
-w-

' -^ .-• NUREG/CR-2444 
EPRI NP-2014 
WCAP-9992 
Vol. 1 

MflVEOSyr:, OCT 211982 

PWR FLECHT SEASET 
21-Rod Bundle Flow Blockage Task: 
Data and Analysis Report 

NRC/EPRI/Westinghouse Report No. 11 

Main Report and Appendices A-J 
JHASIER 

Prepared by M. J. Loftus, L. E. Hochreiter, N. Lee, 
M. F. McGuire, A. H. Wenzel, M. M. Valkovic 

Jointly Sponsored by 
USNRC, EPRI, and Westlnghouse 

iiHumjia 

I 



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, or 
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 thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



NOTICE 

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, or any of their 
employees, makes any warranty, expressed or implied, or assumes any legal l iabil ity of re­
sponsibility for any third party's use, or the results of such use, of any information, apparatus, 
product or process disclosed in this report, or represents that its use by such third party would 
not infringe privately owned rights 

Availability of Reference Materials Cited in NRC Publications 

Most documents cited in NRC publications wil l be available from one of the following sources: 

1 The N RC Public Document Room, 1717 H Street, N W 
Washington, DC 20555 

2 The NRC/GPO Sales Program, U S Nuclear Regulatory Commission, 
Washington, DC 20555 

3 The National Technical Information Service, Springfield, VA 22161 

Although the listing that follows represents the majority of documents cited in NRC publications. 
It IS not intended to be exhaustive 

Referenced documents available for inspection and copying for a fee from the NRC Public Docu 
ment Room include NRC correspondence and internal NRC memoranda, NRC Office of Inspection 
and Enforcement bulletins circulars, information notices, inspection and investigation notices, 
Licensee Event Reports, vendor reports and correspondence Commission papers, and applicant and 
licensee documents and correspondence 

The fol lowing documents in the NUREG series are available for purchase from the NRC/GPO Sales 
Program formal NRC staff and contractor reports NRC sponsored conference proceedings and 
NRC booklets and brochures Also available are Regulatory Guides, NRC regulations in the Code of 
Federal Regulations and Nuclear Regulatory Commission Issuances 

Documents available from the National Technical Information Service include NUREG series 
reports and technical reports prepared by other federal agencies and reports prepared by the Atomic 
Energy Commission forerunner agency to the Nuclear Regulatory Commission 

Documents available from public and special technical libraries include all open literature items, 
such as books, journal and periodical articles and transactions Federal Register notices, federal and 
state legislation and congressional reports can usually be obtained from these libraries, 

Documents such as theses dissertations foreign reports and translations and non NBC conference 
proceedings are available for purchase trom the organization sponsoring the publication cited 

Single copies of NRC draft reports are available free upon written request to the Division of Tech 
meal Information and Document Control U S Nuclear Regulatory Commission Washington DC 
20555 

Copies of industry codes and standards used in a substantive manner in the NRC regulatory process 
are maintained at the NRC Library 7920 Norfolk Avenue Bethesda, Maryland and are available 
there for reference use by the public Codes and standards are usually copyrighted and may be 
purchased from the originating organization or if they are American National Standards, from the 
American National Standards Institute 1430 Broadway New York, NY 10018 

GPO Printed copy price $ 2 0 . 0 0 



FLECHT SEASET Program 
NRC/EPRI/Westinghouse Report No. 11 

NUREG/CR-24A4, V o l . 1 
NP-2014 

WCAP-9992 

PWR FLECHT SEASET 

21-ROD-BUNDLE F L O W * L O C K A G E TASK,' 

DATA AND ANALYSIS REPORT 

NUREG/CR—2444-Vo l . l 

DE83 900164 

September 1982 

M. J . Lof tus 

L . E. Hochreiter 

N . L e e 

M. F. McGuire 

A . H. Wenzel 

M. M. Valkovic 

prepared for 

Uni ted States Nuclear Regulatory Commission 
Washington, D. C. 20555 

Electr ic Power Research Inst i tute 
3412 H i l l view Avenue 

Palo A l t o , Cal i fornia 94303 

and 

Westinghouse E lec t r ic Corporat ion 
Nuclear Energy Systems 

P.O.Box 355 
Pi t tsburgh, Pennsylvania 15230 

by 

Westinghouse Elect r ic Corporat ion 

under 

^ 

Cont rac t No. NRC-04-77-127, EPRI Project No. RP959-1 

Program Management Group 
NRC - L . H . Sullivan 

EPRI - K. H. Sun 
Westinghouse - D. G. Agate 

NRC FIN B6204 DlSia'T', .:. -' " ' : . - -

•t 'O 



NOTICE 

This report was prepared as an account of work sponsored by the U.S. Nuclear Regula­

tory Commission, the Elect r ic Power Research Inst i tu te, Inc., and the V/estinghouse 

E lec t r ic Corporat ion. Nei ther the Uni ted States government nor any agency thereof, 

nor the Inst i tute or members thereof, nor the Westinghouse Elect r ic Corporat ion, nor 

any of the i r employes, makes any warranty, expressed or impl ied, or assumes any legal 

l iab i l i t y or responsibi l i ty for any th i rd party's use or the results of such use of any 

in format ion , apparatus, product, or process disclosed in this report or represents that 

i ts use by such th i rd party would not infr inge pr ivately owned r ights. 



ABSTRACT 

This report presents data and l imi ted analysis f rom the 21-Rod Bundle Flow Blockage 

Task of the Ful l -Length Emergency Cooling Heat Transfer Separate Ef fects and Sys­

tems Ef fec ts Test Program (FLECHT SEASET). The tests consisted of forced and 

gravi ty ref looding tests ut i l iz ing e lect r ica l heater rods wi th a cosine axial power prof i le 

to simulate PWR nuclear core fuel rod arrays. Steam cooling ana hydraulic characteris­

t ics tests were also conducted. These tests were ut i l ized to determine ef fects of 

various f low blockage configurations (shapes and distributions) on reflooding behavior, 

to aid in development/assessment of computat ional models in predict ing reflooding 

behavior of f low blockage configurations, and to screen f low blockage configurations 

for future 163-rod f low blockage bundle tests. 
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GLOSSARY 

This glossary explains def ini t ions, acronyms, and symbols included in the text which 

fo l lows. 

Ax ia l peaking fac to r ~ ra t io of the peak-to-average power for a given power prof i le 

Blocked ~ a si tuat ion in which the f low area in the rod bundle or single tube is pur­

posely obstructed at selected locations so as to res t r i c t the f low 

Bo t tom of core recovery (BOCR) ~ a condit ion at the end of the re f i l l period in which 

the lower plenum is f i l led w i th injected ECC water as the water is about to flood the 

core 

Carryout rate f ract ion ~ the f ract ion of the inlet f looding f low rate which f lows out 

the rod bundle ex i t by upf lowing steam 

Carryover — the process in which the l iquid is carr ied in a two-phase mixture out of a 

control volume, tha t is, the test bundle 

Core rod geometry (CRG) — a nominal rod-to-rod pi tch of 12.6 mm (0.496 inch) and 

outside nominal diameter of 9.50 mm (0.374 inch) representative of various nuclear fuel 

vendors' new fuel assembly geometries (commonly referred to as the 17 x 17 or 16 x 16 

assemblies) 

Cosine axial power prof i le ~ the axial power distr ibut ion of the heater rods in the CRG 

bundle tha t contains the maximum (peak) l inear power at the midplane of the active 

heated rod length. This axial power prof i le w i l l be used on al l FLECHT SEASET tests as 

a f ixed parameter. 

ECC ~ emergency core cooling 

Entrainment — the process by which l iquid, typical ly in droplet fo rm, is carried in a 

flowing stream of gas or two-phase mixture 
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Fallback — the process whereby the l iquid in a two-phase mixture f lows countercurrent 

to the gas phase 

FLECHT — Ful l -Length Emergency Core Heat Transfer test program 

FLECHT SEASET ~ Fu l l -Length Emergency Core Heat Transfer - Systems Ef fects and 

Separate Ef fec ts Tests 

Loss-of-coolant accident ~ a break in the pressure boundary integr i ty result ing in loss 

of core cooling water 

PMG ~ Program Management Group 

Separation — the process whereby the l iquid in a two-phase mixture is separated and 

detached f rom the gas phase 

Silicon-controlled rectifier (SCR) — a rectifier control system used to supply dc current 

to the bundle heater rods 

Spacer grids — the metal matr ix assembly (egg crate design) used to support and space 

the heater rods in a bundle array 
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SECTION 1 
SUMMARY 

As part of the NRC/EPRI/Westinghouse FLECHT SEASET ref lood heat transfer and 

hydraulic program,^-'^^ a series of forced f low and gravi ty feed reflooding tests, steam 

cooling tests, and hydraulic character ist ics tests wi th f low blockage were conducted on 

a 21-rod bundle whose dimensions were typ ica l of current PWR fuel rod arrays. The 

purpose of these tests was to screen various fuel rod f low blockage configurations which 

are postulated to occur in a hypothet ical loss-of-coolant accident (LOCA), to determine 

which conf igurat ion provides the least favorable heat transfer character ist ics. This 

blockage conf igurat ion w i l l subsequently be placed in a larger 163-rod bundle'^^ to 

evaluate the addit ional e f fec t of f low bypass.^^ The 21-rod bundle data wi l l also be 

ut i l ized to develop a blockage heat transfer model. This blockage model w i l l be 

assessed through comparison and analysis of the 163-rod blocked bundle data. 

In this part icular test program, a fac i l i t y was bui l t to accept a 21-rod bundle whose 

dimensions are typical of the PWR fuel rod array sizes current ly in use by PWR and 

PWR fuel vendors. This test fac i l i t y was very similar to the fac i l i t y used in the 161-rod 

unblocked bundle task^^ and the f low areas were scaled appropriately. The 

1 . Conway, C. E., et a l . , "PWR FLECHT Separate Ef fects and Systems Ef fects Test 
(SEASET) Program Plan," NRC/EPRI/West inghouse-1, December 1977. 

2. Hochrei ter , L. E., et a l . , "PWR FLECHT SEASET 16]-Rod Bundle Flow Blockage 
Task: Task Plan Report , " NRC/EPRI/Westinghouse-6, September 1980. 

3. The 161-rod blocked bundle was changed to a 163-rod bundle by substitut ing two 
heater rods fo r two thimbles in order to provide bet ter comparison wi th the 21-rod 
bundle, as discussed in section 3. 

4. Lo f tus , M. J . , et a l . , "PWR FLECHT SEASET Unblocked Bundle, Forced and Gravi ty 
Ref lood Task Data Report , " NRC/EPRI/Westinghouse-7, June 1980. 
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instrumentat ion plan was developed such that local thermal-hydraul ic parameters could 

be calculated f rom the experimental data. Suff icient instrumentat ion was instal led in 

the test f ac i l i t y to perform mass and energy balances f rom the data. 

The forced ref lood tests examined the two-phase f low ef fects of f low blockage on 

system pressure, rod power, f looding ra te , coolant subcooling, and variable f loodinq 

ra te . Steam cooling tests were also conducted to determine the single-phase f low 

ef fects of blockage as a funct ion of the Reynolds number. Hydraul ic characterist ics 

tests were performed to determine the bundle f r i c t i on fac tor , gr id loss coef f ic ient , and 

blockage loss coef f ic ient . 

Sample data obtained in tests which met the specified conditions are reported herein, 

including clad temperature, turnaround and quench t imes, heat transfer coeff ic ients, 

f looding rates, exit steam f low, mass balance, d i f ferent ia l pressures and calculated void 

f ract ions, steam temperatures, housing temperatures, blockage temperatures, pressure 

loss coef f ic ients, and enhancement factors . A l l the val id data are available in the NRC 

Data Bank. 
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SECTION 2 
INTRODUCTION 

2 - 1 . BACKGROUND 

The f low blockage tasks in the FLECHT SEASET program are intended to provide 

suf f ic ient data and resulting analysis such that the exist ing Appendix K, 10CFR50.A6, 

f low blockage model (steam cooling requirements used in PWR safety analyses) can be 

reassessed and replaced by a suitably conservative but more physically real ist ic safety 

analysis model. 

The FLECHT SEASET f low blockage test program has been coordinated wi th the pro­

grams conducted in Germany's FEBA tests^^^ and Japan's SCTF tests.^^^ The FEBA 

tests have been conducted on a 1 x 5 rod bundle and a 5 x 5 rod bundle w i th 62 percent 

and 90 percent blockage of the corner nine rods. The Japanese Slab Core Tests are 

being conducted on eight fu l l -s ize simulated fuel rod bundles arranged in a row wi th two 

adjacent bundles blocked 62 percent in a coplanar fashion. 

Appendix K requires that any e f fec t of fuel rod f low blockage must be expl ic i t ly 

accounted fo r in safety analysis calculations when the core f looding rate drops below 

25 mm/sec (1 in./sec). The rule also requires that a pure steam cooling calculation be 

performed in this case. To comply w i th th is requirement, PWR vendors have developed 

semi-empir ical methods of t reat ing fuel rod f low blockage and steam cooling. 

Experimental data on single- and mul t i rod burst test behavior have been correlated into 

1 . Ihle, P., et al . , "FEBA - Flooding Experiments w i th Blocked Arrays - Heat Transfer 
in Part ly Blocked 25-Rod Bundle," presented at 19th Nat ional Heat Transfer Confer­
ence, Orlando, F L , July 27, 1980. 

2. Adachi , H., "SCTF - Co re - l Test Results," presented at Ninth Water Reactor Safety 
Research In format ion Meet ing, Gaithersburg, M D , October 26-30, 1981. 
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a burst cr i ter ion which yields a worst planar blockage, given the burst temperature and 

internal rod pressure of the average power rod in the hot assembly. The test data used 

to establish this burst cr i ter ion indicate that the rod burst is random and noncoplanar, 

and is d ist r ibuted over the axial length of the hot zone. When calculat ing the f low 

redist r ibut ion due to f low blockage, PWR vendors used mult ichannel codes to obtain the 

blocked channel f low. 

Simpler models developed by Gambi l r -̂  have also been used for f low redistr ibut ion 

calculat ions. In i ts ECCS evaluation model, Westinghouse modeled noncoplanar block­

age as a series of planar blockages distr ibuted axial ly over the region of interest, w i th 

each plane representing a given percentage blockage. The f low distr ibut ion e f fec t was 

then calculated f rom a series of propr ietary THDMC-IV^^^ computer runs and correlated 

into a simple expression fo r f low redist r ibut ion. The hot assembly was used as the unit 

cel l in these calculat ions so that the individual subchannel f low redistr ibut ion ef fects 

generated by the noncoplanar blockage at a given plane are averaged and each subchan­

nel has the same f low reduct ion. However, i t should be remembered that the percent­

age of blockage simulated in these calculations was derived by examinat ion of nonco­

planar mul t i rod burst data. 

The result ing f low redistr ibut ion is then used to calculate a hot assembly enthalpy rise 

as part of the steam cooling calculat ion. The result ing f lu id sink temperature and a 

radial conduction fuel rod model are then used to predict the clad peak temperature. 

Again, the f low redist r ibut ion or blockage ef fects and the steam cooling calculat ion are 

only used when the core f looding rate drops below 25 mm/sec (1 in./sec). Above 

25 mm/sec (1 in./sec), the unblocked FLECHT heat transfer data are used. 

1 . Gambi l l , W. R., "Est imate of E f fec t of Local ized F low Blockages on PWR Clad Tem­
peratures Dur ing the Ref lood," CONF-730304-4, 1973. 

2. Chelemer, H., et a l . , "An Improved Thermal-Hydraul ic Analysis Method for Rod 
Bundle Cores," Nuc l . Enq. Des. 4 1 , 219-229 (1977). 
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A review of f low blockage literature''- '^'^'^'^^ indicates that there are four primary heat 

transfer ef fects which need to be examined for both forced and gravi ty ref looding: 

Flow redistr ibut ion ef fects due to blockage and their e f fec t on the enthalpy rise of 

the steam behind the blockage. Bypass of steam f low could result in increased 

superheating of the remaining steam f low behind the blockage region. The higher 

the downstream steam temperature, the lower the rod heat f lux and resulting heat 

t ransfer behind the blockage. 

E f fec t of blockage downstream of the blockage zone and the result ing mixing of 

the steam and droplet breakup behind the blockage. The breakup of the entrained 

water droplets wi l l increase the l iquid surface area so that the drops wi l l become a 

more ef fect ive heat sink fo r the steam. The breakup should desuperheat the 

steam; this would result in greater rod heat transfer behind the blockage zone in 

the wake of the blockage. 

The heat t ransfer ef fects in the immediate blockage zone due to droplet impact, 

breakup, mixing, and cooling due to increased slip, as well as the increased steam 

veloci ty due to blockage f low area changes. The droplet breakup is a localized 

e f fec t pr imar i ly caused by the blockage geometry; i t w i l l influence the amount of 

steam cooling which can occur far ther downstream of the blockage. 

1 . Gambi l l , W. R., "Est imate of E f fec t of Local ized Flow Blockages on PWR Clad 
Temperatures During the Ref lood," CONF-730304-4, 1973. 

2. Davis, P. R., "Experimental Studies of the E f fec t of Flow Restrict ions in a Small 
Rod Bundle Under Emergency Core Coolant In ject ion Condit ions," Nuc l . Technol. 11 , 
551-556 (1971). 

3. Rowe, D. S., et a l . , "Exper imental Study of F low and Pressure in Rod Bundle Sub­
channels Containing Blockages," BNWL-1771, September 1973. 

4 . Ha l l , P. C , and Duf fey , R. B., "A Method of Calculat ing the E f fec t of Clad Balloon­
ing on Loss-of-Coolant Acc ident Temperature Transients," Nuc l . Sci. Enq. 58, 1-20 
(1975). 
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Ef fec t of blockage on the upstream region of the blockage zone due to steam 

bypass, droplet velocit ies, and sizes 

In summary, the f low blockage heat transfer effects are a combination of two key 

thermal-hydraul ic phenomena: 

A f low bypass e f fec t , which reduces the mass f low in the blocked region and conse­

quently tends to decrease the heat transfer 

A f low blockage e f fec t , which can cause f low accelerat ion, droplet breakup, 

improved mixing, steam desuperheating, and establishment of new boundary layers, 

which consequently tends to increase the heat transfer 

These two ef fects are dependent on blockage geometry and distr ibut ion and counteract 

each other such that i t is not evident which e f fec t dominates over a range of f low 

conditions. 

2-2. TASK OBJECTIVES 

The pr imary objectives of the 21-rod bundle tests were threefold: 

To obtain, evaluate, and analyze thermal hydraulic data using 21-rod bundles to 

determine the ef fects of f low blockage geometry var iat ion on the ref lood heat 

transfer 

To guide the selection of a blockage shape for use in the large blocked bundle 

task^l) 

To develop an analyt ical or empir ical method for use in analyzing the blocked 

bundle heat transfer data 

1 . Hochrei ter , L. E., et a l . , "PWR FLECHT SEASET 161-Rod Bundle Flow Blockage 
Task: Task Plan Report , " NRC/EPRI/Westinqhouse-6, September 1980. 
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To achieve these object ives, the fuel rod burst and blockage l i terature and test pro­

grams were studied to f ind the most representative blockage shapes, which would be 

candidates fo r test ing in the 21-rod bundle test f ac i l i t y . The shapes which were chosen 

and the bases for the choices are given in section 3. Many d i f ferent shapes and d is t r i ­

butions of the blockage sleeves are possible; these combinations have been reduced to a 

to ta l of six test series in the 21-rod bundle through engineering judgment, examination 

of postulated f low blockage ef fects (paragraph 2-1), and examination of the existing 

f low blockage model or method of calculat ion suggested by Hal l and Duffey.^ •̂  The six 

21-rod bundle test series are l isted in table 2-1 w i th an explanation of the di f ferent 

ef fects which were expected to be observed f rom the experiments. The exact geomet­

r ic descript ion of each shape is given in section 3. 

As shown in table 2 - 1 , three of the f ive blockage configurations ut i l ized a noncoplanar 

blockage sleeve distr ibut ion. This type of distr ibut ion was employed since most of the 

out-of-pi le data indicated that burst occurs in a noncoplanar fashion. A noncoplanar 

blockage distr ibut ion has recent ly been observed in the in-pile NRU tests'- being 

conducted in Canada. In the FLECHT SEASET f low blockage program, coplanar block­

age is defined as bursts located at the same exact elevation. Noncoplanar blockage is 

defined as bursts located at d i f ferent elevations; however, the blockage strain may 

overlap f rom rod to rod. The sleeves for all test series were smooth, and no at tempt 

was made to simulate the burst opening in the clad. Tests were conducted with no 

blockage in the same fac i l i t y at the same thermal-hydraul ic conditions, to serve as a 

basis fo r evaluation of the f low blockage heat transfer. 

To help ascertain both the hydraulic and the heat transfer effects of the f low blockage 

configurations relat ive to the unblocked bundle, single-phase hydraulic tests, steam 

cool ing, forced ref lood, and gravi ty ref lood scoping tests were performed on each of the 

six bundles (wi th the exception that gravi ty ref lood tests were not performed on the 

1 . Ha l l , P. C , and Duf fey, R. B., "A Method of Calculat ing the Ef fec t of Clad Balloon­
ing on Loss-of-Coolant Accident Temperature Transients," Nuc l . Sci. Eng. 58, 1-20 
(1975). 

2. "LOCA Simulation in the NRU Reactor ," NUREG/CR-2152, PNL-3835, Volume 1, 
October 1981. 
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TABLE 2-1 

BLOCKAGE SHAPES AND CONRGURATIONS 

TESTED IN 21-ROD BUNDLE 

Test 

Series 

A 

B 

C 

D 

E 

F 

Conf igurat ion Descript ion 

No blockage on the rods 

Short concentr ic sleeve. 

coplanar blockage on 

center nine rods 

Short concentr ic sleeve. 

coplanar blockage on all 

21 rods 

Short concentr ic sleeve. 

noncoplanar blockage on all 

21 rods 

Long nonconcentric blockage 

sleeve, noncoplanar blockage 

on al l 21 rods 

Test series E w i th increased 

blockage sleeve stra in, nonco­

planar blockage on al l 21 rods 

Comments 

This conf igurat ion served as a 

reference. 

This series provided for both 

blockage e f fec t and some bypass 

ef fects . 

This series was easiest to analyze, 

since i t provides no f low bypass 

ef fects w i th maximum f low blockage 

e f fec t at one axial plane. 

This test series examined a nonco­

planar blockage distr ibut ion and 

was comparable to series C. 

This test series permi t ted a one-to-

one comparison w i th series D in 

which al l rods were blocked. 

Comparison of series D and E wi th 

unblocked data indicated the worst 

shape. 

This test series increased the block­

age e f fec t re lat ive to series E. 
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f ina l conf igurat ion). The hydraulic tests were used to characterize the bundle in a 

hydraulic fashion by measuring the blockage pressure loss coef f ic ient , gr id loss coef f i ­

cients, and the 21-rod bundle f r i c t ion fac tor . These hydraulic parameters were then 

input to a COBRA-IV^^) model of the 21-rod bundle test fac i l i t y . The COBRA-IV code 

(appendix A) was then used to calculate the single-phase f low redistr ibut ion in and 

around the blockage zone for each conf igurat ion. In this fashion, the measured local 

heat t ransfer was associated w i th a calculated local f low (single-phase) f rom COBRA to 

explain the heat transfer behavior. 

The COBRA-IV calculations performed were single-phase steam f low redistr ibut ion 

calculat ions. Although the f low during reflooding was two-phase for most of the test 

t ime , the f low regime which existed above the quench f ront was highly dispersed f low. 

A typical void f rac t ion above the quench f ron t for the low floodinq rate test conditions 

was 0.95. Therefore, steam f low was in the continuous phase and the relat ively few 

droplets were not expected to a f fec t the macroscopic (subchannel average) steam f low 

and/or f low redis t r ibut ion. Sample calculations were performed and reported in the 

FLECHT SEASET program plan on the e f fec t of steam redistr ibut ion on droplets. I t 

was shown tha t , except for the extremely small drops, the l iquid phase does not redis­

t r ibute wi th the steam f low. The drops have suf f ic ient iner t ia to continue their f l igh t 

through the blockage zone wi thout any signif icant deviations. 

Single-phase steam cooling tests were conducted to provide a reference heat transfer 

environment compared to two-phase ref looding heat transfer data. In this manner, both 

the single- and two-phase ef fects of the blockage on the local rod heat transfer could 

be evaluated. Simi lar ly , the grav i ty-dr iven blocked ref lood tests permit one-to-one 

comparisons wi th the unblocked gravi ty ref lood tests in the 21-rod bundle test fac i l i t y 

fo r each blockage conf igurat ion. 

The emphasis in the 21-rod bundle was on forced ref looding tests, since most of today's 

safety analysis evaluation models calculate a quasi-steady, decreasing flooding rate 

1 . Wheeler, C. L., et a l . , "COBRA- IV- I : An In ter im Version of COBRA for Thermal-
Hydraul ic Analysis of Rod Bundle Nuclear Fuel Elements and Cores," BNWL-1962, 
March 1976. 
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into the reactor core. Also, forced f looding rate tests are easier to analyze and can be 

used more ef fect ive ly to develop a f low blockage model or method of analysis through 

comparisons w i th ident ical inblocked forced ref looding tests. The gravi ty ref lood 

scoping tests were performed to ensure that no additional hidden f low effects could 

cause a worst-case heat transfer si tuat ion as compared to the forced f looding test 

data. The data analysis emphasis in these experiments wi l l be on calculat ion of the 

f l u id conditions at each instrumented bundle axial plane, to help develop a model and a 

mechanist ic explanation of the flow blockage ef fect in the bundle. The mechanistic 

model or empir ical method of predict ing blockage heat transfer wi l l be evaluated in the 

larger 163-rod bundle test, where ample flow bypass can occur. 

2-3. TEST FACIL ITY 

The tests performed in th is task are classified as separate ef fects tests. In th is case, 

the bundle is isolated f rom the system and the thermal-hydraul ic conditions are pre­

scribed at the bundle entrance and exi t . Within the bundle, the dimensions are fu l l 

scale (compared to a PWR), w i th the exception of overal l radial d imenaon. The low 

mass housing used in this test series was designed to minimize the wal l ef fects. The 

housing was heated by radiat ion f rom the bundle to reduce the radial temperature 

gradient across the bundle and to minimize premature housing quench. To preserve 

proper thermal scaling of the FLECHT fac i l i t y w i th respect to a PWR, the power to 

f low area ra t io was made to be nearly the same as that of a PWR fuel assembly. 

The locations of bundle instrumentat ion, such as heater rod thermocouples and steam 

temperature probes, were designed to be nearly the same for each blockage configura­

t ion . The instrumentat ion in the test f ac i l i t y loop, housing, f low system, and controls 

was ident ical for all test series. Through repl icate tests at the same conditions in the 

same fac i l i t y , the local heat transfer on a given blocked rod was compared to that on an 

unblocked rod, to obtain the e f fec t of the f low blockage. Comparisons of this type, on 

a one-to-one basis wi th unblocked data, allowed the determinat ion of which shape or 

distr ibut ion results in the poorest heat transfer relat ive to the unblocked geometry. 
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The tests in the 21-rod bundle f low blockage task ut i l ized a core rod geometry, CRG,^ ' 

that is typ i f ied by the Westinghouse 17 x 17 fuel rod design, as shown in table 2-2. This 

CRG is representative of all current vendors' PWR fuel assembly geometries. 

TABLE 2-2 

COMPARISON OF PWR VENDORS' FUEL 

ROD GEOMETRIES 

Vendor 

Westinghouse 

Babcock & Wilcox 

Combustion Engineering 

Exxon 

Rod Diameter 

mm (in.) 

9.50 (0.374) 

9.63(0.379) 

9.70 (0.382) 

9.45 (0.372) 

Rod Pi tch 

mm (in.) 

12.6 (0.496) 

12.8 (0.502) 

12.9 (0.506) 

12.6 (0.496) 

2-4. REFERENCE REFLOOD TEST CONDITIONS 

Most of the tests in the 21-rod bundle test matr ix were constant forced flooding reflood 

tests. The test conditions represent typical safety evaluation model assumptions and 

in i t ia l conditions. 

The reflood phase of the PWR design basis LOCA transient is calculated to start 

approximately 30 seconds after in i t ia t ion of a hypothetical break. A t this t ime, the 

lower plenum, which had emptied during the blowdown, has ref i l led to the bottom of the 

1 . The CRG is defined in this program as a nominal rod-to-rod pitch of 12.6 mm 
(0.496 in.) and outside nominal diameter of 9.5 mm (0.374 in.), representative of 
various nuclear fuel vendors' new fuel assembly geometries and commonly referred 
to as the 17 x 17 or 16 x 16 assemblies. 
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core. The applicable reference assumptions for the ref lood transient for a worst-case 

analysis of a hypothet ical LOCA typ ica l of a Westinghouse 17 x 17 four- loop PWR or 

other PWR vendor plant are as fol lows: 

The core hot assembly was simulated in terms of peak linear power and in i t ia l 

temperature at the t ime of core recovery. 

Decay power was ANS + 20 percent, as specif ied by appendix K of 10CFR50.46 and 

shown in f igure 2 - 1 . 

The in i t ia l rod clad temperature is pr imar i ly dependent on the ful l -power linear 

heating rate at the t ime of core recovery. For the period f rom 30 seconds to core 

recovery or when the ref lood water begins to f lood the core, typical calculations 

y ie ld an in i t ia l clad temperature in the hot assembly of 871°C (1600°F). 

Coolant temperature was selected to maintain a constant subcooling to fac i l i t a te 

the determinat ion of parametr ic e f fec ts . 

Coolant was injected di rect ly into the test section lower plenum for the forced 

f loodinq rate tests, and into the bot tom of the downcomer fo r the gravi ty ref lood 

tests. In ject ion into the bottom of the downcomer was used for better test fac i l i t y 

pressure controL 

Upper plenum pressure at the end of blowdown is approximately 0.14 MPa (20 psia) 

for an ice condenser plant, and about 0.28 MPa (40 psia) fo r a dry containment 

plant . 

The tests were performed wi th a uni form radial power prof i le . 

The axial power shape bui l t in to the heater rod was the modif ied cosine w i th a 

power peak-to-average ra t io of 1.66, as shown in f igure 2-2. 
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The use of the 1.66 axial prof i le w i l l allow comparisons w i th the 161-rod unblocked and 

the 163-rod blocked bundle test data, since the bundle sizes are the primary difference 

among these tests. 

The in i t ia l ly proposed reference test conditions and range of test conditions are listed 

in table 2-3, based upon the above reference assumptions. 

2-5. HYDRAUL IC CHARACTERISTICS TEST CONDITIONS 

To evaluate the pressure losses associated wi th the rod f r i c t i on , grids, and blockage 

sleeves, isothermal single-phase (water) tests were conducted for the one unblocked 

configurat ion and the f ive blockage configurations prior to the heat transfer tests. 

These hydraulic tests were conducted at a Reynolds number in the same range as that 

expected in the heat transfer tests. The expected range of Reynolds numbers was 2,000 

to 15,000, which when simulated by 21°C (70°F) water provides f lows f rom 4.7 x 10"^ to 

3.5 X 10"^ m-^/sec (7.5 to 55 gal/min). This range of Reynolds numbers was based on the 

calculat ion f rom the 161-rod unblocked bundle,^^ which showed that approximately half 

of the injected water is evaporated into steam. These Reynolds numbers envelop f lood­

ing rates f rom 10 to 38 mm/sec (0.4 to 1.5 in./sec). Although the range of test condi­

tions shown in table 2-3 includes a test at 152 mm/sec (6 in./sec), which corresponds to 

a Reynolds number of approximately 50,000, i t was expected that the pressure loss 

coeff ic ients would not vary signif icant ly for turbulent f low Reynolds numbers greater 

than 10,000. 

2-6. STEAM COOLING TEST CONDITIONS 

The steam cooling tests were conducted at a Reynolds number corresponding to the 

bundle out let steam phase Reynolds number of the constant f looding rate tests. The 

temperature of the out let steam was l imi ted to approximately 204°C (400°F) to prevent 

1 . N. Lee, et a l . , "PWR FLECHT SEASET Unblocked Bundle, Forced and Gravi ty 
Ref lood Task Data Evaluation and Analysis Report ," NRC/EPRI/Westinghouse-10, 
September 1981. 
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TABLE 2-3 

REFERENCE AND RANGE OF TEST CONDITIONS FOR 

21-ROD BLJNDLE FLOW BLOCKAGE TASK 

Parameter 

In i t ia l clad temperature 

Peak power 

Upper plenum pressure 

Flooding rate: 

~ Constant 

— Variable in steps 

Inject ion rate (gravity 

re f l ood ) - variable in steps 

Coolant AT subcooling 

Ini t ia l 

Condit ion 

871°C 

(1600°F) 

2.3 kw/m 

(0.7 k w / f t ) 

0.28 MPa 

(40 psi a) 

25 mm/sec 

(1 in./sec) 

78°C 

(140°F) 

Range of 

Condit ions 

260°C - 8 7 1 ° C 

(500°F -1600°F) 

0.88 - 2.3 kw/m 

(0.27 -0 .7 k w / f t ) 

0.14 - 0.28 MPa 

(20 - 4 0 psia) 

10.2 - 152 mm/sec 

(0.4 - 6 in./sec) 

152 to 20 mm/sec 

(6.0 to 0.8 in./sec) 

0.82 to 0.09 kg/sec 

(1.8 to 0.2 lb/sec) 

3°C-78°C 

(5°F-140°F) 
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fa i lure of the upper seals (made of polyurethane) on the heater rods. The tests were run 

to steady-state conditions in order to el iminate the ef fect of energy storage in the 

fac i l i t y , and for ease of data analysis. 

2-7. GRAVITY REFLOOD TEST DESCRIPTION 

The gravity ref lood tests were conducted to provide a simulation of the conditions 

expected to occur in ref looding the core after a LOCA. Coolant was injected into the 

simulated downcomer at f low rates which are representative of the nuclear power plant 

accumulators.^ '' The downcomer was attached to the test fac i l i t y lower plenum by the 

crossover leg, which was designed to provide a pressure loss coeff ic ient equivalent to 

that of a reactor lower plenum and core in let , or a value of approximately 11 . The 

system pressure was control led downstream of the test fac i l i t y in the simulated 

containment and the hot leg f low resistance (of approximately 32.5) was simulated by a 

part ia l ly closed gate valve upstream of the simulated containment. 

2-8. TEST MATRIX 

The original ly approved test mat r ix as developed in the task plan^ -̂  consisted of 

23 tests grouped into eight series, as shown in table 2-4. However, during the test pro­

gram, several modif ications and/or additions were made to the test matr ix as discussed 

in the fo l lowing paragraphs. 

In the course of test ing the f i r s t bundle, a defective turbine meter provided for a 

higher-than-specif ied forced ref lood in ject ion f low and, because of a coding error in the 

mass balance program, the test results were misinterpreted such that the rod power was 

subsequently increased. Most of the forced ref lood tests were conducted wi th the high 

f low and high power. To provide direct bundle-to-bundle comparison, the forced ref lood 

tests in all subsequent bundles were subjected to these same test conditions. 

1 . Waring, J . P., et a l . , "PWR FLECHT-SET Phase B l Data Report ," WCAP-S431, 
December 1974. 

2. Hochrei ter, L . E., et a l . , "PWR FLECHT SEASET 21-Rod Bundle Flow Blockage 
Task: Task Plan Repor t , " NRC/EPRI/Westinghouse-5, March 1980. 
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TABLE 2-4 

TEST MATRIX FOR 21-ROD BUNDLE FLOW BLOCKAGE TASK 

Test 

No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

Pressure 

MPa (psia) 

0.28 (40) 

0.28 (40) 

0.28 (40) 

0.28 (40) 

0.28 (40) 

0.28 (40) 

0.28 (40) 

0.28 (40) 

0.28 (40) 

0.28 (40) 

0.28 (40) 

0.28 (40) 

0.28 (40) 

0.28 (40) 

0.28 (40) 

Rod In i t ia l 

Temperature 

[°C (°F)1 

131 (267) 

131 (267) 

131 (267) 

871 (1600) 

871 (1600) 

871 (1600) 

871(1600) 

871 (1600) 

871 (1600) 

871 (1600) 

871 (1600) 

871 f l600) 

871 (1600) 

871 (1600) 

871(1600) 

Rod Peak 

Power 

[kw/m (kw/ft)l 

0.043(0.013) 

0.088 (0.027) 

O.U (0.034) 

0.88 (0.27) 

1.3(0.4) 

2.3 (0.7) 

2.3 (0.7) 

2.3(0.7) 

2.3 (0.7) 

0.88 (0.27) 

1.3(0.4) 

2.3(0.7) 

2.3 (0.7) 

2.3 (0.7) 

2.3 (n.7) 

Flow Rate 

kq/sec (lb/sec) 

0.013(0.03) 

n.027 (0.06) 

0.034(0.07 5) 

Floodinq Rate 

mm/sec (in/sec) 

10 (0.4) 

15(0.6) 

20 (0.8) 

25(1.0) 

38(1.5) 

152 (6.0) 

10 (0.4) 

15(0.6) 

25 (1.0) 

25(1.0) 

152 (6) 5 sec 

20 (0.8) onward 

25 (1.0) 

Inlet 

Subcoolinq 

[°C ("F)l 

0 

0 

0 

78 (140) 

78(140) 

78 (140) 

78(140) 

78 (140) 

78(140) 

78 (140) 

78(140) 

78 (140) 

3(5) 

78 (1401 

78 (140) 

Parameter 

Steam 

cooling 

test 

Constant 

floodinq 

rate 

tests 

Pressure 

ef fect 

tests 

Subcoolinq 

Variable 

stepped 

f low 

Repeat test 

Test Series 

1 

2 

(reference) 

3 

4 

5 

6 



TABLE 2-4 (cont) 

TEST MATRIX FOR 21-ROD BUNDLE FLOW BLOCKAGE TASK 

Test 

No. 

