by uzing the coolant temperature field resulted

from the multicell analysis.

2. Definition of Effective Conduction Mixing Length

The heat transfer rate dus £o conductlion between adjacent

subchannels 1 and j as calculated in subechannel codes ls glven

by: [2)
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I LA LY P
Q= k, v kc—ng;(Ti T, oy (1)

Where sij = the length of the common boundary
113 - the effectlve conductlon mizxing length
le - the centreid-to-centrold distance of

adjacent coolant channels
and Lj_‘j - a dimensjionless correction fackor repre-
senting the ratic of the effective conduc-

tion mixing length to the centrold- to-
gcentreld distance, 1.2.,

L, = == (2)

In subchannel caleulations, L 1z usually set to be

1]
unity due to the lack of knowledge of the local temperature
field. 7Tt is quite obvious that the lumped parameter codes
wlll not qQuite glve rellable resulis 1If the correct effecilve
mixlng lengths are not known. However, by setting the Lij Lo
be unity implies that the effective conduction mixing length
is =qual to the centrold-to-centrold dlstance. Thiz assump-
tion iz completely intulftive and lacks elther analyticzl or

experimental verification. With some rearrangements, Egq. {1)

can be wpitten as:

3 T, - T
. i i
Li.] k., —;-'1-1” T——lid (3]

In addition, the total heat transfer from subgzhannel i
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to J due to conductlon can be expressed as:

= n
9 4 Jq "ds . ()
Sij
Where q; denotes the heat flux distributicn along the
common boundary between subchannels i and j. Substituting

Eq. (U) dinto Eg. (3) leads to:

5,, (T T.)
il e 1l 1
]q;ds

Eq. {3) can be normal%ged into dimensionless form by multiplying

and dividing by the grouro qE'aEKEk

m 2 A 2
Si a fEk 845 g"'a f?kc
k e ol (6)
° lij s lij 9
__27_d5 —— e
qm 2 Ekc J q_'"'E.E,-”E
E‘:L,j . SiJ

Multiplying and dividing the integral in the numerator by the

radiuzs of the rod leads to the formula

ffi - T.)
S =10}
o - g o
1 a8 =
J_"'W?_q aZ77 ()
3
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3. fCaleculation of Lumped Quantltles from the Local Temperature
Fleld of a T-Rod Bundle.

A cross-sectional view of a typleal 7-rod bundle as shown
in Flgure 1 is used as zn example to 1lliustrate the appli;a—
Bility of the lacal temperature fleld for effective c¢onduction
mixing length czlculatisn. The dash lines indicated in the
Flgure denote the layou¥ of the subchannels usuzally employed
in most subchannel calculations. Obvlously this kind of
coolant«centered subchannel structure does noet colneide with
the unit cell structure which has béen used so far in this
ahalysls. As shown 1n Pigure 2, the symmetry sectlon of the
bundle consists of a 30° internal cell and a corner cell with
their common cell boundary indicated as solid line. The logal
temperature flelds of the coclant, the clad and the fuel regions
are obtained by coupling the temperature fields of the two cells.
From Flgure 2, 1t can be seen that the internal subchannel
{denoted as subehannel 1) consists of the entire internal
unit cell and part of the corner cell where 21t /3 < ¢m  and
the corner subchannel (denoted s subchannel (j) is actuzlly
the portion of the corner unit cell where 0< ¢.< 2n/3. Upon
meitiplying and dividing the heat transfer integral of Eg. {17}
vy the rpell-to-average power factor qg the correction lactor
Lij can be written as:
(T, - T,

5 Q"'a¢f2kc
L - (8]

ooy e
+ {—Tn-f— 2(=)
qE q a 2b- b

Sij

S



36

—fm

Recognlizing that the subchannel boundary is the normal
of' the corner cell te¢ its second boundary for this particular

example,

ds = dr {(3)

Furthermore the heat flux distribution at the subechannel boundary

3 iz glven by the local temperature field of the corner cell

1j

a8

oL o = R . -
a; k, VT, - k, T, « (=9,) (10)
or equlvalently
aT
¢T, = aT -~ - 1 2
- 2 4 1 T2 940 -, = K
q; kG[ o TE + - 3¢- 2 e [+ I‘E 3¢2
2 2 2
(11}
dividing Eq. (11} by the group qa“'aXEb leads to:
{(12)
, 1 8T, b aT2
g Pp 9% Ty 2% LY
o | -] b =
q;"a</2b aly’ a?/2v a3'a2/2k, Pp 3%,
Whare EE is the dimensionless temperature of the coclant

of the corner cell g2z calculated from the coupled multicell

caleulation. Substituting Eq. {(12)into Eg.{(8) and integrating
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from p = 1 to aE’EKb, Lij takes on the form:

(T; - Tp)
3 Eil'la Fak ‘
Lij - T%'j_ £ {13}
ij a, Efb 58
+ J 3 1 o dp
q — —
2 ! Pa 3¢2 2

Where the heat transfer integral 1s evaluated by the Gauss-
Legendre ten-point method [3].

The next lLumped quantity to be calculated from the loe=zl
temperature field is the normalized averaged coolant temperature
difference between subchanhels. From Figure 2 1t can be seéen
that the averaged c¢oolant temperature of. the subchannel 1 can

be written as:

_ AT 1 ¥ A <Tpip (14)
1
(Ap + Arp)

=3

Where{T1> T is the averaged coclant temperature of the

small internzl cell integrated over the aresz Apyand <T,> 15
is the averaged coolaznt temperature of the corner cell integrated

over the areaz A . as indicated in the figure. Recalling the

1T
ralation between the coolant temperature and its dimensionless

temperature as glven ln the previous report Eq. {14) can be written

q,8° q3"a?

as follows:
Arla, 1 * 2%, <Oyl + Apgla, o4 2K <8y7rrd

Ti =
(AI + AII}

{15)
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Similarly, the averaged cocolant temperature of subchannel
J 1s glven by: {16)

qIE"I 32
Arrrlhe,2 * R <82% 111l , a3 a®
T, = - = o2 T R, <Pt
111

r
Naturally, the quantity {EE?III denctes the averaged

coclant temperature of the corner unit cell integrated over
the area AIII'
Therefore the ftemperature difference hetween the two

subchannels is obtained by combining Eqs. {1%) and (16}:
2

q'a Irq:é'a
(A A - + A__A ) Ar—Sp— 8y # T3k, <0,
AT = - I'n,1 IT o,2 e I II
1+ 4 G I 1T
IT
qg‘az
t F < 8577117 (17)

c

Simplifying Eqg. {(17) and dividing Eg. {17 3)by the group q”aEKEkc

the normallzed dimensionless averaged coclant temperature

difference between subchannel i and j becomes:

+ . Il
= = qfen.> _ + g, ¢8> ==
{Ty - Tj) . (Au,l - AD,E) 1 N 171 I 2772711 A
L2 3 A A
a" a®/2k, q™ a ,-”Ekc 1 &+ I1 3 4 1T

A A
I I
{18)
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It can be shown that the difference hetween the two constants

18 given by:

¥ =

(A, - A )" | _
. 1 o2 ” Ml | o (19)

2
- aMa ’;Ekc

R

Where Ya 1s & constant resulted from the conpled mult;cell
caleulation. And it can be'seen_frnm Figure 2 that the cooclant
ares AII i= Just twiree of that of AI. Therefore Eg. {(18) finally

-

bEEOmEB: . _ )

I b

L L8 7y *9;¢8 % g
o ¥ T .