16 

17 

18 

19 

20 

21 

22 

23 

Pressure 

[MPS (psia)] 

0.28 (40) 

0.14(20) 

0.10(15) 

0.10(15) 

0.10(15) 

0.10 (15) 

0.10(15) 

0.10 (15) 

Rod In i t ia l 

Temperature 

[°C (°F)] 

871 (1600) 

871(1600) 

21 (70) 

21 (70) 

21 (70) 

21 (70) 

21 (70) 

21 (70) 

Rod Peak 

Power 

[kw/m (kw/ft)] 

2.3 (0.7) 

2.3 (0.7) 

0 

0 

0 

0 

0 

0 

F low Rate 

kg/sec (lb/sec) 

0.82 (1.8) 14 sec 

0.095 (0.21) 

onward 

0.82 (1.8) 14 sec 

0.095 (0.21) 

onward 

Floodinq Rate 

m' /sec (qal/min) 

6.3 X 10-^(10) 

1.3 X 10 - ' (20 ) 

1.9 X 10 - ' (30 ) 

2.5 X 1 0 - ' (40) 

3.2 X 1 0 - ' (50) 

3.8 X 1 0 - ' (60) 

Inlet 

Subcooling 

[°C(°F)] 

78(140) 

78(140) 

79(142) 

79 (142) 

79(142) 

79 (142) 

79(142) 

79 (142) 

Parameter 

Gravi ty 

ref lood 

tests 

Hydraul ic 

character ist ics 

tests 

Test Series 

7 

8 



A steam cooling test was added and was conducted at the lowest Reynolds number 

which was possible in the 21-rod bundle test f ac i l i t y . The system pressure in the steam 

cooling tests was also reduced f rom 0.28 MPa (40 psia) to 0.14 MPa (20 psia) because of 

the upper heater rod seal temperature l im i t of 134°C (275°F). The temperature rise of 

the seal plate was greater than the dif ference between the saturation temperature of 

130°C (267°F) at 0.28 MPa (40 psia) pressure and the seal temperature l im i t of 134°C 

(275°F). 

The e f fec t of the re la t ive ly cold housing on the bundle quench f ront and radial tempera­

ture prof i le was reduced by heating the houang to approximately 538°C (1000°F) peak 

temperature pr ior to the in i t ia t ion o f ref looding. The housing was heated by pulsing the 

heater rod bundle twice to approximately 649°C (1200°F) peak temperature. A l l 

ref lood tests were conducted w i th a hot housing except fo r the 152 mm/sec (6 in./sec) 

fo rced f looding rate test , since the quench f ron t progresses very rapidly and i t was 

believed that the in i t ia l housing temperature would insignif icant ly a f fect the bundle 

behavior. (See appendix B fo r an evaluation of the housing ef fect . ) 

The 3°C (5°F) subcooling test could not be run in the f i rs t bundle, apparently because of 

the heat losses in the in ject ion line which substantial ly reduced the temperature of the 

coolant pr ior to f lood. However, a 28°C (50°F) subcooling test was run in the f i rs t bun­

dle and in all subsequent bundles. In order to avoid pressure oscil lations in the low sub­

cooling test , the in i t ia l peak housing temperature was only 454°C (850°F). 

Four addit ional forced ref lood tests were conducted in conf igurat ion F instead of the 

grav i ty ref lood tests, to provide a comparison between the 161-rod unblocked bundle 

and 163-rod blocked bundle at similar test conditions. 

2-18 



SECTION 3 
BLOCKAGE SHAPES AND TEST CONFIGURATIONS 

3 - 1 . INTRODUCTION 

The high internal pressure and temperature of fuel rods during a postulated PWR LOCA 

are expected to cause the fuel rods to swell and burst. The resulting rod deformation 

would reduce the f lu id f low area in the rod array. The shape of the rod swell ing and 

burst is referred to as a blockage shape. This f low area reduction (or f low blockage) is 

governed by the shapes and spatial distr ibut ion of blockage. Therefore, to simulate the 

thermal-hydraul ic conditions of the f lu id in the blocked rod array, blockage shapes and 

their spatial distr ibut ion must be chosen proper ly. The number of selected blockage 

shapes should be minimized to make blockage tests feasible, but i t must be suf f ic ient to 

address the important e f fec ts of the f low blockage on heat transfer. The spatial block­

age distr ibut ion must also be chosen to represent real ist ic situations and to provide fun­

damental understanding of blockage ef fects on the local heat transfer. 

The results of several single- and mul t i rod burst tests were used to define the blockage 

shapes to be simulated in the 21-rod blockage task. Discussions wi th NRC and EPRI 

were also considered in the choice of blockage shape. The blockage shapes so deter­

mined were simulated by stainless steel sleeves attached to the rods to simulate f low 

blockage. 

3-2. BLOCKAGE SHAPES 

Several out -of -p i le and in-pi le burst tests have been performed to aid the understanding 

of rod burst phenomena during a LOCA. Out-of -p i le tests have employed several heat­

ing methods to simulate rod heatup during a ref looding period. The heating methods 

include a s t i f f internal heater rod (continuous r ig id heating element) method, external 

radiant heating, and d i rect resistance heating. The external radiant heating and direct 
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resistance heatup methods are believed to distort the thermal response of the clad 

deformat ion. The internal heater rod may reduce the clad temperature nonuniformity 

which is expected in the real si tuation of stacked fuel pel lets. Although an out-of-o i le 

test method is not ideal, i t is generally agreed that an internal heater method is most 

representat ive of the real s i tuat ion. Therefore the results f rom the tests using internal 

heater rod methods were reviewed in the 21-rod blockage task to provide a basis for 

def ining blockage shapes as well as available in-pi le test results. 

The available results f rom several rod burst tests showed that there were two dist inc­

t ive rod swell ing patterns, depending on the burst temperature. This is due to the 

existence of two phases of Zircaloy, whose mater ia l propert ies are quite d i f fe rent f rom 

each other. Zircaloy is in the alpha phase at temperatures of less than 832°C (1529°F) 

and in mixed phase of alpha and beta types between 832°F and 970°C (1529°F and 

1779°F). Above 970°C (1779°F), Zircaloy is in beta phase. Alpha phase Zircalov has 

anisotropic strain propert ies. The deformat ion of Zircaloy at high temperatures is very 

sensitive to minor temperature i rregular i t ies since about 15°C (27°F) temperature di f ­

ference wi l l about double the strain ra te . The anisotropic strain propert ies of Zircaloy 

cause the rods to shorten in proport ion to the amount of c i rcumferent ia l strain. Thus, 

i f a hot spot occurs on one side of the clad, the rod w i l l bow wi th the hot side concave. 

This results in bringing the hot side of the clad closer to the heating rod which, in turn , 

increases the temperature dif ference around the clad and localizes the strain on one 

side of the rod. Although the burst phenomenon in the mixed phase is not well under­

stood, this burst range can be treated essentially as alpha phase burst because of the 

anisotropic property of the alpha phase. Beta phase Zircaloy has isotropic strain prop­

er t ies. As the clad strains c i rcumferent ia l ly , there is no rod shortening and no rod 

bow. Thus beta phase bursts tend to be more concentr ic. 

Therefore, two typ ica l blockage shapes respresenting alpha and beta phase swelling 

were chosen to be simulated in the 21-rod tests. The two blockage shapes are shown in 

figures 3-1 and 3-2. Deta i led explanations of the choices are given in the 21-rod bundle 

f low blockage task plan.'-"^^ 

1 . Hochrei ter , L. E., et a l . , "PWR FLECHT SEASET 21-Rod Bundle Flow Blockage 
Task: Task Plan Repor t , " NRC/EPRI/Westinghouse-5, March 1980. 
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3-3. BLOCKAGE CONFIGURATIONS 

The 21-rod bundle task examined the ref looding phenomenon for simple blockage con­

figurations in order to obtain a fundamental understanding of the heat transfer change 

ef fected by blockage and to select a worst blockage shape in terms of heat transfer. 

This selected shape wi l l be used in a separate large blocked bundle test w i th ample 

bypass.^^ The ef fects of blockage on heat transfer are due to f low bypassing in the 

blockage zone and local f low behavior in and downstream of the blockage. Bypass f low 

is expected to reduce heat transfer in the blocked region because of reduction of f l u id 

f low, but the geometry blockage i tsel f may increase heat transfer as a result of 

increased turbulence and droplet dis integrat ion. These two heat transfer ef fects are 

counteracting; for a clear understanding i t is necessary to determine which e f fec t can 

dominate under which thermal-hydraul ic condit ions. Therefore, this test series studied 

these ef fects to determine the re lat ive importance of f low bypass and local blockage 

geometry on re flood heat transfer. 

For these purposes, this test program ut i l ized two blockage shapes (concentr ic and non-

concentric), d i f ferent strains, and two blockage distr ibutions (coplanar and nonco-

planar). In the coplanar blockage distr ibut ion, all the sleeves on the rods are at the 

same axial elevation; the noncoplanar distr ibut ion does not have al l the sleeves at the 

same elevation. 

The fol lowing six blockage configurations were tested: 

Unblocked (configurat ion A)'^^ 

Concentr ic sleeve, 32.6 percent maximum stra in, coplanar on nine rods 

(configuration B) 

1 . Hochrei ter, L. E., et a l . , "PWR FLECHT SEASET 161-Rod Bundle Flow Blockage 
Task: Task Plan Report ," NRC/EPRI/Westinghouse-6, September 1980. 

2. See table 2 - 1 . 
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Concentr ic sleeve, 32.6 percent maximum strain, coplanar on all rods 

(conf igurat ion C) 

Concentr ic sleeve, 32.6 percent maximum strain, noncoplanar on all rods 

(conf igurat ion D) 

Nonconcentric sleeve, 36 percent maximum strain, noncoplanar on all rods 

(configurat ion E) 

Nonconcentric sleeve, 44 percent maximum strain, noncoplanar on all rods 

(configurat ion F) 

The concentric and nonconcentric sleeves are shown in figures 3-1 and 3-2, 

respectively. 

The unblocked configuration was required as a reference. The next three configurations 

(B, C, and D) employed concentric sleeves which represent the blockage shape result ing 

f rom a high-temperature beta phase burst of Zircaloy c lad. The coplanar sleeve loca­

t ion was chosen because of its geometric s impl ic i ty , which is advantageous for data 

analysis. Configuration B was expected to show the e f fec t of a par t ia l bypass of f lu id 

f low. Configurat ion C, wi th sleeves on all rods, was designed to study blockage ef fect 

wi thout bypass. Configuration D was noncoplanar, to simulate the expected blockage 

distr ibut ion. The method of distr ibut ing sleeves in a noncoplanar way is discussed in 

paragraph 3~u 

Configuration E used long nohconcentric sleeves on 21 rods. The results of this test 

were compared to those f rom conf igurat ion D to help determine the e f fec t of sleeve 

shape and geometry on re floor'heat transfer. These comparisons showed that the non­

concentric sleeve gave pocsr heat transfer than the concentric sleeve, as discussed in 

appendix C. Therefore tht nonconcentric sleeve was used in conf igurat ion F w i th the 

higher strain, to examine :he strain e f fec t . 
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3-4. Noncoplanar Blockage Distr ibut ion 

A noncoplanar blockage test conf igurat ion requires a method to axial ly distr ibute the 

blockage sleeves. The fol lowing paragraphs describe the method of distr ibut ing the 

blockage sleeves on the heater rods. The object ive was to locate blockage sleeves in 

the bundle in such a manner that the stat ist ics of the location coincide with the 

expected deformation and bursts of a PV/R. The basis of this approach is the fol lowing 

statement f rom the ORNL mul t i rod burst test results: "Posttest deformat ion measure­

ments showed excellent correlat ion w i th the axial temperature distr ibut ion, w i th 

deformation being extremely sensitive to small temperature variations." ' ' 

Burman and Olson^^ have studied temperature distr ibutions on rods in a bundle. Their 

method can be employed to determine the stat ist ics of burst locations in the bundle. 

The burst locations so determined were selected wi thout considering the gr id e f fec t on 

burst locat ion which was observed in the German REBEKA tests.^^^ I t was found that 

rod burst locations were shifted toward the f lu id f low direct ion because of enhanced 

heat transfer downstream of the grids. 

Incorporation of this hydraulic e f fec t on burst location requires knowledge of the t ime 

of rod burst. Rod bursts during blowdown are expected to occur at locations shif ted 

downward, because of the downward f lu id f low at the t ime. Burst at the end of blow-

down and during ref i l l may not be af fected by f lu id f low because there is l i t t l e f lu id 

f low at these t imes. During the ref lood phase, rod bursts w i l l occur at locations shifted 

upward. 

1 . Chapman, R.H., "Signif icant Results f rom Single-Rod and Mul t i rod Burst Tests in 
Steam With Transient Heat ing," paper presented at F i f t h Water Reactor Safety 
Research Informat ion Meet ing, Gaithersburg, M D , November 7-10, 1977. 

2. Burman, D.L., and Olson, C.A., "Temperature and Cladding Burst Distr ibut ions in a 
PWR Core During LOCA," Specialists Meeting on the Behaviour of Water Reactor 
Fuel Elements Under Accident Condit ions, Norway, September 13, 1976, pp 73-77. 

3. Wiehr, K., et a l . , 'Fue l Rod Behavior in the Re f i l l and Flooding Phase of a Loss-of-
Coolant Accident," CONE-771252-5, December 1977. 
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Fuel rods in a PWR can burst at any phase of a LOCA transient, depending on power 

distribution, operating life, type of break, material strength uncertainties, and the like. 

Therefore, the hydraulic effect can be incorporated into the determination of burst 

locations in several ways. However, the primary objective in the present study is the 

study of local heat transfer under a typical blockage distribution; such an objective can 

be achieved without considering the hydraulic effect. 

To determine burst locations, it is assumed that all rods to be deformed have the same 

or similar temperature distribution. The ORNL multirod burst tests showed that there 

were no interactions among rods during burst, so it may be assumed that each rod in a 

bundle bursts independently. Then the characterist ics of one rod may be used to infer 

the behavior of the rod bundle. 

A rod is divided into several sections with the same interval. Burman and Olson com­

puted the probability that a certain section (say, the i-th increment) of a fuel rod is at 

the highest temperature in the rod as follows: 

00 

/I 
0 

O y/lTT 
exp 

(y: - T)' 

2a 
T 

=1,N o JiirJ 
exp 

(y; - t ; 

2o T 

dt ' cTT (3-1) 

Here Oj and Pj are the standard deviation of local temperature and the mean tempera­

ture at the i-th increment, respectively. It can be seen that these two characterist ics 

{Oj and y j) must be known to compute the local probability of highest temperature . As 

the ORNL test showed, this highest-temperature location can be interpreted as the 

burst locaticn. 

The mean temperature distribution required in equation (3-1) is the axial mean temper­

ature of a nuclear fuel rod at the time of rod burst. The standard deviation of local 

temperature is included to account for the local temperature fluctuation. Burman and 

Olson assumed that the fluctuation is normally distributed. 
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The local temperature can be divided into two components: 

T, , = T, , + T, , (3-2) 
l oca l l oca l l o c a l 

where Tj^^gj and Tjopal ^^^ ^^^ mean and the variat ion of local temperature, respec­

t ive ly. The mean temperature is obtained f rom the axial mean temperature distr ibu­

t ion. The local temperature variation is a funct ion of the fo l lowing ef fects: 

Manufactur ing ef fects 

In i t ia l fuel pellet density 

Fuel pellet diameter 

Fuel enrichment 

Manufacturing variables which af fect fuel densif ication 

Clad local oval i ty 

Fuel pellet chemical bonding 

In-pi le effects 

Fuel pellet radial offset wi th in clad 

Fuel pellet cracking 

Fuel densification 

Burst probabilit ies at each rod increment can be computed by equation (3-1) v/i th the 

inputs of Oj and y j . 

Westinghouse has developed a stat is t ica l method for the distr ibut ion of sleeves in a 163-

rod bundle according to the probabi l i ty distr ibut ion calculated above. However, th is 

method cannot be applied direct ly to the 21-rod bundle, because of the small sample 

number. Therefore, the method was modi f ied for the small bundle. The method used 

for the 21-rod bundle maintains the principle of the previous stat ist ical arguments and 

can be applied to the large bundle to remove the slight dependency of the axial block­

age distr ibution on sample random numbers. 
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Mul t ip ly ing the probabi l i t ies by the to ta l rod number gives theoret ical burst numbers at 

the corresponding axial increments. These numbers are usually not integers. There­

fo re , for pract ica l purposes, these numbers are transformed to integers to satisfy the 

requirement that the to ta l burst number is the same as the tota l rod number. These 

integer numbers indicate how many sleeves should be located at specif ic axial incre­

ments. This procedure is shown schematical ly in f igure 3-3. An increment ( i- th) is then 

selected at random. Since i t is known f rom the above calculat ion that N- rods have 

bursts at this increment , Nj rods are selected at random. Each of these selected rods 

has a sleeve on the i- th increment. Then another increment and corresponding rods are 

selected at random. This procedure is repeated unti l al l the axial increments where 

bursts occur have been considered. 

A computer program was wr i t ten to execute this procedure for selection of sleeve 

locat ions. This program, cal led COFARR (Coolant F low Area Reduction), calculates 

subchannel blockage w i th given input strain informat ion of the blockage sleeve. The 

program is discussed in appendix D. 

3-5. Input Data 

The mean temperature distr ibut ion at t ime of burst and local temperature f luctuat ion 

data are required to compute burst probabi l i ty f r o m equation (3-1). In addit ion, strain 

informat ion is required to compute actual blockage distr ibut ion and subchannel area. 

Westinghouse requested that the three other PWR fuel vendors (Babcock A; Wilcox, 

Combustion Engineering, and Exxon) provide relevant informat ion to calculate a nonco­

planar blockage distr ibut ion. 

Westinghouse calculated a mean temperature distr ibut ion at the t ime of burst 

( f igure 3-4) by analyzing a L O C A . Burst was calculated to occur at the end of 

blowdown. Babcock A; Wi lcox^^ calculated an axial temperature distr ibution for its 

1 . Personal communication f rom J . 3. Cudl in, Babcock & Wilcox, to H. W. Massie, Jr., 
Westinghouse, Apr i l 5, 1978. 
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INCREMENT NUMBER L-1 

BURST PROBABIL ITY 

[EQ. (4-7)] 
Pi P2 P3 L-1 

N P: X^ X2 X3 ' L - l 

SLEEVE NUMBER 
AT THE i-th 
INCREMENT 

" l " 2 " 3 • L - 1 

2 nj = N 
iL=1 

N: TOTAL ROD NUMBER 

Figure 3-3. Procedure for Determin ing Sleeve 
Numbers on Each Ax ia l Increment 
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plant (15 X 15 fuel) for a 0.794 m'^ (8.55 ft'^) double-ended cold leg break. Babcock & 

Wilcox also analyzed a plant with 17 x 17 fuel for the same accident case. Clad rupture 

was calculated to occur during blowdown. Combustion Engineering^ -̂  analyzed its 16 

X 16 fuel assembly for a worst- temperature distr ibut ion using LOCA licensing analysis 

codes and input data. Exxon^ -̂  also used i ts WREM ECCS model to get a mean 

temperature distr ibut ion for a 15 x 15 fuel assembly at the t ime of rod rupture. Com­

parisons of the available mean temperature data reveal that Westinghouse and Babcock 

& WilcxDx plants are expected to have the most peaked axial temperature distr ibutions. 

The Westinghouse temperature distr ibut ion was chosen to be a reference case. Detai led 

discussion of this analysis can be found in the task plan. 

Manufacturing quality assurance records were reviewed by Burman and Olson to deter­

mine the real ist ic distr ibut ion for pellet parameters which would have an ef fect on 

local temperature variat ion, such as enrichment (negligible), in i t ia l density, sintering 

characterist ics, diameter, and surface roughness. The variations thus obtained were 

input into Westinghouse standard design codes to determine their ef fect on operating 

temperature. Perturbat ion studies were analyzed to determine the ef fect of small 

variations in in i t ia l power and temperature on the clad temperature at the t ime of 

burst, for cases in which burst occurred during r e f i l l . The in i t ia l temperature distr ibu­

tions were then modif ied to account for these ef fects. The result ing responses were 

stat ist ical ly combined to obtain the overall temperature uncertainty just prior to the 

accident due to manufacturing variables. The result ing standard deviation in tempera­

ture was found to be approximately 9.80°C (17.6°F). 

Of the various uncertainties in pellet temperature due to in-pi le ef fects, only the 

standard deviation in pellet temperature due to pellet offset was analyzed. Using a 

f in i te difference program, the ef fect of pellet eccentr ic i ty on pellet average tempera­

ture during normal operation was calculated, assuming various degrees of pellet clad 

eccentr ic i ty . The result ing temperature distr ibut ion was convoluted w i th that arising 

1. Personal communication f rom J . H . Holderness, Combustion Engineering, to H. W. 
Massie, Jr., Westinghouse, Apr i l 11 , 1978. 

2. Personal communication f rom R. E. Coll ingham, Exxon Nuclear, to M. W. Hodges, 
USNRC, August 3, 1978. 
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from manufacturing uncertainties and the convoluted sum corrected to account for the 

temperature variability at burst time for a given temperature variability at power. 

This variation was determined to be 9.11°C (16.4°F). When statistically combined with 

the uncertainties due to manufacturing variables, the total standard deviation in local 

temperature becomes 13°C (24°C) at the t ime of blowdown or 7°C (12°F) at the time 

of burst. 

In summary, the mean temperature distribution of Westinghouse (figure 3-4) and a 

standard deviation of 7°C (12°F) were chosen as a case to calculate a noncoplanar 

blockage distribution. 

Strain data were used to finalize the sleeve shapes discussed in this chapter. A real 

blockage distribution can be calculated by COFARR with input sleeve geometries which 

were selected for the 21-rod bundle (paragraph 3-2). 

It is expected that rod bursts in a bundle will show a range of strain and shape sizes; 

however, a single size strain was suggested for all rods in the present tes ts for simpli­

city of both experimental setup and data analysis. The effect of different sleeve sizes 

was indirectly addressed by tests with a higher-strain sleeve. 

Strain data are available from various rod burst tes ts . The results of the ORNL multi-

rod burst tests are plotted in figure 3-5, along with the German in-pile test results. In 

the ORNL in-pile test , strains ranging from 26 to 42 percent were observed. The 

German in-pile test showed relatively low strains, ranging from 8 to 32 percent . 

The most representative strain value is considered to be about 36 percent, with a stan­

dard deviation of 8 percent , assuming that strains are distributed normally. 
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This is also consistent w i th the data of the REBEKA test.^ ' -̂  Therefore, a strain of 

36 percent was chosen as a reference case for tests wi th nonconcentric sleeves. A 

st ra in of 44 percent was selected for the higher-strain nonconcentric sleeve. The strain 

relat ion between the concentric and nonconcentric sleeves is discussed in the fo l lowing 

paragraphs. 

3-6. Relationships Between Di f fe rent Configurations 

Several configurations and sleeve shapes were employed in this series, as explained 

above. The results obtained f rom these tests were intended to be used to determine a 

blockage shape heat transfer and to obtain a bet ter understanding of heat transfer in 

blocked bundles. Therefore one must establish the bases of comparison between d i f fe r ­

ent test conditions for these purposes. 

Two dist inct pairs of test configurations are s igni f icant: concentr ic versus nonconcen­

t r i c sleeve shapes and coplanar versus noncoplanar sleeve arrangements. 

3-7. Concentr ic Versus Nonconcentr ic Sleeve Shapes ~ As noted above, the 21-rod test 

results were intended to be used to determine a blockage shape which provides the least 

favorable heat transfer. To select the sleeve shape, i t is necessary to establish a cer­

tain basis of comparison. 

The blockage configurations allow one set of sleeve comparisons: test configurations A 

and D versus test configurations A and E. 

As discussed ear l ier , the sleeve locations for configurations D and E are the same, since 

the inputs of mean temperature and standard deviat ion are the same for both cases. 

1 . Erbacher, F., et al . , " Interact ion Between Thermohydraulics and Fuel Clad 
Ballooning in a LOCA, Results of REBEKA Mul t i -Rod Burst Tests With Flooding," 
presented at Sixth Water Reactor Safety Research Meet ing, Gaithersburg, MD, 
November 1978. 

2. Wiehr, K., "Results of REBEKA Test 3," presented at Zi rcaloy Cladding Research 
Review Meet ing, Idaho Fal ls , ID , June 1979. 
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Also, the reference strain of the nonconcentric sleeve was taken as 36 percent. There­

fore the remaining question is what strain should be used fo r the concentr ic sleeve to 

provide a meaningful comparison between the two sleeves. The fol lowing two al terna­

tives were considered: 

Maintain the maximum blockage f rom the single concentr ic sleeve the same as that 

of the nonconcentric one. 

Maintain the bundle-wide maximum blockage the same. 

Each al ternat ive is a valid basis for comparison. However, the second case requires 

that the strain be determined as a funct ion of number of sleeves and axial sleeve d is t r i ­

bution. That is, this comparison provides a very restr ic ted case. The f i rs t case is not 

af fected by these parameters and considered to be more general. 

Therefore the strain of the concentric sleeve was selected to have the same maximum 

f low blockage as the maximum blockage of the nonconcentric sleeve, as indicated in 

f igure 3-6. This gives the maximum strain of the concentr ic sleeve as 32.6 percent. 

The resultant tests of configurations D and E were evaluated by calculat ing the 

enhancement factor , Ne, which is defined by the fol lowing equation according to the 

Hal l and Duffey approach:'-*^' 

ki'^S'^ (3-3) 
where h and G are the heat transfer coef f ic ient and f lu id f low rate, respectively; m is a 

constant. Subscripts b and o represent blocked and unblocked bundles, respectively. 

Detai led discussions are provided in section 6. 

1 . Ha l l , P. C , and Duf fey, R. B., "A Method of Calculat ing the E f fec t of Clad 
Ballooning on Loss-of-Coolant Acc ident Temperature Transients," Nuc l . Sci. 
Enq. 58.1-20 (1975). 
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CROSS-SECTIONAL VIEW AT MAXIMUM BLOCKAGE FOR 
CONCENTRIC SLEEVE 

STRAIN = 32.6% 
CHANNEL BLOCKAGE OF A 
ROD-CENTERED CELL = 62% 

SHADED AREA: 

B. CROSS-SECTIONAL VIEW AT MAXIMUM BLOCKAGE FOR 
NONCONCENTRIC SLEEVE 

SHADED AREA: 

STRAIN = 36% 
CHANNEL BLOCKAGE OF A 
ROD-CENTERED CELL = 62% 

NOTE: A , = A „ 

Figure 3-6. Blockage Sleeve Maximum Strain 
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3-8. Coplanar Versus Noncoplanar Sleeve Distr ibut ions ~ When coplanar and nonco­

planar sleeve test results are compared, one parameter must be kept constant. The 

parameter may be either sleeve strain or overall pressure drop. However, keeping the 

pressure drop constant is d i f f i cu l t , because the tota l pressure drop is expected to be 

small and i t is d i f f i cu l t to predict such a small pressure drop w i th good accuracy. 

Keeping the strain constant is s t ra ight forward. I t is also a sensible way to study heat 

transfer phenomena, wi th the degree of noncoplanarity as a parameter. The coplanar 

arrangement is a special case in which the noncoplanarity (or local temperature uncer­

ta inty) is zero. 

3-9. Sleeve Distr ibut ions 

The fol lowing paragraphs describe the actual sleeve distr ibut ion used in each bundle as 

a result of the analysis of the preceding paragraphs. 

3-10. Configurations B and C — Configurat ion B had sleeves on the center nine rods, 

and configurat ion C had sleeves on all the rods. The sleeves on the eight corner rods 

were modif ied to f i t into the housing, as shown in f igure 3-7. The centers of the con­

centr ic sleeves were located at 1.85 m (73 in.) f rom the bot tom of the bundle for both 

cases. 

3 -11. Configurations D, E, and F — A noncoplanar sleeve distr ibut ion was calculated 

using COFARR (appendix D), as shown in f igure 3-8, using a 25 mm (1 in.) node length. 

As indicated above, the same sleeve distr ibut ion was used for all these configurat ions. 

That is, the middle of a sleeve was located at the middle of the indicated node on each 

rod. 

The sleeves on the eight comer rods for these configurat ions were also modif ied to f i t 

into the housing, as in configurations B and C. 
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3-12. Bulge Direct ions for Nonconcentr ic Sleeves ~ Data f rom Westinghouse mul t i rod 

burst tests'^^ showed a th imble e f fec t on c i rcumferent ia l burst locat ion (appendix E). 

The burst locations were not random, and were usually directed away f rom thimbles. 

This indicated that the thimbles were good heat sinks, causing nonuniform c i rcumferen­

t ia l temperature distr ibutions on neighboring rods. I t must be noted that a burst occurs 

at the hottest point of a rod; major f low blockage due to burst is on the opposite side of 

the burst locat ion. 

Observations f rom the Westinghouse tests indicate that burst can occur toward either 

adjacent subchannels or rods. For the present purpose i t was proposed that bursts be 

restr ic ted to occur only toward adjacent subchannels for the fo l lowing reasons: 

— Blockage study is not intended to investigate detai led variations in a subchannel but 

to determine average subchannel behavior. 

— The additional parameter of burst orientat ion makes data analysis complicated 

wi thout an apparent improvement of understanding. 

- - There are physical l imi tat ions in instal l ing the blockage sleeves on the rods. 

The above f inding and proposal provided the bases for selecting bulge directions of the 

nonconcentric sleeves in the 21-rod bundle. Fi rst i t is necessary to f ind the hottest 

subchannel out of the four subchannels surrounding each rod. Then the bulge direction 

is the opposite side of the hottest point. 

Since an e f fo r t had been made to couple the 21-rod bundle to the 163-rod bundle to 

maximize data utilization,^'^^ i t was bet ter to consider the re lat ive locat ion of the 

21-rod island in a fuel assembly in applying the present method to the small bundle 

1 . Schreiber, R. E., et al. , "Performance of Zi rcaloy Clad Fuel Rods Dur ing a 
Simulated Loss-of-Coolant Accident ~ Mul t i rod Burst Tests," WCAP-7495-L, 
Apr i l 1970. 

2. L . E. Hochrei ter , et a l . , "PWR FLECHT SEASET 161-Rod Bundle Flow Blockage 
Task: Task Plan Report , " NRC/EPRI/Westinghouse-6, September 1980. NUREG/CR-1531 
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NODE LENGTH: 2.5 cm (1 in.) 
LOCAL TEMPERATURE STANDARD DEVIATION: 7°C (12°F) 
MEAN TEMPERATURE: LOCTA RESULTS 
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Figure 3-8. Noncoplanar Sleeve Dis t r ibut ion and Bulge 
Di rec t ion fo r Nonconcentr ic Sleeves 
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( f igure 3-9). For th is case i t was s t ra ight forward to f ind out the hottest subchannel (or 

subchannels) associated to each rod, because of the unique dist r ibut ion of the thimbles. 

The above arguments were used to determine the possible bulge directions in the 21-rod 

bundle, as indicated by dots in f igure 3-9. The bulge direct ions of some rods were 

determined uniquely; others had several possible locations. Bulge directions of the rods 

wi th mul t ip le choices could be chosen f rom the possible locations so that the four 

center subchannels have high blockages. The locations of the peripheral rods w i th 

mul t ip le choice could be chosen arb i t rar i ly f rom the possible locat ions. The result ing 

bulge directions are shown in f igure 3-8. 

3-13. Bundle-Wide Blockage Distr ibut ions ~ The result ing bundle-wide blockage d is t r i ­

butions of configurations C through F were calculated, and are shown in f igure 3-10. 
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CONFIGURATION STRESS (%) SLEEVE 

c 
D 
E 
F 

32.6 
32.6 
36 
44 

DISTRIBUTION 

CONCENTRIC COPLANAR 
CONCENTRIC NONCOPLANAR 
NONCONCENTRIC NONCOPLANAR 
NONCONCENTRIC NONCOPLANAR 

1.65 1.70 1.75 1.80 1.85 1.90 1.95 
HEIGHT (m) 

2.00 2.05 2.10 o 8 
CO o 

Figure 3-10. Bundle-Wide Blockage Distr ibut ion 



SECTION 4 
SYSTEM DESCRIPTION 

4 - 1 . INTRODUCTION 

The FLECHT SEASET 21-rod bundle test f ac i l i t y was, in general, a scaled-down version 

of the FLECHT SEASET 161-rod unblocked bundle test facility,'--^'' as shown schemat i ­

cal ly in f igure 4 - 1 . The test f ac i l i t y consisted of the fo l lowing major components: 

A heater rod bundle and f low blockage sleeves 

A low mass housing, an upper plenum, and a lower plenum 

A coolant in ject ion system and a steam inject ion system 

A phase separation and l iquid col lect ion system 

A downcomer and crossover leg 

A l l of the above components were thoroughly instrumented, in order to measure f low 

blockage ef fects wi th in the bundle and respective boundary condit ions at the bundle 

inlet and out let . 

The test sect ion, upper and lower plenums, l iquid col lect ion tanks, and the downcomer 

and crossover leg have approximately the same volume to f low area rat io as the 161-rod 

unblocked bundle fac i l i t y . 

1 . Lof tus, M. J . , et a l . , "PWR FLECHT SEASET Unblocked Bundle, Forced and Gravi ty 
Reflood Task Data Report , " NRC/EPRI/Westinghouse-7, June 1980,NUREG/CR-1532, 
Volumes 1 and 2 . 
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The fac i l i t y is capable of performing steam cool ing, forced f looding, and gravi ty ref lood 

tests similar to those per formed in the 161-rod unblocked bundle fac i l i t y , and also 

capable of per forming hydraul ic character ist ics tests. Paragraphs 4-2 through 4-5 

br ie f ly describe each type of test. 

4-2. H Y D R A U L I C CHARACTERISTICS TESTS 

The hydraulic character ist ics tests were performed at the beqinning of each test series 

to determine the pressure losses associated w i th rod f r i c t i on , grids, and blockage 

sleeves. The test section, exhaust piping, and components were f i l led solid wi th room-

temperature water . Steady-state f lows between 6.3 x 10"^ and 3.8 x 10"^ m-^/sec (10 

and 60 gal/min) were established through the test sect ion, u t i l i z ing the coolant in ject ion 

system. The housing d i f ferent ia l pressure t ransmit ters measured the pressure drop for 

each 0.30 m (12 in.) increment. Testing was terminated af ter at least 60 seconds of 

steady-state data had been col lected. 

4-3 . STEAM COOLING TESTS 

The steam cooling tests were performed to measure the single-phase f low heat transfer 

e f fec ts of the f low blockage. Steam f low was in i t ia l l y established in the test section 

ut i l i z ing the steam inject ion system while system pressure was maintained by the 

pneumatical ly operated control valve located in the exhaust l ine. A constant low power 

(1.37 to 6.07 kw) was set in the rod bundle w i th an auto t ransformer. The steam cooling 

tests were terminated af ter steady-state heater rod temperatures had been achieved. 

4-4. FORCED REFLOOD TESTS 

The forced ref lood tests were performed to measure the two-phase f low heat transfer 

e f fec ts of the f low blockage during forced f low in jec t ion . The forced ref lood tests u t i ­

l ized al l the major fac i l i t y components, w i th the exception of the steam inject ion sys­

tem, downcomer, and crossover leg. 
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Coolant f low from the 0.38 m (100 gal) capacity water supply accumulator entered the 

test section housing through a series of hand valves and through a pneumatical ly oper­

ated control valve and a series of solenoid valves. Coolant f low was measured by a tur­

bine meter located in the in ject ion l ine. Test section pressure was in i t ia l ly established 

by a steam boiler connected to the upper plenum of the test sect ion. During the reflood 

test, the boiler was isolated f rom the system and pressure was maintained by a pneu­

mat ica l ly operated control valve located in the exhaust l ine. L iguid ef f luent leaving 

the test section was separated in the upper plenum and col lected in a close-coupled car­

ryover tank. An entrainment separator located in the exhaust line was used to separate 

any remaining l iguid entrained in the vapor. Dry steam f low leaving the separator was 

measured by an or i f ice meter before i t was exhausted to the atmosphere. A more 

detai led explanation of forced ref lood fac i l i t y operation is presented in paragraph 4-32. 

4-5. GRAVFTY REFLOOD TESTS 

The gravi ty ref lood tests were performed to measure the two-phase f low heat transfer 

ef fects of the f low blockage during the PWR-simulated gravi ty f low in ject ion. 

For gravi ty ref lood tests, the downcomer and crossover pipe were connected to the test 

section lower plenum. Coolant was then in jected into the test section through the 

downcomer. A ful l-bore gate valve, installed in the exhaust l ine, was part ia l ly closed 

for these tests to simulate the PWR hot leg f low resistance of approximately 32.5. A 

vent path was also established between the top of the downcomer and the entrainment 

separator to prevent overpressurization in the downcomer. Fac i l i t y operation was 

essentially the same as that in forced ref lood tests. 

4 -6 . FACIL ITY COMPOlsENT DESCRIPTION 

The various components of the 21-rod bundle test fac i l i t y are described in the fol lowing 

paragraphs. The key instrumentat ion fo r each component is also l isted. 
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4-7. Heater Rod Bundle 

The bundle was composed of 21 instrumented heater rods and four solid tr iangular 

f i l lers (figure 4-2) and eight FLECHT-type grids (f igure 4-3). 

Detai ls of the heater rod design are shown in appendix F, figures F - 1 , F-2, and F-3. The 

thermophysical properties of the heater rod materials are l isted in table 4 - 1 . 

In the heater rod design ut i l ized for configurations A through D (f igure F-2), 0.63 mm 

(0.025 in.) diameter sheathed thermocouples were used. For configurations E and F, 

several design changes were made to the heater rod to minimize heater rod thermocou­

ple fai lures. The thermocouple diameter was increased to 1.0 mm (0.040 in.). To incor­

porate this increase in thermocouple diameter and maintain heater element isolation 

in tegr i ty , the heater element coil diameter was decreased f rom 4.32 mm (0.170 in.) to 

3.43 mm (0.135 in). To reduce the coil diameter, the element wire diameter was 

decreased f rom 1.0 mm (0.040 in.) to 0.91 mm (0.036 in.). 

A l l the heater rods in the 21-rod bundle test program were annealed after manufacture 

at low temperatures [450°C (842°F) for 60 hours] to remove the residual stresses. The 

annealing process was believed to reduce premature thermocouple fa i lure by counter­

acting grain structure embr i t t lement caused by cold working of the thermocouples 

during the manufactur ing process.^ •' An infrared scan of each heater rod was also per­

formed by Oak Ridge Nat ional Laboratory to check heater coil in tegr i ty and density of 

boron nitr ide insulation. These two procedures were incorporated into the 21-rod 

bundle test program to el iminate heater rod fai lures and thermocouple fai lures, which 

had occurred in the 161-rod unblocked bundle tests. These procedures were apparently 

successful, since there were no heater rod fai lures and minimal thermocouple fai lures in 

the 21-rod bundle test program. However, the heater rod temperatures were lower in 

21-rod bundle program than in the 161-rod bundle program; this could also af fect rod 

performance. 

1 . McCuUoch, R. W., et al . . Proceedings of the Internat ional Symposium on Fuel Rod 
Simulators - Development and Appl icat ion, Gat l inburg, T N , October 1980, 
pp 435-439. 
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16,047-30 

7.62 cm (3") OD X 6.82 cm (2.687") ID 
X 3.99 mm (0.157") WALL 304 SS 

FILLER 
9.52 mm X 9.52 mm 
(3/8" X 3/8") 
304 SS 

HEATER ROD 
9.50 mm (0.374' 
DIA 

Figure 4-2. 21-Rod Bundle Test Section Cross Section 
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TABLE 4-1 

ThERMOPHYSICAL PROPERTIES OF HEATER ROD MATERIALS^^^ 

Mater ia l 

Kanthal 

Boron 
nitr ide 

Stainless 
steel 

Density 

[ k g / m ^ ( l b m / f t ^ ) ] 

7144.24 
(446) 

2212.15 
(138.1) 

8025.25 
(501.0) 

Thermal 

Specif ic Heat 

[ j / kg - °C (B tu / l bm- °F ) ] 

456.36 + 0.45674 T 
for T_<5490C 

(0.109 + 0.000059 T 
fo r T_<200°F) 

4161.68 -3 .843 T 
for 6490c <T<87lOc 

(0.994 - 0.00051 T 
for 1200OF<T<1600OF) 

664.86 + 0.0904 T 
for T>87lOc 

(0.1588 + 0.000012 T 
for T>1600°F) 

2017.74 - 1396.26e (- 0.00245 T) 
[0.48193 -0.333492e 
(-0.0013611 T) ] 

443.8 + 0.2888 T 
for T<315°C 

(0.106 + 3.833 X 10-^ T 
fo rT<599.25°F) 

484.4 + 0.1668 T 
for T>315°C 

(0.1157 + 2.2143 X 10"^ T 
for T>599.25°F) 

Conduct iv i ty 

[w /m- °C(B tu /h r - f t - °F ) ] 

16.784 + 0.0134 T 
(9.7 + 0.0043 T) 

25.571 - 0.00276 T 
(14.7778 - 0.000889 T) 

14.535 + 0.01308 T 
(8.4 + 0.0042 T) 

c. See table E-1 for data sources. 



The tr iangular f i l lers were spl i t and pin-connected to each other midway between grids 

to accommodate thermal grow/th, and welded to the grids to maintain the proper grid 

locat ion. The f i l lers reduced the amount of excess f low area*̂ -*-̂  in the housing, and also 

supported test bundle instrumentat ion leads. The excess f low area was approximately 

12.4 percent w i th the f i l le rs . Bundle assembly and f i l l e r detai ls are shown in f i g ­

ures F-4 a n d F - 5 . The f i l lers were instrumented w i th several thermocouples (except in 

the f i rs t bundle), to measure f i l le r thermal response. The gr id design, essentially the 

same as that u t i l i zed in the 161-rod unblocked bundle, is shown in f igure F-6. 

4-8. Flow Blockage Sleeves 

The blockage sleeve shapes tested consisted of concentr ic short sleeves and 

nonconcentric long sleeves as previously described in section 3 and shown in 

f igure 4-4. Configurations B, C, and D ut i l ized the short concentr ic blockage sleeve 

design. Both sleeves were made by hydroforming, in which 0.76 mm (0.030 in.) tubing 

was hydraul ical ly expanded into a mold. Conf igurat ion B, wi th coplanar blockage on the 

nine center rods, u t i l ized the hydroformed short, concentric sleeve shov/n in 

f igure F-7. Conf igurat ion C, w i th coplanar blockage on all 21 rods, used 13 

hydroformed short, concentr ic sleeves like those in conf igurat ion B; the eight corner 

rods used machined short sleeves wi th two f lats as shown in f igure F-8, to f i t adjacent 

to the tr iangular f i l le r rods. For the noncoplanar, al l-rods-blocked conf igurat ion D, the 

hydroformed and machined corner sleeve design of f igures F-7 and F-8 was used. 

Configurat ions E and F, all rods blocked, noncoplanar blockage, ut i l ized long noncon­

centr ic hydroformed and machined sleeves. In conf igurat ion E, the hydroformed sleeve 

shown in f igure F-9 was used for all but the eight corner rods, where a machined sleeve 

design (f igure F-10) was used. Conf igurat ion F was the same as configurat ion E except 

that the c i rcumferent ia l strain (blockage) was increased, as shown in f iguresF-11 and 

F-12. 

1 . Excess f low area is that area which is in excess of the area occupied by 21 rods in a 
large rod array. 
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On instrumented blockage sleeves, a groove was mi l led into the sleeve wal l at the point 

of maximum stra in, and thermocouples were then Nicrobrazed in to the groove. The 

ef fec t of instrumenting the blockage sleeves was found to be negligible in a single-rod 

test, as discussed in appendix G. 

Sleeves were attached to the rods by applying a weld bead to the heater rod sheath 

through a hole predr i l led in the sleeve wal l . The weld bead was high enough so that the 

sleeve could not slide over i t . 

Since an annular gap may exist between this f low blockage sleeve and the heater rod, 

steam may f low through this gap. The amount of steam f low between the sleeve and 

the rod was calculated ut i l iz ing a simple paral le l f low path model. The bundle f r i c -

t ional pressure drop provided the f low between the sleeve, and the rod was modelled 

(for the short, concentr ic sleeve) as shown below: 

V bundle 

13 mm (0.5") 

25 mm (1.0") 

13 mm (0.5") 

o f 

GAP 

7.6 mm (0.030" 

SLEEVE ID 

ROD OD 

The bundle conditions were assumed to be 865°C (1590°F) and 0.28 MPa (40 psia), and a 

veloci ty of 12 m/sec (40 f t /sec) . The wid th of the gap was varied in this calculat ion 

between 0.1 mm (0.005 in.) and 0.6 mm (0.025 in.). The results of this calculat ion are 

shown in f igure 4-5 as a funct ion of gap w id th . The mass f low between the sleeve and 

the rod was calculated as a percentage of the bundle mass f low rate. The bundle 
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Figure 4-5. Percent Mass Flow Between Blockage Sleeve and Heater Rod 



[hydraulic diameter = 8.5 mm (0.34 in.)] frictional pressure drop was used as the driving 

force. Figure 4-5 shows that the mass flow beneath the sleeve is a strong function of 

the gap width, but is generally less than 0.5 percent of the bundle flow. Based on the 

as-built heater rod and blockage sleeve dimensions, it was expected that the gap width 

at cold conditions was no greater than 0.25 mm (0.010 in.). Since the heater rod was at 

a higher temperature than the blockage sleeve, the thermal expansion would tend to 

reduce this gap by approximately 0.01 mm (0.0004 in.) Generally, the flow between the 

sleeve and the heater rod was insignificant. 

4-9 . Test Section 

The low mass housing, together with the lower and upper plenums (figure F-13) consti­

tuted the test section (figure F-14). The low mass housing (figure F-15) was a cylindri­

cal vessel with a nominal inside diameter of 6.825 cm (2.687 in.) and a 0.399 cm 

(0.157 in.) wall, constructed of 304 stainless steel rated for 0.55 MPa (80 psi) at 815°C 

(1500°F). The wall thickness was the minimum allowed by the ASME pressure vessel 

code so that the housing would absorb, and hence release, the minimum amount of heat 

compared with the rod bundle. The inside diameter of the housing was made as close to 

the rod bundle outer dimensions as possible to minimize excess flow area. The housing 

was instrumented with 38 thermocouples in all six bundles to measure the housing ther­

mal response. These 38 thermocouples were distributed axially and azimuthally over 

the housing to compute housing energy storage and release. 

The housing and the plenum were insulated with 5 cm (2 in.) of high-temperature Fiber-

fax insulation. The insulation was subseguently enclosed with thin stainless steel 

sheathing to protect the insulation from environmental effects. The sheathing was 

instrumented with 12 thermocouples in all six bundles to measure the energy loss from 

the heater rod bundle. 

Because of the high temperature conditions placed on the housing, as discussed in 

appendix B, and the necessity of removing bundles for each tes t series, it was necessary 

to replace the housing for every other test series. Conseguently, three housings were 

used during the course of the 21-rod bundle test program. Volumetric checks were per­

formed on each of the housings to determine the average inside diameter. Also, after 
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installation of each test bundle, the average flow area was calculated from volumetric 

data. These flow areas were used to determine the coolant injection rates for each 

bundle and were also utilized in the respective data reduction codes (as described in 

section 5). The results of the housing average inside diameter and flow area volumetric 

checks are shown in table 4-2. 

To help eliminate thermal buckling and distortion, the test section was supported from 

the upper plenum to permit the housing to freely expand downward as it heated up. 

Also, three horizontal supports were provided at 1.22 m (48 in.) increments to prevent 

bowing of the housing. These horizontal supports were simply rings which encircled the 

housing with three lateral support arms located 120 degrees apart . The rings provided 

support for the housing, but still allowed the housing to thermally expand axially. 

The upper plenum provided the initial phase separation for the flow exiting the heater 

rod bundle. The flow expansion from the bundle flow area of approximately 20 cm"̂  

(3.2 in.^) to the upper plenum cross-sectional area of 323 cm^ (50 in.^) decelerated the 

two-phase flow such that the water droplets could no longer be suspended. The water 

was collected at the bottom of the upper plenum and prevented from flowing back into 

T/\BLE4-2 

HOUSING DIAMETER AND BUNDLE FLOW AREA 

Housing No. 

1 

2 

3 

Conf igurat ion 

A 

B 

C 

D 

E 

F 

Housing Diameter 

cm(in.) 

6.88 (2.71) 

6.88 (2.71) 

6.93 (2.73) 

Averaqe Bundle Flow 

Area cm^(in.^) 

20.8 (3.22) 

20.6(3.19) 

20.7 (3.21) 

20.6 (3.19) 

20.6 (3.20) 

20.6 (3.19) 
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the bundle by the upper plenum extension (see figure F-27), as shown in figure 4-6. Two 

flow holes in the bottom of the upper plenum allowed water to drain into the carryover 

tank. The two-jahase flow was further separated by means of the upper plenum baffle 

(see figure F-27), as also shown in figure 4-6. 

Flow was injected into the lower plenum perpendicular to the heater rod bundle (fig­

ure F-25). The lower plenum extension (figure F-27), which was a cylinder attached to 

the top of the lower plenum extending to the lower seal plate, was perforated with 192 

3.6 mm (0.14 in.) diameter holes to provide a more uniform flow distribution into the 

rod bundle. 

4-10. Carryover Tank 

The function of the carryover tank was to collect liquid overflow from the tes t sec­

tion. The carryover vessel was a dual-diameter vessel which provided sufficient capac­

ity for high-flow-rate tests and also accurate measurement for low-flow-rate tes ts . 

The large-diameter vessel was 7.6 cm (3 in.) diameter schedule 40 carbon steel pipe and 

was 2.16 m (85 in.) long. The small-diameter vessel was 6.4 cm (2.5 in.) diameter 

schedule 40 carbon steel pipe and was 2.24 m (88 in.) long. The vessel was close-

coupled to the upper plenum by a stainless steel flexible hose as shown in figure F-16. 

The carryover tank was instrumented with a differential pressure t ransmit ter to mea­

sure liquid carryover. A volumetric check of the carryover tank indicated an average 

cross-sectional area of 0.00225 m^ (0.0242 ft'^) for the small-cfiameter vessel and 

0.004842 m^ (0.05212 ft^) for the large-diameter vessel. 

4 -11 . Steam Separator 

The separator was designed to remove the remaining water droplets from the two-phase 

flow exiting the upper plenum, as shown in figure F-16, so that a meaningful single-

phase flow measurement could be obtained by an orifice section downstream of the 

separator. The vessel shell was 15 cm (6 in.) schedule 40 carbon steel pipe and the 

vessel volume was 0.02843 m-̂  (1.004 ft ). The separator utilized centrifugal action to 

force the moisture against the wall, where it drained to the bottom. The water was 

collected in a separator ci-ain tank directly connected to the bottom of the separator. 
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Figure 4-6. 21-Rod Bundle Upper Plenum Baf f le 



The drain tank shell was a 3.8 cm (1.5 in.) carbon steel pipe and the volume was 

0.018 m-' (0.065 f t ^ ) . The steam separator was instrumented w i th a d i f ferent ia l pres­

sure t ransmit ter to measure separated l iquid. 

4-12. Exhaust Line 

Test section ef f luent discharged to the atmosphere through 5 cm (2 in.) exhaust line 

piping, as shown schematical ly in f igure 4 - 1 . A nozzle penetrat ion on the upper plenum 

provided the attaching point for the exhaust line piping. Sandwiched between the two 

mat ing flanges was a plate which served as a structural attachment fo r the upper 

plenum baf f le , as shown in f igure 4-6. This baf f le served to improve the l iquid carryout 

separation and minimize l iquid entrainment in the exhaust vapor. A f te r passing through 

the upper plenum baf f le pipe, the exhaust vapor passed through a 90-degree elbow and a 

straight run of pipe into the entrainment separator. 

Steam leaving the separator passed through a 90-degree elbow and along a straight run 

of heated pipe to an or i f ice flange assembly ut i l ized to measure f low ra te . Clamp-on 

str ip heaters on the pipe were used to heat the pipe to 260°C (500°F), to assure single-

phase steam f low through the or i f i ce . Steam then exhausted to the atmosphere through 

a pressure control valve. The control valve was an air-operated V-bal l control valve of 

the type used successfully on the 161-rod unblocked bundle test series to minimize the 

pressure oscil lations during a test run. Aspirat ing steam probes were located in each of 

the two 90-degree elbows to measure the temperature of the exhaust steam. A f u l l -

bore gate valve installed at the entrainment separator inlet flange was employed to 

simulate the PWR hot leg f low resistance of 32.5 for the gravi ty ref lood tests. F ig ­

ure F-16 shows details of the exhaust l ine. 

4-13. Coolant In ject ion System 

The coolant inject ion system provided water to guench the rod bundle during reflood 

test ing. Coolant in ject ion water was supplied by the 0.378 m-' (100 gal) accumulator 

through a series of valves and turbine meters, as shown in f igure 4 - 1 . Ni t rogen over­

pressure on the accumulator provided the necessary driving head to at ta in the required 
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in ject ion rates. The inject ion line was constructed of stainless steel tubing downstream 

of the f i l t e r to prevent contamination of the test sect ion. Figure F-16, sheet 1, shows 

details of the inject ion system. 

Constant or stepped inject ion f low was accomplished by the proper sequencing of sole­

noid valves, which were located in a piping mani fo ld arrangement (f igure 4-1). A pneu­

mat ica l ly operated control valve was used to f ine tune and maintain the specified f low 

during the test. In the automatic control mode, the valve used a feedback signal f rom 

the inject ion line turbine meter to maintain the preset f low. Two inject ion line turbine 

meters were used for ECCS simulation f low rate measurement, one wi th a range of 1.6 

X 10 to 3.2 X 10"^ m-'/sec (0.25 to 5.0 gal/min) for forced f looding tests and one w i th 

a range of 1.6 x 10"^ to 9.5 x 10"^ m-^/sec (0.25 to 15 gal/min) for gravi ty ref lood 

tests. A flow check was performed pr ior to each ref lood test to ensure that the turbine 

meter was operating properly. 

A ful l-bore 38 mm (1.5 in.) diameter bid i rect ional turbine meter w i th a range of 3.1 

x 10"-' to 9.5 X 10"^ m^/sec (0.5 to 15 gal/min) was instal led in the crossover leg durinq 

gravi ty ref lood tests to measure f low into the test section and any reverse f low f rom 

the test section into the downcomer. 

For hydraul ic characterist ics tests, a 3.8 x 10"^ to 3.8 x 10"^ m^/sec (0.6 to 60 gal/min) 

turbine meter was instal led in the in ject ion line to measure f low into the test section. 

4-14. Downcomer and Crossover Leg 

The downcomer and crossover leg were connected to the test section lower plenum for 

the gravi ty ref lood tests, as shown in f igure F-16. The crossover leg and lower plenum 

were designed to provide approximately the same f low resistance (a value of 11) as in 

the PWR lower plenum and core in le t . The downcomer and crossover leg were fabr i ­

cated f rom 5 cm (2 in.) schedule 40 pipe w i th a 90-degree long radius elbow in between. 

A f lexible rubber pipe connected the crossover leg to the lower plenum and allowed for 

downward thermal expansion of the test sect ion. The horizontal crossover leg was 

2.21 m (87 in.) long and the vert ical downcomer was approximately 6.1 m (240 in.). 

Coolant injection water entered the downcomer through a nozzle located in the elbow. 
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The bid i rect ional turbine meter was located in the crossover leg. The downcomer was 

instrumented w i th a d i f fe rent ia l pressure t ransmit ter to measure accumulated l iguid. 

4-15. Fac i l i t y Heat ing Boiler 

The boiler was a Reimers E lec t r ic steam boiler w i t h a steam capacity of approximately 

1.51 X 10"^ kg/sec (125 Ib/hr) at 100°C (212°F). The boi ler was used to pressurize the 

f ac i l i t y and fo r pretest fac i l i t y heatup. This was accomplished by valving the boiler 

into the upper plenum of the test sect ion. A solenoid valve was used to isolate the 

boiler f rom the test fac i l i t y at in i t ia t ion of test ing, at which t ime the steam generated 

in the test section in combination w i th the control valve in the exhaust line was su f f i ­

cient to maintain fac i l i t y pressure. 

4-16. Steam Inject ion System 

The steam inject ion system was composed of a large-volume tank w i th immersible 

e lectr ic heaters capable of providing saturated steam to the rod bundle during steam 

cooling tests in the range of approximately 0.0045 kg/sec (0.01 lb/sec) to 0.045 kg/sec 

(0.10 lb/sec). The steam in ject ion boiler was an exist ing component previously used on 

another test program. 

4-17. BUNDLE REPLACEMENT 

As discussed in section 3, six bundle configurations were tested during the course of the 

21-rod bundle test program. Assembly of each bundle was performed in paral lel wi th 

test ing of the preceding bundle to minimize downtime between test series. Each bundle 

was bui l t in the horizontal position in a f ix ture cal led a strongback, as shown in 

f igure F-17. 

A deficiency which was apparent upon removal of all the bundles f rom the housing was 

the separation of the f i l lers at the pin jo ints at the 1.80 m (71 in.) e levat ion. I t is 

believed that the pin joints sheared as a result of frictional forces between the heater 

rods and grids at and below 1.57 m (62 in.). However, increaang the clearance between 

the rods and grids after test series A was not sufficient to alleviate the problem. Some 
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heater rod bowing was present as a result of the f i l l e r separation; however, i t was fe l t 

that the pin jo in t f i l le r design minimized this bowing by rel ieving stresses which would 

have otherwise caused more signif icant bowing. 

Figure 4-7 shows a typical f i l ler jo in t detai l before and af ter test ing. F i l le r jo int 

separations as high as 69.8 mm (2.75 in.) were measured af ter bundle removal . A f te r 

test series A, however, mechanical stops were welded to the bot tom seal p late, which 

prevented the f i l lers f rom separating more than 51 mm (2 in.). The e f fec t of bundle 

geometry changes is discussed in appendix H. 

4-18. DATA ACQUISITION AND PROCESSING SYSTEM 

Three types of systems monitored the instrumentat ion and recorded data on the 

FLECHT SEASET 21-rod bundle test fac i l i t y : a Computer Data Acguisi t ion System 

(CDAS), a Fluke data logger, and four Texas Instruments str ipchart pen recorders. 

4-19. Computer Data Acquisi t ion System 

The CDAS, the pr imary data col lect ing system used on the FLECHT fac i l i t y , consisted 

of a PDP-11 computer and associated equipment. The system could record 364 channels 

of analog input data representing bundle and system temperatures, bundle power, f lows, 

and absolute and d i f ferent ia l pressures. The computer was capable of storing approxi­

mately 2500 data scans for each of the 364 analog input channels. 

Typical ly , each data channel could be recorded once every second unt i l f lood, then once 

every half-second for 200 seconds, and then back to once every second thereaf ter to a 

maximum of 2500 data points. 

The computer software had the fo l lowing features: 

A cal ibrat ion f i le to convert raw data into engineering units 
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Figure 4-7. Pretest and Posttest Filler Joint Separation 
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A prel iminary data reduction program which transferred the raw data stored on 

disk to a magnetic tape, in a fo rmat compatible fo r entry into a Contro l Data Cor­

poration 7600 computer 

A program called XLOOK which reduced raw data into engineering uni ts; a pro­

gram called XVALID which pr inted out key data used in val idat ing FLECHT SEA-

SET runs; and a PLOT program, which p lot ted up to four data channels on a single 

graph. A l l three programs were ut i l ized to quickly understand and evaluate test 

runs. 

A mass balance program was wr i t ten af ter the f i rst bundle had been tested to provide a 

quick check on the system measurements and allow for the continual running of ref lood 

tests. This mass balance program prevented the problems which had occurred in the 

f i rs t test series, w i th a cal ibrat ion sh i f t in the turbine meter. 

In addition to its role as a data acguisit ion system, the computer also control led the 

performance of an experimental run. Important control funct ions included in i t ia t ion 

and control of ref lood f low and power decay as well as terminat ion of bundle power in 

the event of a heater rod overtemperature condit ion. Figure 4-8 shows the hardware 

interfaces of the CDAS. 

4-20. Fluke Data Logger 

The Fluke data logger had 60 channels of analog input for moni tor ing loop heatup and 

aiding in eguipment troubleshooting. The Fluke data logger recorded key fac i l i t y vessel 

and f lu id temperatures, displaying temperature d i rect ly in degrees Fahrenheit . This 

made the task of moni tor ing loop heatup more e f f i c ien t . The Fluke data logger also 

recorded mi l l i vo l t data f rom the test section d i f ferent ia l pressure cel ls, al lowing the 

operator to keep a check on their operat ion and repeatabi l i ty . The Fluke data logger 

was fur ther used to troubleshoot problems w i t h loop eguipment in a quick and conve­

nient manner. 
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4-21. Multiple-Pen Stripchart Recorders 

Four Texas Instruments stripchart recorders were used to record bundle power; selected 

bundle thermocouples; reflood turbine meter flows; accumulator, separator drain tank, 

housing, and carryover tank levels; and exhaust orifice differential pressure. These 

recorders gave the loop operators and test directors immediate information on test 

progress and warning in the event of system anomalies. The stripcharts provided an 

analog recording of critical data channels as a backup to the computer. Stripcharts 

were also needed during the heatup phase of the facility when the computer was not 

available. 

4-22. INSTRUMENTATION 

The instrumentation on the 21-rod bundle facility was designed to measure tempera­

ture, power, flow, fluid level, and pressure. The temperature data were measured by 

type K, Chromel-Alumel, ungrounded thermocouples using 66°C (150°F) reference 

junctions. 

Power input to the bundle heater rods was measured by Hall-effect watt transducers, 

which produce a direct current electrical output proportional to power input. The 

voltage and current input to the watt transducer is scaled down by transformers so that 

the range of the watt transducer matches the bundle power. The scaling factor of the 

transformers is accounted for when the raw data (millivolts) are converted to engineer­

ing units. 

Reflood injection flow was measured by turbine meters . The turbine meter was con­

nected to a preamplifier and flow rate monitor for conversion of turbine blade pulses 

into flow rate in engineering units. The turbine meter flow ra te monitor analog signal 

was proportional to the speed and direction of flow in the downcomer crossover leg. 

Calibration of the turbine meter by the manufacturer provided for data conversion to 

volumetric flows for the turbine meter analog signaL 
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System sta t ic and differential pressures were measured with Rosemount model 1151 

pressure t ransmit ters . The differential pressure t ransmit ters measured water level in 

the vessels, bundle pressure drops, and pressure drops across orifice sections and other 

system components. 

Standard thermocouple calibration table entries and the corresponding coefficients 

were used to compute the temperature values. All other channel calibration files were 

straight-line interpolations of calibration data. The slope, intercept, and zero for the 

least-sguares fit of a straight line to the equipment calibration data were computed for 

each channel and entered into its calibration file. The CDAS software used this 

straight-line formula to convert millivolts to engineering units. 

4-23. Loop Instrumentation 

Figure 4-9 shows schematically the forced reflood and gravity reflood test loop instru­

mentation arrangement. 

Forty computer channels were assigned to the collection of temperature , flow, and 

pressure data throughout the loop, exclusive of the instrumentation found in the upper 

and lower plenum, bundle, and housing. 

This instrumentation included 13 fluid thermocouples, 9 wall thermocouples, 4 turbine 

meters , 11 differential pressure cells, and 3 absolute pressure cells. 

The 13 fluid thermocouples were placed in the water and steam supply systems, the 

exhaust line, the carryover tank, the steam separator, the steam separator drain tank, 

the crossover leg (gravity reflood tests), and the downcomer (gravity reflood tests). 

The fluid thermocouples were utilized to measure the temperature of either stored or 

injected flow. Two of these thermocouples were utilized in aspirating steam probes 

placed i'n the elbows of the exhaust line on either side of the steam separator. These 

s team probes were designed to measure vapor noneguilibrium in the test section exit 

and the desuperheating effect of the steam separator . This steam probe was similar to 

that used in the 161-rod unblocked bundle test series. 
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The nine wal l thermocouples monitored by the computer were placed on the carryover 

tank, steam separator, steam separator drain tank, and exhaust l ine. This instrumenta­

t ion was ut i l ized to contro l the heatup period such that component wall temperatures 

were at saturat ion temperature. This instrumentat ion was also used to estimate the 

heat release f rom the f lu id to the loop components during the test. 

The four turbine meters were ut i l ized to measure the f low rate of injected water in the 

hydraulic character ist ics, forced f looding, and gravi ty reflooding tests. One turbine 

meter was used to measure the in jected f low fo r the hydraulic characterist ics tests; 

another meter was used for the forced f looding tests; and two turbine meters, one in 

the in ject ion line and one in the crossover leg, were used to measure f low for the grav­

i t y ref looding tests. The turbine meter in the crossover leg was bidirect ional, to mea­

sure both forward and reverse f low into and out of the test sect ion. Together, these 

turbine meters ut i l ized four computer channels. 

The 11 d i f ferent ia l pressure cells were used to measure loop pressure drops, f low, or 

separated water accumulat ion. The accumulator tank had a d i f ferent ia l pressure cell 

which was u t i l i zed as a backup to or a check on the in ject ion line turbine meters. The 

steam in ject ion system fo r the steam cooling test ut i l ized an or i f ice plate coupled w i th 

a d i f ferent ia l pressure ce l l , f lu id thermocouple, and pressure cel l to measure the 

injected steam f low. The three storage tanks on the downstream side of the bundle, the 

carryover tank, the steam separator, and the steam separator drain tank were each 

instrumented w i th d i f fe rent ia l pressure cel ls to measure l iquid accumulat ion. The exi t 

steam f low was measured downstream of the steam separator ut i l iz ing an or i f ice plate, 

d i f fe rent ia l pressure ce l l , f l u id thermocouple, and pressure ce l l . Four additional d i f fer­

ent ial pressure cells were ut i l ized in the gravi ty ref lood tests to measure mass accumu­

lated in the downcomer, and to measure d i f ferent ia l pressures between the downcomer 

and bundle, between the upper plenum and steam separator, and between the top of the 

downcomer and the steam separator. 

The three loop pressure cells were ut i l ized to measure the absolute pressure at the 

or i f ice plates on the bundle in let for steam cooling tests and out let for reflood tests, 

and in the upper plenum or steam separator for the grav i ty ref lood tests. 
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The loop instrumentat ion was set up to provide redundant measurements and el iminate 

computer channel reassignments between forced flooding tests and gravity reflood 

tests, as required in previous FLECHT tests. This instrumentat ion design provided for 

e f f i c ien t fac i l i t y turnaround for conducting the tests. 

4-24. Bundle Instrumentat ion 

The bundle instrumentat ion consisted of heater rod thermocouples, steam temperature 

measurements, blockage sleeve thermocouples, d i f ferent ia l pressure cel ls, power mea­

surements, and plenum f lu id thermocouples. 

The locations of the heater rod thermocouples, steam probes, and blockage sleeve 

thermocouples for each of the six bundles are shown in f iguresF-18 through F-23 in 

appendix F. Also included is the complete l ist ing of computer data acquisit ion system 

channel assignments. 

4-25. Heater Rod Thermocouples 

A l l 21 heater rods in this task were instrumented wi th eight thermocouples each, for a 

to ta l of 168. A l l available thermocouples were connected to the computer. The place­

ment of the heater rod thermocouples was based on the fo l lowing objectives: 

Achieving an overal l axial distr ibut ion the same as in the 161-rod unblocked bundle 

ref lood tests 

Achieving a radial distr ibut ion such that rods in both the center and periphery of 

the bundle were instrumented 

Achieving a suff ic ient number of thermocouples upstream and downstream of the 

blockage zone to determine the axial e f fects of blockage sleeves 

The heater rod thermocouples in the blockage zone for configurations D and E and their 

locations relat ive to the blockage sleeves are shown in a three-dimensional perspective 

in f igures 4-10 and 4 -11 , respectively. 
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For configurations A through D, the azimuthal orientations of the heater rod thermo­

couples were arranged such that the thermocouples were directed toward the subchan­

nel instead of toward an adjacent heater rod. Heat conduction calculations (appendix I) 

later showed that azimuthal or ientat ion was not an important consideration; therefore, 

no a t tempt was made to azimuthal ly orient thermocouples in configurations E and F. 

Checks were performed during test series D and E on selected rods (bundle locations 3A 

and 3E). The checks indicated that although the rods were fixed at the top of the 

bundle, rod rotat ions as high as 25 degrees were seen at the lower end where the rods 

were by necessity l e f t free to grow and ro ta te . This indicated that , although i t was 

possible to assemble a bundle w i th known in i t ia l azimuthal thermocouple locations, i t 

was not possible to accurately predict thermocouple azimuthal locations after a bundle 

was thermal ly cyc led. I t was also possible that rod rotations higher than the posttest 

cold measurement could have occurred. These rod rotations would not have had any 

e f fec t on the nonconcentric sleeve blockage, since the bulge could rotate an insigni f i ­

cant amount in the f low channel. 

4-26. Steam Temperature Instrumentat ion 

Steam temperature data required fo r data analysis and evaluation ef for ts were mea­

sured by means of a steam probe specif ical ly designed for the 21-rod bundle task and 

unshielded thermocouples. This instrumentat ion provided data for evaluation of the 

fo l lowing: 

Mass and energy balances 

Nonequi l ibr ium vapor properties 

Radial and axial steam temperature var iat ion 

E f f ec t of f low blockage sleeves 

Unl ike the steam probes in the 161-rod unblocked bundle task, which were located 

wi th in a th imble tube and aspirated steam to the atmosphere, the 21-rod bundle steam 
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probe was enclosed w i th in a 2.381 mm (0.09375 in.) hollow tube, and rel ied on the f r i c -

t ional pressure drop across a 0.64 cm (0.25 in.) length to drive steam f low. A simpl i f ied 

sketch of the steam probe is shown in f igure 4-12. A 0.81 mm (0.032 in.) thermocouple 

was enclosed wi th in a 2.381 mm (0.09375 in.) OD hollow tube of 0.2 mm (0.006 in.) wall 

thickness. The two f low holes spaced 6.4 mm (0.25 in.) apart were diametr ical ly 

opposed. The thermocouple junct ion was located midway between the two f low holes, 

thereby providing radiat ion shielding and protect ion f rom water droplets. Figure F-24 

shows the construct ion details of the self-aspirat ing steam probes as well as the details 

of the unshielded f lu id thermocouples, which were also used to measure vapor 

temperatures. 

Steam probe and bare f lu id thermocouples were, in general, located in subchannels at 

elevations where heater rod temperatures were being measured. They were concen­

t ra ted immediately upstream and downstream of the blockage zone to determine axial 

and radial ef fects of blockage on steam temperatures. The steam probes and f lu id 

thermocouples were attached to the nearest gr id and centered in the subchannel. The 

thermocouple leads lay on the top or bot tom of the gr id and ran to the corner f i l lers. 

The leads subsequently were routed in scallops in the f i l lers and ex i t ted the test section 

through seal glands in the top or bot tom seal plates. Appendix J presents the evaluation 

of the self-aspirat ing steam probe and unshielded f lu id thermocouples. 

4-27. Blockage Sleeve Instrumentat ion 

The placement of blockage sleeves on the heater rod to simulate prototyp ica l subchan­

nel f low blockage added a thermal resistance to the heater rod. Since this thermal 

resistance is a funct ion of the sleeve temperature, i t was necessary to measure the 

temperature of the blockage sleeve so that the heat transfer to the coolant could be 

determined. Also, i t was desirable to know the quench temperature and quench t ime of 

the sleeve. 

A 0.81 mm (0.032 in.) diameter thermocouple was embedded in selected blockage 

sleeves at the point of maximum stra in. The thermocouple lead was routed downstream 

of the blockage sleeve along a f i l l e r rod and through the seal plate in the same manner 

as the steam probe and unshielded f lu id thermocouples. 
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4-28. D i f fe ren t ia l Pressure Measurements 

D i f fe ren t ia l pressure measurements were made every 0.30 m (12 in.) along the length of 

the bundle to determine mass accumulat ion in the bundle during reflood tests. D i f fe r ­

ent ia l pressure t ransmit ters [±3.7 MPa (±15 in . H2O) ] were ut i l ized to obtain an 

accurate mass accumulation measurement representative of an average across the 

bundle. An addit ional cel l measured the overal l pressure drop f rom the bot tom to the 

top of the heated length. 

These transmit ters were also used to measure the f r ic t iona l and fo rm losses across the 

gr id, rods, and blockage sleeves in hydraulic character ist ic tests, which were performed 

pr ior to the single-phase steam and heat transfer tests. These pressure transmit ters 

were accurate to ±0.20 percent of fu l l scale. 

4-29. Power Measurements 

Three instrumentat ion channels were devoted to measurement of power into the 

bundle. One was used as a pr imary measurement f rom which power was control led by 

the computer software. One independent power measurement was used for data reduc­

t ion purposes fo r forced and gravi ty ref lood tests. The th i rd power measurement chan­

nel was used exclusively fo r the low-power steam cooling tests. 

4-30. Upper Plenum Instrumentat ion 

The upper plenum (figure 4-13) was an important component of the FLECHT loop. The 

upper plenum was ut i l ized to separate the l iquid and steam phases in close prox imi ty to 

the test section so that accurate mass and energy balances could be accomplished. A 

d i f ferent ia l pressure cel l connected between the top and bot tom of the upper plenum 

was used to measure l iquid accumulat ion w i th in this component. L iquid col lected at the 

bottom" of the upper plenum before draining into the carryover tank. System pressure 

was control led by a pressure t ransmi t ter located in the upper plenum for al l tests 

except gravi ty ref lood tests. Another pressure t ransmit ter was connected to the com­

puter for measuring system pressure. 
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Figure 4-13. Upper and Lower Plenum Thermocouple Location 
for 21-Rod Flow Blockage Task 
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Two upper plenum thermocouples were designed to measure the f lu id temperature at 

upper plenum ex i t and in the upper plenum extension. These thermocouples indicated 

the location and presence of l iquid in the upper plenum and housing extension. An 

aspirating steam probe located in the upper plenum at the bundle exi t was ut i l ized to 

measure vapor nonequil ibrium temperature. Three wal l thermocouples were used to 

ensure that the plenum was at a uniform temperature prior to and during test ing. A 

thermocouple was imbedded in one of the upper heater rod O-ring seals to monitor the 

seal temperature. A seal temperature l im i t of 135°C (275°F) was established fo r the 

steam cooling tests to prevent fai lure of the polyurethane sealing mater ia l . 

4 - 3 1 . Lower Plenum Instrumentat ion 

The lower plenum was instrumented w i th a wal l thermocouple for helping to establish 

in i t i a l test conditions, and a f lu id thermocouple located in the center of the lower 

plenum extension (figure 4-13) for measuring inlet subcooling as water flooded the 

bundle. Two addit ional f lu id thermocouples located in the in ject ion piping were ut i l ized 

as backups to the lower plenum f lu id thermocouple. 

4-32. FACIL ITY OPERATION 

The fo l lowing general procedure was used to conduct a typical forced ref lood test : 

(1) F i l l accumulator wi th water and heat to desired coolant temperature, 53°C 

(127°F) nominal . 

(2) Turn on boiler and br ing the pressure up to 0.62 MPa (75 psig) nominal gage 

pressure. 

(3) Steam heat the carryover vessel, entrainment separator, separator drain tank, 

test sect ion plenum, and test sect ion out let piping ( located before the entrain­

ment separator) whi le empty to sl ight ly above the saturation temperature corre­

sponding to the test run pressure. The exhaust l ine between the separator and 

exhaust or i f ice is e lect r ica l ly heated to 260°C (500°F) nominal; the test section 

lower plenum is heated to the temperature of the coolant in the accumulator. 
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(4) Pressurize the test section, carryover vessel, and exhaust line components to the 

specif ied test run pressure by valving in the boiler and sett ing the exhaust line 

control valve to the specif ied pressure. 

(5) Scan all instrumentat ion channels by the computer to check for defect ive instru­

mentat ion. The d i f ferent ia l pressure and stat ic pressure cell zero readings are 

taken and entered into the computer cal ibrat ion f i le . These zero readings are 

compared w i th the component cal ibrat ion zero reading. The straight- l ine conver­

sion to engineering units is changed to the new zero when the raw data are con­

verted to engineering units. This zero shi f t process accounts for errors due to 

t ransmit ter zero shi f ts and compensates fo r reference leg levels, enabling the 

engineering units to start w i th an empty reading. 