(?i - T‘j) = _._.

el :
q"ta KEkc

o i

. C* ‘12“'3’111 . (29)
“‘ﬂdﬁitiohaiiy, 1t can beé shown that. the ratis s, Jflii in

Eq. (19) can be expressed as:

(20}
1, P
i%l= E{ﬁ—l}
1 . — : a
iJ P 2w,y _ 1 1.P.3 13 P
A ® + rouR AN R 15 Ui v A
P, 2w 1 2w.3 = » P2 ks
G ARer-RE R v I 7@ - 3

Thus 211 gquantities in Eq. (13) can be determined either by
appropriately lumping the coclant temperature fields resulted
from the loczl analysis or jJust by geometrlie parameters. HNumerical

calculation results are given in the next section.
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CORRECTION FACTOR FOR EFFECTIVE CONDUCTION MIXING LENGTH

In this section the correctlion factor for the effective
conductlion mixing length for a 7-rod bundle with pltch-to-
diameter ratios of 1.24 and 1.08 are determined as examples
for typicezl fuel and blanket assemblies respectively. Before
the Lij for each ¢ase 1s glven, 1t le advantageous to investi-
gate the behavior of the limped guantitles namely the normali-
ized averaged intersubchannel coolant temperature difference
and the integral net heat transport between subchannels. These
two quantities for a 7-rod fuel bundle (% = 1.24) are gilven as
a Tunctlon of the dimensionless wall distance (%%) in Figures
3 and 4 for multi=-reglon and single regilon analyses, respectively.
For these calculations, slug flow without flow split is assumed.
From Pigures 3 and ¥, it becomes cbvious that both the normal-
ized temperature difference and the integral heat transport

betwaen subchannels lnocrease monctonically with the dimension-

less wall distance %%. Physlcally, this is because the degree
of undercooling of the fraction of the c¢oolant in the vicinity

of theé bundle wall increases a5 3 result of the Increase in %?

ratic whlch implies a widening of the coclant channel. In addi-
tion, the increase in the dimenslonless wall distance {%;} re-—
sults in larger coolant area in the near bundle wall region
whilch provides a larger heat slnk and as a result attracis more
heat to be conducted into thisz reglon.

In can also be zeen from Figure 4 that Tor both zingle

and multi-region analyses the normglized averaged coolant tempera-—
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ture differences between subchannels for the fuel assembly
have values of 0 at approximately %?311.15. For smaller
,E‘g values the normalized averaged coclant temperature between
subchannels becomes negative implying that the averaged ccolant
temperature of subchannel ] 1s higher than that of subchannel
i. In additicn, the normalized integral heat transport inter-
sects the absclssa at approzimately 1.13 for both the single
and multl-region analyses implying a zerc net heat transport
between subchammels. TFor smaller values of %; the integral
heat transport becomes negative indlecating a reversal of the
hezt flow direction, i.e., heat is transported from szubchannel
J to 1.

Heving determined the lumped gquantlties from the local
temperature fleid resulted from the multicell coupling calcula=
tion, 1t is of prime interest to lnvestigate the behavior of
the correction factor Lij as given by Eq. {(13). Figure 5
shows Lij as a function of the dimensionless wall dilstance
for the 7-rod bundle in casze of % = 1.2Y4., It 1s evident that
both the multl and slngle reglon analyses Indicate that Lij
generally deviates qulite substantlally from unlty wvhat i=z
uzually aezumed in subchannel sedes such as CEBRA-ITIC [4].
The singularities shown in the figure implies zere integral
net heat transport between subchannels., To the right of the
glngularities of both curves there is a range in which LiJ
assumes negative values. This 1s due to the fact that in

this small range of E% the net integral heat transport does
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not have the same sign as the normalized averaged ¢oolant
temperature difference between subchannels, i.e., the aversged
coolant temperzture of subchannel j iz higher than that of
subchannel 1 but the net integral heat transpert by conduction

is from subchannel 1 o subchannel j. This is 8 surprising
result but does not constitute a violatlion of basie heat transfer
laws. This Is because the heat trasnfer at the subchannel

boundary Si iz a rather short-ranged phenomenon and is not

J
governed by the subchannel averaged coolant temperatures resulted
from 2 more-gr-legss arbltrary lumping scheme.

For larger values of %? E%F > 1.3 or s¢) the Lij 5
approach thelr respective asymptotic walues of 0.81 and 0.71
approximately for multi and single region analysis,respectlvely.

In this range of %?-Patia the L ig independent of the wall

1]
dliatanece and 1Is only governed by the % ratic. Therefore
for %; > 1.30 {which 1s typiecal far current LMTER designs).

The net heat transport between subchannele in subchannel code
caloulatlion can be easily corrected by 2 constant correctlon
factor resulted from the local temperature fleld.

To the left of the singularity, asymptotic values of Lij
are not achleved in the range of %; being considered. However,
it can be se¢en readlly that wvalues af Lij for bokth curves are
generally larger than one. The sudden change of Lij clearly
indicates a geometric effect on heat transpeort characteristie
between subchannels, 1.e., the net heat transport from subchannel

1 to J will not be the same as the net heat transport from sub-
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channel j to 1 1f the averzged coolant temperature of subchannel
ito j 1s simply Interchanged, l1.e., a different Lij has to
he uzed 1f the heat flow direction is reversed. Up to this
polnt all calculations are based on the aszsumptlon of egqual
powers in the reds. However, this is not the case especlally
for the blanket assembly where larée power gradients may exist.
In order to investigate the effect of interaszembly power
gradient three ¢ases with different power peaking factors
in the reods are performed as indisated 1n Table 1. Moreover
only multiregional analysi= is performed for these calesulationa
hecause it is physically unreglistic to impose & uniform hest
Flux distribution at the elad ocuter surface In such a ¢losely
packed bundle. The normalized intersubehanne] temperature
difference and 1integral heat transport between subchannel 1 and
Jj are plotted vs. %? in Flgures 6 and 7 respectively. As
expected, case 1 results iIn the highest intersubchannel temper=
ature difference and heat transport because of the unfavorable
combination of its geometry and the power distribution.

For case 3, the opposlte 1s true. Furthermore, the normal-

ized intersubchannel heat transporft has 4 zero value at around

2w
D

The geometrle correction factors {LiJ} for these three cases
are given in Pigure § as & function of % ratio. It can be seen

from the figure that all three curves emerge to the same asymp=

= 1.06 implying that a reversal of heat [low direction cceurs.

totle Lij value (v 0.64) despite large difference 1n power dilstri-

bution. The power distribution in the rods simply shifts the loca-
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tion of the curves buft does not alter the shapes of the curves.
However, for the practleal design of blanket assemblies the
dimensionless wall distance is In the vieinity of 1.10 or so,
therefore significant variation in Lij iz not experlenced.

g on subechannel calculatlons will be investi=-

gated and presented in the next section.