(6) Power bundle twice to heater rod temperature of 649°C (1200°F) to achieve 

housing 1.83 m (72 in.) wall temperatures of between 482°C and 538°C (900°F and 

1000 op). 

(7) Apply power to the test bundle at a peak rate of 1.3 k w / m (0.4 kw / f t ) and al low 

rods to heat up. When the temperature in any 2 of 28 designated bundle thermo­

couples reaches the desired test f lood temperature, 871°C (1600°F), the computer 

automat ical ly in i t ia tes f lood, sets power at in i t ia l value as specif ied, and controls 

power decay. The exhaust contro l valve regulates the system pressure at the 

preset value by releaang steam to the atmosphere. 

(8) Ascerta in that all designated rods have quenched (indicated by the computer 

pr intout of bundle temperature). 

(9) Cut power f rom heaters, terminate coolant in ject ion, and depressurize the entire 

system. 

(10) Dra in and weigh water f rom all components. 
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The procedure was exact ly the same as above for the gravi ty ref lood tests except for 

the addit ion of the crossover leg and downcomer, in which the coolant was in jected into 

a wate r - f i l l ed crossover leg and downcomer (equivalent to the bot tom of the heated 

length). 

4-33. KEY FACIL ITY OPERATING LIMITATIONS A N D SAFETY FEATURES 

A l l vessels in the FLECHT SEASET 21-rod bundle fac i l i t y were designed and bui l t to the 

ASME Boiler and Pressure Vessel Code. Fac i l i t y piping conformed to the latest edit ion 

of the Code for Power Piping, ANSI B31.1. Fac i l i t y operating l imi ts were set by either 

design c r i t e r i a and/or component mater ia l l im i ta t ions . Pr imary loop (test section and 

exhaust piping and components) design pressure was l imi ted to 0.65 MPa (80 psig) 

because of the thin-wal led low mass housing design, which was rated 0.65 MPa (80 psig) 

w i th an 815°C (1500°) midplane temperature. This temperature was a maximum mate­

r ia l l im i ta t ion set by the ASME Code. A l l 21-rod fac i l i t y tests were run at or below 

0.27 MPa (25 psig). 

Both the steam cooling and water inject ion system piping and components were 

designed for 6.65 MPa (950 psig) and minimum temperature of 177°C (350°F). The 

systems were operated well w i th in these design l im i ts . 

Heater rod O-ring seals were made of ethylene propylene, which l imi ted the test sec­

t ion upper seal plate temperature to 135°C (275°F) during steam cooling tests. This, in 

t u rn , l im i ted test section exhaust steam temperatures to approximately 204°C (400°F). 

The Kanthal heater rod element mater ia l l im i ted operation of the test bundle heater 

rods to 1232°C (2250°F). 

Personnel as well as fac i l i t y safety were pr ime considerations in the design of the 

FLECHT SEASET 21-rod bundle fac i l i t y . Accordingly, the fo l lowing safety devices 

and/or features were designed into the fac i l i t y : 

Test sect ion: 

Rupture disk w i th a burst pressure of 0.65 MPa (80 psig) at 22°C (72°F) 
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Pressure swi tch, set to sound an alarm at 0.62 MPa (75 psig) 

Carryover tank: 

Rupture disk w i th a burst pressure of 0.65 MPa (80 psig) at 22°C (72°F) 

Entrainment separaton 

Rupture disk w i th a burst pressure of 0.86 MPa (110 psig) at 22°C (72°F) 

Fac i l i t y heating boiler: 

Rel ie f valve set at 0.79 MPa (100 psig) 

Steam cooling steam supply boi len 

Rupture disk w i th a burst pressure of 6.65 MPa (950 psig) at 22°C (72°F) 

Water supply vessel: 

Rupture disk w i th a burst pressure of 6.65 MPa (950 psig) at 22°C (72°F) 

Upper heater rod O-ring seal plate: 

Thermocouple temperature control ler c i r cu i t to shut off bundle power and sound 

alarm when seal plate temperature exceeds 135°C (275°F) 

Heater rod bundle: 

Overcurrent l im i t to protect rods f rom fai lure f rom an overpowered SCR by shut­

t ing off bundle power and sounding alarm 

Computer-moni tored and act ivated overtemperature t r ip set to shut off bundle 

power and sound alarm at 1232°C (2250°F) 

Provision fo r shutt ing of f bundle power and sounding alarm in case of computer 

power fa i lure 

C i r cu i t r y design to shut o f f bundle power in case of control panel voltage (100 v) 

fa i lure 
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SECTION 5 

TEST RESULTS 

5 - 1 . INTRODUCTION 

The data f rom 87 forced ref lood, 10 gravi ty ref lood, 24 steam cooling, and 43 hydraulic 

characterist ics tests performed during the FLECHT SEASET 21-rod bundle test program 

met the specified test conditions and are reported herein. The data from 22 forced 

reflood tests, 2 gravity ref lood, and 22 steam cooling tests did not meet the test matr ix 

specifications for the reasons specified in table K-7 of appendix K. 

5-2. DATA REDUCTION 

Data collected for each run at the test site were compiled on a binary magnetic tape in 

engineering units by the CDAS. This magnetic tape was processed by a CDC-7600 

computer and the fol lowing series of data reduction programs were ut i l ized for forced 

and gravity ref lood tests: 

DATA TAPE 

CATALOG PROGRAM- 1 1 
FPLOTS FFLOWS | QUENCH DATAR 

I -COMPARE 1 

The CATALOG program converted the data to a form compatible wi th the CDC com­

puter. The FPLOTS program simply pr inted and plotted all the recorded data as a func­

t ion of t ime. 

The hydraulic characterist ics and steam cooling tests uti l ized only the CATALOG and 

FPLOTS programs f rom above. The as-run test conditions for these single-phase tests 
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are shown in tables 5-1 and 5-2. The test ccnditions were modif ied in configurations E 

and F for mat r ix tests 01 and 02, to provide a wider range of Reynolds numbers. How­

ever, the power-to- f low ra t io was held constant for all tests. (See paragraph 6-12 for 

actual flows.) The hydraulic characterist ics test data were reduced by the HYCHAR 

code as described in paragraph 5-7. The steam cooling test data were reduced by the 

STMCOOL code as described in paragraph 5-8. 

The fol iov/ing paragraphs describe the other four ref lood programs and a sampling of 

reduced data. The as-run test conditions for the ref lood tests are shown in table 5-3. 

The instrumentat ion error analysis associated w i th the recorded data is discussed in 

appendix L. 

The test numbers comprise six characters each. The f i r s t character, 4, refers to the 

21-rod bundle test program, the second and th i rd refer to the sequential bundle cycle 

number, the four th and f i f t h are the test matr ix number, and the s ixth character refers 

to the blockage conf igurat ion. For example, run 41909A is mat r ix test number 09 in the 

19th cycle of configuration A 21-rod bundle tests. 

5-3. FFLOWS Program and Results 

The FFLOWS program was ut i l ized pr imar i ly to calculate the mass balance for each 

ref lood test . The mass balance was calculated by the fo l lowing formulat ion: 

4- -—u ! mass d i f f e r e n c e , „ „ 
percent mass inxDalance = ^—:—:—-\— x 100 

mass i n j e c t e d 

where 

mass difference = injected mass - (col lected l iquid mass + mass in bundle -i- steam 

mass out + steam probe mass) 

col lected l iquid mass = upper plenum mass + carryover tank mass + steam 

separator mass 
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TABLE 5-1 

AS-RUN CONDITIONS FOR HYDRAUUC CHARACTERISTICS TESTS 

Test 

Mat r ix 

No. and 

Bundle 

I S A 

IBB 

18C 

IBD 

IBE 

IBF 

19A 

19B 

19C 

19D 

19E 

19F 

20 A 

208 

20 C 

2 0 D . 

20 E 

20F 

Test 

Run 

No. 

4061BA 

40B18B 

4071BC 

4071BD 

42818E 

4061BF 

40419A 

40619B 

40519C 

40519D 

43219E 

4G419F 

40220A 

40720A 

40420B 

40920B 

40320C 

40820C 

40220D 

40820D 

42920E 

434 20E 

40220F 

40720F 

Upper 

Plenum 

Pressure 

[ MPa (psia) ] 

0.13(19) 

0.20(29) 

0.12(1B) 

0.14(20) 

0.15(22) 

0.12(17) 

0.13(19) 

0.26(37) 

0.15(22) 

0.14(21) 

0.11(16) 

0.097(14) 

0.12(18) 

0.17(24) 

0.20(29) 

0.19(27) 

0.12(18) 

0.12(18) 

0.12(17) 

0.12(18) 

0.28(40) 

0.12(18) 

0.17(25) 

0.121(17.5) 

Flow 

Rate 

[m5/sec(gal /min) ] 

6.3 X 10-^(10) 

6.69 x 10-^(10.6) 

6.37 X l o A l O . l ) 

6.37 X 10 A l O . l ) 

6.75 X 10-^(10.7) 

5.90 X 10 A 9 . 3 5 ) 

1.3 X 10-5(20) 

1.32 X 10-5(20.9) 

1.25 X 10-5(19.8) 

1.27 X 10-5(20.2) 

1.29 X 10-5(20.5) 

1.20x10-5(19.0) 

1.9 X 10-5(30) 

1.9 X 10-5(30) 

1.87 X 10-5(29.7) 

1.96 X 10-5(31.1) 

1.91 X 10-5(30.3) 

1.92 X 10-5(30.4) 

1.96 X 10-5(31.1) 

1.97 X 10-5(31.2) 

2.00 X 10"'(31.7) 

1.93 X 10-5(30.6) 

1.84 X 10-5(29.2) 

1.88 X 10-5(29.8) 

Average 

Coolant 

Temperature 

[co(on] 

23(73) 

26(78) 

30(86) 

23(74) 

27(81) 

25.7(78.2) 

23(74) 

25(77) 

30(86) 

23(73) 

26(79) 

28.7(83.6) 

25(77) 

22(71) 

26(78) 

25(77) 

30(86) 

29(85) 

24(75) 

23(73) 

27(81) 

25(77) 

28.1(82.5) 

25.7(78.2) 

Reynolds 

Number 

2645 

3037 

3205 

2685 

3126 

2617 

5431 

5B66 

6251 

5300 

5793 

5682 

8518 

7835 

8452 

8759 

9525 

9571 

8430 

8246 

9260 

8458 

8389 

8650 

5-3 



TABLE 5-1 (cont) 

AS-RUN CONDITIONS FOR HYDRAULIC CHARACTERISTICS TESTS 

Test 

Matr ix 

No. and 

Bundle 

21A 

21B 

21C 

21D 

21E 

21F 

22A 

22B 

22C 

22D 

22E 

22F 

23A 

23B 

23C 

23D 

23E 

23F 

Test 

Run 

No. 

40121A 

40321B 

40221C 

40121D 

43021E 

40121F 

40322A 

40522B 

40422C 

40422D 

43122E 

40322F 

40523 A 

40723B 

40623C 

40623D 

403220^3) 

43323E 

40523F 

Upper 

Plenum 

Pressure 

[ MPa (psia)] 

0.19(27) 

0.18(26) 

0.22(32) 

0.28(40) 

0.19(28) 

0.176(25.5) 

0.18(26) 

0.28(40) 

0.23(33) 

0.17(25) 

0.27(39) 

0.21(30) 

0.21(31) 

0.34(50) 

0.28(40) 

0.22(32) 

0.28(40) 

0.28(41) 

0.23(34) 

Flow 

Rate 

f m-'/sec(gal/min) 1 

2.5 X 10-5(40) 

2.49 X 10-5(39.4) 

2.48 X 10-5(39.3) 

2.49 X 10-5(39.5) 

2.57 X 10-5(40.8) 

2.48 X 10-5(39.3) 

3.2 X 10-5(50) 

3.17 X 10-5(50.3) 

3.24 X 10-5(51.3) 

3.17 X 10-5(50.3) 

3.2 X 10-5(50) 

3.11 X 10-5(49.3) 

3.8 X 10-5(60) 

3.76 X 10-5(59.6) 

3.72 X 10-5(58.9) 

3.8 X 10-5(60) 

3.8 X 10-5(60) 

3.51 X 10-5(55.6) 

3.77 X 10-5(59.8) 

Average 

Coolant 

Temperature 

[CO(OF)] 

26(78) 

24(76) 

30(86) 

25(77) 

27(80) 

27.4(81.4) 

24(75) 

24(75) 

29(84) 

26(78) 

26(79) 

28.1(82.5) 

23(74) 

25(77) 

31(87) 

23(73) 

23(73) 

25(77) 

28.1(82.5) 

Reynolds 

Number 

11464 

10941 

12436 

10993 

11762 

11403 

13695 

13757 

15918 

12996 

14158 

14598 

16287 

16759 

18870 

15774 

15749 

15394 

17682 

a. Misnumbered test; should be 40323D 
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A mass balance plot for the reference run in conf igurat ion A (run 42430A) is shown in 

f igure 5 - 1 . The percent mass imbalances at the end of in ject ion for all of the reflood 

tests in all six bundles are shown in f igure 5-2. The average mass imbalance was found 

to be approximately 2.4 percent at the end of in ject ion for all forced reflood tests, and 

approximately 1.4 percent for all gravi ty ref lood tests. Although there were some tests 

which had mass imbalances between 5 and 10 percent at the end of in ject ion, the mass 

imbalances for these tests during the run were generally less than that at the end of 

in ject ion. 

The details of these mass balance calculations as well as the other features of the 

FFLOWS program are provided in appendix M. 

5-4. QUENCH Program and Results 

The heater rod and housing thermocouple data for ref lood tests were reduced by the 

QUENCH program. The QUENCH program was designed to determine the characteris­

t ics of temperature histories of the thermocouple data. These characterist ics include 

the in i t ia l temperature, maximum temperature, quench temperature, turnaround t ime, 

and quench t ime. The temperature history of the hottest rod thermocouple for the 

reference run in conf igurat ion A (run 42430A) is shown in f igure 5-3 with the actual 

data points chosen by the QUENCH program. A tabulation of the hot rod characteris­

tics f rom the QUENCH program for all gravity and forced reflood tests is provided in 

table 5-3. The QUENCH program calculates the stat ist ics of these characterist ics for 

each instrumentat ion elevat ion, such as average turnaround t ime. These stat ist ics are 

tabulated for each ref lood test in appendix K. 

The QUENCH program also calculates a quench f ron t curve ( f rom a cubic spline curve 

f i t ) f rom the average of the quench t imes at a given elevat ion, and subsequently calcu­

lates a quench f ron t velocity which is u t i l i zed in the FLEMB code for calculat ing an 

energy balance (section 6). Examples of the calculated quench curve and quench front 

velocity are shown in figures 5-4 and 5-5, respect ively, for run 42430A. 

The detai ls of the c r i te r ia used for choosing quench t ime and temperature are provided 

in appendix M. 
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TABLE 5-2 

AS-RUN CONDITIONS FOR STEAM COOLING TESTS 

Test 

Matrix 

No. and 
1 

Bundle 

OlA 

OIB 

OIC 

OlD 

OlE 

OIF 

02B 

02C 

02D 

02E 

02F 

03A 

03B 

03C 

Test 

Run 

No. 

44401A 

41401B 

41201C 

43401D 

40601E 

40901F 

43202B 

43902C 

41202D 

40102E 

41002F 

44303A 

41103B 

41003C 

Upper 

Plenum 

Pressure 

[ MPa (paa)] 

0.145(21.1) 

0.141(20.4) 

0.140(20.3) 

0.141(20.4) 

0.141(20.5) 

0.142(20.6) 

0.143(20.7) 

0.140(20.3) 

0.148(21.4) 

0.144(20.9) 

0.1410(20.45) 

0.143(20.8) 

0.141(20.4) 

0.147(21.3) 

Rod 

Peak 

Power 

[kw/m (kw/ft)] 

0.0525(0.0160) 

0.0522(0.0159) 

0.0531(0.0162) 

0.0531(0.0162) 

0.043(0.013) 

0.0413(0.0126) 

0.103(0.0313) 

0.105(0.0320) 

0.104(0.0318) 

0.075(0.023) 

0.0741(0.0226) 

0.13(0.040) 

0.131(0.0399) 

0.13(0.040) 

Flow 

Rate 

[ kg/sec 

(lb/sec)] 

0.014(0.031) 

0.0141(0.0312) 

0.014(0.031) 

0.0143(0.0316) 

0.012(0.026) 

0.0119(0.0263) 

0.0280(0.0618) 

0.028(0.062) 

0.028(0.062) 

0.021(0.046) 

0.0207(0.0456) 

0.034(0.076) 

0.035(0.077) 

0.035(0.077) 

Average 

Coolant 

Temperature 

[ °C (°F) ] 

110(230) 

111(231) 

111(232) 

110(230) 

110(230) 

113(236) 

112(233) 

112(233) 

112(234) 

112(233) 

112(234) 

114(238) 

114(237) 

112(234) 

Inlet 

Reynolds 

Number 

4790 

4700 

4630 

4645 

3796 

3811 

9180 

9260 

9054 

6695 

6629 

11590 

11330 

11460 

• 
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TABLE 5-2 (cont) 

AS-RUN CONDITIONS FOR STEAM COOLING TESTS 

Test 

Matr ix 

No. and 

Bundle 

03 D 

03E 

03 F 

29A(a) 

293^3) 

29c(a) 

29D^a) 

29E(a) 

29F(a) 

Test 

Run 

No. 

41103D 

40503E 

41103F 

44529A 

43129B 

41329C 

41529D 

43929E 

44029E 

41229F 

Upper 

Plenum 

Pressure 

MPa (psia) 

0.148(21.4) 

0.143(20.7) 

0.1406(20.39) 

0.141(20.4) 

0.139(20.1) 

0.144(20.9) 

0.146(21.2) 

0.138(20.0) 

0.137(19.9) 

0.1414(20.51) 

Rod 

Peak 

Power 

kw/m (kw/ f t ) 

0.125(0.0382) 

0.125(0.0380) 

0.129(0.0393) 

0.03(0.009) 

0.029(0.0089) 

0.03(0.009) 

0.031(0.0094) 

0.0310(0.00945) 

0.0307(0.00935) 

0.029(0.0089) 

Flow 

Rate 

kg/sec 

(lb/sec)] 

0.035(0.077) 

0.034(0.076) 

0.0344(0.0759) 

0.00807(0.0178) 

0.00807(0.0178) 

0.0082(0.018) 

0.0082(0.018) 

0.0086(0.019) 

0.0086(0.019) 

0.00853(0.0188) 

Average 

Coolant 

Temperature 

[°C(°F)] 

122(251) 

112(233) 

118.5(245.4) 

109.8(229.6) 

111(231) 

113(235) 

118(244) 

112(233) 

112(234) 

113.2(235.8) 

Inlet 

Reynolds 

Number 

10958 

11061 

10822 

2760 

2680 

26B0 

2586 

2755 

2751 

2724 

a. See page 6-26. 
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TABLE 5-3a^^^ 

SUMMARY OF RUN CONDITIONS AND RESULTS FOR REFLOOD TESTS 

Test 

Matrix 

No. and 

Bundle 

Test 

Run 

No. 

As-R 

Upper 

Plenum 

Pressure 

(MPa) 

jn Test Conditions 

Rod 

Initial 

Temper­

ature 

(°C) 

Rod 

Peak 

Power 

(kw/m) 

Flooding 

Rate 

(mm/sec) 

Average 

Coolant 

Temper­

ature 

CO 

Results 

Average 

Housing 

Initial 

Temperature 

at 1.83 m 

CO 

Hottest 

Rod and 

Nominal 

Elevation 

(m) 

Hot Rod 

Initial 

Temper­

ature 

("O 

Hot Rod 

Maximum 

Temper­

ature 

CO 

Hot Rod 

Temper­

ature 

Rise 

(°C) 

Hot Rod 

Turn­

around 

Time 

(sec) 

Hot 

Rod 

Quench 

Time 

(sec) 

Bundle 

Quench 

Time 

(sec) 

CONSTANT FLOODING RATE EFFECT TESTS 

04 A 

M B 

04C 

04D 

OAE 

CMF 

05A 

05B 

05C 

05D 

05E 

05F 

06 A 

06B 

06C 

06D 

06 E 

06F 

42804 A 

42204B 

42804C 

42404D 

42704E 

43104F 

42705A 

42105B 

42605C 

42305D 

A1305E 

42105F 

42606 A 

42306B 

42506C 

42206D 

41206E 

42006F 

0.273 

0.274 

0.273 

0.278 

0.278 

0.276 

0.273 

0.274 

0.275 

0.279 

0.276 

0.279 

0.273 

0.274 

0.268 

0.278 

0.279 

0.278 

873 

878 

876 

878 

874 

877 

873 

880 

884 

878 

872 

874 

872 

875 

874 

878 

871 

875 

1.0 

0.98 

0.98 

1.0 

0.98 

1.0 

1.5 

1.5 

1.5 

1.5 

1.5 

1.44 

2.6 

2.6 

2.6 

2.6 

2.6 

2.6 

13 

13 

13 

13 

13 

13 

18 

19 

19 

18 

19 

19 

23 

23 

23 

23 

23 

23 

50 

52 

49 

51 

49 

49 

50 

49 

50 

51 

49 

50 

50 

50 

50 

50 

50 

50 

522 

548 

529 

541 

542 

536 

498 

486 

487 

492 

471 

479 

502 

529 

519 

507 

509 

525 

3r-1.96 

3 C-1.88 

3 C-1.98 

3C-1.911 

3C-2.13 

3C-2.03 

3C-1.96 

3 C-1.98 

3C-1.78 

3C-1.911 

3D-2.03 

3 C-1.78 

3C-1.96 

3 C-1.98 

3C-1.78 

3 C-1.98 

3D-2.03 

3C-2.03 

858 

828 

854 

838 

818 

872 

859 

854 

871 

827 

829 

874 

860 

860 

867 

870 

796 

860 

983 

961 

965 

970 

960 

956 

1024 

992 

1000 

1019 

993 

968 

1157 

1128 

1119 

1133 

1103 

1074 

125 

133 

112 

133 

143 

85 

164 

138 

128 

188 

164 

96 

296 

268 

253 

262 

307 

213 

95 

107 

91 

97 

99 

93 

85 

86 

75 

110 

102 

67 

99 

117 

98 

116 

133 

93 

338 

327 

367 

604 

362 

340 

321 

346 

282 

542 

350 

260 

426 

463 

352 

433 

470 

416 

536 

583 

551 

548 

528 

555 

452 

474 

458 

481 

467 

448 

632 

677 

643 

662 

639 

603 

a. Data are presented in English units in table 5-3b. 



TABLE 5-3a^^^ (cont) 

SUMMARY OF RUN CONDITIONS AND RESULTS FOR REFLOOD TESTS 

Test 

Matr ix 

No. and 

Bundle 

Test 

Run 

No. 

As-R 

Upper 

Plenum 

Pressure 

(MPa) 

un Test Conditions 

Rod 

Ini t ia l 

Temper­

ature 

CO 

Rod 

Peak 

Power 

(kw/m) 

CONSTANT FLOODING RATE EFFECT TESTS (con 

07 A 

07B 

07 C 

07F 

08 A 

08B 

08 C 

08 D 

08 E 

08F 

09 A 

09B 

09 C 

09 n 

09 E 

09F 

42207 A 

4 2430 A^''^ 

41907B 

42107C 

41807F 

42108A 

43208 A 

41808B 

42008C 

41808D 

41008E 

41608F 

41909A 

41709B 

41909C 

430090 

42509E 

4 n 0 9 F 

0.273 

0.276 

0.276 

0.270 

0.277 

0.269 

0.280 

0.273 

0.275 

0.278 

n.281 

0.279 

0.270 

0.273 

0.275 

0.279 

0.279 

n.276 

871 

872 

874 

884 

873 

872 

873 

873 

883 

884 

872 

R75 

871 

877 

881 

872 

879 

B7fl 

2.3 

2.6 

2.6 

iJb 

2.6 

2.3 

2.3 

2.3 

2.3 

2.3 

2.3 

2.3 

2.3 

2.3 

2.3 

2.3 

2.^ 

2.3 

Flooding 

Rate 

(mm/sec) 

L) 

28.2 

28.2 

28.4 

27.7 

28.07 

39.4 

38.1 

37.3 

37.8 

37.8 

37.R 

38.1 

147 

147 

152 

147 

142 

146 

Average 

Coolant 

Temper­

ature 

CO 

52 

50 

50 

51 

49 

52 

50 

49 

49 

52 

49 

50 

54 

51 

51 

52 

SI 

S2 

Results 

Average 

Housing 

In i t ia l 

Temperature 

at 1.83 m 

(°o 

222 

501 

533 

498 

502 

221 

525 

537 

514 

502 

511 

526 

217 

333 

708 

293 

261 

351 

Hottest 

Rod and 

Nominal 

Elevation 

(ml 

3C-1.96 

3 C-1.96 

3C-1.98 

3 C-1.78 

3C-2.03 

3 C-1.96 

3C-1.96 

3 C-1.98 

3C-1.78 

40-1.78 

2B-1.70 

2B-1.70 

3C-1.96 

3 r -1.96 

4r-i.7n 
3 r-1.98 

2r -1 .70 

3C-2.n3 

Hot Rod 

In i t ia l 

Temper­

ature 

CO 

871 

864 

860 

871 

866 

872 

858 

862 

869 

869 

862 

870 

863 

877 

880 

872 

879 

878 

Hot Rod 

Maximum 

Temper­

ature 

CO 

1019 

1098 

1065 

1070 

1029 

963 

991 

970 

971 

983 

947 

947 

876 

889 

89'-. 

881 

R91 

888 

Hot Rod 

Temper­

ature 

Rise 

(°o 

148 

235 

206 

199 

162 

92 

133 

109 

101 

113 

86 

76 

13 

13 

14 

9 

12 

11 

Hot Rod 

Turn­

around 

Time 

(sec) 

55 

82 

95 

69 

85 

24 

54 

38 

39 

34 

39 

37 

3 

3.5 

4 

2.5 

3.S 

2.'^ 

Hot 

Rod 

Quench 

Time 

(sec) 

274 

354 

387 

318 

363 

204 

252 

278 

224 

574 

208 

207 

72 

45 

SP 

1^ 

59 

47 

Bundle 

Quench 

Time 

(sec) 

396 

513 

557 

559 

518 

308 

367 

394 

384 

428 

355 

353 

103 

110 

108 

109 

108 

n- i 

b. Misnumbered test 



TABLE 5-3a^^^ (cont) 

SUMMARY OF RUN CONDITIONS AND RESULTS FOR REFLOOD TESTS 

Test 

Matrix 

No. anti 

Bundle 

Test 

Run 

No. 

As-R 

Upper 

Plenum 

Pressure 

(MPa) 

jn Test Conditions 

Rod 

In i t ia l 

Temper­

ature 

(°C) 

Rod 

Peak 

Power 

(kw/m) 

Flooding 

Rale 

(mm/sec) 

Average 

Coolant 

Temper­

ature 

i"n 

Rpsulls 

Average 

Housing 

In i t ia l 

Temperature 

at 1.R1 m 

C r t 

Hottest 

Rod and 

Nominal 

Elevation 

(ml 

Hot Rod 

Ini t ia l 

Temper­

ature 

(°a 

Hot Rod 

Maximum 

Temper­

ature 

("n 

Hot Rod 

Temper­

ature 

Rise 

( " n 

Hot Rod 

Turn­

around 

Time 

(sec) 

Hot 

Rod 

Quench 

Time 

(serl 

Bundle 

Quench 

Time 

(sec) 

PRESSURE EFFECT AT CONSTANT FLOODING RATE TESTS 

lOA 

lOB 

IOC 

lOD 

lOE 

lOF 

l l A 

I I B 

l i e 

I I D 

H E 

I I F 

12A 

12B 

12C 

12D 

12E 

12F 

43610A 

42810B 

43110C 

429100 

41810E 

42810F 

43511A 

42711B 

43211C 

427110 

41711E 

42711F 

43112A 

43412B 

42912C 

425120 

41612F 

426I2F 

0.142 

0.137 

0.137 

0.143 

0.141 

0.139 

0.142 

0.138 

0.14 

0.144 

n.l42 

0.141 

0.139 

0.140 

0.137 

0.143 

0.140 

0.139 

872 

878 

871 

877 

873 

877 

873 

875 

874 

875 

876 

876 

873 

876 

878 

877 

878 

877 

0.89 

0.89 

0.89 

0.89 

0.89 

0.89 

1.3 

1.3 

1.3 

2.6 

2.6 

2.6 

2.6 

2.6 

2.6 

10 

10 

10.3 

10 

10 

10 

15 

15 

15 

15 

15 

15 

27.9 

28.2 

27.9 

27." 

27.9 

27.1 

11 

32 

29 

31 

31 

3! 

1? 

11 

32 

11 

12 

11 

12 

11 

12 

11 

1? 

17 

552 

568 

526 

538 

538 

543 

523 

52n 

511 

511 

518 

511 

szn 

52R 

5ir, 

M 6 

S24 

^24 

3C-1.96 

3C-l.flR 

3C-1.R3 

3C-1.9I1 

3D-2.01 

1C-1.78 

1C-1.06 

i r - 1 . 8 8 

ic:- i .9R 

3 r - i . 9 i i 

3r>-2.01 

ir-2.oi 

i r - 1 . 9 6 

3C-1.7n 

3 r - i . 7 n 

i c - i . o n 

2n-1.70 

7n- i .7n 

855 

835 

812 

843 

855 

R7"i 

850 

821 

R64 

885 

B'iO 

869 

851 

R76 

n7n 

ni/i 

861 

871 

9H2 

968 

964 

969 

967 

95? 

1029 

995 

909 

1001 

992 

972 

1119 

1079 

inR^i 

Ifl'iR 

in?n 

I0?6 

127 

113 

152 

126 

111 

77 

179 

171 

124 

174 

141 

i n i 

267 

201 

21S 

214 

170 

r<5 

118 

147 

136 

120 

141 

76 

117 

14! 

109 

110 

12" 

in.'i 

ion 
9 9 

10" 

7-̂  

nr, 

71 

494 

477 

747 

747 

569 

419 

476 

442 

417 

661 

532 

471 

s in 

4S1 

481 

866 

4 21 

412 

754 

775 

721 

710 

756 

794 

6'.4 

658 

660 

628 

672 

660 

771 

82'=. 

886 

mi 

ns7 

7'-1 



TABLE 5-3a^^^ (cont) 

SUMMARY OF RUN CONDITIONS AND RESULTS FOR REFLOOD TESTS 

Test 

Matr ix 

No. and 

Bundle 

Test 

Run 

No. 

SUBCOOLINGEFF 

13A 

13B 

13C 

13D 

13E 

13F 

43013 A 

43513B 

42413C 

43313D 

41913E 

43813F 

VARIABLE FLOOD 

14 A 

14B 

14C 

14D 

14E 

14F 

42514A 

42014B 

42314C 

42014D 

42014E 

41914F 

As-R 

Upper 

Plenum 

Pressure 

(MPa) 

ECT TESTS 

0.273 

0.274 

0.281 

0.277 

0.280 

0.277 

I N G R A T F F 

0.281 

0.275 

n.274 

0.274 

0.279 

0.278 

jn Test Conditions 

Rod 

Ini t ial 

Temper­

ature 

("O 

871 

874 

880 

873 

873 

870 

F F E C T I E 

873 

872 

876 

878 

872 

872 

Rod 

Peak 

Power 

(kw/m) 

2.6 

2.6 

2.6 

2.6 

2.6 

2.6 

STS 

2.6 

2.6 

2.6 

2.6 

2.6 

2.6 

Flooding 

Rale 

(mm/sec) 

27.9 

28.4 

27.9 

27.9 

27.9 

27.9 

160 5 sec 

23 onward 

147 5 sec 

23 onward 

151 5 sec 

22 onward 

1 53 5 sec 

22 onward 

142 5 sec 

23 onward 

143 5 sec 

24 onward 

Average 

Coolant 

Temper­

ature 

( " O 

107 

110 

98 

98 

100 

99 

49 

49 

49 

50 

49 

49 

Results 

Average 

Housing 

Ini t ia l 

Temperature 

at 1.83 m 

(°C) 

417 

441 

402 

421 

412 

446 

486 

519 

SOI 

a 99 

491 

501 

Hol ies t 

Rod and 

Nominal 

Elevation 

(m) 

1C-1.96 

i r - i . 9 8 

3C-1.78 

i r - 1 . 9 8 

in -2 .03 

3 C-1.78 

1C-1.96 

1C-1.98 

i r - 1 . 9 8 

4D-1.98 

30-2.01 

i r - 2 . 0 1 

Ho i Rod 

Ini t ia l 

Temper­

ature 

(OO 

846 

861 

864 

870 

855 

871 

862 

860 

861 

871 

829 

857 

Hoi Rod 

Maximum 

Temper­

ature 

(°C) 

1071 

1053 

1049 

1017 

1023 

990 

1048 

1034 

1024 

1040 

1040 

971 

Hot Rod 

Temper-

al ure 

Rise 

(°C) 

227 

192 

186 

147 

170 

118 

186 

17S 

164 

171 

211 

116 

Hot Rod 

Turn­

around 

Time 

(sec) 

79 

77 

69 

45 

68 

41 

101 

106 

89 

76 

102 

91 

Hot 

Rod 

Quench 

Time 

(sec) 

443 

416 

376 

316 

455 

342 

374 

414 

419 

747 

440 

159 

Bundle 

Quench 

Time 

(sec) 

603 

624 

599 

559 

609 

512 

559 

620 

636 

617 

600 

515 

• 



TABLE 5-3a^^^ (cont) 

SUMMARY OF RUN CONDITIONS AND RESULTS FOR REFLOOD TESTS 

TeM 

Matrix 

No. and 

Bundle 

Test 

Run 

No. 

As-Run Test Conditions 

Upper 

Plenum 

Pressure 

(MPa) 

Rod 

In i t ia l 

Temper­

ature 

C O 

Rod 

Peak 

Power 

(kvi//m) 

Flooding 

Rate 

(mm/sec) 

Average 

Coolant 

Temper­

ature 

C O 

Results 

Average 

Housing 

Ini t ia l 

Temperature 

at 1.83 m 

{°C) 

Hottest 

Rod and 

Nominal 

Elevation 

(m) 

Hot Rod 

In i t ia l 

Temper­

ature 

C O 

Hot Rod 

Maximum 

Temper­

ature 

(°o 

Hot Rod 

Temper-

al ure 

Rise 

C O 

Hot Rod 

Turn­

around 

Time 

(sec) 

Hot 

Rod 

Quench 

Time 

(sec) 

Bundle 

Quench 

Time 

(sec) 

REPEAT TESTS 

15A 

15B 

15C 

15D 

15E 

W 

42907 A^**' 

43715A 

42415B 

429158 

42715C 

43315C 

42615D 

431150 

43215D 

41515E 

42215E 

42515E 

42415E 

42215F 

429J5F 

43915F 

44015F 

0.274 

0.279 

0.274 

0.275 

0.275 

0.274 

0.279 

0.279 

0.277 

0.276 

0.279 

0.280 

0.279 

0.276 

0.276 

0.278 

n.278 

871 

B72 

875 

875 

B74 

874 

872 

872 

875 

873 

875 

873 

872 

873 

878 

878 

875 

2.6 

2.6 

2.6 

2.6 

2.6 

2.54 

2.5 

2.6 

2.6 

2/, 

2.6 

2.6 

2.6 

2jfi 

2.55 

2.55 

2.6 

27.9 

29.0 

28.2 

27,9 

28.2 

28.2 

28.2 

27,9 

27.9 

27,9 

28,2 

28,2 

28,2 

27,9 

28,2 

27.9 

27.9 

51 

52 

49 

50 

49 

49 

49 

50 

51 

51 

51 

49 

50 

51 

49 

"VO 

48 

490 

534 

531 

529 

503 

511 

500 

511 

515 

517 

516 

509 

503 

504 

523 

526 

579 

3C-1.96 

3 C-1.96 

3C-I.98 

3 C-1.98 

3C-1.78 

3C-I,78 

3C-1,91I 

3 C-1.98 

20-1,78 

3D-2.03 

30-2.03 

3D-2.01 

3O-2.03 

2n-1.70 

2B-1.70 

1C-I .78 

3 c - i . 9 n 

847 

859 

854 

804 

810 

867 

829 

864 

821 

830 

843 

838 

845 

872 

871 

878 

8 SO 

1096 

1100 

1075 

1073 

1070 

1073 

1052 

1052 

1047 

1072 

1049 

1048 

1049 

1026 

1013 

1004 

1006 

249 

239 

222 

219 

205 

205 

223 

188 

224 

216 

206 

211 

204 

154 

142 

126 

1S6 

80 

84 

91 

96 

79 

75 

71 

59 

74 

110 

98 

101 

105 

63 

59 

4S 

62 

364 

363 

380 

395 

305 

314 

604 

359 

655 

422 

409 

403 

405 

271 

262 

290 

295 

517 

520 

547 

569 

550 

572 

520 

537 

546 

555 

543 

533 

542 

515 

485 

491 

479 

h, Misnumbered lest 



TABLE 5-3a^^^ (cont) 

SUMMARY OF RUN CONDITIONS AND RESULTS FOR REFLOOD TESTS 

Test 

Ma lnx 

No. anr 

Bundle 

Test 

Run 

No. 

As-Run Test Conditions 

Upper 

Plenum 

Pressure 

(MPal 

Rod 

Ini t ia l 

Temper­

ature 

(°o 

Rod 

Peak 

Power 

fkw/m) 

FInodmq 

Rate 

(mm/qpcl 

Average 

Gnnlnnl 

Temner-

at ure 

fnr i 

Results 

Average 

Housing 

Ini t ia l 

Tpmpprature 

al 1.81 m 

I^C) 

Hol ies t 

Rod and 

Nominal 

Elevation 

fm) 

H n l Rod 

In i t ia l 

Temper­

ature 

("O 

Hnl Rod 

Maximuni 

Temper­

ature 

{"n 

Hot Rod 

Temper­

ature 

Rise 

("CI 

Hot Rod 

Turn­

around 

Time 

(sec) 

Hot 

Rod 

Quench 

Time 

fsecl 

Bundle 

Quench 

Time 

(seel 

LARGE BUNDLE FORCFD RFFLOOO COMPARISON TESTS 

31F 

32F 

33F 

34F 

41631F 

41412F 

41333F 

41514F 

0.280 

0.277 

0.276 

0.14? 

GRAVITY RFFl OOD TESTS 

16A 

16B 

I 6 r i 

1 6 0 

16F 

41916A 

43816n 

4 1 7 l 6 r 

441160 

41616E 

0.281 

0.276 

0.279 

n.2fll 

0.780 

872 

871 

874 

871 

2.29 

2.29 

1.12 

2.1 

872 

R76 

871 

871 

871 

2 . 1 

2 .1 

2 . 1 

7 .1 

2 .1 

25 

21 

15.1 

75 

49 

49 

4R 

11 

In inr l inn 

f^aln 

fkq/";pr1 

0.789 }!i sen 

0.091 onward 

0.R19 14 •;pr 

0.09^1 nnwnrrt 

O.RIO 14 -^rr 

0.09S nnwnrri 

n.R19 IS .;rr 

0.09S onward 

0.R16 15 i r r 

0.09S nnw ird 

S2 

SI 

S2 

52 

r > 

519 

S15 

527 

Sin 

S 4 ( 

4 "6 

SOR 

S I 7 

SI 8 

1C-2.01 

1C-2.01 

1C-2.01 

7n-1.70 

i r - l . 8 1 

i r - i . 7 n 

' i f~- i .7n 

i r - i . 7 H 

4 r - i . 7 n 

R56 

857 

8 6 1 

871 

877 

877 

878 

871 

R71 

1004 

1070 

9 9 1 

998 

880 

R8R 

R84 

8nn 

0 8 1 

148 

214 

110 

127 

7 

17 

7 

7 

10 

60 

92 

" 2 

64 

7 

1 

7 

7 . S 

1 

101 

197 

144 

176 

16S 

iss 

14S 

i s i 

17" 

467 

596 

519 

67S 

769 

2SS 

244 

24 S 

T 7 S 

• 



TABLE 5-3a^^^ (conl) 

SUMMARY OF RUN CONDITIONS AND RESULTS FOR REFLOOD TESTS 

Test 

Matrix 

No. ant 

Bundle 

Test 

R u n 

N o . 

GRAVITY REFLOC 

1 7 A 

17B 

1 7 C 

1 7 D 

17E 

44117A 

43717B 

43817C 

44317D 

43817E 

As-Run Test Conditions 

Upper 

Plenum 

Pressure 

(MPa) 

R o d 

In i t ia l 

Temper­

ature 

(OC) 

D TESTS (conl) 

0.142 

0.141 

0.142 

0.143 

0.144 

8 7 1 

875 

872 

873 

874 

R o d 

Peak 

Power 

(kw/m) 

2.3 

2.3 

2.3 

2.3 

2.3 

In)ect ion 

Rate 

(kg/sec) 

Average 

Coolant 

Temper­

ature 

( " O 

0.821 14 sec 

0.095 onward 

0.830 14 sec 

0.10 onward 

0.880 15 sec 

0.095 onward 

0.807 15 sec 

0.095 onward 

0.812 15 sec 

0.095 onward 

32 

31 

31 

32 

32 

Results 

Average 

Housing 

In i t ia l 

Temperature 

at 1.83 m 

("O 

545 

502 

505 

506 

521 

Hottest 

Rod and 

Nominal 

Elevation 

(m) 

3C-1.83 

3C-1.78 

4 C-1.70 

3C-1.96 

2C-1.70 

Hot Rod 

Ini t ia l 

Temper­

ature 

(''O 

866 

875 

875 

873 

870 

Hot Rod 

Maximum 

Temper­

ature 

C O 

887 

890 

884 

887 

887 

Hot Rod 

Temper­

ature 

Rise 

( " O 

22 

14 

9 

11 

16 

Hot Rod 

Turn­

around 

Time 

(sec) 

8 

6 

3 

6 

11 

H o t 

R o d 

Quench 

Time 

(sec) 

251 

210 

209 

69 

247 

Bundle 

Quench 

Time 

(sec) 

425 

403 

424 

411 

178 



TABLE 5-3b^^^ 

SUMMARY OF RUN CONDITIONS AND RESULTS FOR REFLOOD TESTS 

TeM 

Matrix 

No. and 

1 Bundle 

Test 

Run 

No, 

As-R 

Upper 

Plenum 

Pressure 

(psia) 

un Test Conditions 

Rod 

Initial 

Temper­

ature 

cn 

Rod 

Peak 

Power 

(kw/fO 

Flooding 

Ra le 

(in,/sec) 

Average 

Coolant 

Temper­

ature 

CF> 

Results 

Average 

Housing 

In i t ia l 

Temperature 

at 72 in. 

(°F) 

Hottest 

Rod and 

Nominal 

Elevation 

(in.) 

Hot Rod 

In i t ia l 

Temper­

ature 

CF) 

Hot Rod 

Maximum 

Temper­

ature 

(°E) 

Hot Rod 

Temper­

ature 

Rise 

(°F) 

Hot Rod 

Turn­

around 

Time 

(sec) 

Hot 

Rod 

Quench 

Time 

(sec) 

Bundle 

Quench 

Time 

(seel 

CONSTANT FLOODINO RATE EFFECT TESTS 

04A 

04B 

04C 

04O 

04E 

04F 

05A 

05B 

05C 

05D 

05E 

05F 

06A 

n6B 

06C 

06D 

06r 

06F 

42804A 

42204B 

42804C 

424040 

42704E 

43104F 

42705A 

42105B 

42605C 

42305D 

41305E 

42105F 

42606A 

4230613 

42506C 

422060 

41206F 

42006F 

39.6 

39.7 

39j6 

40.3 

40.3 

40.1 

39J5 

39 J 

39.9 

40,5 

40,1 

40.4 

39 / ; 

39/1 

38.9 

40.3 

40.4 

40,3 

1604 

1612 

1609 

1612 

1605 

1611 

1603 

1617 

1623 

1612 

1601 

1606 

1601 

1607 

1606 

1612 

1600 

1607 

0.32 

0,30 

0.30 

0,31 

0,30 

0,31 

0,45 

0.45 

0.45 

0.45 

0.45 

0.440 

0,78 

0,78 

0,78 

0,78 

0,78 

0,78 

0,52 

0.52 

0.52 

0.51 

0.53 

0.52 

0.72 

0.73 

0,73 

0,70 

0.73 

0,73 

0.91 

0.91 

0,91 

0.90 

0,92 

0,90 

122 

125 

121 

124 

120 

120 

122 

120 

122 

124 

120 

122 

122 

172 

122 

122 

122 

122 

971 

1016 

984 

1006 

1008 

997 

928 

906 

909 

917 

880 

894 

935 

984 

967 

938 

949 

977 

3C-77 

3C-74 

3C-78 

3C-75.25 

3C-84 

3C-80 

3C-77 

3C-78 

3C-70 

3C-75.25 

30-80 

3C-70 

3C-77 

3C-78 

3C-70 

3C-78 

30-80 

1C-00 

1576 

1522 

1569 

1541 

1505 

1602 

1579 

1570 

1600 

1520 

1524 

1605 

1581 

1580 

1593 

1599 

1465 

1581 

1801 

1762 

1770 

1779 

1760 

1753 

1875 

1818 

1832 

1858 

1819 

1777 

2114 

2062 

2046 

2072 

2017 

1965 
• 

225 

240 

201 

240 

257 

153 

296 

249 

210 

319 

29S 

172 

533 

482 

456 

472 

552 

384 

95 

107 

91 

97 

99 

93 

85 

86 

7S 

110 

102 

67 

99 

117 

98 

116 

133 

93 

338 

327 

367 

604 

362 

140 

321 

146 

282 

S42 

350 

260 

426 

463 

352 

411 

470 

416 

536 

583 

551 

548 

528 

5SS 

452 

474 

458 

481 

467 

448 

632 

677 

643 

662 

619 

601 

a. Oata are presented in met r ic i ini ls in table 5.3a. 



TABLE 5-3b^^^ (cont) 

SUMMARY OF RUN CONDITIONS AND RESULTS FOR REFLOOD TESTS 

Test 

Matr ix 

No. and 

Bundle 

CONSTA 

07 A 

07B 

07 C 

07F 

08 A 

08B 

08 C 

08 D 

08 E 

08F 

09 A 

09B 

09 C 

09 O 

09 E 

09F 

Test 

Run 

N a 

NT FLOOr 

42207 A 

42430A^''' 

41907B 

42107C 

41807F 

42108A 

43208 A 

41808B 

42008C 

418080 

41008E 

41608F 

41909A 

41709B 

41909C 

43009D 

42509E 

41509F 

As-R 

Upper 

Plenum 

Pressure 

(psia) 

MNGRATE 

39.6 

40.0 

40.1 

39.2 

40.2 

39.0 

40.6 

39.6 

39.9 

40.3 

40.8 

40.4 

39.2 

39.6 

39.9 

40.4 

40.4 

40.0 

un Test Conditions 

Rod 

In i t ia l 

Temper­

ature 

CF) 

Rod 

Peak 

Power 

(kw/ f l ) 

EFFECT TESTS (cont) 

1600 

1603 

1605 

1623 

1603 

1601 

1604 

1603 

1619 

1623 

1602 

1607 

1600 

1609 

1618 

1602 

1614 

1613 

0.70 

0.78 

0.78 

0.78 

0.78 

0.70 

0.70 

0.70 

0.69 

0.70 

0.70 

0.69 

0.69 

0.69 

0.69 

0.69 

0.70 

0.69 

Flooding 

Rate 

(in./sec) 

1.11 

1.11 

1.12 

1,09 

1.105 

1.55 

1.50 

1.47 

1.49 

1.49 

I 49 

1.50 

5.80 

5.79 

5.98 

5.78 

5.60 

5.73 

Average 

Coolant 

Temper­

ature 

CF) 

125 

122 

122 

124 

121 

125 

122 

121 

121 

126 

121 

122 

130 

124 

123 

125 

124 

125 

Results 

Average 

Housing 

In i t ia l 

Temperature 

at 72 in. 

CF) 

431 

933 

992 

928 

936 

429 

977 

999 

9S7 

936 

952 

97R 

423 

611 

407 

560 

502 

663 

Hottest 

Rod and 

Nominal 

Elevation 

(in.) 

3C-77 

3C-77 

3C-78 

3C-70 

3C-80 

3C-77 

3C-77 

3C-78 

1C-70 

40-70 

2B.67 

2n-67 

3C-77 

3C-77 

4C-67 

3C-78 

2C-67 

1C-80 

Hot Rod 

Ini t ia l 

Temper­

ature 

(°F) 

1600 

1587 

1580 

1600 

1591 

1602 

1576 

1583 

1597 

1597 

1581 

1599 

1586 

1610 

1617 

1602 

1614 

1611 

Hot Rod 

Maximum 

Temper­

ature 

CF) 

1867 

2009 

1949 

1959 

1884 

1765 

1816 

1779 

1780 

1801 

1717 

1716 

1609 

1612 

1641 

1618 

1616 

1610 

Hot Rod 

Temper­

ature 

Rise 

CF) 

267 

423 

370 

359 

292 

166 

240 

197 

181 

204 

I S i 

116 

23 

24 

76 

16 

22 

19 

H o i Rod 

Turn­

around 

Time 

(sec) 

55 

82 

95 

69 

85 

24 

54 

18 

19 

14 

19 

17 

^ 
1.S 

4 

7.S 

T.S 

7 .S 

Hot 

Rod 

Quench 

Time 

(sec) 

274 

354 

387 

318 

163 

204 

252 

278 

224 

574 

208 

207 

72 

45 

59 

"53 

S9 

47 

Bundle 

Quench 

Time 

(sec) 

396 

513 

557 

559 

518 

308 

367 

39Z| 

184 

428 

355 

353 

103 

110 

108 

109 

108 

115 

b. Misnumbered test 



TABLE 5-3b^^^ (cont) 

SUMMARY OF RUN CONDITIONS AND RESULTS FOR REFLOOD TESTS 

Test 

M a t r i x 

N o . and 

Bundle 

T e s t 

R u n 

N o . 

A s - R 

U p p e r 

P l e n u m 

Pressu re 

(ps ia) 

un Tes t C o n d i t i o n s 

R o d 

I n i t i a l 

T e m p e r ­

a t u r e 

( " F ) 

R o d 

P e a k 

P o w e r 

( k w / f t ) 

F l o o d i n g 

R a l e 

( i n . / s e c ) 

A v e r a g e 

C o o l a n t 

T e m p e r ­

a t u r e 

f " F ) 

R e s u l t s 

A v e r a g e 

H o u s i n g 

I n i t i a l 

T e m p e r a t u r e 

at 72 i n . 

C F ) 

H o t t e s t 

R o d and 

N o m i n a l 

E l e v a t i o n 

( in . ) 

H o t R o d 

I n i t i a l 

T e m p e r ­

a t u r e 

( " F ) 

H o t R o d 

M a x i m u m 

T e m p e r ­

a t u r e 

(OF) 

H o t R o d 

T e m p e r ­

a t u r e 

R i s e 

( " E l 

H o t R o d 

T u r n ­

a r o u n d 

T i m e 

(sec) 

H o t 

R o d 

Q u e n c h 

T i m e 

(sec) 

B u n d l e 

Q u e n c h 

T i m e 

(see l 

P R E S S U R E E F F E C T AT C O N S T A N T F L O O D I N G R A T E TESTS 

l O A 

lOB 

I O C 

l O D 

l O E 

lOF 

l l A 

I I B 

nc 
no 
H E 

I I F 

1 2 A 

12B 

12C 

1 2 0 

12F 

12F 

4 3 6 1 0 A 

4 2 8 1 0 B 

4 3 1 1 0 C 

4 2 9 1 0 D 

4 1 8 1 0 E 

4 2 8 1 0 F 

4 3 5 n A 

4 2 7 1 1 B 

4 3 2 1 1 C 

4 2 7 1 1 D 

4 1 7 1 1 E 

4 2 7 1 1 F 

4 3 1 1 2 A 

43412B 

4 2 9 1 2 C 

4 2 5 1 2 0 

41612E 

42612F 

20.6 

19.9 

19.9 

20.7 

20 .4 

20.2 

20.6 

20.0 

20 

20.9 

20.6 

20.S 

20 .2 

20.3 

19.9 

20.7 

20 .3 

20.2 

1601 

1612 

1600 

1611 

1604 

1609 

1603 

1607 

1605 

1607 

1609 

1609 

1604 

1609 

1613 

1611 

1612 

1610 

0.27 

0.27 

0.27 

0.27 

0.27 

0.27 

0.40 

0.40 

0.40 

0.40 

0.40 

0.40 

0.78 

0.78 

0.78 

0.78 

0.78 

0.78 

0.40 

0.40 

0.405 

0.40 

0.41 

0.40 

0.60 

0.60 

0.61 

0.61 

0.60 

0.60 

1.10 

1.11 

1.10 

1.10 

1.10 

1.10 

88 

89 

84 

88 

88 

88 

89 

88 

90 

08 

" 0 

RR 

90 

88 

" 0 

RR 

" 0 

R9 

1026 

1054 

978 

1000 

1001 

1009 

974 

982 

955 

951 

964 

9Sr, 

9 8 1 

982 

1015 

99 c. 

976 

975 

3C-77 

3 C - 7 4 

3 C - 7 2 

3 C - 7 5 . 2 5 

3 0 - 8 0 

1 C - 7 0 

3C-77 

3 C - 7 4 

SC-70 

1 C . 7 5 . 2 S 

1O-H0 

1 C - 8 0 

1 C - 7 7 

3 C - 7 0 

3 C - 7 0 

3C-7S.7S 

2 B - 6 7 

2 n - 6 7 

1571 

1535 

1494 

1550 

157 

1608 

1562 

1514 

1588 

1525 

1563 

1597 

1567 

1609 

1 S99 

i s n 

1 so 6 

1600 

1800 

1774 

1767 

1777 

1772 

1746 

1885 

1823 

1812 

1817 

1818 

1782 

2047 

1974 

19R4 

1 9 1 " 

18 "2 

IR79 

229 

239 

273 

227 

203 

13fl 

323 

311 

224 

114 

2S8 

18S 

480 

16S 

187 

186 

106 

279 

118 

147 

136 

120 

141 

76 

117 

141 

109 

119 

1 7 " 

104 

100 

99 

109 

7S 

9S 

71 

494 

477 

747 

747 

569 

419 

476 

442 

417 

6 6 1 

S12 

471 

S10 

4S1 

481 

866 

4 2 1 

417 

754 

775 

721 

710 

756 

794 

654 

658 

660 

628 

672 

660 

771 

87S 

886 

807 

as7 

7S1 

• 

http://1C.75.2S


TABLE 5-3b^^^ (cont) 

SUMMARY OF RUN CONDITIONS AND RESULTS FOR REFLOOD TESTS 

Tes t 

M a t r i x 

N o . and 

B u n d l e 

Tes t 

R u n 

N o . 

SUB C O O L I N C EE 

1 3 A 

13B 

13C 

I 3 D 

13E 

13F 

4 3 0 1 3 A 

4 3 5 1 3 B 

4 2 4 1 3 C 

4 3 8 1 3 0 

4 1 9 1 3 E 

4 3 8 1 3 F 

V A R I A B L E F L O O 

1 4 A 

14B 

1 4 C 

1 4 D 

1 4 r 

14E 

4 2 5 1 4 A 

4 2 0 1 4 n 

4 2 3 1 4 C 

4 2 0 1 4 0 

4 2 0 1 4 E 

4 1 9 1 4 F 

A s - R 

U p p e r 

P l e n u m 

Pressu re 

(psia'> 

i-"LCT TESTS 

39.6 

39.8 

40 .8 

40.2 

40 .6 

40.2 

D I N G R A T E 

40 .8 

39.9 

39.R 

39.8 

40 .5 

4 0 . 1 

j n Test C o n d i t i o n s 

Rod 

I n i t i a l 

T e m p e r ­

a t u r e 

( "F1 

1600 

1605 

1617 

1604 

1604 

1616 

" F F E C T I F ' 

1601 

1602 

1609 

1612 

1601 

1602 

R o d 

P e a k 

P o w e r 

f k w / f l ) 

0.78 

0.78 

0.78 

0.78 

0.7R 

0.7R 

)TS 

0.7f i 

0.78 

0.7R 

0.78 

0.78 

0.78 

F l o o d i n g 

R a t e 

( m . / s p c ) 

A v e r a g e 

C o o l a n t 

T e m p e r ­

a t u r e 

( "F ) 

1.10 

1.12 

1.10 

1.10 

1.10 

1.10 

725 

210 

708 

208 

712 

210 

6 . 1 S =;ec 

0.89 o n w a r d 

5.8 S <;pc 

0.91 o n w a r d 

6 .01 5 sec 

0.87 o n w a r d 

6.04 S sec 

0.88 o n w a r d 

S.6 5 see 

0.f l9 o n w a r d 

S.64 S sn r 

0.9S o n w a r d 

120 

120 

120 

122 

121 

121 

R e s u l t s 

A v e r a g e 

H o u s i n g 

I n i t i a l 

T e m p e r a t u r e 

a l 72 i n . 

(OF) 

R18 

810 

756 

793 

RIO 

R35 

906 

966 

913 

931 

91S 

917 

H o l i e s t 

R o d and 

N o m i n a l 

F l e v a l i o n 

( in.1 

1C-77 

1 C - 7 8 

i r - 7 0 

1C-7R 

1D-H0 

3 C - 7 0 

3C-77 

1C-7R 

1 C - 7 8 

4 0 - 7 0 

1D-R0 

IC-OO 

H o t R o d 

I n i t i a l 

T e m p e r ­

a t u r e 

(°E) 

1555 

1582 

1587 

1599 

1571 

1600 

1581 

1581 

1SR2 

1600 

1S25 

1S7S 

Hot Rod 

M a x i m u m 

T e m p e r ­

a t u r e 

( f F ) 

1964 

1978 

1920 

1863 

1875 

1814 

1918 

1894 

1875 

l "n4 

19ns 

17R4 

H o t R o d 

T e m p e r ­

a t u r e 

R i s e 

(°E) 

409 

346 

334 

265 

306 

211 

135 

115 

795 

107 

100 

709 

H o i R o d 

T u r n ­

a r o u n d 

T i m e 

( s e r l 

79 

77 

69 

45 

68 

41 

101 

106 

89 

76 

102 

" 1 

H o t 

R o d 

Q u e n c h 

T i m e 

(sec) 

443 

416 

376 

116 

455 

347 

174 

414 

4 1 9 

747 

4'tO 

I S O 

B u n d l e 

Q u e n c h 

T i m e 

fsec^ 

6 0 1 

624 

599 

559 

609 

512 

SS9 

620 

616 

617 

6on 

SIS 



TABLE 5-3b^^^ (cont) 

SUMMARY OF RUN CONDITIONS AND RESULTS FOR REFLOOD TESTS 

Tes t 

M a t r i x 

N o . and 

B u n d l e 

Tes t 

R u n 

N o . 

As-P 

U p p e r 

P l e n u m 

Pressu re 

(ps ia t 

un Test C o n d i t i o n s 

R o d 

I n i t i a l 

T e m p e r ­

a t u r e 

C F 1 

R o d 

P e a k 

P o w e r 

<\(w/fO 

F l o o d i n g 

R a l e 

' i n . / s e c l 

A v e r a g e 

C o o l a n t 

T e m p e r ­

a t u r e 

("F) 

R e s u l t s 

A v e r a g e 

H o u s i n g 

I n i t i a l 

T e m p e r a t u r e 

at 72 i n . 

( " F l 

H o t t e s t 

R o d and 

N o m i n a l 

F l e v a t i n n 

( in.1 

H o t R o d 

I n i t i a l 

T e m p e r ­

a t u r e 

c n 

H o t R o d 

M a x i m u m 

T e m p e r ­

a t u r e 

( " E l 

H o t R o d 

T e m p e r ­

a t u r e 

R i s e 

( " F l 

H o i R o d 

T i i r n -

a r n i i n d 

T i m e 

(see l 

H o t 

R o d 

Q u e n c h 

T i m e 

f sec l 

B u n d l e 

Q u e n c h 

T i m e 

'sec^ 

R E P E A T TESTS 

1 5 A 

15B 

15C 

1 5 D 

15E 

15F 

42907 A^*^'' 

4 3 7 1 5 A 

4 2 4 1 5 B 

4291SR 

4 2 7 1 5 C 

4 3 3 1 5 C 

4 2 6 1 5 D 

4 3 1 1 5 0 

4 3 2 1 5 D 

4 1 5 1 5 F 

4 2 2 1 5 E 

4 2 3 1 5 F 

4 2 4 1 5 E 

42215F 

4 2 9 1 5 F 

43915F 

4 4 0 1 5 F 

39 /1 

40.S 

39.7 

39.9 

3 " . 9 

19 .R 

40.5 

40.4 

40 .2 

40.1 

40 .4 

40.6 

4 0 . 4 

40.0 

4 0 . 1 

40.3 

40 .3 

1600 

1601 

1608 

1607 

1606 

1606 

1602 

1602 

1604 

1604 

1608 

1604 

1601 

1601 

1611 

1613 

1608 

0.78 

0.78 

0.78 

0.78 

0.78 

0.775 

0.77 

0.78 

0 .78 

0.78 

0.78 

0.78 

0.78 

0.78 

0.777 

0.778 

0.78 

1.10 

1.14 

1.11 

1.10 

1.11 

1.11 

1.11 

1.10 

1.10 

1.10 

1.11 

1.11 

1.11 

1.10 

1.11 

1.10 

1.10 

124 

12S 

170 

177 

171 

171 

171 

172 

123 

171 

124 

120 

122 

124 

170 

127 

119 

" 1 4 

9 " 4 

988 

9R5 

" 1 7 

"Sfi 

917 

9S1 

9S9 

962 

960 

9/10 

917 

919 

973 

978 

" 8 4 

1C-77 

1 C - 7 7 

1 C - 7 8 

3 C - 7 8 

1 C - 7 0 

1 C - 7 0 

1C-75 .2S 

1 C - 7 8 

7 0 - 7 0 

1 D - 8 0 

i n - R n 

1D-R0 

1O-R0 

7 n - 6 7 

7 n . 6 7 

i r - 7 0 

i r ' - 7 0 

1557 

157R 

1569 

ISRO 

1590 

1592 

1524 

1588 

1S11 

1S26 

15S0 

1540 

1554 

1601 

1600 

1611 

156? 

200S 

2011 

1967 

196S 

1959 

1961 

1926 

1"2S 

191fi 

1951 

1"20 

1 " | 9 

1921 

1 8 7 " 

1HSS 

1840 

1041 

448 

411 

"199 

194 

169 

169 

402 

118 

4 0 1 

42S 

171 

1 7 " 

167 

270 

Or^r, 

.•7r, 

701 

80 

84 

" 1 

96 

79 

75 

71 

59 

74 

110 

90 

101 

lOS 

61 

S9 

4S 

C/.' 

164 

161 

180 

195 

105 

114 

604 

ISO 

6SS 

422 

409 

401 

4ns 

771 

76? 

? " 0 

-.Qr, 

517 

520 

547 

569 

5S0 

S72 

520 

S17 

S46 

SSS 

S . ' 4 l 

S 1 1 

S47 

SIS 

4RS 

' i " l 

•,79 

b. Misnumbered lest 



TABLE 5-3b^^^ (cont) 

SUMMARY OF RUN CONDITIONS AND RESULTS FOR REFLOOD TESTS 

Test 

Matr ix 

No. and 

Bundle 

Test 

R u n 

N o . 

As-R 

Upper 

Plenum 

Pressure 

(psia) 

un Test Conditions 

R o d 

In i t ia l 

Temper­

ature 

("El 

R o d 

Peak 

Power 

(kw/ f l ) 

Flooding 

Rate 

(in./sec) 

Average 

Coolant 

Temper­

ature 

("F) 

Results 

Average 

Housing 

Ini t ia l 

Temperature 

al 72 in. 

f"F) 

Hottest 

Rod and 

Nominal 

Elevation 

(in.) 

Ho i Rod 

Init iai 

Temper­

ature 

("El 

H n l Rod 

Maximum 

Temper­

ature 

C F ) 

Hot Rod 

Temper­

ature 

Rise 

(°F) 

Hot Rod 

Turn­

around 

Time 

(sec) 

H o t 

R o d 

Quench 

Time 

(sec) 

Bundle 

Quench 

Time 

(sec) 

LARGE BUNDLE FORCED REFLOOD COMPARISON TESTS 

3 1 F 

32F 

33F 

34F 

43631F 

43432F 

43333F 

43534F 

40.6 

40.2 

40.1 

20.6 

GRAVITY REFLOOD TESTS 

16A 

I 6 B 

16C 

1 6 D 

43915A 

43816B 

43716C 

44116D 

40.8 

40.1 

40.4 

40.7 

1602 

1600 

1606 

1604 

1602 

1609 

1600 

1604 

0.697 

0.699 

0.402 

0.70 

1.0 

0.81 

0.S95 

1.0 

120 

121 

119 

88 

Injection 

Rale 

flh/sec) 

0.70 

0.70 

0.70 

0.69 

1.74 14 sec 

0.20 onward 

1.R5 14 sec 

0.217 onward 

1.81 14 sec 

0.71 onward 

1.8S IS sec 

0,71 onward 

126 

121 

17S 

1?1 

966 

959 

981 

950 

1010 

9 7 1 

" 4 7 

9 6 1 

5C-80 

1C-80 

3C-80 

2B-67 

1C-72 

1C-70 

/iC-67 

1C-70 

1573 

1575 

1585 

1600 

1602 

1611 

1612 

1604 

1840 

1959 

1819 

1829 

1616 

1610 

1621 

1617 

267 

386 

234 

229 

11 

21 

12 

11 

60 

92 

92 

64 

2 

1 

2 

7.S 

301 

397 

344 

376 

165 

15S 

145 

1S1 

467 

596 

539 

675 

2 6 " 

255 

244 

24S 



TABLE 5-3b^^^ (cont) 

SUMMARY OF RUN CONDITIONS AND RESULTS FOR REFLOOD TESTS 

Test 

Matr ix 

No. and 

Bundle 

Test 

Run 

No. 

GRAVITY REEL0( 

16E 

17A 

17B 

17C 

170 

17E 

43616E 

44117A 

43717B 

43817C 

44317D 

43817E 

As-R 

Upper 

Plenum 

Pressure 

(psia) 

un Test Conditions 

Rod 

Ini t ia l 

Temper­

ature 

CF1 

"DO TESTS (cont) 

40.6 

20.6 

20.4 

20.6 

20.8 

20.9 

1603 

1600 

1608 

1601 

1604 

1605 

Rod 

Peak 

Power 

(kw/ f t ) 

0.70 

0.70 

0.70 

0.70 

0.70 

0.70 

Injection 

Rate 

Hh/sec) 

Average 

Toolant 

Temper­

ature 

("F1 

1.80 15 sec 

0.21 onward 

1.81 14 sec 

0.21 onward 

1.83 14 sec 

0.22 onward 

l ."4 15 sec 

0.21 onward 

1.78 15 sec 

0.21 onward 

1.79 15 sec 

0.21 onward 

125 

8" 

88 

88 

90 

89 

Results 

Average 

Housing 

Ini t ia l 

Temperature 

al 72 in. 

("E) 

964 

1011 

936 

941 

943 

"69 

Hottest 

Rod and 

Nominal 

Elevation 

(in.l 

4 r - 67 

1C-72 

3C-70 

4C-67 

3C-77 

2C-67 

Hot Rod 

In i t ia l 

Temper­

ature 

CF) 

1603 

1591 

1608 

1607 

1604 

1599 

Hot Rod 

Maximum 

Temper­

ature 

(°F) 

1621 

1629 

1634 

1624 

1678 

1628 

Hot Rod 

Temper­

ature 

Rise 

(°F) 

18 

40 

26 

17 

24 

7" 

Hot Rod 

Turn-

a round 

Time 

(sec^ 

3 

8 

6 

3 

6 

U 

Hot 

Rod 

Quench 

Time 

(sec) 

129 

251 

210 

209 

69 

247 

Bundle 

Quench 

Time 

(sec) 

225 

425 

403 

424 

411 

378 

• 
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Figure 5-5. Quench Front Veloc i ty , Run 42430 A 



5-5. DATAR Program and Results 

The DATAR program was used to calculate the heat transfer coeff icients for the 

ref lood tests. The program employs a f in i te di f ference method to solve the inverse 

conduction problem ut i l i z ing the measured rod power, temperature, and physical dimen­

sions to calculate the rod heat f lux. The change in the thermocouple diameter after the 

f i rs t four configurations was accommodated in the DATAR code rod model by incorpo­

rat ing the thermocouple diameter, coil diameter, wire diameter, and Kanthal f rac t ion . 

The calculated heat transfer coef f ic ient is referenced to the measured saturation 

temperature. The heat transfer coef f ic ient for the hottest rod thermocouple f rom run 

42430A is shown in f igure 5-6. The sharp decrease in the heat transfer coeff ic ient 

immediately af ter f lood is at t r ibuted to the step increase in the power. The power was 

lower than specif ied prior to f lood in order to dry out the steam probes during a slow 

heatup ra te . The ef fect of this power step is believed to negligible, as discussed in 

appendix M. 

To provide heat transfer coef f ic ient data more suitable for analysis and evaluation, the 

data were smoothed (or averaged) over a to ta l t ime of 10 seconds. This smoothing 

technique consisted of replacing each data point w i th an average value of tl̂ ie original 

data point and a specif ied number of points before and after the t ime of interest. An 

example of the original data and smoothed data is shown in f igure 5-7 for the hottest 

rod thermocouple f rom run 42430A. 

The details of the D A T A R program calculations, as well as the details on the data 

smoothing technique, are given in appendix M. 

The heat transfer coeff ic ient error analysis as previously performed for the 161-rod 

unblocked bundle (f igure 5-8) is applicable to the 21-rod bundle, since the heater rod 

dimensions and mater ia ls are exact ly the same for the f i rs t four test configurations. In 

configurations E and F, the thermocouple diameter was increased to 1.0 mm (0.040 in.) 

f rom 0.69 mm (0.025 in.) and the heating coi l diameter was subsequently reduced, but i t 

is believed that the errors associated wi th these changes are negligible. 
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5-6. COMPARE Prooram 

The COMPARE program was ut i l ized to compare data w i th in a test run, between test 

runs, and/or between test series by p lo t t ing the respective data as a funct ion of t ime. 

The automated comparison of data provided for not only quick and ef f ic ient validation 

of tests, but also thorough analysis of large quanti t ies of data. In the 21-rod bundle 

tests, data f rom approximately 125 tests were validated for the six configurations 

during the testing and rebuilding period of approximately 10 months. 

The COMPARE program was ut i l ized to calculate the heat transfer coef f ic ient ra t io 

between blocked bundles and the unblocked bundle in the analysis of the f low blockage 

ef fec ts , and in the calculat ion of the enhancement fac tor , as described in section 3. 

5-7. SUMMARY OF RLM CONDTTIONS AND TEST RESULTS FOR REFLOOD TESTS 

The as-run conditions and the summary results for the ref lood tests are l isted in 

table 5-3. 

The summary results for the forced and gravi ty ref lood tests include the fol lowing 

in format ion: 

Locat ion of the hottest temperature recorded during the test , which is charac­

ter ized by the radial locat ion of the rod in the bundle and the thermocouple nomi­

nal elevation w i t h respect to the bot tom of the heated length 

In i t ia l and maximum temperatures of the hot rod 

Turnaround t ime, which is the t ime af ter the star t of f looding at which the hot rod 

maximum temperature was recorded 

Hottest rod quench t ime, which is the t ime af ter the star t of f looding at which the 

temperature of the hottest rod started to decrease very rapidly 
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Bundle quench time, which is the time after the start of flooding at which all 

thermocouples in the bundle had quenched. On the average, the thermocouples 

located at the 3.05 m (120 in.) elevation quenched last. 

A sample of gravity reflood test results is provided in paragraph 5-10. 

5-8. HYDRAULIC CHARACTERISTICS TEST RESULTS 

The data from the hydraulic characteristics tests were reduced using the HYCHAR 

program. The HYCHAR program calculated the friction factor, grid pressure loss 

coefficient, and blockage loss coefficient, utilizing the measured steady-state differ­

ential pressures and velocity. The details of the HYCHAR program are provided in 

appendix M. 

The results of the hydraulic characteristics tests for all six bundles are shown in fig­

ures 5-9 through 5-15. Figure 5-9 shows the measured friction factor as a function of 

Reynolds number. Figure 5-10 shows the 0.53 m (21 in.) grid as a function of Reynolds 

number and figure 5-11 shows the 1.07 m (42 in.) grid as a function of Reynolds number. 

Figure 5-11 shows that data from test series A and B were generally above the data for 

the other four bundles. 

This difference is attributed to the grid design, which was modified after the second 

test series to allow the heater rods to grow axially through the grids more easily. The 

dimples on the grid for the outside 12 rods were removed and the dimples for the inside 

9 rods were reduced. The 0, 1.07, and 1.57 m (0, 42, and 62 in.), elevation grids were 

modified in this fashion. On the 0.53 m (21 in.) elevation grid, only the dimples for the 

outade 12 rods were reduced, in order to provide rod-to-rod spacing in the lower half of 

the heater rod bundle. The grids in the upper half of the bundle were not modified. 

Figure 5-12 shows the measured grid loss coefficient for the 1.57 m (62 in.) and 2.11 m 

(83 in.) grids for configuration A. The 1.57 m (62 in.) and 2.11 m (83 in.) grid loss coef­

ficients could be measured only in configuration A because of the relative location of 

the respective pressure tap at 1.83 m (72 in.) and the blockage zone centerline at 
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1.85 m (73 in.). The 2.59 m (102 in.) and the 3.15 m (124 in.) gr id loss coeff ic ients for 

a l l six test series are shovyn in figures 5-13 and 5-14, respectively. The blockage loss 

coef f ic ients for the f ive blocked bundles are shown in figure 5-15. 

The di f ference in loss coeff ic ients between grids was at t r ibuted to the number of steam 

temperature instruments which were attached to each gr id. A complete analysis of 

these hydraulic character ist ics test results is provided in section 6. 

5-9. STEAM COOLING TEST RESULTS 

The data f rom the steam cooling tests were reduced using the STMCOOL program. The 

STMCOOL program calculated the heat transfer coef f ic ient based upon the vapor 

temperature and subchannel f low as calculated f rom the COBRA-IV- I code (appen­

dix A), and the measured heater rod temperatures and power. The details of the 

STMCOOL program and results are presented in section 6. 

5-10. GRAVITY REFLOOD TEST RESULTS 

Sample gravi ty ref lood test results are shown in figures 5-16 and 5-17. Figure 5-16 

shows the bundle flooding rate as calculated f rom a mass balance on the downcomer for 

conf igurat ion A (unblocked) and conf igurat ion E, w i th the long nonconcentric 36-

percent peak strain sleeves. This f igure shows that the bundle f looding rates are 

approximately the same for the unblocked and blocked configurations. Figure 5-17, 

which shows the clad temperature immediately downstream of the blockage for conf ig­

urations A and E, indicates a lower clad temperature for the blocked conf igurat ion. 

These results are consistent for al l the blocked configurat ions. 
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SECTION 6 
DATA ANALYSIS 

6 - 1 . INTRODUCTION 

The data f rom the hydraulic character ist ics tests, the steam cooling tests, and the 

forced ref lood tests were analyzed to the extent necessary to calculate the single-phase 

and two-phase f low enhancement factors. 

The analysis of the hydraulic character ist ics test data includes a comparison to avai l ­

able f r i c t i on factor and grid loss coef f ic ient correlations, and explanations of the 

differences. The measured blockage pressure loss coeff ic ient was compared to the 

calculated pressure loss coef f ic ient of the COBRA-IV-I code simulation of the blockage. 