The effect of L1

5.4. EFFECT OF Lij ON SUBCHANNEL CALCULATION3

In order to demenstrate the effect of Lij on subehannel
calculations two cases wlth different flow conditions were
performed with CEZBRA-IIIC for the 7-Rod Fuel Assembly. For
each case channel averaged temperature at 36" from the cors
entrance with and without proper correction factor LiJ are
caleulated. In COBRA-ITIC a uniform heat flux distribution
15 always assumed at the cuts=idese c¢l24 surface, therefore
using 8 correctlion resultlng from a multiregion znalysis
-wuuld not be consistent. As indicated by Figure 5, the
analytically predicted correction factor resulted from the
single-region gnalysis is approximately 0.7. For the cases
without proper correctlon factor the centroid-to=centroid
distance 15 used as the effective conductlon mixing length,
i.=2., Lij a 1.0. For these calculations, slug low without
flow split between subchannels has besn assumed and other

operating conditions are listed 1n Table 2. The results are

sumnarjized in Table 3.
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From the results of these calculations, 1t is obvious that
for both cases the use of an accurately preaedlicted correction
factor Lij 15 successful In reducing the lntersubchannel tempera-
ture difference a3 a result of Increzsing heat transport between
subchannels. As shown in Table 3 the intersubchannel temperature
difference (Ti - T&} deacreases from TDGF to ES.TG for the normal

6 1bim, £ 201y and from 94.29° to 83.54°F

flow condition (G=3x10
L _ & lbm/_,, 2

for the Idw flow condition {(G=2x10 ft"hr.). Therefore the

accurately predicted Lij haz indeed removed exceszs conservatism

due to the lack of knowledge of the local temperature field. How-

ever, it must be pointed out that czlculations with analytically

predicted value of Li do not necessarily result in conservative

J
results. TFor example, uslng a Lij} 1l 1o subchannel calculations

{which is the case for a fuel assembly with small %; ratio} willl
result 1n a dec¢rease 1ln intersubchannel heat transport for the
same intersubchennel temperature gradient and lead to higher
subchannel temperature difference than predicted by calculation
without the correction factor.

Another important feature of the caleulaticnal results which
has to be pointed out is that the effect of the correc¢tion factor
iz more pronounced when the mass flow rate decreases, i.e., s
reductlion in intersubchannel temperature difference of E.EGF o
the normzl flow condition wve. lﬂ.?ﬁﬂF for the low flow sifuatiﬂn.
Therefore it can be easlly Imagined that untolerable error in
heat transport and subsequent channel temperature would result
in 2 1nss of flow accldent 1f the appropriate correction factor
is not known.

It should be mentloned at this polnt that most ongelng
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efforts have been devoted to the diversion mixing area which
cbtains mixing effects of simllar magnitude and 1t is felt that
an egually significant galn in design marglin is possible by properly

accounting for the conduction effect.
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TASK IVB: 3-D Coupled Cell Hezt Transfer Analysls
(Chung Min Wong)

1. INTRODUCTION

4n z2xizlly wvwarilable "effective mixing length" for con-
dvation heat transfer, a parameter which enters the sub-
channel formulatilon and applieation for LMFER'=, has been
studisd thoroughly in the last quarter of the year. Improve-
ments have been made and reasonable results were obtalned.
A first set of results including the application of the
axlally variable mixing length tc the T=pin LMFBR bhundle
caleulation performed by COBRA-IIIC will be presented in
what followa. Por evaluating the bulk temperature difference
between two adjacent channels, the results show that uslng an
aceurate mixing length ecan be very Ilmportant for deslgn pur-

poses.

2. DETERMINATION OF THE EFFECTIVE CONDUCTION MIXING LENGTH

IN HEXAGOHAL ROD EBUNLDLES

Subchannel codes like EDERA—III& usually "lump" the assembly
inte a finite grid of subchannels, each of which 15 character-
lzed by a bullk temperature, [low rate and pressure. Energy
transpart between adjacent channels is governed by the mechan-
isms of diversion cross-flow, turbulent mlxling and conductlon

mixing. For LMFBR design calculations, the energy transport
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by conductlon constitutes a major contributlion to the over-
all energy transport. This effect 1s even more pronounced
for flows which are characterlzed by low Reynolds numbers.
These fflow sltuatlons especlally arlse 1ln the case of & loss-
of- flow acecldent. Due to this importance, which has been
already mentioned in the previcus report, it is desireable
to have heétter knowledge of the conductive heat transport
between two zdjacent c¢hannels. In what follews, an attempt
i1s made to establish 2 relationship for an axially variable
mixing length such that 1t can be inputted into subchannel
codes like COBRA-ITIIC for achleving better results.

As noted 1In the prevlous report, Liﬁ iz a dimensionless
correction factor which represents the ratio of the effective
conduction mixing length to the centroid-te-centreid distance
{Lij = lijflij }. Purthermore, Lij gan also be expressed in

the fcllowing way:

3 (T, -T, )
Ly sk g it
1j J q"ds

s

13
To obtain this correction facteor, the bulk temperature
in different channels and the average hesat [lux across the
boundary of these two channels are needed.
The case under conslderatlon conslsts of & coupled internal

and corner channel with /D = 1.3, 2w/D = 1.3§, Pln diameter =
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0.9 em,, heat flux = 104 c¢cm., core height = 150 cm.
The results are plotted In flgures 9, 10, 11. PFig. 9
shows the correction factor Lij as & function of the axial

location. It Indicates that L gtarts off at zero Initially,

ii
ineresees axially znd assumes an asymptotice limit. The be-
havior of this curve may be thought of as heing the imzge of

the entrance heat ftransfer coefflelent. Although the numerl-

cal value is naturzlly completely different, there 1s some
simllarlty between both parameters. The heat transfer coeffi-
clent represents the ratic of the amount of energy deposited

into the coolant to the film temperature difference. Then,

at the inlet, with no fllm temperature difference being developed
yet, but heat diffusion having started already, the heat transfer
gcoefficient is singular in thls region and decreases towards an
asymptotice limit. On the other hand, the correctlion factor
Ineludes a factor which 1z the ratlio of the temperature dif-
ference between two zones and the heat flux acroess the boundary
separating these two zones. It 1s difficult to prediet how

this ratio behaves at the inlet because no temperature difference
and heat flux hawve beesn developed yet. But at a certalin distance
away from the inlet, as shown in Fig. 10 zpnd Flg. 11, the heat
flux has oub-grown the temperature dlfferences. Therefore, Lij
approaches gerc at the entrance. Physlcally, this can be ezx-

plained as follows: once the temperaturs difference exists,

it initiastes an Instantaneous heat transport progressing through
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the gap in order to decrease the difference. However, since
the gap spacing is comparably small, an increased heat flux

1z necessary. As a result, when moving towards the entrance,
the heat flux is diminishing slower than the bulk temperature

difference. 'Thus, L., becomes zero at the inlet and increases

iJ
asymptotically towards a limit value.

Figure 11, 1llustrates the lmportance of using the accu-
rate mixing length in the cazleulaztlon. The sclid line repre-
2ents the calculation of the bulk temperature difference bew-
Lween two adjacent channels obtalned from the three-dimensional
temperature fields, whereaz, all broken linez represent cases
of using different mixing lengths in COBRA=IIIC. The lsolated
channel approach yields the highest temperature difference at
the core exlt, indicatlng that it is over-conservative because
1t neglects the conducticon transpeort at all, zlthough this 1s
especlally high in this region. ©On the cther hand, setting
Lij equal to unlty which is mostly done in subchannel caleula-
tions, results in underpredisting the temperature difference
because the conductlve mixing obvlously is not that high .
throughout the whole core. Finzlly the following empirical

egquatlion for Lij as g funetlon of the axizl coordinate i=

appiied in COBRA-TITIC

1 ]
0.06434622: 788 4 3

Lij = (0.70102)(

z in om.
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Thiz aguation has been fltted to the results obtained from
the three dimensional caleulations. The result shows naturally
A closer agreement with the 30lid line. Therefore, one can
conelude that 1t is important to have an accurately determined

L in order to get more accurate solutions.

1J

For the specific geometry under consideratlon, the results
indlcate that setting Lij grual to infinity, 1i.e.. Lij = =
results in a better agreement overall with the distributed
parameter results than taking Lid = 1. This 1s indeed 2 sur-
prising and unexpected result. However, this plcture might
change drasticalily when the geometry of the bundle is changed.
Thug, future efforts will concentrate upon expressing Lij

in terms of the governing geometrical parameters as well as

the ratio of heat source densities In the fuel pins.
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TASK IV-¢. PULLY DEVELOPED LAMINAR MIXED CONVECTION
{Jong-Yul Kim}

SUMMARY

This study which hzs been totally completed will be
published as a topleal report In the Fall and specific
results will be summarized in a technical paper to be sub-
mitted to the Journal of Huelear Engineering Deslign. Afttached
iz a copy of 2 short paper which has heen submitted for

presantation at the ANS winter meeting 1977 in San Francisco.
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TASK IV-D. 2-D THERMCELASTIC AND INELASTIC CLAD ANALYSIS

{(R. Karimi}

SUMMARY

Basically, work has baen completed for this task. The
ocbjective of this subproject to develop & computationsal
tonl for z combined two-dimensilenal éﬁéﬁﬁgfand inelastic
structural c¢lad analysis has been met.

Some detalls are given in the attached paper which has
been accepted for presentation at the 4th Internmational
Conference aon Structural Mechanics 1n Reactor Technoloxgy
te be held In San Francisco, August 15-19, 1377. Addlitional
results which were obtained 1n the meantime will be glven in
the presentstion of this paper as well as in the {fortheoming
progreszs report. A topical report will be issued in the

near future.
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Fig. 1 Configuration of a 7 Pin Bundle
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TABLE 1

FOWER PEAXING PFACTORS USED IN THE ANALYSIS

PEAKING FACTOR

+ +

CASE qy P
1 1.1 0.9
2 1.4 1.0
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TABLE 3

64

Subchannel Averaged Temperature #36" from the Entrance

of a 7-Fm IMFBR Bundie

T

|

T -]

- i ! 1 73
Lij = 1.0 1089.88 | 994.5% ah.29
B1lbm 2
G = 2x107°77/ft" -hr Ly = .70 | 108211 [998.57 | 83.54
Ly = 1.0 g63.47 | 893.47 | 70.0
¢ = 3x10°16M,502 4.
L., = 0.7 059.30 | 895.60 63.7

ij
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TABLE 5.2
GPERATING CONDITIONS FOR C@BRA-IIT CALCULATORS

System pressure = 60 psia

Inlet enthalpy = 365.9 BTU/1bm

Avg. Mass Veloceity (G) = 3 x lﬂs 1bm/ft2-hr
Inliet Temperature = 7009 F
Avg. heat flux = .3 x llJﬁ BTU/hr ft2

Uniform power in rods

Uniform heat flux distribution at rod surface
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Submitted for presentation at the ANS Winter Meeting, 1977,
in San Francisco

LAMINAR MIXED CONVECTION HEAT TRANSFER
IN FINITE HEXAGONAL BUNDLES

Jong=Yul Kim, Lothar Wolf {(MIT)

Recently, I1oWw {low condltions 1in LMFER bundles have
recelved apprecliahle attentlon because of thelr potential
impect upon the thermal=hydrzullc deslgn and safety. The
purpose of this paper is to present a fully analytical
method for predicting the two~dimensicnal wvelocity and
temperazture flelds in coolant cells of finite, bare hexa=-
gonal fuel and bBlanket bundles under the condition of fully-
developed laminar mixed convection. Momentum and energy
equatlons In the coclant znd clad reglons are solved
simultanecusly. Thus, for the first time, a frue two-reglon
enalysis has been performed by accountlng =ven for posslible
power tllt effects across the fuel pellet,

Under the aszumption of steady-state, thermally and
hydrodynamically fully-developed laminar flow and by neg-
lecting vi=scous diszipation, axlal conduction and heat
sources in clad and coolant, the dimenslonless mementum and

energy equatlons for the coolant regime are
V+ané = -1 (1)
vT°§ -V = 0 {2)

respectively, where ¢ = ¢/L and ¥ = ¥/L. Both eguations

can be combined to give the following blharmopnice equation



T0
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TV +n VvV = 0 (3)

The elzd temperzture field is given by the solution of
Laplace's equation,which is well knoun.

The notatlion used in the foregoing equations ineludes:

o = .B.I.E

1 5% - axial temperature gradient

L = {apsfaz + paglnnguﬂ : dimensionless pressure drop

parameter
Vo= %—: dimensionless loeal axlal velocity
Th 1 referepnce temperature
T : cell-azveraged axizl wvelocity

linear volume expansion coefflcient

n = Ra = pGE Ec ClﬂI}h? ;’kwu : Rayleigh numben

p
- - 2 . .
) (t Tﬂ]kwfpoﬂcpchh ; dimensionless temperature

The general sclutlon of Eg. (3) can be derived in terms
of Kelvin functions as

_ EN

v - «.in (a ber (nR} + b bel (nR} + ¢ ker (nR) + 4 keil(nR)]

x [f,cos(ve) + g sin(ve)] (4)

where the dimensionless radial coordinate, R, 1s given by
R = rth and & Is the angular coordlnate. A similar
equation can be obtained for @¢. The unknown coefficients in
the general solutions for V, 4 and £+ are determined by using

the boundary conditions at the polygonal ¢ell boundaries, the

clad-coolant interface, the bundle wall-coolant 1lnterface and
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the inside clad surface. In opder to simulate 2 power tilt
acro3s the fuel, the following circumferentially varying

heat flux distribution at the inslide surface iz assumed:
q"{q,8} = q"(H - P cos8) (&)

where H and F are arbitrary multipliers characterizing
the heat flux distribution. VWhercas a2ll boundary conditions
can be satisfied continuoualy at the inside and outside clad
surfaces, this is not possible for those aleng the polygonal
call boundaries where a point-matehing procedure has to be
applied on the basis of a preselected finlte number of points.
This leads to a set of linear equatlions which can be solved
by standzrd methods. Details of this progcedure applied to
internal, edge and corner cells are outlined in [1].

The analytical method deseribed above has been exten-
aively tested againat avallable information about buayancy
affected laminar flow in internal eells [2] and fully-developed
laminar flow (Ra+0) 1in edge and corner cells [3]. In both
cases excellent agreement has been zohlewved.