The analysis of the steam cooling test data encompassed the analysis of the unblocked 

data below the 1.52 m (60 in.) elevation for all six test configurations, and the analysis 

of the data above the 1.52 m (60 in.) elevation for each configurat ion individually. The 

steam cooling unblocked test data below 1.52 m (60 in.) were correlated as a funct ion of 

Reynolds number as previously done for the 161-rod unblocked bundle. The steam 

cooling test data above 1.52 m (60 in.) were combined w i th the calculated f low red is t r i ­

bution f rom the COBRA-IV- I code to calculate the enhancement factor , Ne, as 

described in section 3. 

Simi lar ly, the enhancement factors for the forced ref lood tests were calculated for 

thermocouples in and downstream of the blockage zone as a funct ion of t ime. The basis 

for selecting the blockage sleeve shape projected to provide the least favorable heat 

transfer character ist ics in the large 163-rod blocked bundle is also presented. 
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6-2. HYDRAULIC CHARACTERISTICS TEST DATA ANALYSIS 

The data from the hydraulic characteristics tests were analyzed using a simple hydrau­

lics model and the COBRA code. The calculation of the friction factor and grid loss 

coefficients utilized superheated steam in the COBRA code, and calculations using 

water properties were also performed. In some cases, data correlations are proposed. 

6-3. Bundle Friction Factor 

The friction factor data for the 21-rod bundle and housing have been correlated as 

follows: 

~ f = 1.691 Re-°-^^ for 3 x 10^ < Re < 10^ 

~ f = 0.117 Re-°-l^ for 10^ < Re < 2 x 10^ 

The correlation is plotted with the data in figure 6-1. The data are always higher than 

the Moody friction factor for smooth pipes. The COBRA calculation with steam flow 

for the 21-rod bundle using the Moody friction factor in flow subchannels provides a 

prediction of bundle friction factor, which is also shown in figure 6-1. The predicted 

friction factor is 5 to 30 percent higher than the measured friction factor for approxi­

mately the same Reynolds number range. This predicted bundle friction factor is 

generally higher than the Moody friction factor for smooth tubes, since the irregular 

geometry of the subchannels in the bundle causes nonuniform velocities in different 

subchannels, and therefore induces higher pressure drop. If the data correlation had 

been utilized in COBRA, the predicted bundle friction factor would have been much 

higher; therefore the Moody fricticn factor was used in this analysis. 

The measured and COBRA-calculated (with water) friction factors are shown for two 

Reynolds numbers in table 6-1. The calculated friction factor is only 10 to 15 percent 

lower than the measured friction factor. 
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TABLE 6-1 

CONFIGURATION D CALCULATED AND MEASURED HYDRAULIC 

CHARACTERISTICS 

Re 

5.3 X 10^ 

1.5 X 10^ 

F r i c t i on Factor 

Calculated^^^ 

0.03355 

0.0248 

Measured 

0.037 

0.0293 

Gr id Loss Coef f ic ient 

Calculated 

1.1574 

0.8195 

Measured 

1.46 

1.121 

a. By COBRA-IV-I code using Moody f r i c t i on factor wi th water f low 

6-4. Gr id Loss Coef f ic ient 

The loss coeff ic ient of non-mixing-vane grids in bundles has been correlated by 

Rehme^-'-'' as 

Kj. = Cy e2 

for h i ^ Reynolds numbers, where e is the blockage ra t io of the grid projected cross-

sectional area to the f low area. Through a detai led review of Rehme's data at lower 

Reynolds numbers, a more complete correlat ion has been formulated: 

~ Kj. = 196 X Re"0-^^ e^ f^^ ^0^ < Re < 10'^ 

~ Kj. = 41 X Re" ° - ^^ e^ f ^ j , ^ Q ^ < Re < 10^ 

- Kj. = 6 .5e2 foj. ^05 < ^ g 

1 . Rehme, K., "Pressure Drop Corre lat ion for Fuel Element Spacers," Nucl.Technol. 17, 
15-23 (1973). 
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Comparison of the above correlat ion w i th many other data sets indicates that i t should 

be increased by a fac to r of about 40 percent. The data f rom the 21-rod tests can be 

generally predicted wel l by the above correlat ion when i t is increased by 40 percent. 

Thus 

K = 1.4 Kj, 

The comparisons of data w i th the present predict ion (based upon bundle-averaged e 

and conf igurat ion A geometry) are shown in figures 6-2 through 6-5. For bundles wi th a 

reduced number of dimples (configurations C, D, E, and F), the comparisons are also 

favorable. 

The gr id behind the blockage J2.44-2.74 m (96-108 in.)J may be correlated better by 

K = 1.6 Kj. 

The increase of loss coef f ic ient may be a t t r ibu ted to the fact that the generated wake 

behind the blockage has not decayed completely. 

The COBRA code was modif ied to include the above formulat ion for gr id loss coef f i ­

cient for each subchannel. Al though the above formulat ion is derived f rom the bundle 

averaged condit ion, the comparisons between the data and the COBRA subchannel 

analysis are in good agreement fo r some sample cases. Therefore, the present 

formulat ion could be used in subchannel analysis as wel l . 

The measured and COBRA-calculated grid loss coeff ic ients wi th water f low are shown 

for two Reynolds numbers in table 6 - 1 . The calculated grid loss coeff ic ient is 17 to 

26 percent lower than the measured grid loss coef f ic ient . In a steam f low COBRA 

calculat ion, the calculated gr id loss coeff ic ient was only 10 percent lower than the 

measured gr id loss coef f ic ient (in water f low) at a Reynolds number of 12,000. 
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6-5. Coplanar Blockage Loss Coef f ic ient 

Conf igurat ion C contained short concentr ic blockage sleeves on all 21 rods at the same 

elevat ion. The data fo r this test are shown in f igure 6-6. This type of blockage is 

s imi lar to the gr id , except that the geometry resembles a ventur i rather than an or i f i ce . 

Therefore, the loss coef f ic ient of this type of coplanar blockage was correlated fo l low­

ing the previous gr id loss coeff ic ient formulas. In fac t , the data of configurat ion C in 

f igure 6-6 can be correlated wel l by 

K = 0.7 Kr 

Conf igurat ion B contained short concentr ic blockage sleeves on nine central rods at the 

same elevat ion. Flow bypassed the blockage similar to the f low in two paral lel tubes 

w i t h d i f ferent f low resistances. The same pressure drop was assumed in the blocked 

and the unblocked zones. The overal l loss coeff ic ient was calculated in terms of the 

f r i c t i on fac tor in the unblocked zone and the loss coef f ic ient in the blocked zone. Since 

both sets of in format ion are available, as discussed previously, the overal l loss coef f i ­

c ient can be calculated. For the typical case of configurat ion B, the calculated result 

is 

K = 0.54 Kj, 

As shown in f igure 6-6, the comparison w i t h data is very favorable. 

6-6. Noncoplanar, Concentr ic Blockage Loss Coef f ic ient 

Conf igurat ion D contained a noncoplanar distr ibut ion of short concentr ic blockage 

sleeves on all 21 rods. Since the sleeves were smooth, the f low separation was not 

expected to be very severe. The loss coeff ic ient has been calculated by COBRA using 

the Moody f r i c t i on fac tor fo r the rods and blockage surfaces (which are increased 

because of blockage geometry). The calculated loss coef f ic ient is very close to the 

data, as shown in f igure 6-6 for al l Reynolds number ranges. For this type of smooth 

noncoplanar blockage, i t was concluded that the loss coef f ic ient was due to the increase 

of the skin f r i c t i o n in the blockage zone. 
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6-7. Noncoplanar, Nonconcentr ic Blockage Loss Coef f ic ient 

A similar calculat ion was performed fo r the nonconcentric blockage in configurations E 

and F; however, the calculated loss coef f ic ient was approximately 25 percent and 

50 percent, respect ively, of the experimental results. This di f ference between the cal ­

culated and measured blockage loss coeff ic ients was a t t r ibuted to the f low separation 

which occurs downstream of the bulge. To provide an accurate simulation of the non­

concentr ic f low blockage in configurations E and F, the COBRA-IV- I code was modif ied 

to provide a pressure loss coeff ic ient for each nonconcentric bulge. I t was assumed 

that the pressure loss due to the bulge was a funct ion of distance downstream f rom the 

bulge similar to the heat transfer exponential decay downstream of the grid.^-'^^ This is 

mainly because both the pressure loss and the heat t ransfer augmentation are direct ly 

related to the gradual decay of the turbulence in the wakes along the stream. 

The modeling of the blockage in COBRA-IV- I ut i l ized the modif ied Rehme correlat ion, 

as previously described in paragraph 6-4. This pressure loss coeff ic ient was then d is t r i ­

buted downstream of the bulge u t i l i z ing the relationship 

K a p-0.13 (Z/D) 

such that the local loss coef f ic ient becomes 

g -0 .13(Z /D) j f Z 
D 

and the overal l loss coeff ic ient is 

(L /D) , 
-0.13 (Z/D) YZ 

1 . Yao, S. C , et a l . , "Heat Transfer Augmentat ion in Rod Bundles Near Gr id Spacers," 
presented at Winter Annual Meet ing, Amer ican Society of Mechanical Engineers, 
Chicago, I L , November 16-21, 1980. 
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Therefore, 

C = 
LJD: 

K 

^ -0 .13 (Z/D) YZ 

^ ^ID 

Substituting the above relationship for C into the relationship for the local loss 

coeff ic ient , K j , the local loss coef f ic ient becomes 

K(Z) = 1.4 K 

(Z /D ) , 

( Z / D ) ; 

(L /D) . 

0 

-0 .13(Z/D) . 
e d 

-0 .13(Z/D) <i) 
The Reynolds number and blockage factor were calculated at the elevation of maximum 

blockage. The axial distr ibut ion also includes a simulated entrance loss ef fect w i th 

50 percent of the magnitude of the highest value. The general representation of the 

term wi th in the brackets in the above equation is shown below: 
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The results f rom the COBRA calculat ion (w i th steam) and the hydraulic characterist ics 

tests are shown in table 6-2 for a Reynolds number of 14,000. 

TABLE 6-2 

CALCULATED^^^ AND MEASURED HYDRAULIC CHARACTERISTICS 

FOR CONFIGURATIONS E AND F AT Re = 14000 

Conf igurat ion 

E 

F 

F r i c t i on Factor^°^ 

Calculated 

0.026 

0.026 

Measured 

0.028 

0.028 

Gr id Loss 

Coef f ic ient 

Calculated 

1.04 

1.03 

Measured 

1.1 

1.1 

Blockage Loss 

Coef f ic ient 

Calculated 

2.16 

3.07 

Measured 

2.47 

2.9 

a. U a n g steam in COBRA-IV- I code 
b. COBRA-IV- I code using Moody f r i c t i on fac tor 

Because these results were fa i r l y reasonable, the COBRA blockage modeling described 

above can be ut i l ized in other similar cases. 

6-8. STEAM COOLING TEST DATA ANALYSIS 

The 21-rod bundle steam cooling test data were reduced and analyzed in the same 

manner as the data f rom the 161-rod unblocked bundle.^-*^^ The COBRA-IV- I computer 

code was ut i l ized to calculate the subchannel vapor temperatures and the mass f lows. 

In th is fashion, the ef fects of the houang, the f i l le r rods, and subsequent subchannel 

mix ing could be taken into account. The measured heater rod temperatures and bundle 

power were subsequently coupled w i th the calculated vapor temperatures and mass 

f lows to calculate the corresponding heat transfer coef f ic ients. 

1 . Wong, S., and Hochrei ter , L. E., "Analysis of the FLECHT SEASET Unblocked Bundle 
Steam Cool ing and Bo i lo f f Tests," NRC/EPRI/Westinghouse-8, January 1981. 
NUREG/CR-1533. 
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The steam cooling test data were reduced and analyzed in the fo l lowing tv^o steps: 

The data below the 1.52 m (60 in.) elevation for all six bundles were analyzed 

together. 

The data between the 1.52 and 2.44 m (60 and 96 in.) elevations were analyzed for 

each configurat ion individual ly. 

I t was possible to use the above two steps because the data for all six configurations 

represented the unblocked condition below 1.52 m (60 in.) and could therefore be 

reduced and analyzed together. Also, the COBRA-IV- I model of the blockage zone 

required small nodes 25 mm (1 in.) to accurately calculate the f low redistr ibut ion 

around the blockage sleeves. Since the data below 1.52 m (60 in.) were measured in 

1.52 mm (6 in.) could be approximately 0.30 m (12 in.) increments, a much larger node 

ut i l ized. The data above 2.44 m (96 in.) were not analyzed, since reverse heat transfer 

occurred as a result of the low power at these elevations. The subchannel vapor tem­

peratures and mass f low rates calculated f rom the 0 to 1.52 m (0 to 60 in.) models were 

ut i l ized as boundary conditions fo r the respective 1.52 to 2.44 m (60 to 96 in.) models. 

6-9. Data Reduction Method 

The STMCOOL code (described in paragraph 6-10) was wr i t ten to calculate the local 

Nusselt and Reynolds numbers in the 21-rod bundle test section, based on the calculated 

COBRA-IV-I results and the measured data as shown in f igure 6-7. 

The unblocked data were correlated as a funct ion of Reynolds numbers in the same way 

as the 161-rod unblocked bundle data. The enhancement factor (described in section 3) 

was calculated for the blockage data. The data correlat ion as a funct ion of elevation, 

blockage, and Reynolds number wi l l be provided in a later evaluation report. 

6-10. COBRA-IV-I Models 

The COBRA-IV- I code was set up and run w i th the assistance of Bat te l le Northwest 

Laboratory to calculate subchannel vapor temperatures and mass f lows. Figure 6-8 
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shows the subchannel s imulat ion of the unblocked 21-rod bundle test section for the 

COBRA-IV- I code. The measured pressure, in let steam temperature, in let mass f low 

ra te , and power were ut i l ized as boundary condit ions. The heater rod radial power 

factors based on the measured heater element resistances, and bundle-averaged axial 

power prof i les, as calculated f rom the heater rod qual i ty assurance data, were incor­

porated into the COBRA model fo r each of the six test configurat ions. 

Since the steam cooling tests were conducted at steady state, low power, and low tem­

perature, the energy loss through the housing and insulation was not negligible. This 

energy loss was simulated in COBRA by appropriately reducing the rod heat f lux into 

the 12 peripheral subchannels. The energy loss was a funct ion of bundle power and 

elevat ion, as shown in f igure 6-9. 

6 - 1 1 . STMCOOL Code 

The STMCOOL code was vwit ten to calculate the local Nusselt and Reynolds numbers as 

fo l lows: 

G D , 
Re = - ^ 

where 

Re = vapor Reynolds number 

G = vapor mass f lux 

V^ = vapor viscosity 

D^ = hydraulic diameter 

Nu = Nusselt number 

h = heat transfer coef f ic ient 

K = vapor conduct iv i ty 
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The heat transfer coef f ic ient was given by 

h ^ 
h = T - T 

c V 

where 

q,„ = wall heat f lux 
'W 

t ^ = clad temperature 

Ty = vapor temperature 

The vapor mass f lux, G, was calculated by the COBRA-IV- I code. The measured bundle 

in let steam flow was distr ibuted among the 28 subchannels to maintain an equal pres­

sure gradient. The mass f lux used in the STMCOOL code was the average of the mass 

fluxes in the four COBRA code subchannels surrounding the part icular heater rod. 

The hydraulic diameter, D|^, was defined by a rod-centered subchannel and in the 

STMCOOL code was the average of the hydraulic diameters in the four COBRA code 

subchannels surrounding the part icular heater rod. The vapor properties y and K were 

evaluated at the f i lm temperature, since the wal l - to-vapor temperature difference was 

small [between 6°C and 28°C (10°F and 50°F)]. 

The wal l heat f lux was calculated f rom the measured power as fol lows: 

q" ( i - t h r od , Z) = R. F . ^ -^^ 
\v ' 1 iZTTd 

where 

Rj = rat io of the power of the i - th rod to the average rod power 

F j2 = axial power fac tor of the i- th rod at elevation Z 

—jz ,. nrieasured power (kw) 
q " = average linear power = ^, ^ , „ 
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d = diameter of heater rod 

The clad temperature, T^,, u t i l ized in the above formulat ion was the measured rod 

temperature. The dif ference between using the measured rod temperature at the inside 

surface of the clad and the outside surface temperature as calculated by the DATAR 

code was less than 1 percent of the rod-to-vapor temperature d i f ferent ia l . A l l of the 

measured rod temperatures were reviewed to ensure that steady-state conditions had 

been achieved. I t was assumed that no more than 0.6°C (1°F) change in heater rod 

temperature in approximately 300 seconds represented steady-state conditions. 

The vapor temperature, T^, as previously discussed, was calculated by the COBRA-IV-I 

code. The vapor temperature used in the STMCOOL code was the average of the vapor 

temperatures in the four COBRA code subchannels surrounding the part icular heater 

rod. Vapor temperature measurements were made at various elevations and radial 

positions in the bundle, but i n insuff ic ient quanti t ies for detailed heat transfer calcula­

t ions. However, comparisons of calculated and measured vapor temperatures f rom 0.89 

to 2.46 m (35 to 97 in.) generally showed good agreement, as shown in figures 6-10 

through 6-12 for conf igurat ion C. The subchannel locations for the measured vapor 

temperatures in these figures are ident i f ied in f igure 6-8. 

In the lowest- f low steam cooling tests, the measured vapor temperatures were consis­

tent ly higher than the COBRA-code calculated vapor temperatures. I t was believed 

that condensation in the in ject ion between the f low measurement locat ion and the 

bundle inlet reduced the steam f low through the bundle, and thereby provided higher 

measurements of the vapor temperature than would have been expected. The steam 

f low was subsequently reduced in the COBRA code such that the calculated vapor 

temperature was approximately the same as the measured vapor temperature. The 

measured and calculated vapor temperatures (for both measured and reduced flows) are 

shown in f igure 6-13 for run 41329C. Similar f low reductions were required in the low-

f low steam cooling tests fo r the other f ive configurations, although the percentage 

reduction varied fo r each conf igurat ion as shown below: 
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Conf igurat ion 

A 

B 

C 

D 

E 

F 

Run 

44529A 

43129B 

41329C 

41529D 

43929E 

44029E 

41229F 

Corrected Bundle 

F low Reduction (%) Inlet Reynolds Number 

30.9 1907 

10.6 2396 

23.9 2039 

20.6 2053 

31.8 1879 

34.5 1802 

32.6 1836 

In each of the above tests, the f low was reduced approximately 29 percent except for 

run 43129B, which was reduced 10.6 percent. The measured vapor temperatures and the 

calculated vapor temperatures for run 43129B are shown in f igure 6-14. The measured 

vapor temperatures for run 43129B at the upper elevations were found to be approxi­

mately 11°C to 17°C (20°F to 30°F) lower than the other six low- f low- tes t measured 

vapor temperatures. I t was therefore concluded that this test should not and would not 

be conadered fo r fur ther analysis. 

6-12. Unblocked Region Model Results 

For the unblocked region 0 to 1.52 m (0 to 60 in.) , the 21-rod bundle steam cooling 

data (Nusselt number versus Reynolds number) are shown in f igure 6-15 for all 23 valid 

steam cooling tests. These results are generally greater than the results of the Di t tus-

Boelter turbulent f low heat transfer correlation,^ •' and the results fo r fu l ly developed 

laminar f low in a rod bundle where the Nusselt number equals 7.86.'' •' However, the 

heat transfer results obtained in these tests are approximately the same as the 161-rod 

unblocked bundle results at Reynolds numbers greater than 3000. Data at the lower 

1 . D i t tus , F . W., and Boelter, L. M. K., "Heat Transfer in Automobi le Radiators of the 
Tubular Type." Univ. Ca l i f . . Berkeley Publ. Enq. 2, 13, 443-462(1930). 

2. K im , J . H., "Heat Transfer in Longitudinal Laminar Flow Along Cylinders in Square 
Array, " in F lu id Flow and Heat Transfer Over Rod or Tube Bundles, ASME, New 
York, 1979, pp 155-161. 
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Reynolds numbers, however, were not obtained in the 161-rod unblocked bundle. The 

21-rod bundle corre lat ion, developed f rom a linear regression f i t using 375 data points, 

is represented by 

-̂ ^Y73 = 0.1805 Re°'^^^^ for 1115 < Re < 11075 
Pr 

A comparison of 21-rod bundle, 161-rod bundle, and Dit tus-Boelter heat transfer corre­

lations is shown in table 6-3. 

TABLE 6-3 

COMPARISON OF HEAT TRANSER CORRELATIONS 

Rat io of Nusselt Numbers 

Re 

2,500 

10,000 

Nu (21-Rod)^3) 

Nu (161-Rod)(^^ 

1.047 

0.913 

Nu (21-Rod) 

Nu (DB)(c^ 

1.390 

1.023 

Nu (161-Rod) 

Nu (DB) 

1.330 

1.122 

a. Nu (21-rod) = 0.1805 Re^'^ '^^^ 

b. Nu (161-rod) = 0.0797 Re^-^'^'^^ 

c. Nu (Dit tus-Boelter) = 0.023 Re"^"^ 

The Nusselt number, as normalized to the fo l lowing correlations w i th the same Prandtl 

number, is shown in figures 6-16 through 6-38 as a funct ion of elevation: 

Re > 2500, - ^ 7 T = 0.023 Re°*^ ( D i t t u s - B o e l t e r ) 
Pr ' 

Re < 2000, ^,^ = 7.86 
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Figure 6-23. Heat Transfer From 0 to 1.52 m (0 to 60 in.). Run 43902C 
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Figure 6-25. Heat Transfer From 0 to 1.52 m (0 to 60 in.). Run 41329C 
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Figure 6-27. Heat Transfer From 0 to 1.52 m (0 to 60 in.). Run 412020 
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Figure 6-28. Heat Transfer From 0 to 1.52 m (0 to 60 in.). Run 41103D 
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Figure 6-30. Heat Transfer From 0 to 1.52 m (0 to 60 in.), Run 40601E 
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Figure 6-31. Heat Transfer From 0 to 1.52 m (0 to 60 in.), Run 40102E 
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Figure 6-32. Heat Transfer From 0 to 1.52 m (0 to 60 in.). Run 40503E 
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Figure 6-33. Heat Transfer From 0 to 1.52 m (0 to 60 in.). Run 43929E 
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Figure 6-34. Heat Transfer From 0 to 1.52 m (0 to 60 in.). Run 44029E 
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Figure 6-35. Heat Transfer From 0 to 1.52 m (0 to 60 in.). Run 40901F 
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Figure 6-36. Heat Transfer From 0 to 1.52 m (0 to 60 in.). Run 41002F 
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Figure 6-37. Heat Transfer From 0 to 1.52 m (0 to 60 in.). Run 41103F 
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Figure 6-38. Heat Transfer From 0 to 1.52 m (0 to 60 in.). Run 41229F 



2000 < Re < 2500, ^ ,^ = -8.799 + 0.00833 Re ( l i n e a r 
Pr i n t e r p o l a t i o n betw/een above 

two c o r r e l a t i o n s ) 

Each individual 21-rod bundle heater rod is designated by a le t ter as shown in the 

f igures. 

As shown in these f igures, the data for both corner and inside rods generally "collapse" 

to similar values which are usually greater than the reference correlat ion ut i l iz ing the 

COBRA-code-calculated Reynolds number. The heat transfer data below 1.52 m (60 in.) 

are generally independent of elevation, although the data at the 1.52 m (60 in.) 

elevation are typical ly greater than data at the lower elevations for all tests. This 

increased heat transfer at the 1.52 m (60 in.) elevation may be at t r ibuted to the large 

quant i ty of steam temperature instruments (six) attached to the 1.57 m (62 in.) gr id 

which is immediately downstream of the rod temperature measurements. Most of the 

tests (20 out of 23) provided a normalized heat transfer equal to or greater than 1.0. 

The measured heat f lux and rod temperature, the calculated vapor temperature, the 

Nusselt number, and the Reynolds number at each instrumentat ion location below 

1.52 m (60 in.) for al l valid steam cooling tests are given in appendix K. 

6-13. Blocked Region Model Results 

To determine the ef fects of f low blockage on rod bundle heat transfer, i t was desired 

that the data in and above the blockage region be referenced to the corresponding 

unblocked data. The unblocked heat transfer data above the 1.52 m (60 in.) elevation, 

calculated in the same manner as that below the 1.52 m (60 in.) elevat ion, are plotted in 

f igure 6-39 as a funct ion of the Reynolds number. The Nusselt numbers above the 

1.52'm (60 in.) elevation are generally higher than those below the 1.52 m (60 in.) 

elevat ion. I t is believed that several factors contr ibute to the results above 1.52 m 

(60 in.), which are d i f ferent f rom those below 1.52 m (60 in.). The COBRA-IV-I code 

does not allow for incorporation of individual rod axial power discribution and the heat 

loss f rom the 12 peripheral subchannels would have an integrated ef fect on both the 

vapor temperatures and the veloci t ies, thereby af fec t ing the results at the midplane 

elevations more than at the lower elevations. The COBRA-calculated f low conditions 

6-53 
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Figure 6-39. Nusselt Number Versus Reynolds Number for Configuration A, Above 1.52 m (60 in.) 



for each of the d i f ferent subchannels, as shown in f igure 6-40 for run 44401A at 1.80 m 

(71 in.), indicate a signif icant var iat ion in both the Reynolds number and the vapor 

temperature f rom stfcchannel to subchannel. The corner subchannel is in laminar f low 

while the center subchannel is in t ransi t ion f low. However, in the process of averaging 

the f low conditions to obtain a rod-centered subchannel, the differences among the 

subchannels becomes much less signi f icant, as shown in f igure 6 -41 . 

The Nusselt numbers as normalized to the previous correlations for all the valid steam 

cooling tests are p lo t ted as a funct ion of elevation in figures 6-42 through 6-64. 

As shown in f igure 6-42 for run 44401A, the corner heater rods have a greater normal­

ized heat transfer than the inside rods. However, by increasing the bundle Reynolds 

number f rom 4790 for run 44401A to 11590 for run 44303A, the differences between the 

corner rods and the inside rods become much less signif icant, as shown in f igure 6-43. 

This result may be at t r ibuted to the f low associated wi th each heater rod. In 

run 44401 A, the corner rod is calculated by COBRA to be in laminar f low (Re < 2000) 

while the inside rod is in t ransi t ion f low (Re > 2000); however, in run 44303A, the corner 

rod is in transit ion f low while the inside rod is in turbulent f low (Re > 10000). I f this 

situation actually exists in the bundle, the thermal response of the heater rods could be 

af fected more by the combination of laminar and transit ion flows than by the combina­

t ion of t ransit ion and turbulent f lows. In runs 44401A and 44303A, the normalized heat 

transfer is independent of elevation between the grids at 1.57 and 2.11 m (62 and 

83 in.). The heat transfer does increase downstream of the grid located at 2.11 m 

(83 in.). 

In the coplanar blockage tests of configurations B and C, the normalized heat transfer 

data downstream of the blockage were generally greater than data upstream of the 

blockage, as shown in f igures 6-45 through 6-51 . The heat transfer data downstream of 

the coplanar blockage wi thout f low bypass (conf igurat ion C) were greater than data 

w i th the f low bypass (conf igurat ion B). The improvement in the heat transfer behind 

the coplanar blockage decreases w i th increased distance downstream of the blockage 

and also decreases w i th increased Reynolds number. 
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Figure 6-40. COBRA Subchannel Reynolds Number and Vapor Temperature at 
1.80 m (71 in.), Run 44401A 
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Re = 3142 
"•"VAPOR = 149-5°C (301.2°F) Re - 4945 
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Figure 6-41. COBRA Averaged Subchannel Vapor and Measured Heater 
Rod Temperatures at 1.80 m (71 in.). Run 44401A 
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Figure 6-A2. Heat Transfer From 1.52 to 2.44 m (60 to 96 in.) Run 44401A 
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Figure 6-43. Heat Transfer From 1.52 to 2.44 m (60 to 96 in.) Run 44303A 
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Figure 6-44. Heat Transfer From 1.52 to 2.44 m (60 to 96 in.) Run 44529A 
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Figure 6-45. Heat Transfer From 1.52 to 2.44 m (60 to 96 in.) Run 41401B 
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Figure 6-46. Heat Transfer From 1.52 to 2.44 m (60 to 96 in.) Run 43202B 
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Figure 6-47. Heat Transfer From 1.52 to 2.44 m (60 to 96 in.) Run 41103B 
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Figure 6-48. Heat Transfer From 1.52 to 2.44 m (60 to 96 in.) Run 41201C 
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Figure 6-49. Heat Transfer From 1.52 to 2.44 m (60 to 96 in.) Run 43902C 
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Figure 6-51. Heat Transfer From 1.52 to 2.44 m (60 to 96 in.) Run 41329C 
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Figure 6-53. Heat Transfer From 1.52 to 2.44 m (60 to 96 in.) Run 41202D 
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Figure 6-54. Heat Transfer From 1.52 to 2.44 m (60 to 96 in.) Run 41103D 
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Figure 6-55. Heat Transfer From 1.52 to 2.44 m (60 to 96 in.) Run 41529D 
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Figure 6-56. Heat Transfer From 1.52 to 2.44 m (60 to 96 in.) Run 40601E 
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Figure 6-57. Heat Transfer From 1.52 to 2.44 m (60 to 96 in.) Run 40102E 
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Figure 6-58. Heat Transfer From 1.52 to 2.44 m (60 to 96 in.) Run 40503E 
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Figure 6-59. Heat Transfer From 1.52 to 2.44 m (60 to 96 in.) Run 43929E 
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Figure 6-60. Heat Transfer From 1.52 to 2.44 m (60 to 96 in.) Run 44029E 
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Figure 6-61. Heat Transfer From 1.52 to 2.44 m (60 to 96 in.) Run 40901F 
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Figure 6-62. Heat Transfer From 1.52 to 2.44 m (60 to 96 in.) Run 41002F 



E L E V A T I O N ( I N C H E S ) 

o o o 
o o o 

o 
o o 

o o o 
o o o 

o o o 
o o o 

I 

00 

U i 
oc 
m 
OJ 
O 

«.0000 

3.5000 

3.0000 

2.5000 

2.0000 

1.5000 

1.0000 

0.5000 

0.0 

o 

', 

', 

'. 

', 

IT" 
cO 

o IT-

RUN M 103F 

1 

• 

Q f 

-

( S " 

NONCOPLANAR *-
BLOCKAGE 

o 
00 

M 

B i 

•——•—r^ 

00 

s 

? 
p 

o 

A 

© 
® 
® 

B 

® 
© 
© 
® 

'7-1 ^ 

C 0 

© ® 
® ® 
® @ 
® © 
® ® 

4 

i 
i 

E 

@ 

© 

V 

i 
B 

^ U l ld i *_ 

o o 
CO 

o o o 
00 

o o o o 

o o o 
IM 

o o o 
o 
C5 

ELEVATION (METERS) 

Figure 6-63. Heat Transfer From 1.52 to 2.44 m (60 to 96 in.) Run 41103F 
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Figure 6-64. Heat Transfer From 1.52 to 2.44 m (60 to 96 in.) Run 41229F 



In the noncoplanar blockage tests of configurations D, E, and F, the normalized heat 

transfer tended to have a minimum value near the center of the blockage, that is, at 

approximately 1.85 m (73 in.), as shown in figures 6-52 through 6-64. This could simply 

be a result of the l imi ted amount of data available at this elevation, or i t could be 

symptomatic of the COBRA code f low redistr ibut ion calculations. For example, the 

subchannel velocity as calculated by COBRA could be greater than the actual veloci ty, 

a fact which would consequently increase the Reynolds number and decrease the vapor 

temperature, and thereby provide a lower normalized heat transfer. The heat transfer 

data also tended to have greater rod-to-rod variations as the distance increased down­

stream f rom the blockage center l ine. Within this "envelope" of data, no apparent 

trends were observed. 

The measured heat f lux and heater rod temperature, the calculated vapor temperature, 

the Nusselt number, and the Reynolds number are tabulated for each of the steam 

cooling tests in appendix K. The actual thermocouple locations are shown in parenthe­

ses for the blockage zone thermocouples in appendix K. 

The enhancement factor , as previously discussed in section 3 and defined as fol lows: 

was calculated for the f ive blockage configurations ut i l iz ing the STMCOOL code. Since 

the as-built thermocouple locations varied f rom bundle to bundle as described in appen­

dix N, the unblocked measured heat transfer, h^, and the calculated mass f lux, G^, were 

interpolated to provide data at locations comparable wi th the blocked configurations. 

Review of the measured heater rod temperatures for each of the steam cooling tests 

showed that , accounting for both inlet steam temperatures and power-to- f low di f fer­

ences, 11 of the 20 blocked conf igurat ion tests had axial rod temperature distributions 

below the blockage zone which were di f ferent f rom those of the corresponding 

unblocked configurat ion tests. Also, of the nine tests which had comparable axial 

temperature distr ibutions, four were conducted at Reynolds numbers which were more 

than 26 percent d i f ferent f rom those of the corresponding unblocked configurat ion 
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tests. Therefore, in order to avoid introducing bun die-to-bun die and Reynolds number 

ef fects, the heat transfer data upstream of the blockage region were ut i l ized to calcu­

la te the enhancement fac tor . The upstream heat t ransfa- data for these 15 tests were 

simply averaged, as l isted below: 

RLT, ( N U / 0 . 0 2 3 Re°-8)up3tream 

41201C 

40601E 

40 901F 

43202B 

43902C 

41202D 

40102 E 

41002F 

41003C 

41103D 

40503E 

41103F 

43929E 

44029E 

41229F 

1.20 

1.20 

1.17 

1.25 

0.90 

0.90 

1.25 

1.05 

0.90 

1.10 

1.10 

1.0 

1.4 

1.4 

1.25 

For run 41401B, which could ut i l ize the unblocked conf igurat ion data, a comparison 

w i th the enhancement fac tor based on the upstream data incficated fa i r l y good results 

for the 13 noncorner heater rods, as shown in table 6-4. The e i ^ t corner heater rods 

cfid not provide a good comparison between the two methods of calculat ing enhance­

ment factor . The enhancement factors for each of the blocked conf igurat ion tests are 

shown in f igures 6-65 through 6-84 as a funct ion of elevation vAtU the actual thermo­

couple elevation. The enhancement fac tor based on the upstream heat transfer data is 

denoted on the vert ical axis fo r the above f igures. The enhancement fac tors for the 

coplanar blockage configurations (configurations B and C) fo r the inside heater rods 

were between values of 1 and 1.95 immediately downstream of the blockage and subse­

quently decreased t o values of 0.85 to 1.30 w i t h increasing distance downstream of the 
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Figure 6-65. Enhancement Factor for Run 41401B 
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Figure 6-66. Enhancement Factor for Run 41201C 
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Figure 6-67. Enhancement Factor for Run 43401D 
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Figure 6-68. Enhancement Factor for Run 40601E 
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Figure 6-71. Enhancement Factor for Run 43902C 
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Figure 6-72. Enhancement Factor for Run 41202D 
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Figure 6-75. Enhancement Factor for Run 41103B 
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Figure 6-76. Enhancement Factor for Run 41003C 
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Figure 6-78. Enhancement Factor for Run 40503E 
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Figure 6-79. Enhancement Factor for Run 41103F 



86
-9

 

E
N

H
A

N
C

E
M

E
N

T 
F

A
C

T
O

R
 

o o 

-w
 

\J
>

 
o o 

g
 

o o 

r\
) 

<
ji

 

o o 

un
 

o o o 

'W
 

O
f o o 

o o o o 

03
 

C
 

1 CD
 o 

1.
52

*0
 

1.
60

00
 

1.
80

00
 

m
 

T
 rr
 

0
) u n (D
 d CD
 

-)
 

CO
 

o o •->
 

-
h

 

o 73
 

b ^ h-»
 

V
^ 

ro
 

V
O

 

n
 

m
 

f—
 

m
 J 

a.
00

00
 

—
t 

o z ^^
 

—
( 

m
 

:o
 

^ 
a.

ao
oo

 
,_̂

 

a
. I

* 0
00

 

ra
n 

C
O

 

' 
m

33
 

c
.'

^
U

fj
O

 
I 

I 
» 

* 

o
 

->
1 

3 

•
^ 

-
^ 

C
 

'^
 

o z 

X
 

X
 

a
o 

I
I

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

' 
I

I
I

* 

. 
65

.0
00

 

. 
70

.1
10

0 

@
®

®
 

to
)O

C
cD

W
<

» 

®
®

®
®

@
' 

®
®

@
©

@
o 

©
ro

)0
 

" 

I 
I 

» 
I 

60
.0

00
 

• 
7

5
.0

0
0 

o • 
90

. 
no

o 

• 
8"

^.
'1

00
 

. 
ill

.l
.l

.M
lil

 

• 
' 

.•
 

li
io

.n
ii

ii 



E L E V A T I O N ( I N C H E S ) 

2.0000 

1.7500 

1.5000 

ON 

v^ 
VO 

°c 1.2500 
o t— 
*-> 
< 
^ 1.0000 
t— 
z 
UJ 

X 
UJ 0.7500 
CJ 

0.5000 

0.2500 

0.0 

o o o 
o o o 

o o o 
o o o 

o o o 
o o o 

o 

: 

'. 

'. 

o 

4 15a90 
' • '^5^9A 

R 

P 

r 

L-NOW 
B 

rsDinc 

0 

O 
CO 

• 

5 
t ^ : 

0 o x , , . 