Flg. 1 shows the dimensionless two-dimensional veloclty
and tempsraturé distributions in a corner cell. The upper
part depicts that regimes aof near stagnant and even reversed
coolant flow exist. The associated coolant and clad Ltempera-
ture flelds are shown in the lower part of Pig. 1. A compari-
son to the laminar {low situation reveals that the tempers-

ture gradients are very much equalized due to the beneficlal
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bueyaney effects. This is even true for large values of

P, 1.e. large variztions of the inside c¢lad heat flux distri-
bution. However, as Fig. 2 depicts, there exists 3 eritieszsl
Rayleigh-Number beyond which 2 sharp decrease in Nusselt-
number (Nu) oeccurs. bu drops far below its laminar wvalue

and under specific conditlons even negative values have been
abserved, indicating again the conceptual weakness of using
integral heat transfer parameters in complex flow situations.
Due to the fact that Ha = g'/He, the designer c¢an avoid this
regime by carefully c¢ontrolling this ratic suech that it

stays below 1ts eritical wvalue.
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2-D THERMGEIASTIC ANALYSIS OF L"FII-"BR F UEL ROD CLADDINGS

L WOLF, CI‘I N. WDNG M. K. YEUNG
R .. Dapaerenans af Nuefear Enplacenng,

Massachusers inssiats of Technolog. Combrte. Masecsa: 213, 5.4
Trans. 4th Int. Gonf..SMIHT, San Franclsco, 15-19,
Auguét;_ 19?7'._ Vol., €, Structural Analysis of Reactor
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SUNMMARY

The primasy purposs of this sludy is twofotd. Firstly, unique 2-D and 3. temperature
fields for bare finile rod bundles are presentsd which resuli from detailed distnbuted -par-
ameter analyses weing the slug flow modsl. Secondly, Lhese results Logether with azimu-
thally varying inside and outside pressure Tislds zre used (o derive thesmoelastic suress and
displasement ficlds.

The 2-IF t=mperature Nickls are oblained by an iterative multicell, muliiregion tech-
nique. Multicell calculztions are especially imponan: for Sludying the pronounced
asymmetry eflecis induceg by Ing coclant cells which. art bounded by Lhe bundle wall,
The solulion take: into account an arbitrary fow split between wall and interna? subchan-
nels az well a5 different heat source densities in the pins. Resulls indicate that Lhe ad-
iabatic single cell caltulation is not conservative under all cintumslances a5 has besr pres
viously assummed. [mtegeal mixing Lransport parameters which account for local 1emperatu
vafigifons are quite different romi thess which ars built intg the subchannel codes and
should be preferred in the Ture, The pin model used in these swndies incorporales the
Tollowing feahares:
== yileed power distribwtion as experenced across bianket rods,

— eccentric pellel pesition a3 the most probable pelizt location at BOL,

— ¢racked pelle! under higher bumup conditions.

For the first 1ime, these intemal pin dislurbances are taken inlo. account together with the
sxtemal dislurbances induced by coolanl chanpel asymmetrics. Hot-spot midwall vemper-
alurgs are shown. Under low flow conditions additional free convention slfects come inio
elfect. The fully-developed mixed convection problem is analyticaily solved for all wypes
of cells in finite bundles. The clad region is Fully integrared in this solution, too. The par-
ametric effecr of the Ra-number on velocity and fempermture lilds ere shown and 2 o=+
ericn is presented which indicates the onsel of losal flow reversal _

Due 1o the latt that LMFBR cores are quite shon, thermal entrance eITem may play

an important role. A 3-D analysis confirms this and shows thal thermal conduction pre-
dominates in this regime. A compansen with recent liguid-metal cooterd 19-pin bundle ex-
periments shows excellent agreement. Mixing parameters which account for the thermal
enirance effect are presented. The brosd specirum of local temperature results indicates
that D or even 3-D analyses are reauired to revezl the highest clad midwall temperaiure
which governs the swelling belavior of LMFBR-{uet pin clads. Hitherio used subChannel
codes cannot provide this detailed information and should be extended such, as o incoc-
pacate a Tocal model in the mgion of interest.
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1. . INTRODUCTECH _ _ |

" pecent deuelnpnnht: of computer codss for the thermal-nydranlic [17 and
stpuctucnl [2] anmlysia of LUFBR rods irdicabe & grawina naed For multidimens
gional amalysis. Sesmipaly, it hae bash Eully pecornlized by now that ak leant
twa dizsnsional {r.¢) and (T,I) analyses are absolutely necessecy Ln arder to
cona with tha thermal amd structural design constralnts of todace's IMFBR rod
desicns. Actually, 30, distribored parameter analyses for fuwl, <lad, and
conlant tepperature flalds are naeded for the relizble design af LMFBR fuel,
blaniet and absoirber assenblies rods bo provide the secessacy information to
scoyrately evaluake tha rwspective cladding gtrains which effeckively deeer-
mine the mnlloweble burnup and thos tha lifetime oF thess assemblies. Specifi-
cally, the Following foaturas should be included in aoch analysesz all of which
induce aa;,rrmt:ic:n]. fuel and =lad temperature Cields.

1. :apahility to aktess Eha &Ffeck of wnriat;nns in coplant channEI
geDmatrios :pacif;cally those which :haracterize astembly wall near cetrlons .

2. capability to account for changes ih the convactive heat transport
mpde ak for instance transitlon from curbulent tc Jaminar flow heat transfiex
N‘Ll:h and witmut mtural conveckion affects-

J. wavability to assesa the effects of pcower qradients acras# thc red

4. pegaibilicy ko account for pallst/cladding eccentriciey and avality
as well as tellet sracking. .
Certalaly, thaze Four disturbances lead to wore or leas localized incradeas
in the cladding teoperatures and cladding stecain and hence mav inerease. the
clad lifa damsge snd KM peasihly paduce tlie @llawrabla burnup and lifatime
pf the respective atdamblios. " Fuytharmocs, olreumfergntisl gradients suppork
the rod Bawving procesa by A stractural-thersal-hydravlic fasdbaszk affeck aned
thus lead to an-undesirahly high mechanical rod=grid {wire spacer] interaction
with recultant grid (wirw spicer) BSsambly will 1nttr|ntian;

Although tha' ipdividual contributéca enliated above have lgng Been pecog-
nizged, thelr eff-et:f,a.upqn tha cladding tempiru.tul_.'\e have baen stjudi-uda'_l.l.jr under '
various sisnlifying assumptisns khus fac, Most of these atudies [2,4,5] ther-
milly decoupled the heat tranaport betessn rod and coolant by uaing the concept
of the heat tranafer coufficient. Thus, tha svparier civcunferantial haat
traniport in the coalant has never been taken inte account in the past. Onm
the pther hand, thess proceadures disrdgarded che sdditisnal disturbancs is-
duced by the kitmmetriodl soslant channel asomebev. Thusz, ik f9 nak =lgar
whathar thea resulen sf thasa farmer stwdie? constibtute A zoniervakive &r non
eonservarive bagle. . The only way to fipd out ia to treat all diskturbances

timultanesusly as thé'preaent Eiud_v doen berauie ik is thought thak under
certain circumstances the combinad effsct of varistions in ths source, ink
and beundary conditions may lead to an amplification of ciccumEerantial sladd-
ing temperature variations. '

Todate's design methods for evaluating rod tempecatures heavilv rely upoa
the :2e of lumped-paramdker subchannel codes tuch at COBRA-I1T C T8) #nd the