^ ^Ja'V" 

B S » " 
COPLANAR^ 
LOCKAGE n 

H \ 

( ; 

: «• • 

00 

2 

3 

1 

N 

O 
cr> 

A 

© 
® 
® 

8 

® 
© 
© 
® 
® 

C 

© 
® 
® 
® 
® 

t 

t 

» I4i1/I 

<T 

D 

© 
® 
® 
® 
® 

E 

® 
© 
® 

C' 

• 

L 

N 

o 
» <\t 
m 

o 
o o 
cc 

o o o 
00 

o o o o 
§ o o o 

E L E V A T I O N (METERS) 

Figure 6-81. Enhancement Factor for Run 41529D 

o o » 
in 



ELEVATION (I^^CHES) 

8 
o 

o o 
o o o 

o o o 

JL. 

o o o o 

00 

RUN <»3929E 
J 

J 

c 

F K C 

o o o 
ir> 

A 

2 © 
3 ® 

® 

B 

® 
© 
© 
® 
® 

C 

© 
@ 
® 
® 
® 

D 

® 
® 
® 
® 
® 

o 
o 
o 

d 
o 

GRIDS 

^ NONCOPLANAR ^ 
BLOCKAGE 

t » * » « ^ « * ^ ^ ^ 

8 
o 
«0 

8 o 
00 

8 8 
5 o 
o <>< 

• • 

ELEVATION (METERS) 

Figure 6-82. Enhancement Factor for Run 43929E 

8 
o 

o 



ELEVATION (INCHES) 

ON 
I 

2.*'*00 

X 2.2500 
< 
UJ 
oc 
t^ 2.0000 

g 1.7500 

< 
1.5000 

UJ 1.2500 
o 

< 

z 1.0000 

0.7500 

8 o o 
o 

8 
o 

8 
o o o 

o o o o o 
o o o 

o o o 

0.5000 

1 ] 
1 1 
T 

1 

4 ', 
T 

I 1 

X 

• * 

• * 

i 

1 [ 
I * 

1 * 

1 • 

' *'v * 

p 

J 

1 ° 
c 

T 

o n 

RUN 44F029E 

J 
K 

« 

ft 

H 

N 
H 

NON( 
BL 

S 

r«oir>t« 

o 
00 

c 

L 

^ 1 
3 

I 

N 

COPLANAR ^ 
OCKAGE 

»? 1 . . . 

N '. 

N 

00 

2 

3 

4 

© 
J?) 
® 

o 

d) 
© 
© 
@ 
® 

« 

(S ® 
@ ® 
© ® 
® ® 
® ® 

o c 

1 

E 

® 
© 
® 

i 

( 
T 

—j 

o 8 
o 

8 
S 8 

o 
<\1 

» - «\J AJ 

ELEVATION (METERS) 

Figure 6-83. Enhancement Factor for Run 44029E 

8 
o 

8 



ELEVATION (INCHES) 

ON 
I 

o 
N5 

2.5000 

2 2.2500 

UJ 
oc 
(/) 2.0000 

3 

g 1.7500 
»-

< 
^ 1.5000 

UJ 1.2500 

1.0000 

0.7500 

0.5000 

o 

8 
S 

o o o 
o 

O 

o 
0 ^ o o o o 

i n 
00 

o o 
o o 

" 0 
O 
O 

1 

'. 

'. 

'. 

* 

1 

, : 

J 

RUN |\[^^3F 

D 

w 

T 

C 

0 

F 

wO ' 

X 

0 

s 
c > 

BS ' 

#^r»irkf» 

1 
^ NONCOPLANAR ^i 

BLOCKAGE 

* *^ 

: 1 
^p : 

I 

B ' G 

i N 

• " ' \ 

G ! 

* 

s 

0 

c 

H 

H 

N 
L 

H 

H 

PI 

A B C D E 

1 ® © ® 
2 © © @ ® ® 
3 ® © 0 ® @ 
4 ® @ ® ® ® 
5 ® ® ® 

^ 

o 
<M 
M^ 

8 
o u> 

o o o 
00 

8 
o o 

8 
o 

ELEVATION (METERS) 

Figure 6-84. Enhancement Factor for Run 41229F 

8 
o ir> 



TABLE 6 ^ 

(X)KPARE(DN OF EN HAN (3E NE NT FA(rrORS, RUN 41401B 

Noncorner 

Rod and Elevation 

4C 1.70 m (67.1 in.) 

3C 1.78 m (70.2 in.) 

4D 1.79 m (70.5 in.) 

3C 1.81m (71.1 in.) 

3E1.83 m (72.1 in.) 

3C 1.88 m (74.2 in.) 

2C 1.90 m (75.0 in.) 

3D 1.91m (75.2 in.) 

2B1.96 m (77.1 i a ) 

3 D 1.96 m (77.1 in.) 

2C 1.98 m (78 in.) 

3B 2 .01m (79.3 in.) 

3D 2.01 m (79.2 i a ) 

3A 2.01m (79.3 in.) 

Enhancement Factor 
— 1 

Bundle A Data 

1.15 

1.09 

0.99 

1.11 

1.05 

1.28 

1.29 

1.50 

1.12 

1.43 

1.18 

1.05 

1.29 

0.93 

Upstream Data^^^ 

1.075 

1.01 

1.15 

1.03 

1.04 

1.13 

1.21 

1.40 

1.27 

1.35 

1.10 

1.0 

1.21 

0.98 

a. Nu/0.023 Re^'" =1.25 

blockage. However, the enhancement factors for the corner heater rods were generally 

less than a value of 1 if the blocked data were normalized by the corresponding 

unblocked data, and conversely, were generally greater than that of the inside rods if 

the blocked data were normalized by the upstream data. The enhancement factors fo r 

the inside heater rods were consistently greater for the coplenar blockage configuration 

without flow bypass than fo r the configurat ion w i th flow bypass. 

The enhancement factors for the noncoplanar blockage configurations (configura­

tions D , E, and F) for both the inside and corner heater rods varied signif icantly i n 
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magnitude w i th in and downstream of the blockage. In reviewing the data, there 

appeared to be no consistent relationship between the enhancement factor and the 

blockage sleeve locat ion. The noncoplanar blockage ds t r ibu t ion would cause the ther­

mal response of the heater rods to be af fec ied by adjacent blockage sleeves. However, 

a f a i r l y consistent t rend observed was the relat ionship between the local COBRA-

calculated Reynolds number and the enhancement fac to r . As the local Reynolds num­

ber decreased, the enhancement fac tor increased, although not necessarily proport ion­

a l ly . This is qui te ami la r t o the coplanar blockage cases, in which the improvement in 

the heat transfer generally decreases w i th Reynolds number. These enhancement 

factors wi l l be correlated as a funct ion of elevat ion, Reynolds number, and blockage fo r 

publication in the data evaluation report . 

6-14. FORCED REFLOOD TEST DATA ANALYSIS 

The fo l lowing paragraphs discuss COBRA amulat ion of the tests and calculat ion of the 

enhancement fac to r . 

The enhancement factor (Ne) was defined in section 3 as 

^ = ( % y ^ (6-1) 

according to the Hal l and Duf fey approach. The subscripts b and o represent the 

blocked and inblocked bundles, respect ively. The heat transfer coeff ic ient (h) is 

obtained f rom D A T A R code results, G is mass f lux, and m is a constant exponent, which 

could be 0.8 if the Di t tus-Boel ter correlat ion is used as a basis. 

6-15. COBRA-IV- I Simulat ion 

The f l u id f low condit ion above the quench f ront during a ref lood test is a dispersed 

nonequil ibrium f low. The local mass f low rate and qual i ty are also changing wi th 

t ime . Even though an ideal amula t ion of the f low above the quffnch f ront should 
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include al l these ef fects , some of them may be second-order for the present purpose 

and the problem can be simpl i f ied s igni f icant ly. 

Since the dispersed droplet f low usually has a high void f rac t ion , the f low can be rea­

sonably assumed to be single phase. Since droplets resist f low diversion at blockages, 

this assumption wi l l give conservative results in the enhancement factor calculat ion. 

The mass f low and heat addit ion ef fect have been studied by Westinghouse,^^^ EG&G,^^' 

and Pre lewicz,^^ w i th the fo l lowing results: 

Mass f low rate change does not a f fec t f low redistr ibution at the blockage in any 

signif icant way. 

Heat addition can change f low redistr ibut ion to some extent, but the ra t io between 

the blocked bundle and unblocked bundle (Gj^/G^) is not affected signif icant ly. 

Based on the above observations, i t was decided to simulate the ref lood test as a single-

phase steam f low test w i th a constant f low rate and isothermal condit ion. For this 

case, equation (6-1) can be wr i t ten as 

o \ o 

where u = velocity. 

1 . Presentation at FLECHT SEASET PMG meeting, Washington, DC, November 6-7, 
1980. 

2. Ogden, D., "Evaluation of FLECHT SEASET COBRA IV-I Flow Blockage Model", 
EG&G-CAAD-5376, March 1981. 

3. Prelewicz, D. A., and Caruso, M. A., "Evaluation of Flow Redistr ibution due to Flow 
Blockage in Rod Bundles Using COBRA Code Simulat ion," ERPI-NP-1662, 
January 1981. 
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The simulated f low conditions are summarized in table 6-5. Because of the noncoplanar 

blockage distr ibut ion, the ent i re cross sect ion of the bundle was simulated as indicated 

by channel and rod numbers in f igure 6-85. The simulated axial length was 1.75 m 

(69 in.) between the 1.30 and 3.05 m (51 and 120 in.) elevations, as incficated in f i g ­

ure 6-85. The axial node length was taken to be 25 mm (1 in.) 

TABLE 6-5 

C(DBRA SIMULATION FLOW CONDITIONS 

1 Pressure 

F lu id temperature 

Flow rate 

Linear velocity 

Re 

Power 

0.28 MPa (40 psia) 

Sl ight ly superheated steam 

453 kg/m^-sec (1000 Ib / f t ^ -h r 

~ 9.1 m/sec (30 f t /sec) 

= 12,500 

Isothermal 

This node length should provide reasonable simulation.^ ' Flow blockage was simulated 

by flow area variat ion only in configurations B through D, and wi th both f low area 

var iat ion and pressure loss coeff ic ient fo r configurations E and F, as previously 

described in paragraph 6-7. The gr id loss coeff ic ients were estimated based on Rehme's 

method. The input parameters for the COBRA amula t ion , including area, gap varia­

t ion, and pressure loss coeff ic ient tables, are provided in appendix A . 

6-16. Determinat ion of Enhancement Factor 

I t was found that the c i rcumferent ia l temperature var iat ion on rods was not agn i f icant 

(see appendix I) and the temperature on a rod was af fected by the f l u i d f low in the four 

adjacent subchannels. Therefore i t is logical to use the average f lu id f low ra te in the 

four channels surrounding a rod. That is, rod-centered subchannels (f igure 6-86) should 

1 . Let ter to R. E. Ti l ler f rom J . A . Dearien, January 12, 1981. 
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HEATER ROD 

(a) FLOW-CENTERED SUBCHANNEL 

o 
o HEATER ROD 

o 
(b) ROD-CENTERED SUBCHANNEL 

Figure 6-86. Subchannel Definitions 
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be considered in calculat ing the enhancement factors. The f low rate in the rod-

centered subchannels are calculated by the COBROD code, which reads the COBRA 

results and obtains rod-centered subchannel average f lows. 

The computer program COMPARE has been modi f ied to calculate the enhancement 

factor according to equation (6-1). A schematic diagram of the logic used to calculate 

the enhancement fac to r is shown in f igure 6-87. The result ing enhancement factors 

using m=0.8 fo r the reference tests 28 mm/sec and 0.28 MPa (1.1 in./sec and 40 psia) 

are presented in figures 6-88 through 6-132 for configurations C through E. 

The enhancement factors fo r configurations B and F for the reference tests and conf ig­

urations B through F for other test conditions 23 mm/sec and 0.28 MPa (0.9 in./sec and 

40 psi a) are presented in appendix O. 
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Figure 6-115. Enhancement Factor for Run 42615D, Rod 3B, 2.13 m (84 in.) Elevation 
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Figure 6-118. Enhancement Factor for Run 41515E, Rod 4C, 1.52 m (60 in.) Elevation 
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Figure 6-119. Enhancement Factor for Run 41515E, Rod 2A, 1.68 m (66.3 in.) Elevation 
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Figure 6-123. Enhancement Factor for Run 41515E, Rod 3B, 1.96 m (77.1 in.) Elevation 
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Figure 6-124. Enhancement Factor for Run 41515E, Rod 3B, 1.98 m (78.1 in.) Elevation 
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SECTION 7 
CONCLUSIONS 

The objectives of the 21-rod bundle f low blockage test program were judged to have 

been successfully met . Thermal-hydraulic data f rom one unblocked 21-rod bundle 

configuration and f ive blocked 21-rod bundle configurations, including both coplanar and 

noncoplanar blockage distr ibut ion, were obtained and analyzed. The selection of the 

long nonconcentric blockage sleeve for use in the large 163-rod blocked bundle was 

based on the measured 21-rod bundle reflood heat transfer data and the calculated 

COBRA-IV-I code f low redistr ibut ion. The long nonconcentric blockage sleeve was 

projected to provide the least favorable heat transfer characteristics in the large 

163-rod blocked bundle. 

In addition, isothermal characterist ics tests and low-power, low-temperature steam 

cooling tests were successfully conducted on al l six bundle configurations. The results 

from the hydraulic characterist ics tests were ut i l ized to provide a good simulation of 

the 21-rod bundle in the COBRA-IV-I code. The single-phase steam cooling tests w i l l 

provide the basis for evaluating the two-phase reflood data and developing a blockage 

heat transfer model. 

As wi th all experimental programs, some factors which are not typical of PWR behavior 

do exist in the 21-rod bundle data; however, they are not believed to l imi t the useful­

ness of the data. The small size of the 21-rod bundle test fac i l i ty tends to enhance the 

housing or wall ef fects. The wal l , although heated, st i l l provides a radiation heat sink 

to the heater rods. The radiation effects were minimized for the central nine rods by 

heating the housing and having the 12 remaining rods acting as guard heater rods. 

Since the test philosophy was to obtain very repeatable test conditions, the blocked 

data can be normalized by the unblocked data. In this fashion, the additional radiation 
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e f fec t of the housing would become a second-order e f fec t for the normalized heat 

transfer data for the outer rods and an even smaller e f fec t fo r the central nine rods. 

Normal izat ion of the data is perhaps the simplest method for examination of the f low 

blockage ef fects on the result ing heat transfer. I f the 21-rod bundle were to be 

modeled w i t h a best-est imate computer code, then the additional radiation heat sink 

e f fec t would have to be modeled in that code. Again, since the test philosophy was to 

repeat test conditions exact ly f rom conf igurat ion to conf igurat ion, the computer code 

could be normalized to the unblocked data, and then used to analyze the blocked data. 

The housing ef fects in each test are essentially the same. 

The gravi ty ref lood scoping tests apparently have higher f looding rates than expected. 

The resul t is a masking of the ef fects of f low blockage. Approximate scaling of the 

loop resistance and est imat ion of the steam binding ef fect were apparently insuff ic ient 

to compensate for the large flooding rates into the bundle. However, the 21-rod bundle 

gravi ty ref lood data are s t i l l valuable and can be used as a code assessment tool for 

grav i ty ref lood situations. 
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APPENDIX A 
COBRA MODEL 

COBRA-IV- I was ut i l ized extensively in determining the sleeve type for the use in the 

large bundle test . This code is wel l summarized in the 21-rod bundle task plan.^ -̂  In 

this appendix, pert inent in format ion is provided for all blockage configurations tested in 

this program. 

The input for conf igurat ion A is shown in table A - 1 , which includes all parameters of 

bundle geometry and thermal hydraulic variables. The simulation of the bundle was 

performed by the imp l i c i t method w i th inlet f lows specif ied, and the results were 

wr i t ten on a catalog tape. This catalog tape was used to provide in i t ia l conditions for 

the simulations of configurations B through F. These bundles were simulated by the 

expl ic i t method w i th the in i t ia l conditions using a pseudo-flow transient case. The 

input for the area and gap variations for the bundles are provided in tables A-2 through 

A -6 . The input for the pressure loss coeff ic ients for the grids and the blockage sleeves 

are provided in tables A-7 and A-8 for configurations E and F, respectively. 

1 . Hochrei ter, L.E., et a l . , "PWR FLECHT SEASET 21-Rod Bundle Flow Blockage Task: 
Task Plan Report , " NRC/EPRI/Westinghouse-5, March 1980.NUREG/CR-1370. 
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TABLE A-1 

INPUTS FOR CONFIGURATION A 

IW.MART or IIU>UT OfTICIIS 
(ROUP H I 112 US »U NS M HT N t U9 

i r i i o o o o o o 
2 0 0 0 1 l O D O O 
1 2 0 0 0 0 0 0 0 0 
« 21 21 o o o o o o o 
7 2 0 S 3 S 0 0 0 0 
• 2 S 2 S o o o o o o o 
9 0 0 0 0 0 0 0 0 0 
10 0 0 0 0 0 0 0 0 0 
11 0 1 0 0 0 0 0 0 0 
12 0 0 0 0 0 0 0 0 0 

r i U I * PROPfRTT TABLf 
vr 

> 
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1S.0 
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2S.0 
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2S0.S0 
267.SO 
274.50 

. 0 1 6 7 0 

.ouao 

.0U90 

.01700 

.0t>10 

.01710 

.01720 

VG 

2«.2«000 
20.09000 
U . 30400 
IS.7(100 
11.«0000 
lO.SOtOO 
0.40S00 

Hr 

1J1.1* 
201.12 
21<.»S 
22t.04 
2)4.U 
24S.S1 

•UMRHiAT iR I T f A H f-MUt-CMTUI AT 4 0 . 0 0 P l l 

H6 

11S0.V0 
11SA.40 
1U0.70 
1U4.S0 
1U7.40 
tU».70 
1172.JO 

T 
>f6 7 
2«7.1 
271.4 
269.4 
SbO.S 
SSS.7 
iU.t 
400.0 

H 
• T U / I B H 

1U0.7 
117S.« 
1101.4 
1107.1 
120S.I 
1220.2 
12J».S 

UIU/IUH-R 

.sso 

.522 

.516 

.505 

.4»5 

.409 

.409 

CU ri/lOH 
10.4992 
10.41(0 
lO.tidI 
11.0471 
11.5127 
12.1014 
12.«274 

Vise. 

.07900 

.07900 

.07900 

.07900 

.07900 

.07900 

.07900 

K7 

.04710 

.04710 

.047C0 

.04700 

.04700 

.04710 

.04710 

VlfC 
IbH/M-NR 

.0519 

.0525 

.0SS2 

.OSSl 

.OS57 

.0575 

.0594 

tICHA 

.ObOOO 

.OLOOO 

.OLOIIO 

.OLUlli) 

.btuiii) 

.Olubd 

uru/im-ri-
.0111 
.0111 
.0145 
.OUl 
.0177 
.0114 
.0194 

I'M 
f 
l . l l t l 
1.04 
1.0) 
1.02 
1.('() 

.V>> 
M 

7RICTI0N 7ACT0R COftMCLAYioll 
CHAHUCL T«ff 1 fMICT •• IIANIMM 07 ( 
CUAIiUtL lift 2 rmcT • I U M I I J M or ( 
CHAMIJfL UH i rRICf • tUHIIIUH Or ( 
CHAHNIL TTf-l 4 rNICI • IIAMIIUIH Or I 

.S40*RI**( - .2501 

.S(0'Mi*<( -.2501 

.S(O^NI**l -.2S0) 

.S40'kl"l •.2}0> 
NALL VIICOIIIV CCltlifCIIl'li TO rMICIION rACTOI I I IlKLUIifO 

lINCLt niAlf HIAI THAItirtN IbliNtlAIION 
HriLM • K/ft< .02S'<li-*< .IbUt^fR*** ,400) « O.OUU) 

* O.OOOO UK e4.ll.i(i-l.ii'*l-1.Ulii)) • u . l Il > 
« O.OIMJO OI4 t; . iuMi-t .£'*(- i . ( i i i . i ) * o.iiii.iu > 
* O.OllllO Oh 4(.(i(MlKii«*l-1.Uli<l> • O.DiiiUI ) 
* O.OOUO ON ((.0UU'l.f**(-1.UUU> * O.OOuO > 

TUO-PHAII rLOU CODMILATIOMI 
NO IU3C00LIR VOID COAAIIATION 
HOHOCfMIOUS bULK VOIl MOML 
IIOMOfilHIOUl »IOI<(L rAICTICN HULTIPLIIR 



&7»' 
l^i'1 
Ilf 
l»t'l 

111-
•KIO) 

0VII4 

|{ 
It 
02 
91 
(I 
I 
• 

•OH 
1INNVH1 

»»•' 
•6»' 
in' 

Olf 

(ir 
•<4I0) 

n 
ft 
61 
t1 
ll 
I 
t 

•Off 
o«i4 iimirii) 

Ilf 

9H'l 
flf 
o;»' 
os»' 
tif 

92 
22 
• I 
»l 
01 
9 
2 

'OH 
I'l iirmvii} 

toj-
6?('l 
(6l'l 
nr tit' 
100'I 
191' 

tz 
12 
21 
tl 
« 
t 
I 

•OH 9VII4 iinnvH) 
I MAI IIII«<<I 

ttr »»•»' 651' (Vll) H9II9J01 
t 2 I 'OH MAI «|}V<fl 

¥IV« VJJVrft 

(pno*o'i'"o*o'o 
(I'lrrn'cciro'o 
(iiiii)-ii't'iMro'o 
(P'i(»M)'i'i'irn'o 
((MHj-o'inrinro 
(oii'j'o'f'm'o'o 
(ono'o'o'io'o'D 
(OnO'O'OtiO'O'O 
(O'lO'O'POO'O'O 
(ono'o'n"0'o'o 
(OOO'O'OOO'O'O 
(mio'O'i'oo'o'o 
(OOO'O'OOO'O'O 
(OOO'O'dOO'O'O 
(OOO'O'OOO'O'O 
(OOO'O'OOO'O'O 
(OOO'O'OOO'O'O 
(OCO'O'POO'O'O 
(OOO'O'OOO'O'O 
(OOO'O'OOO'O'O 
(OOO'O'OOO'O'O 
(OOO'O'OOO'O'O 
(OOO'O'OOO'O'O 
(OOO'O'090'O'O 
(OOO'O'OOO'O'O 
(OOO'O'OOO'O'O 
(OOO'O'OOO'O'O 
(OOO'O'OOO'O'O 

xnoo'o'ono'o'o 
)(i"")'n'ii»o'ii'« 
)(Ci'i|'ii'iiii'»'i)'0 
)(i"Mni'(iiMnt'o 
)(i"0'n'iiiio'n'o 
) (imO'O'flOO'O'O 
) (fiiMj'o'niMro'o 
xiii")'0'noo'(»'o 
XPno'O'noo'O'O 
XPi'0'0'000'0'0 
ximo'o'000'0'0 
XPl'O'O'OOO'O'O 
)(«oo'o'n"0'o'o 
)(OOO'O'OOO'O'O 
XPOO'O'OOO'O'O 
)(OOO'O'OOO'O'O 
XOOO'O'OOO'O'O 
)(OOO'O'OOO'O'O 
XOOO'O'OOO'O'O 
XOOO'O'OOO'O'O 
XOOO'O'OOO'O'O 
XOOO'O'OOO'O'O 
J(OOO'O'OOO'O'O 
XOOO'O'OOO'O'O 
)(OOO'O'OOO'O'O 
XOOO'O'OOO'O'O 
XOOO'O'OOO'O'O 
XOOO'0'610' '6 

xnoo 
) (P'<0 
I (PilO 
XI'OO 
XOO') 

xnoo' 
XOOO' 
XOOO' 
XOOO' 
XOOO' 
XOOO' 
XOOO' 
XOOO' 
XOOO' 
XOOO' 
XOOO' 
XOOO' 
XOOO-
XOOO' 
XOOO' 
XOOO' 
XOOO-
XOOO-
xooo-
xooo-
xooo-
XOOO' 
XOOO' 

'O'OOO'O'O 
•O'ono'O'O 
O'OilC'O'O 
O'OOO'O'O 
•O'OOO'O'O 
o'eei* '« 
O'lti' '92 
o'oto* 'il 
O'OOO'O'O 
0'22l' •« 
0'22r 
0'22r 
0'2ll 
0'6J0 
O'OOO'O'O 
0'22r ^61 
0'22l 
o'm 0'22l 
O'9/l ,. 
O'OOO'O'O 
0'22r '21 
0'22l' 'U 
0'22l* '01 
0'6S0' '»l 
0'22l' 'I 
O'Jll' '9 
o'oto* '» 

XOOO'O'OOO'O'O » 
X000'0'6«0' '12 » 

'il 
XOOO'0'22r 
X000'0'22l' 
X000'0'92r 
XOOO'0'22r 
)(O0O'0'22l* 
XOOO'0'22r 
X0O0'0'22r 
XOOO'0'22r 
XOOO'0'22l' 
xooo'o'eir 
xooo'o'ier 
XOOO'0'22l* 
XOOO'O'OIO' 
XO0O'0'6S0' 
X000'0'9il' 
X000'0'6W 

'21 » 
'91 » 
'0? ) 
'»l» 
'«l» 
'H } 
'll» 
'01 ) 
'tl» 
'I 7 

(S)HV1II4 4I0H1H}3 '9H|)V<>t "OH IINHVHI lNI)Vr4V| 

tiittr 
2»»«St* 
2»»6«f 
6^2t{l' 
970912' 
6<629»^ 
6/629>^ 
990912' 
l»»6tf 
»<629»* 
64629*' 
6<629»* 
62629»^ 
2»»»tf 
l»»6Jf 
6I62?»' 
6<629»' 
6<629»' 
6/629f 
2»»6tf 
990912' 
6/629»* 
6/629»* 
990912" 
6»2tJl* 
2«6tf 
2»»6Jf 
6t2ttl' 

(HI) 
II11HVI4 
)linVII4AH 

000»l»' 
000»;7' 
0007/9' 
ono>i»' 
000149' 
OOOS/l'l 
000521*1 
OOOlll' 
0007/9' 
0005/rI 
0005/I'I 
0005/rI 
0005/1'I 
0007/9' 
0007/9' 
0005/I'I 
0005/1'I 
OOOS/l'l 
0005/I'I 
000»i9' 
000119' 
OOOt/l'l 
0005/1*1 
000191' 
000»l»' 
0007/9' 
0007/9* 
OO0717' 

(HI) 
•HI1IS4 
411«}H 

0n()2?0'2 
oi">?nt'i 
Oii'tjDS'l 
0(inZ70'2 
0110777'I 
Oi.'05/l'l 
0005/I'I 
OllO>»»'l 
000201'I 
0005/l*I 
0005/rI 
OOOS/l'l 
OPOS/l't 
ouozof'i 
Odozot'i 
0005/1'I 
OOOS/l'l 
000511*1 
0005/1*1 
000205*I 
0IJ0777* I 
0005/1*1 
0005/rI 
000»»>*I 
000290*2 
01)0201*1 
000201*1 
000290*1 

(HI) 
'1111134 
431tsn 

000»/0* 
000/ll* 
000/II* 
ono»/o* 
0009/0' 
000711' 
0007tl* 
0009/0* 
OOO/ll* 
0007tl* 
0007tl* 
000751* 
000»tl* 
OOO/ll* 
OOO/ll* 
0007CI* 
000751* 
0007tl* 
000?tl* 
OOO/ll* 
0001/0' 
0009tl* 
000951* 
0001/0* 
0006/0* 
OOO/ll* 
000/iI' 
0006/0* 

» 
t 
c 
9 
( 
I 
I 
t 
C 
I 
I 
I 
I 
c 
( 
I 
I 
I 
I 
c 
2 
I 
1 
t 
9 
C 
C 
• 

•2 
22 
92 
52 
•2 
t2 
22 
12 
02 
«l 
•1 
21 
91 
SI 
•I 
tl 
21 
ll 
01 
6 
9 
2 
9 
t 
» 
C 
2 
I 

(HI-OS) -OH 
VSaV 1441 IIIRIVH) 
V1V4 in4Ht lINNVHjanS 

000*1 OOO'l 
000*1 OOO'O 

umi lAiivili V* 
NOtllMUlll* mil IVIH 

V NouvynoiJNOo yoj siridNi 

(̂uoo) T-V 3iaVl 



TABLE A-1 (cont) 

INPUTS FOR CONFIGURATION A 

> 

SPACER TVPI 2 
CIIAI.:J<L 

NO. 
1 
5 
9 

IS 
17 
21 
25 

I IRAG 

cocrr. 
. l i t 

1.792 
.313 

1.0(2 
.071 

1.71-2 
.loi 

SPACER TYPE 3 
CHANNEL 

NO. 
1 

s 9 
IS 
17 
21 
2S 

IRAC 
coErr. 

.744 
1.572 

.313 

.114 
1.254 
1.792 

.149 

ROb IL.'UT DATA 
fia» 

I^O. 
1 
2 
S 
4 
S 
6 
7 
1 
9 

10 
11 

12 
13 
14 
IS 
11 
17 
11 
14 
2<) 
21 
it 
\ l 
t^-* 

li 

TYPE 
HO. 

blA 
( I I I ) 

.2200 

.37(0 

.37(0 

.37(0 

.2200 

.37(0 

.37(0 

.57(0 

.37(0 

.37(0 

.37(0 

.37(0 

.37(0 

.37(0 

.37(0 

.37(0 

.37(0 

.37(0 

.37(0 

.37.'0 

.?...i I 

.5./;.! 

.t/.'.!! 
:ir 1 

-.' ^ ' 

CIIAI..J^L 
NO. 

2 
6 

10 
14 
111 
22 
2J 

CHAIIIIEL 
HO. 

2 
6 

10 
14 
11 
22 
26 

bMAO Cll/.l. 
cotrr. iju 

.313 3 

.4v4 7 

.UJl 11 

.313 14 

.0 /1 IV 

.tA 23 

.311 2 / 

ILL 

, 

DRAG CHAHHEL 
COEFr. HO 

.313 3 

. 4 5 0 7 

.114 11 

.313 IS 

.444 19 

.694 23 

.313 27 

liMAIj CIIMI4.IEL I'llAa 
cotrr. 

.315 

.4:>0 
I.2S3 

.313 

.4 .0 
• Cvi 

.an 

110. 
4 
I 

12 
16 
20 
2̂ ; 
.•:J 

CUtFF. 
.0(15 

1.372 
.0)3 
. u ; 
• J i i 

1.1/2 
.r.i. 

ORAG CHAHNEL RRAC 
COEFr. 

. 313 

. 4 5 0 

.444 

.315 

. 4 5 0 

. 4 5 0 

.313 

NO. 
4 
I 

12 
16 
20 
24 
21 

RAblAL POUEM TNACTIOH 07 POUER TO 
rAcioM 
O.fluiiO 
l . t i i i iO 
1 .bllllO 
I.OildO 
0.01)00 
I.OOdO 
1 .OOilO 
1.0(11 JO 
t.OiiiiO 
l .ddiiO 
1 .ouu 
l.di.lK) 
1.1.1,1.,) 
i.d.ii,n 
l.d,i„a 
l.diiiO 
l .d.„i) 
1.1,. .) 
1.1 1 
1.1 1 
U.l 1 
1.1 1 
1.1 1 
1.1 1 

.S000( 
1000( 
2S0O( 
3200( 
5000( 
1(I00( 
2S00( 
2S0O( 
2S00( 
lL0O( 
2S00( 

'e'Aioi 
2'.,dii( 
2-.liil( 
2^li,l( 
ajij.i( 
L'',i>.l( 
L''Jiiii( 
::t.|j.i( 
; . . i . i ( 
'. .!< 
; .1 .( 
; • , . < 

\- . .( 
: A 

1) 
1) 
2) 
3) 
4) 
1) 
5) 
6) 

)) 
4) 

«) 
10) 
11) 
12) 
13) 
IS) 
U ) 
17) 
1(1) 
1v» 
ai) 
j i ) 
; • ; > 
; i ) 
L.) 

. 5 0 0 0 ( 

. 3 2 0 0 ( 

.2S00( 

.11001 

. 50001 

. 2 5 0 0 ( 

. 2S00 ( 

.25001 

.2S00( 

.2S00( 

.2S00( 

.2MiO( 

.2! idn( 

. 2 M m ( 

. 2 M m ( 

.2Miq ( 

.2: ido( 
.2',liO( 
.2 ' . i io( 
.3Jii»< 
. i lu iK 
.l'Mlil( 
• i'Mil 
. ; • : . . . ( 

.',..,.)( 

S) 
2) 
3) 
4) 
1) 
S) 
6) 
7) 
1) 
1) 

10) 

11) 
12) 
13) 
14) 
1.) 
17) 
1u) 
IV) 
.ill) 
i'A 
i J ) 
L't) 
: • • . ) 

ij) 

COEFF. 

l l 3 7 2 

i!ooi 
.684 

ADJACENT CHAHHELl (A»J. CIIAt.NLL HO 

O.OU(iO( 
.25UO( 
.2S00( 
.25001 

0.00d0( 
.3200( 
.2Sd0( 
.2sno( 
.25dO( 
.2S00( 
.2SO0( 

.2Sliu( 

.2Jl i i l ( 

.2 ' ,di l ( 

.2!;iiil( 

.2i , l i i l ( 

.2 ' , i i i l ( 

.2 ' ,di l ( 

.2!.i>,l( 

.^uii i l ( 
U.(,i,.,.i( 

.111. I( 

. i : ! . . .i< 

.••. , . l ( 
U . l . ..lit 

0) 
5) 
6) 
7) 
0) 
9) 

10) 
11) 
12) 
13) 
15) 

U ) 
17) 
111) 
IV) 
21) 
21) 
2.') 
2 i ) 
2 i ) 

I I ) 

•̂.,) 
:.) 
i/i 

1.) 

0.0000( 
.2N00( 
.2!>00( 
. 2S00 ( 

O.OOdOl 
.250>)( 
.2S(I0( 
.25( I0 ( 
.25dO( 
. 3 2 0 0 ( 
. 25b0 ( 

.25 i in( 

.2 ' , l i i l ( 

.2:>lill( 

.2!;ii:i( 

. i L l i lK 

.2:.i i l l( 
,i:ui>( 
.;:'.iui( 
.1(1 ll( 

U.I.. lit 
. , i( 
, . • i< 
. 1 . . < 

.tl.l . . l( 

0) 
6) 
7) 
1) 
0) 

10) 
11) 
12) 
13) 
14) 
16) 

17) 
10) 
IV) 
20) 
2!>) 
2:') 
23) 
l i ) 
iu> 

I I ) 

:,) 
:.'ii 
w . » 

11) 

o.uooo 
O.OIuiil 
0.(id<ill( 
O.bll.iiK 
O.blil'iK 
O.bOdOl 
O.bbiiiK 
O.bdiiiK 
b.diiiiil( 
O.Uii.iili 
O.budUi 

11.i„, 11( 
O.li , l( 
0 .1 . , l( 
ll.i l( 
U.l> l( 
IMi i( 
ll.t i( 
U. l , l( 
l..t i( 
U.l ' ( 
U.l ,( 
U.l ,( 
I I I .i 
l ) . i •> 

.) 
0) 
0) 
0) 
0) 
b) 
b) 
0) 

0.0,1.1. 
O.b.i.i. 
0.li<,->. 
O.li.i.i. 
b.liiiU' 
O.liiiiii 
0.11,1.1. 
O.li,;... 
Il.l 
U.li ,.i. 
O.d.i.i. 

U.l. . 
U . l . . . . 
0.1.1 . 
u.l 
11.II. 
u.l 
u.l 
u.l 
0.1 
Il.l 
I l . l 
1' 1 
ll , 
II , 

l ( 
l ( 
l ( 
l( 

)( 
l l 
l( 
l( 
l( 
l ( 
l ( 

( 
( l( 

( 
1 

< 
( 
< 
( 
i 

* 
X 

I 

^ 

b> 
b) 
(1) 
b) 
b) 
u> 
b) 
b) 
b> 
b> 
0) 

0 ) 

0) 
b) 
ID 
b> 
0) 
U) 
ID 
I I ) 

11 
l l ) 
I . I 
1,1 
11/ 



TABLE A-1 (cont) 

INPUTS FOR CONFIGURATION A 

IMPLICIT lOlUTION WITH IIHET ILOUS tPICirilO 

CRLCULMION PRRAMITERS 
LAIiRAL RttlSTANCI lACTCR 
<S/L> fARAHETCR 
lUABULIHT HOHEHTUN FACTOR 
CHANNEL ORIENTATION 
ROLL OPTION (0 • NO ROLL) 

M T * rOR IMPLICIT lOLUTION 
tXTIRNAL ITERATION LIHIT 
INTERNAL ITERATION LIHIT 
CONVIRGEHCI lACTORI 

IITCRNAL (»U/U) 
iNTiRHAL (»U/U) 
iLOu (or/r) 

.1500 

.2500 
1.0000 
0.0000 OEGRIIS 

0 

20 
96 

CHAHNIL LENGTH 
NUHtlER or AXIAL NORIl 
AXIAL NODE ICHGTH 
TOTAL TRANSIENT TINI 
NUHBIR or TIHE I T I P I 
NOMINAL TlHt STIP 

69.0000 INCHES 
( 9 

l.blitiO IIICIIES 
O.bbuO SECbMDS 

0 
• SECCI.VS 

.1000 

.0010 

.0010 

MINIMUM INTIRHAL ITINATIOUS S 
riACTION DONOR CELL USTAR I.OOuO 
ACCILIRATION rACTORI 

CROSSTLOU SOLUTION I.CbOO 
LATIRAL 6ELTA-P .llidO 
rLOU .COuO 

NIRINa CORRfLATIONI 
lUJCOOLIO MIXING, BETA • .0200 
•OILING MIXING, OETA II ASSU»„IEfr lAHl Al lUICOOLIl 

OPERATING COMRITIOUI 
•VITIM PRCSIUai • 
liiLlT IHTHALPT • 
«V6. NASI VELOCITT • 
lULIT TiHr>ERATU«t • 
AVG. HIAT PLUX • 0 

UMirORN INLIT IHTHALPT 

40.0 PIIA 
1171.0 bTU/lU 

.010 MILLIOil LH/lHR-IOrT) 
249.7 UCIiEt:! 7 

.OObOOO MlLtlOM »TU/(MR-|arT) 

rLOUl IPLIT rOR leUAL PH£SiU.i£ LMAIiUUT (CHAIINlL-rLOU) 

9.5311-04) 
2.1611-05) 

( 1 
( 7 
( IS 
< 19 - 2.1401-03) 
( 25 • 9.5311-04) 

2.1411-03) ( 14 - 2.2511-05) 
( 20 - 2. 