Lixe, whi
a&n a3seml
aubchanne
transporl
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Iyise, which détermine Eha Bulk saclane femratuces in Ena gubshaseela asrass
an s3sembly as funetion of the axial lacakieon. The tewperatuvre of the hotteak
sabochannel dround a rod 18 used Ehen ko nezrfarm a ona-dimensiongl cadial haat
cramapare analysis Ehrough the rod by emplaving the concent ¥ the heat krans-
fer coslflfacient to darive the Claddafsyy CaMDETRTulS. Recantly, 307me rathods
aarged which toke the dxfferent bulk temperatures of the subchannels surrpun-
Ling the rod of ntersab and 'Hl'lplﬂ'}" thase a3 boundary CondiBiond b & Leo-
dymengional ckermal analysis of the rod by &ssuming 3 constant heat transfer
corffaciant bevwWeen the claddirg and the coolant. Tt o3 wprkh mentionung that
thia procedure 1n @ven a morg advancad Sorm has basn already been applied an
137k £7] Haturally, althowsh a mtep forsard as compaced to the one-dinen-
ayonal sonalysss, thiF remains quite a crude approxamaktion because as already
shown by warzews awthors gn bhe oast the concept of the hest bransfer cowBli-
ciene breaks devn in casee where the delinuing variables ars chenselvex stirong
funcktions @b thée indepgndant vaeasbles  Exkotly thig hbs Lo be oxdpeceisd how-
ey 1n assemblies with very tight ocikch-to-diameter rakias guen as blankerk
and absorber astambllas,  Yet, dus b0t 1eck of more detailed snformarion
Ehe afaramentioned prosedurs semma ko he che only choiow o use the data
sunplied by subchannel codes right now. Additisnmal 1nasight =an &nly he gained
Eron distribuked paramster methods. Dug t0 thelr complaxity the applicibion
nf thesg methods Tava o be rastolcted o a lamiting number F ooolans cells
surroundindg tha rod of 1ntereat Thus, an ovrder o obtain reaningful results
1 khe framenork of #n asiambly analysis future efforts ghould be devoted o
d¢ glog svmbaotic hybraid methods for compansd lumpgcd and AiscridJabed szToneter
AndlyYFLF & step towards this goal has been undertaken in the cresent skudy
by anteroreting the free unknovn in the analvyéacal Folutiep an terF of the
oulk temparatuzre which can bk 3upplaiad by subChanmel cedes far daffepeat axtal
locacions.

Berides of providing davactly diterministic local peak tenzsrakursa yvhieh
can be fad into todate’s probabilistic deslgn Cools Fur ehacking the caleula=
ted valuwesa agairnst the design laimits, the diseributed oaremeter netoods Can
D uSed Lo gurekrats mors I4liable inteyral picamutars for updating the effec-
tive mixang coetficients for the various Lranspart DhAnOMEns Lneorpordated into
Ehe subchannel codes. Thui Lar, goly lamzted 1nformaktiona are avaiiacls
“aibly for coolant Teglond angide an p3dembliwd,
far coolant reguons close ko the assenbly wall, degpite the faot that the
latter are of porw inportenck for the thermal analysis due B0 tne 9Ebag
geometpical agemmetrler 10 theas regions. The prezeat 3tudy will present
effpctive conductaon maxing lengths Foar the corner cells af hersgonal Domiles

Howevar, nothing 1B XnGwm

Thus Far, two-dimansional terperature fieldcs have baen maskly wvasd 1n

A racent yiudy [97
of clad cvalikyet 4% foond during post-irradiacion examipatien confir==4

that Ehiz 1% 710t NeCkSSATElYy &4 Dod cholce in the first wlace. &E lesst,

conngetlan wikh thermalelasatie =laddang amalyaes [3.7.83

Tefornations aqredd vecy well wikh the & opegamental evidenge alttooch the
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" calgulated 3tresses tucned out to be twice tha yi-ld stoepgth, Becauwas ther-
moclastlc analysism i the First logical choice sntering the structural fiald
1t wvaz dacided to work with the codes described in {23,7] to determine the
radial &nd tangential displacements. Oue to tha fack that khe thermoalaskic
stralns zlone are unrmallstlcolly high tha GRO-II code [10] iz used o parform
an pradsr of magnitude analysis Eor the nonlinear a_!'f-u:t's. Foxr this porpose
the highwst cladding midwall tespersture as daturmined by the 2-D or -p
thurmal analyaizs haz bean used as input idte thisz ope-dimensional stcustural
analyzim code. Finally, this presant skody usans the two-dimunsionyl nonlineac
struttural analyain coda OGO [2] to check the approximite rasules abtained by

- GRO-I1 and ko obtain moze detalled rezulis for the local phenomena. GORO is
the oaly -0 oode in r-¢ godmakry kiewn £5 the auvehore whish handles all pon=
Lin.ai affooen ralovant to LNFER operational cénditione withia am affocdabls
| armeant wf coempytatisnal afforts. It is warth menticning that che original
verzion =f this code contained a very e:udtlnppruximatinn of the olad Ceapera=
kure varistion of a cormer pinh which has been changed Eor the presant analysis
aceording b0 ehe Mawly derived analytical results. (e co the limited soace
availanle only highlighes of the basic findirgs of the whele study <an e
reproducad in tha following figures. HKoie dutails will be dlsclosed during
the presantation anmd in fellow-on publications [11.127.

. ¥, AHRLYSIS .
2.1. Thermel Analysia .
In what fallows, short descriptions will be given about the uhderlying
'principles for tws -0 and one 3-D ther:-nal-vhyd::ll.ll.iﬁ amll'yue-s in i'.ypit:ll Bub~
mections of hegagonal LMPRR assewblies. ’

2.1l D ]:.-lul.t;l.:ell, HMultiregion Sluy Flow Aeat Tranzfar hnalysis
Thus far, only single cell, multicregion analysesy have baeb ttﬁortéd for

snolant reylons clo®é to the assambly wall [23) Lawe Fig. 1], although a-n'rm
pmoqriss nas been made in the pest to couple several internal calls in two

- [1) and thres dimansions. HWowever, daspitw of the value of the basic findings

~ in this geometry the Moz interenting regions with l’ﬁl#pﬁtt- ta dasigh are the

- outer coolént =ells such as the cornee ¢elly (se¢ Fig. 1) and the side cells.
Hulticell anslyaes ara nacasssty in order to aveld the adiabakic boundacy con-
ditiona arourd the poiygonal sides of the coolant calls to study the propa-
gation of disenrbantes acrote o#ll boundariss sither from inslde the bundie
due Ea pover skave and/far outer reglonm dus ro sssambly wall affects. In

order £ pegform sfficiently 4 multicell analyais for a rod bundle ar sactions

thereof 1t fn essantial ko develop a frhems which can uniquely identify any
individual unit =all 52 a function of the cell number. For this purptae, a
dmubla index system (m.n} has been doveloped [14]. whers the firegt index
indicates the number of rows from the center ©f the bundle ard the second one
devigrates the distance betwesn the cell centsr and che nocmel to the bandls
wall in tezms of nember of pitehes. By virtese of this system sach cell and
more important tha kypes of its nelghbors can be aukomatically identified.
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_ Eor fuel, 2lad and Zoolank ars darived for all types af calla in & finite

Aatizally this cenperature ditterence by imposing che condition of heakb flux

‘eell tamperaturas haz been astablished. This differanc<a togethar with the

'ﬁ-.ﬁ

The present study adopts the siug flow heat transfer Bz an approsisation to
turbulent liguid-metil heat transfer-. The multiregion temperatura solutions

Bundle under thé Agsumprion of adiabakic conditions around the cell boondaries.
For this pucpose the Jolutions presenced in [13] have been 2dopted. Haturally
the separate adiabatic calewlakions of different cells zesult in Eamperstuee
dissontinuliy along tho imaginary patching boundacy Ln the coolent betwuesn the
twa £ella,  An iterative method has bean developed (11] which removes System=

continuity along the aame line. The scheame can be explained for the geometry
shewn Lo Fig. 1 as follows. For the coolant cemparature field of cell 1 - the -
corner cell - kEhe adiabatis solukion ceads ' :

) . 1m ) ) . o 1"
Ti (B} hi + -?ar- 51 1T 3] ) ] . . { J

whezeas for cell i - the intecsal cell - the costant teméerature is CERYE-

agnted by .
- - ]

1+ - 3 * 8 . . oL 2
g et Ai*?ij— g teedd s 23

Tha suparicript o denctes tha zeroth iteratien. Skarting with these initial
solutionz an updated coolant temperature fleld for the cormer cell can be
derived vhich iz folicwed than by a calculation of an wpdated heet .fluwx dis-
tributicsn along the sommon boundary. This is used as boondary cendition for
tha neighboring ¢ell vhich in turn leads to ¢ new tenmpezakuzre fiwld. The
second fteratisn mtarts with che updaked temé@ratuxe bexundagy condition and
#5 forth. Ih order ko relate the auboets of this study to the sefults af fub-
channe) codes a onique reletionship for the differences of the average :nn!gni

T

svaluakion of the heat transferred acrass the commen c2l)l boundary yieldas the

eEfective condustlon mixing length scale, 11}' which i wmloved in sub~ - - -
channel codes. llj is given by ,
5 AT, =T} . )
laomk 204 47 : _ t3)
! [ q?_ -1 : : L
_ 513
For practical parposas, lij ia wavally set mqual o the centroid-to-centroid

#*
distanca between 3ubchannels. 1ij -

L ]
57 s ' (4)

Hawsgvey, this azsumpdion L+ not valid at 31l. Tharefors, the présent ftudy
evaluaten a eorrestion factar, Lij' given by
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By wirtue af the ahgve procedurs ﬂl:t?ibutid paramber makhods sk provide
apaningful informations far uta in today's detign codns and thut may help ta

xmprove Ehe rellabllitv oF their resnlts in cages whete a prinr; no arpnri—
rental evidence 13 ivnllnhle Ior tuning purpoEas.
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In arder to aecnunt far tha additionz]l effecex sf pallet eccqnbricity
and c=laddirng ovalfry the analytical formulatlon prasentéd in [3] has been
iterativaly tiod tugethar with the present analysiz,

.2.12 3-b sSingle and rulticell, Single Region Slug. Flow Hmat Tranefar
Analysis i .

The analyeia presented ln the proceding sectinn assumea thermally £gl)y=
duwvrelopad conditions. Ous to tha high asymmecry ¢££e=r_n induced by tha coTwWRr
and =zide celln and the relatively small core helghts it may be argued that
this depumpkion fs invalid in realiky. In order be chack this & thres-dimen-
sional #lug floe heak tranefer andlyiis hat bean conducted on the basie of
the analysis performad in [1%]). fThe ovec:ll folution fan be splic inta a
fully devalopsd plrt ard &M eRErince sulut1un park. The lattgr L given in

.qen.eral informakisn Form a3 : I

FY (e L B 7
P 00,08 -F{ ‘Enl (C, nly (A 014D, ¥ (B 0}] E e %" cos na

The np:umptiun af =lug !1cu.unEtr thete cirfcunscances teems ta be quiks
justifiod beciuse heat conduetinn constitukes a major part of the ovarall heat
transport for liguidemetal flow in the antrance recion especially. far low and
mderate flow cotditlons. Whereas the analysis in [1%] was 1imited o a
sicgle cell, the pressat study axtended cthe antlytical procedure to anaiyze
the couzled behavior of two cells as shown in Fig, 1. Duk o2 Eha vastly diff-
ECwnt ENLEANCE Tegion behavior of internal and corney cells special ateentlon
had o be deveted to minimize the nomarical intecior and boundary least squara
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errors introdused At the inlet seccion by sati=sfying the boundary condition
of sunetant tamperatyry avear khe kotal inlek crops-seetional area.bue to the
fact thae Ehiz analyeical analvsis is solely confined to the coslant region
the assumption af constant hest £lpx around the cuter cladding surface has
bean Lntroduced. This sinplification lead: o confervative reiults for the
) ciroumferential cladding temperatura vatrlation dos Eo the neglecclon of tha
pargmeLerd aZimuthal heat conducticn effects 1o the cladding, Arkitrarily varying heat
Eluw discribucions in ehe axial directicn ara hamdled by Dohamel™s super-

position principle. . . B .

2,13 tully-bevalopad, Singla T#ll, Twe-Pagion Analyais of Laminar
B Kixed Capnvecticon Heat Transfay ' : :

:'[:} 161 ) Under low Flow conditisne aa experienced in resent Blanket sassembly

I ' - T “desigrz or in caze sf leag-pf-flag in Either: fual and/ar Blenkat ssapmbiles
the agpompbion of eurbulant Flow amd hence the $lug flow approximatian is

_ B " ewrtainty invelidated. The transition to laminar flow is accbmpanied by a

& can provide subsrantisl deteriocation of thw heat treansfer Crom the rod ko the coolant

ue may beip ta which mey lead b an even higher circumferential cladding femperatucs _

o1 m"'ﬁ:-e_:-'let'-i- Ll . © v yariaelgn. . Therefora, the designer is wvery much 1nt_er‘est_q_d ‘e Find ouk
whether » superioposed natuwral convection effeckt may help to avoid the very '

jke:cen::.ir:ity low hext tzansfer regime. I6 order 0 study the mhxzad Convaction capabili-

ties of typieal wpit £ells in Einite, hexagooasl bendles with cespect to local
as wull as sUsCAge guaptities o two-region anslyris has been ptr:unﬁed' [is1.

7 _ Fhe geasral solutign: for the tesperature Flelds in the coolant and cladding

(4% Frankrer ' ' anaume bha E-ﬁllnwing forma, ‘raspactivaly )

3 has baan -
3

-
*ernalby Fully- ‘1 L .
ol by the coznec Egirad} Rl i ngu Lagpbeiy tne) = b ber  nr) + o ked  inr)
argued thlt_- ) N : - -
a three-dimen- Ce Lt A ker ian ) casian 01 T _ ot
thg hasly of
2lit into & - - - o . . ] = .
R : g a - :
v ls given in Foy [Ta8) ® Ay, kg atnz + {a) + ] Ay %.T}:!r co3
- . N . I. o : . - ' A R A
+ F xof1 4 (51 A, cosing) : 9
4 nel ' '
) The cosfficients in these equakions ara found by simultaneously solving these
b Da suite - wqubtions together with the genezel solution For the velocity Eield when aub-
the orarall neat. stituted ints the wvarigus bowadacy conditicns, It is worth eentioning that
11l Far lowv and Eg. (%) aocounts for an azimuthally verying heat flux disktyibution st the
iSited £a oA - cladding inzide suzface, thus simulating = powar tilt accoss the fusled reglion.

pre to analvie
the upse]ly SLEf-
pecisl aztencion
Cazy lekEt £AUALE

2.& Thermoelastic and Inwlastic ANAlysss

The thermoelastic analyses ace performed by tsing the methods in [1] and
f8)]. The former incorpocates the possibiliey a amcount simulraneously far
either pellet accantricity or cladding ovality togarhay with & tuperimpaassd




pul;l.r tilt across the Cusele? reglon whereas the latker one perfcormes a Fourier
saries apalysls of ehe indide and ouwtaide cladﬂinﬁ temperakures which hawve to
td supplied ae input. The majority of the J.ncluf.i'r: Atudies 1z parformed
using the GRO-IT cods [19] which uses the thin sbell zpproximation. The GOGO-
cods 2] 41 used to provide two-dimenslonal inelastic infesmations.

3. RESULTS MWD DISCUSETON
Moat reaults are obtained Eor & Cypical swepsge cocnet pin of & Soel
sssembly and A peak cocnar pih GE a BLanket ssFenbly for the CREDR, Plouze 7

ghave the aftocr of & typical pover tile acroas the sagembly vpon the cladding '

" kamparafure veriacion af the sorner pin. Under Ehe given éi,rm_msnnms tho
laank varistion can ba erpected when the Bile o dacreas‘ing tausrds tha assem-
bly cgﬁtqr,_ Fi.gﬁre '] A=manatrates the quite Jdiffersnt tomperaturs variations
in the individual unit cells a5 dJurivad by, &4 four-cell calculatlon. It is
inter=sring w0 notice thit the cladding tamzecature viriation of célls 2 and 3
ar« about tha same althouqgh both reprasent ¢ifferent locations within the .
_assembly. Figurs 8 rEprasenty the cairecticon factor L. as fanction.of the -
dimensionlass wall distance Eoi o glven P/D.  Obvicusly) Liy d.mfli!-:n qaite :
subatentially trom 1 which means that the commgn asaumptlon of waing €he
centroid-to-centredd Aistance as effective conduction mixing lengkbh i3 indor-
rect. Unpder extreme conditions the divection of the htat flow iz svan
ceversed. Figurs 5 compriscs a nq-pnr.i.-,-.mn beetuden the 3-B alug ,ﬂ,v.mt hsat -
eransf4ar. analyais amd experimantal avidarca [11'] as measured in a s-.ndi.um.
caoled 19-rod bundle. Daspika tha stringunt itn’umpt:.i.nna. builk inta tha )
analyais the agreameant can be considered as guikas satisfactory. In opder &o
show, the affece -of coupling twa diffecwnt cells togather. Fig.. 6 compares the
rasults Sf & sifgle aell to a twn-eall caleulation.: Tha "buwp” in thé clad- .

.. dipg bemperktucs which shewd. up at abzut 130 .digrits can ba attributed ko tha
‘maditional hedt flaw aut oF the ineernal eoli inte the cobner cell. Owerall,

the compariaon to two=dimansinnal calenlations ;hw that these overpredict

tha cladding tempirature variations by about 2 faceor of bwe. Thua, ehe -0 -

ealoulations are hecescary and weaningful ks derive A sealing facior in ordar
to realistically apply the 2-D results presented before, Figures 7 through 9
gummarize aome of the findings of the oized convaction study. It is obvipun
that tor higher Ra-nemb&ra the wmlocity ‘fimld gwrs highly discort=d and that -
locally coolant regions with downflow asist. Naturally, this affects .bath

lacal and average thermal quantities as shown in Figs. 9 snd 9. Ic is inter- .

esting te notice that WO after increasing ower a certain Ra-number range

capidly decreases beyond 3 certajin critical Ra-nember and assunes valuas which

are lower than chose [or laminar convackion only. As indicated these effecks
acre 3trongly dependent Opon the cell geometry.

Figqures 11 ithrdugh 127 susmarize tha réasoles of the two-dimensbicnal thecro-

elastliec analycis wharess Fige. 14 and 13 depict the resulks of the ocae-
dimensional inelastle analysis uiing the GRO-IT code, The tempecature
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distributisns which were uwsed ao input ace shown in Fig. 1 for the fuel and
the Dlanker assembly, The blankst rod experiences about twice the radial dis-
plasement of the fuel rod. The circumferantial variatien is largest for large
wall distance and in case that the power tilt is directed towards the aizembly
wall. overall, these resglty suggeet that the corper cod Boves towards the
intexior rod and hence raduces the soclibt azrAd in n'raqimu vhish is

already charactarized by highep temperatures. Thus, this feedback effect will
laad o #ven higher temparakures it 189 degress. The leasr varlakisn 1
gg;gg;_-nud in onma that the wall diskanco ix sllqhtl]r less than P/D = 1.0%.

"Hera tha red closss the gap bowardd tha #ide pin. 'I'h_¢ ci.;cum!&rlntinl varia=~

tion of u i gubstantially lowwr for the fuel yod. The largest variakion in
the Bangentinl -difplacement scgur for the large wall distancow design a5 shown

<. in Tig, 12, The marimum uf v ir located st an angulay position betussn 110

and i!n_degreea. Fiqu“ 13 d.mn:tr&un 'I-hat the variation of the tangent.:.al
s¥pexs disrribotions of all cases cnnslde:nd Eor the blanitet Tod sre boundwed -
by the twa casea skudied Sor kha foel rod, : C o :

. ‘Figures 14 and 15 anow the éfimcts of dx:f-rlnt tcnptrnturt-ltv:l: upon
the -total creep in blanket and fuml rods. Cus te the simple appryoach Lmcoe-
p;::rattd. in GRO=-II it haa heen aasumed thil‘. the rods are charactarized aither - -
Dy an average tempeIatuie or by the naximum mldwall temperatuge EQuad by che

" aforementioned 2-0 ctheimal .n.nq.lyq.in A5 ©an ba seen from the figure, the

cgeep i6 abput an order of magnitwde higher for the maximum kemperacure than
for the sveczge ope, The eiveumferancial variation of the cladding cresp is
sppraximetely bounded by the Ews lines givah in the figure, Obvicusly this
variatioh increast¢3 with hurnup. This increase might be aven largsr becawss
the minimum olamdding I-.mp-nfa'.i:uré iuys-'hlav I:h.n "a-mnqc ane. Az Piq.. 15
dapicts thd fuel rod shows 2 similér behavior owvac most of ftg buroup in casd
F’E- 0% W J1& 55 ..B-l..‘.']_.ﬂﬂﬂil:ig material. There a.gain tha high t;mpe:ﬁtur& .
region of the cladding circusference will Créd'p oL by &an ¢rdar of magnikuds
thin the cosler parks.  Howevar; starting halfway throush Lifstine sf the

.fuﬂ. the cvezrsll cireynfargntlsal variaktion in zresp bahavior desreases. an&
. dpom Bk burnup an khe fusl rod cladding ﬂl#rlf cieps in a bniferm Faghion. -

Annealed 315 52 bahaves Quika Jifferently. Thara the :nole: PLtEs Creeps worw

 than ths hobtter one= and che differenos Xemps pbyiously growing with Burnup.
-Frum an overall dazign poiht of view this might be a desiceble faacure.

Katurally, the reported results heavily rely upon the correlations for the
mAt4rial properties bullt inte GRO-IL.
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