2.2!ilk-U» ( 
1.22(1-05) j 

20 - 2.2511-03) ( 21 
26 - 2.2511-05) ( 27 

S • 2.2511-03) ( 4 
9 - 2.2511-05) ( 10 
IS - 2.2511-03) ( 16 

1.2241-03) ( 22 
2.2511-03) ( 21 

9.5311-04) ( S 
2.1661-03) ( II 
1.1401-03) ( 17 
2.1411-05) 
9.5311-04) 

< 23 

l.2L<l.'Ul) 
2.v.4Kb() 
l.ivCE-OS) 
2.I4IE-03) 

( 6 - 2.I...L-II)) 
1 12 - 2.Vv>,i:-llJ) 
( 18 - 2.VvUi:-03> 
( 24 - 1.22(E-b3) 



TABLE A-2 

AREA AND GAP VARIATIONS OF CONFIGURATION B 

X/L 

O.OMU 
. r u i 
."04 
.312 
.319 
.336 
.333 
. 5 ; j 

I . IUO 

R/L 

0 . ( . 3 
. : u i 
. M l 
.312 
.317 
.l".i 
. 9 i 3 
. : ' - i 

I . C J J 

R/L 

o.ouo 
.301 
.304 
.312 
.319 
.326 
.333 
.336 

I.OUO 

x / t 

0.000 
.301 
.304 
.312 
.319 
.326 
.333 
.335 

I . IUD 

AOER VAniATIOII fACTORS 
( S) 

I.OUO 
I.OUO 

.954 

.791 

.731 

.791 

.954 
1.000 
1.000 

( A) 
1 .buo 
i.nuo 

.V(9 

. 7 / 0 

.491 

.7 (0 

.9 (9 
1.000 
1.000 

( 7) 
1.000 
1.000 

.949 

.7 (0 

.691 

.760 

.949 
1.000 
1.000 

AREA VARIATION FACTORS 
(IB) 

1.CU0 
I.OUO 

.C?7 

.521 

. ICJ 

.521 

.C»7 
I.UUO 
I.OUO 

(19) 
i .cno 
1.0(19 

.949 

.7 (0 

.491 

. 7 /0 

.949 
1.013 
1.Ut3 

(21) 
1.000 
1.000 

.954 

.791 

.7S1 

.791 

.954 
1.000 
1.000 

GAP SPACIIIG VARIATIOH 1 
( S, 6) 

1.000 
I.OUO 

.902 

.591 

.SOO 

.596 

.902 
I.OUO 
1.000 

( 5,10) 
1.000 
1.000 

.902 

.591 

.500 

.390 

.902 
1.0(10 
1.000 

( 6 , 7) 
1.600 
I.OCO 

. 9 0 ' 

.594 

.SOO 

.591 

.902 
1.000 
1.00c 

ron SIQCIIAItiEL 
( •) 

1.000 
1.000 

.954 

.791 

.731 

.791 

.954 
1.000 
1.000 

(10) 
1.000 
1.000 

.949 

.760 

.691 

.760 

.949 
1.000 
1.000 

rOR SUBCHANNtL 1 
(22) 

1.000 
1.000 

.949 

.710 

.691 

.760 

.949 
1.000 
1.000 

FACTORI ( 
( 6.11) 
1.600 
1.000 

.102 

.197 
0.000 

.197 

.102 
1.000 
1.000 

(23) 
1.000 
1.000 

.949 

.760 

.691 

.740 

.949 
1.000 
1.000 

(U 
(11) 

1.000 
1.000 

.197 

.521 

.311 

.521 

.197 
1.000 
1.000 

I D 
(24) 

1.000 
1.000 

.954 

.791 

.7 )1 

.791 

.954 
1.000 
1,000 

(12) 
1.000 
1.000 

.897 

.521 

.311 

.321 

.197 
1.000 
1.000 

FOR ARJACINT IMCHANNILI 
( 7, I ) 
1.600 
1.000 

.902 

.591 

.500 

.591 

.902 
1.000 
1.000 

( 7.12) 
1.600 
1.000 

.102 

.197 
0.000 

.197 

.102 
1.000 
1.000 

( l , 1 )> 
1.600 
1.000 

.902 

.591 

.500 

.591 

.902 
1.000 
1.000 

GAP SPACING VARIATION flCTOiS fOt KJACINT lUBCHAHNIll 
(12.11) (13.19) (16.17) (1«.21> 17.11) IM.lti (11.19) 
1.600 1.6(X) 1.600 1.600 1.600 1.600 1.60a 
1.000 

.102 

.197 
0.000 

.197 

.102 
l.bOO 
1.000 

I.OUO 
.902 
.591 
.500 
.591 
.902 

I.OUO 
1.000 

1.000 
.102 
.197 

0.000 
.197 
.102 

I.OUO 
1.000 

1.000 
.902 
.590 
.500 
.590 
.902 

1.0UU 
1.0UU 

1.000 
.802 
.197 

0.000 
.197 
.102 

l.bUO 
I.OUO 

1.000 
.102 
.197 

0.000 
.197 
.102 

I.OUO 
1.00U 

1.000 
.802 
.197 

u.ooo 
.197 
.102 

I.OUO 
I.OOt 

( IS ) 
1.000 
1.000 

.949 

.760 

.691 

.760 

.949 
1.000 
1.000 

( i 6 , i i ) 
1.600 
1.000 

.102 

.197 
0.000 

.197 

.102 
1.000 
1.000 

( l , J> 
' . IB. ISI 
i.6ua 
1.000 

.GU2 

. IV7 
O.bbO 

.197 

.102 
1.01,1) 
I.OUO 

(16) 
1.000 
I.OUO 

.949 

.760 

.691 

.760 

.949 
1.000 
1.000 

(10,16) 
1.600 
1.000 

.902 

.591 

.500 

.591 

.902 
1.000 
1.000 

(19.24) 
1.600 
1.000 

.902 

.5(3 

.500 

.591 

.902 
I.OUO 
1.000 

(17) 
1.000 
1.U00 

.197 

.521 

. ) l l 

.521 

.897 
1.000 
1.000 

(11,12) 
1.600 
1.000 

.002 

.197 
0.000 

.197 

.C02 
I.OUO 
1.000 

(21.22) 
1.600 
1.000 

.^02 

.5VI 

.500 

.591 

.902 
1.0(10 
1.000 

(11,17) 

1.000 
.102 
.197 

0.000 
.197 
.101 

1.000. 
1.000 

1.600 
1.000 

.902 

.591 

.500 

.S9I 

.901 
1.000 
1.000 

(11 ,1 ) ) 
1.600 
1.000 

.102 

.197 
0.000 

.197 

.102 
1.000 
1.000 

'W 
1.000 

.902 

.591 

.SOO 

.591 

.902 
1.000 
1.000 



TABLE A-3 

AREA AND GAP VARIATIONS OF CONFIGURATION C 

X/L 

0.000 
.301 
.304 
.312 
.319 
.326 
.333 
.336 

1.000 

X/L 

O.bOO 
.301 
.304 
.312 
.319 
.326 
.333 
.336 

1.000 

X/L 

0.000 
.301 
.31 / . 
.312 
.319 
.324 
.333 
.336 

1.000 

X/L 

0.000 
.301 
.304 
.312 
.319 
.326 
.353 
.336 

1.000 

AHEA VAHIATIOH TACTORI 
( 1) 

l.bOO 
1.000 

.873 

.173 

.873 

.173 

.673 
I.OdO 
1.000 

( 2) 
1.000 
1.000 

.900 

.701 

.424 

.701 

. (01 
1.000 
1.000 

( 3) 
1.000 
1.000 

.908 

.701 

.624 

.701 

.901 
1.000 
1.000 

AREA VARIATION rACTORS 
( I I ) 

I.OOO 
i.bdo 

.097 

.521 

.301 

.521 

.197 
1.000 
1.000 

(12) 
1.000 
1.000 

.197 

.521 

.301 

.521 

.197 
1.000 
I.OUO 

(13) 
1.000 
1.000 

.197 

.521 

.361 

.521 

.197 
1.000 
1.000 

AREA VARIATION FACTORI 
(21) 

1.000 
i.oriO 

.0!;9 

.465 

.sus 

.4i$ 

.C',9 
l.bliO 
1.000 

(22) 
1 .cno 
i.(,i.a 

•tv? 
.521 
,J jJ 
.521 
.(,'>/ 

1 .(ifiO 
I.OllO 

(23) 
1.000 
1.000 

.0 /7 

.521 

.3llJ 

.521 

.(IV7 
1 .OiiO 
I.OUO 

rOR tUaCHANlUL 1 
( 4) 

1.000 
1.000 

.873 

.4 /5 

.473 

.873 

.475 
1.000 
1.000 

( $) 
1.000 
1.000 

.159 

.IAS 

.SIS 

.665 

.859 
1.000 
1.000 

rOR SUBCHANNEL 1 
(14) 

1.000 
1.000 

.908 

.708 

.624 

.708 

.901 
1.000 
1.000 

(15) 
1.000 
1.000 

.908 

.708 

.624 

.708 

.908 
1.000 
1.000 

•OR tUJCHANHEL 1 
(24) 

I.OOO 
l.bdO 

.859 

.445 

.545 

.445 

.159 
l.biiO 
l.bOO 

(25) 
1.000 
1.000 

.87) 

.87) 

.87) 

.87) 

.87) 
I.OdO 
1.000 

I I ) 
( 6) 

1.000 
1.000 

.197 

.521 

.311 

.521 

.197 
1.000 
1.000 

>l> 
(16) 

1.000 
1.000 

.197 

.521 

.371 

.521 

.197 
1.000 
1.000 

I D 
(26) 

1.000 
1.000 

.901 

. r u i 

.424 

.705 

.903 
I.OUO 
1.000 

( 7) 
1.000 
1.000 

.197 

.521 

.311 

.521 

.197 
1.000 
1.000 

(17) 
1.000 
1.000 

.197 

.521 

.318 

.521 

.897 
1.000 
1.000 

127) 
1.000 
I.OllO 

.900 

.7Uit 

.624 

.70 J 

.VUi 
1 .bill) 
1.000 

CAP SI'AClltC VAHIATIOH FACTONI TOR A9JACIHT IWlCHAIMEll 
( 1^ 2) 

1.000 
1.000 

.700 

.710 

.7C0 

.71:0 

.710 
1 .bOO 
1.000 

( 1 , V 
1.000 
1.000 
O.ObO 
0.000 
0.000 
o.noo 
O.ddO 
1 .ddO 
l.llOO 

( i, V) 
1 .UtiO 
l.bdO 

.700 

.700 

.710 

.710 

.7I<U 
1 .OdO 
I.buo 

( », S) 
l.bdO 
i .ruo 

.932 

.724 

.453 

.724 

.932 
l.bdO 
l.buo 

( 2 , 6) 
1.000 
1.000 

.802 

.197 
0.000 

.197 

.102 
1.000 
1.000 

( ) , 4) 
1.000 
l.flUO 

.710 

.700 

.700 

.760 

.700 
1.000 
I.OUO 

( ) , 7) 
1.000 
I.OllO 

.C02 

.197 
O.OiiO 

.IV7 

.Cil2 
I.OllO 
1.000 

( 8) 
1.000 
1.000 

.859 

.665 

.515 

.665 

.159 
1.000 
1.000 

(18) 
1.000 
1.000 

.897 

.521 

.S88 

.521 

.897 
1.000 
1.000 

(28) 
1.000 
I.Odil 

.873 

.873 

.873 

.07) 

.87) 
I.OiiU 
1.0P0 

( l , i ) 
( ( , 8) 

l.biio 
I.OllO 
O.biio 
0.000 
o.biio 
O.OIIO 
O.OdO 
I.OltO 
1.000 

( 9) 
1.000 
1.000 

.908 

.708 

.624 

.708 

.908 
1.000 
1.000 

(19) 
1.000 
1 .OdO 

.897 

.S21 

.ibi 

.521 

.197 
I.Oiii) 
l.bui) 

( 4^14) 
I.OdU 
I.OllO 

.780 

.780 

.710 

.7C0 

.HO 
1 .iidii 
1.000 

(10) 
1.000 
1.000 

.897 

.521 

.388 

.521 

.897 
1.000 
1.0J0 

(20) 
1.000 
1.000 

.908 

.708 

.424 

.7C8 

.900 
I.OUO 
1.000 

( S, 6) 
1 .(IIIO 
l.biii) 

.802 
!lV7 

u.ooii 
.1V7 
.Ml 

1 .dill) 
l.bUl) 



TABLE A-3 (cont) 

AREA AND GAP VARIATIONS OF CONFIGURATION C 

1 
. 1 

. 1 ' 

. ) l ' 

'. •< 1 

. \ 
1 ) 

vn 

t 1 

. - 1 
\ 

. l \ l 

. 3 i ; 

.3 i 

.iA 

.3 •> 
l .f j ) 

X/L 

0 . ( J 
. : )i 
.3 ' ! ' . 
.312 
.319 
. ! " J 
.3 3 
.3 •> 

I .C J 

X / t 

0 ) 

I 1),' 
. J i . / 

1 ll t 

u 
I 'j I.I) 

1.1 ) 
1.1 ) 

. 1 1 1 ' 

.1 / 
U.l ) 

.1 / 
, l > 

1.1 1 
1 . 1 . J 

r L. 
( i i . , i < ) 

1 . ' 1 
1 . ' ) 

> 
'. IV7 

O . l i ' J 
,1'/? 
. ,12 

i . i i a 
1 , b ' 3 

v i J . 
( C. / ) 

1.1 ) 
1.1 ) 

.1 >! 

.1 / 
U.( ) 

. 1V / 

. f ' p 
1.( ' ) 
1.(11) 

i . i i i 1 
( C,11) 

1.( ') 
1.( II 

.11)3 

. 1 . 1 / 
11.(1 1 

. 1 / / 

. t i )2 
1.1 lO 
I.UIJU 

I.V . V A I I A I K 1 
( 1 1 , 1 / ) 

1.1 ) 
1.( ) 

. ( P. 

.1V / 
O.t 0 

.197 

. (U2 
l . l i l ) 
1.UU0 

t ' , ' £(ACII 5 V.', 
(1 i ' ,?1) 

1.1 ) 
1.1. J 

, )2 
. 1 / 7 

U.(J U 
.1'/7 
.1 n 

i . ( ) 
1 , ( J L 0 

117,18) 
I . L L J 
1 . 0 . 0 

.11)2 

.1V7 
O.dl 0 

.1V7 

.Otl 
1.1 J 
I . C . J 

(1?,t .<) 
1.1 I 
1.( J 

.( 'i 

. 1 ? / 
O.IJLO 

.1V7 

. (U2 
l.dL'O 
i . t o o 

i iArio.- i 
( 1 7 , 2 2 ) 

1 . ( 0 0 
I . t o o 

.eo2 

.197 
O.dOO 

.197 

. ( 0 2 
1 . ( 0 0 
l.dUO 

C . " l lACIt .6 VAni/.TIC« 
(, ' -3 ) 

1.1 ) 
1,1 ) 

U } 
l l . ) 

. 1 / 

i!f i 
1.1 1 

( 2 2 , ' ' , ) 
1.1 1 
1.1 J 

, 1 / / 
U.l ) 

.1 .' 

.1 ' 
1.( ) 
l . t ) 

( iM ,'/,) 
1.1 1 
1.( 1 

.1 ! 

. l . t 
d ( ll) 

.1 1. 
i . ( 11 
1. ( l iU 

, Cll,. . 
( 7 , ll) 

1.1. 1) 
l . l i l" ) 

. ( I I - ! 

. 1V / 
0.(;i 1) 

.1V7 

.(!(I2 
1 . 0 ' 0 
1.000 

FAC10HS 
( 1 2 , 1 0 ) 

1.(1 U 
1.U lU 

.6(12 

.197 
O.OUO 

.197 

. IU2 
1.000 
I.OUO 

FACTOBS 
( 1 8 , 1 9 ) 

I.OllO 
I.OUO 

.102 

.1V7 
0 . 0 ' 0 

.1V7 
. 1 ) 2 

l .d i >) 
I .Ot! ) 

FACIU.iS 
( i J V ) 

1.1 » 
1.( ) 

, l i . J 
.1v7 

U.Ul II 
. 1 . / 
.U I ' 

l . d l ' l 
1.1. ll 

. , .1 
( 1 1 ) 

1 . 1 
1.1 1 

, 1 

. 1 . ' 
d.n 1 

.v/t 

. ()< 
i . ( 1 
1.1'u'i 

FOR ,•')), 
( 1 i , 1 ' ) 

1.1 1 
1.0 11 

, > 
* . 1 / / 

0 .000 
. 1 9 / 
.eo2 

1.000 
i .duu 

r " 
( , 1 ,) 

l . t i| 
i . ( ) 

.1 <f 

.\^T 
U.OoU 

• I'?/ 
. t 12 

I.CiiO 
1 . 0 ) 0 

1 
( '. I D 

1.1 ) 
1.1 ) 

. 1 . . ' 
0.1 1 

. 1 / 7 

. ( 0 ' ' 
1.1 . ) 
I.HOi) 

c( I I I s i i jc i in ,a 5 
(13 ,1V) 

1.0 10 
1.000 

.eo2 

.197 
O.doO 

.197 

.602 
l .boO 
i .boo 

( I ' , 20) 
1.1 oil 
1.(100 

.siM 

. / 2 4 

.Hi 

.ni, 

.93,? 
l.dOO 
I.OOO 

Fon .'tiijAcuir sooiiiivjiici s 
( 1 i l , 2 t ) 
l . o m l 
I.COl) 

.'iU 

.V)l 
d . i ' i) 

. 1 ' / / 

. , c 
i . i i . i i 
1.000 

( 1 9 , 2 0 ) 
1.1 U 
I .U lO 

.CJ2 

. 1 / 7 
U.dOO 

.1'J7 

.Pl)2 
l . d / i ) 
l . i U l l 

(1V,2'.> 
1,0 11) 
1.( 1,) 

. I I I ! 

. W / 
b.( 1) 

.V)t 

. fo? 
1.01, 1 
1.(1 1 

ion AUJACINT tOJlllAI. ..1 ', 
(. ' . ) 

1 .11 1 
1.1 1 
d . . . 
d. i 
d . . 
d 

1.1 1 
I . ' 1 

( < i , ' , ) 
1.1 1 
1.( I 

. f 1 
• * J 

i ! i ' ll 
1.(, .0 

(<.i ' , ) 
1.1 II 
1.( 1 

• ' 't 

. 1 

i ! i 1 
1.1 1 

•. I . I ) 
( V . I ) 

1.1 1 
1.(. 1 

.V 

.? 

. i " ! 

.1.1. 
^r > 

y'.u '\ 
1.U 1 

( I . J ) 
( 1 5 , 1 ) 

1.0 1 
1.0 ) 

• Ol ' 
. 1 ' . / 

0 . 0 . ) 
. 1 . / 
. C i -

I . O l ' l 
1.0(10 

( I , J ) 
( 2 0 , , 1) 

l . d 1 
.7 . 1 
.7 , 1 
. / 1 
.7 1 
. / 1 

l . d ' 1 
1 . 0 ' ) 

( l , J ) 

( i / , ) 
l . i 1 
1.1 1 

• > 1 

• r 1 

• 1 
. 1 • 
• 1 1 

1.1 1 
1.0 1 

(1 1 I I ) 
1.1 1 
1.1 I 

! i / 
O.l ) 

. 1 9 / 

. f | i 2 
1.(1 I'l 
1.( ) 

(15 ,2 : . ) 
1.1 f) 
1.(. 1) 

. K O 

. 7 ( 0 

. 7 , 0 

.710 

.710 
l.dlHJ 
l . d t U 

(21, , ' , ; ) 
l . d ' J 
l . d i ) 

. ( 12 

. 1 . 1 / 
0. ( I 

. 1 / 

.1 i ! 
1.( 1 
1.(. 1 

( I I I 1 ) 
1.1, 1 
1.1 1 

.1 ),' 

. 1 / 
0.1 ) 

.VI 

.102 
1 .or 0 
l . d i J 

( 1 6 , 1 7 ) 
1 .or, I 
1. (1 '1) 

.( .1),; 
• 1V/ 

O.Ui <) 
.1V7 
. ( 1? 

I . d ' i ) 
1.0i,J 

( 2 1 , / . ) 
1 . ( 1 ) 
1.( ,1) 
O.dUl) 
0.1 J 
0.1 1 
U.l 1 
u. l I 
1.1, 1 
l . d ' l ) 
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TABLE A-5 (cont) 

AREA AND GAP VARIATIONS OF CONFIGURATION E 

^ 

K/t 

0.000 
.204 
.212 
.217 
.221 
.229 
.21S 
.241 
.246 
.2S2 
.2S8 
.2«4 
.270 
.27S 
.281 
.287 
.291 
.299 
.304 
.310 
.316 
.322 
.328 
.333 
.339 
.34S 
.351 
.357 
.362 
.3 /8 
.374 
.3L0 
.306 
.391 
.397 
.403 

t.lJUj 

«BEA V< 
( IS) 

1.000 
i.nno 
1.000 
1.000 
1.000 
1.00O 
1.000 
1.000 
1.000 

.937 

.921 

.904 
.874 
.640 
.775 
.690 
.568 
.443 
.366 
.317 
.335 
.411 
.522 
.644 
.733 
.615 
.656 
.690 
.912 
.926 

1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 

MUTION 
(14) 

1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 

.991 

.963 
,935 
.66! 
. 624 
.775 
. 7 3 0 
. 6 6 6 
.654 
.622 
.422 
. 422 
. 4 3 6 
. 4 7 0 
.707 
. 7 5 3 
.797 
.654 
. 9 1 1 
. 9 4 9 
.977 

1 .000 
1 .000 
1 . 0 0 0 
1 .000 
1 .000 
1 .000 
1 . 0 0 0 

(T7) 
1.00(1 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 

.995 

.962 

.C-A? 

. 9 4 1 

.912 

.852 

.765 

. 6 6 3 

. 5 3 0 

. 4 1 9 

. 3 2 0 

. 262 

. 2 4 0 

.228 

.251 

.284 

. 5 7 0 

.471 

.595 

. 7 1 9 

. 609 

.891 

.927 

.955 

.975 

.9ee 
1.000 
1.000 

fO{.|UBCH*{.{.^^ 

1.000 
1.000 
1.000 
1.000 

.995 

.982 

.967 

.953 

.936 

.694 

.65U 

.772 

.720 

.700 

.716 

.754 

.606 

.824 

.624 

.601 

.776 

.746 

.690 

.616 

.554 

.517 

.525 

.576 

.660 

.744 

.622 

.672 

.916 

.949 

.977 
1.000 
1.000 

1.000 
1.000 
1.000 
1.000 

.995 

.962 

.967 

.953 

.936 

.927 

.920 

.912 

.904 

.695 

.694 

.875 

.654 

.621 

.766 

.768 

.752 

.736 

.726 

.706 

.715 

.723 

.739 

.763 

.791 

.629 

.666 

.908 

.951 

.975 

.966 
1.000 
1.000 

" ' . 2 0 . 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 

.951 

.699 

.666 

.632 

.797 

.737 

.660 

.574 

.504 

.471 

.504 

.574 

.660 

.737 

.797 

.632 

.666 

.699 

.931 
1.000 
1.000 
1.000 
1.0U0 

(21) 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 

.949 

.909 

.670 

.777 

. 7 1 6 

.673 

.435 

.597 

.565 

.533 

.546 

. 5 6 2 

.565 

. 6 1 4 

.454 

.705 

.756 

.611 

.666 

.933 

.949 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.111)0 

(22) 
1.000 
1.000 
1.000 
1.00() 
1.000 
1.000 
1.000 

.966 

.975 

.955 

.927 

. 699 

.665 

.626 

. 7 9 1 

.744 
. 7 1 0 
.667 
.664 
.662 
. 6 6 2 
.676 
. 699 
.723 
. 7 6 6 
. 6 1 0 
.646 
.661 
. 912 
. 9 4 1 
.967 
.962 
.995 

I.OCO 
1 .000 
1 . 0 0 0 
1 .000 

(23 ) 
1 .000 
1 .000 
1 . 0 0 0 

i.ooo 
.995 
.962 
.967 
.930 
.667 
.646 
.610 
.774 
.751 
.727 
.714 
.692 
.666 
.695 
.707 
.727 
.750 
.764 
.819 
.644 
.681 
.912 
.920 
.927 
.936 
.VS3 
.967 
.962 
.995 

1.000 
1.000 
1.000 
1.000 

(24) 
1.000 
1.000 
1.000 
1.000 

.992 

.966 

.944 

.667 

.625 

. 7 9 1 

.762 

.733 

. 7 1 0 

.667 

.646 

. 619 

. 6 3 7 

.643 

.654 

.476 

.703 

.734 

. 766 

. 761 

.60S 

.665 

.874 

.6U2 

.093 
, 910 
. 9 2 6 
.941 
.957 

1.000 
1.000 
1.000 
1.000 

(25) 
1.000 
1.000 
1.000 
ilooo 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 

.937 

.937 

.937 

. 6 7 1 

.873 

.673 

.6/3 

.673 

.673 

. 873 

. 873 

.673 

.673 

.673 

.673 

.6/3 

.873 

.6/3 

.6 /3 

.917 

.917 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 

(26) 
1.000 
1.000 
1.000 
1.000 
1.000 
1 .000 
1 .000 

. 928 

. 912 

. 6 9 6 

. 6 7 9 

.653 

.775 

.6U7 

.597 

. 5 1 6 

. 5 1 1 

. 4 6 9 

.492 

. 4 6 9 

. 5 1 1 

.516 

.597 

.667 

.775 

.651 

.6/9 

.UV6 

.912 

.920 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 

(27 ) 
1 .000 
1 .000 
1 .000 
1 . 0 0 0 
1 .000 
1 .000 
1 .000 

.915 

.663 

.649 

.615 

. 7 / 3 

.6 ' /9 

. 619 

.515 

.403 

.403 

.535 

. 6 1 9 

.699 
. 7 7 3 
.615 
. 649 
.603 
.915 

1 .000 

i.ono 
t.OliO 
l.OiiO 
1.110(1 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 

(20) 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
.937 
.937 
.937 
.93 / 
.93 / 
.93 / 
. 9 1 / 
.671 
. 6 / 1 
. 6 / 1 
. 8 / 1 
. 8 / 1 
. 8 / 1 
. 8 / 1 
. 6 / 1 
. 6 / 3 
. 6 / 1 
. 6 / 1 
. 9 1 / 
. 9 1 / 
. 9 1 / 
.•>!/ 
. V 5 / 
. 917 
.917 
.937 

1 .000 
1 .000 
1 .000 
1 .000 



> 
I 

TABLE A-5 (cont) 

AREA AND GAP VARIATIONS OF CONFIGURATION E 

H/L 

0.000 
.206 
.212 
.217 
.223 
.229 
.235 
.241 
.246 
.252 
.256 
.264 
.270 
.275 
.261 
.267 
.293 
.299 
.304 
.310 
.316 
.322 
.326 
.333 
.339 
.345 
.351 
.357 
.362 
.366 
.374 
.300 
.306 
.391 
.397 
.401 

1.000 

GAP SPACING VARIA1I0II 1 
( 1 . 2) 
i.fioo 
1.000 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 

( 1 , 5) 
1.600 
1.000 

.050 

.050 

.050 

.050 

.050 

.050 

.050 
,050 
.050 
.050 
.050 
.050 

0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.OfO 

.050 

.050 

.050 
1.000 
1.000 
1.000 
1.000 

( 1 - V) 
i.puo 
1.DO0 
l.oon 
1.0(10 
1.000 
1.000 
1.000 
1.000 
1.000 
1,000 
I.OCO 
1.000 
1.000 
1.000 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.051) 

.050 

.050 

.050 

.050 
1.0(10 
1.000 
1.000 
1.000 

fACTORS 1 
( 2 , 3) 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 

.970 

.935 

.900 

.665 

.632 

.615 

.797 

.760 

.762 

.762 

.780 

.797 

.615 

.832 

.665 

.900 

.935 

.9 /0 
1.000 
1.000 
1.000 
1.000 
1.000 
t.OOO 
1.000 

FOR AOJACENI SUBCHANNELS 
( 2- 6) 
1.600 
1.000 

.957 

.906 

.655 

.80S 

.758 

.731 

.707 

.662 
.657 
.657 
.639 
.614 
.566 
.563 
.563 
.566 
.614 
.639 
.657 
.657 
.662 
.707 
.733 
.756 
.005 
.055 
.906 
.937 

1.000 
1.000 
1.000 
1.01)0 
1.000 
1.000 
1.000 

( 3 , 4) 
1.600 
1.000 
1.000 
1.000 
l.oon 
1.000 
1.000 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 
1.000 
1.000 
1.000 
1.000 
l.OUO 
1.000 
1.000 
l.OUO 
1.000 
1.01)0 
1.000 
l.OUO 

( 3 , 7> 
1.600 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 

.957 

.906 

.»s 

.60S 

.758 

.690 

.614 

.537 

.461 

.415 

.415 

.415 

.415 

.415 

.461 

.537 

.614 

.490 

.756 

.605 

.855 

.906 

.957 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
l.OOU 

( l , J ) 
( 4, 6) 
1.600 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 

.050 

.050 
P.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

.050 

.050 

.050 
1.000 
1.000 
1.00( 
I.OOf 
1.00«> 
1.000 
1.000 
1.000 
l.OUO 

( 4,14) 
1.600 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 

.050 
.050 
.050 
.050 
.050 
.050 
.050 
.050 
.050 
.050 
.050 
.050 
.050 
.050 
.050 
.050 
.050 
.050 
.050 

1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.0(W 
1.000 
1.000 

( 5, 6) 
1.000 
1.000 

.957 

.906 

.655 

.60S 

.756 

.733 

.707 

.662 

.657 

.657 

.639 

.614 

.568 

.563 

.563 

.566 

.614 

.619 

.657 

.657 

.662 

.707 

.711 

.756 

.605 

.655 

.906 

.957 
1.000 
1.000 
1.0(10 
1.000 
I.OOO 
l.OdO 
1.000 

( 5,10) 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
i.pcn 

.957 

.'JUt, 

.816 

.736 

.639 

.563 

.467 

.426 

.377 

.351 

.351 

.351 

.402 

.453 

.525 

.601 

.665 

.767 

.661 

.931 

.902 
1.000 
l.(i>i(l 
1 .dm) 
l . ( joi l 

< 6, 7 
t.OuO 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
l.(riiO 
1,(HMI 
l.bCD 

.9i7 

.VOi 

.655 

.805 

.756 
.690 
.614 
.517 
.461 
.415 
.415 
.415 
.415 
.415 
.461 
.517 
.614 
.690 
.756 
.605 
.855 
.906 
.957 

1 . I'll II) 
l.diiU 



TABLE A-5 (cont) 

AREA AND GAP VARIATIONS OF CONFIGURATION E 

> 
( j \ 

X/L 

0.000 
.206 
.212 
.217 
.223 
.229 
.235 
.241 
.246 
.252 
.256 
.264 
.270 
.275 
.261 
.267 
.293 
.299 
.304 
.310 
.316 
.322 
.326 
.333 
.339 
.345 
.351 
.357 
.362 
.366 
.374 
.360 
.386 
.391 
.397 
.403 

1.000 

GAP SPACING VARIATION 
< 6,11) 
1.600 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 

.957 

.906 

.655 

.605 

.756 

.690 

.614 

.537 

.461 

.415 

.415 

.415 

.415 

.415 

.461 

.537 

.614 

.690 

.758 

.605 

.855 

.906 

.957 
1.000 
1.000 

( 7, 8) 
I.OuO 
1.000 
1.000 
1.000 

.982 

.931 

.661 

.707 

.685 

.601 

.525 
.453 
.402 
.351 
.351 
.351 
.377 
.426 
.487 
.563 
.639 
.736 
.636 
.906 
.957 

1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 

( 7,12) 
1.000 
1.000 
1.000 
1.000 

.962 

.911 

.601 

.610 

.779 

. . • t i 

.720 

.695 

.669 

.644 

.669 

.695 
,720 
.702 
.685 
.665 
.665 
.690 
.715 
.707 
.662 
.657 
.657 
.682 
.707 
.733 
. /58 
.805 
.655 
.906 
.95/ 

i.noo 
l .OUO 

FACTORS 
( 6,11) 
1.000 
1.000 
1.000 
1.000 

i!ooo 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 

FOR ADJACENT SUBCHArillELS ( I , J ) 
( 9,10) ( 9,15) (10,11) (10,16) 
1.600 1.600 1.600 i.6uo 
1.000 1.000 1.000 1.000 
1.000 1.000 1.000 1.000 
1.000 1.000 1.000 1.000 
1.000 1.000 1.000 1.000 
1.0J0 1.000 1.000 1.000 
1.000 1.000 1.000 1.000 
1.000 1.000 1.000 1.000 
1.000 1.000 1.000 1.000 
1.000 1.000 1.000 1.000 
1,000 t.OUO l.OUO 1.000 
1.000 1.000 1.000 1.000 

.957 .970 .914 .914 

.906 .935 .612 .612 

.638 .900 .711 .711 

.716 .665 .609 .609 

.639 , 8 V ,517 .517 

.563 .615 .466 .466 

.467 .797 .415 .415 

.426 .760 .364 .364 

.377 .762 .313 .313 

.351 .762 .313 .313 

.351 .760 .364 .364 

.351 .797 .415 .415 

.402 .615 .466 .466 

.453 .612 .517 .517 

.525 .665 .609 .609 

.601 .900 .711 .711 

.665 .915 .612 .612 

.767 .970 .914 .914 

.661 1.000 1.000 1.000 

.911 1.000 1.000 1.000 

.982 1.000 1.000 1.000 
1.000 1.000 1.000 1.000 
1.000 1.000 i.ono 1.000 
1.000 1.000 l.OUO 1.000 
1.000 1.000 l.OUO 1.000 

(11,12) 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 

.914 

.612 

.711 

.609 

.517 

.466 

.415 

.164 

.111 

.111 

.164 

.415 

.4/6 

.517 

.609 

.711 

.012 

.914 
I.O.1O 
l.ddO 

(11,17) 
1.000 
1.000 
1.000 
1.000 
t.OOO 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 

.957 

.906 

.655 

.805 

.758 

.690 

.614 

.517 

.461 

.415 

.415 

.415 

.415 

.415 

.461 

.517 

.614 

.6';o 

.758 

.605 

.055 

.906 

.95/ 
1 Mil) 
l.OUO 

(12,11) 
1.600 
1.000 
1.000 
1.000 

.962 

.911 

.681 

.610 

.779 

.746 

.720 

.695 

.669 

.644 

.669 

.695 

.720 

.702 

.685 

.685 

.665 

.690 

.715 

.707 

.602 

.657 

.657 

.602 

.707 

.731 

. /58 

.605 

.655 

.906 

.957 
1.000 
1.000 

(12,18) 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 

.914 

.612 

.711 

.U)i 

.517 

.446 

.415 

.364 

.313 

.313 

.364 

.415 

.466 

.517 

.609 

.711 

.612 

.914 
I.OliO 
I.OltO 



(100-1 
(11)0*1 
000-1 
000*1 
1?6' 
t7fl* 
19/* 
07?* 
CSS* 
16>* 
0>»* 
60(* 
9t£* 
Bnz* 
9(£* 
6n(* 
o»»* 
i«»* 
BSS* 
07?* 
19/* 
(99* 
• 96* 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 

(0Z'4l) 

000*1 
000*1 
000*1 
000*1 

zpy Ifft* 

inn* 
05 9* 

(>//* fit-

o:/* S67* 
679* 
l-Jf 
IS9* 
977* 
l(J7* 
9/S* 
B5S* 
9/S* 
to?* 
9/9* 
IS9* 
119-
699" 
S69* 
OZ/* 
911' 
611' 
0(9* 
188* 
1(6* 
Z86* 
000*1 
000*1 
000*1 
000*1 

((Z'9l) 

000*1 
000*1 
/S6* 
906* 
SS9* 
509* 
PS/* 

((/* lor Z97* 
/S9* 
/S9* 
Z89* 

lor SI/* 
047* 
507* 
$99* 
SB9* 
ZO/* 
OZ/* 
569' 
679' 
119' 
499' 
S69' 
OZ/' 
911' 
611' 
0(9* 
199* 
1(4* 
ZB4* 
000*1 
000*1 
000*1 
000*1 

(4l'9l) 

000*1 
000*1 
000*1 
000*1 
Z96* 
i(6* 
IBB* 
0(9* 
6//* 
BZ/* 
ZS9* 
S/S* 
»6>* 
(Z»* 
Sl»* 
Sl»* 
Sl»* 
Sl»* 
W1' 
66>* 
S/S* 
ZS9* 
BZ/* 
6//* 
0(8* 
IBB* 
1(4* 
ZB4* 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 

(ZZ'/l) 

000*1 
000*1 
/S6* 
904* 
8(8* 
9(/* 
6(9* 
(7S* 
191' 
8Z»* 

//(* ISC 
IS(* 
IS(* 
Z0»* 
HI' 
szs* 
109* 
SB9* 
191' 
IBB* 
1(4* 
Z94* 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 

(Bl'/l) 

000*1 
000*1 
000*1 
000-1 
000*1 
000-1 
000*1 
000*1 
000-i 
• 76* 
(99* 
19/* 
077* 
BSS* 
16»* 
Oil' 
69(* 
9((* 
BOZ* 
B((* 
60(* 
Oil' 
16>* 
BSS* 
079* 
19/* 
(9B* 
»96* 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 

(lZ'9l) 

000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
/S6* 
906* 
9(9* 
9(/* 
6(9* 
(95* 
191-
9Z1' 

//(* ISC 
IS(* 
IS(* 
zo>* 
(S>* 
SZS' 
107* 
S97* 
191' 
IBB' 
1(6* 
Z96' 
000'I 
000'I 
000'I 
000*1 
000*1 
000*1 
000*1 
00'.>*1 

onc'l 
.<'i'?l). 

000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
oso* 
OSO' 
OSO' 
OSO' 
OSO* 
oso* 
OSO* 
OSO* 
OSO' 
OSO' 
OSO' 
OSO' 
OSO' 
OSO' 
050' 
OSO' 
OSO' 
OSO* 
OSO' 
000'I 
000-1 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
OOO'l 

(SZ'SI) 

000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
/S6* 
906* 
B(B* 
9(/* 
6(9* 
(95* 
191' 
9Z1' 
III' 
ISC 
ISC 
iSC 
Z0>' 
(S>' 
szs* 
109* 
S89' 
191' 
IBB* 
1(4* 
ZB4* 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 

(?l'Sl) 

000*1 
000*1 
000*1 
000*1 
BB4* 
ZS4* 
/14* 
Z98* 
119' 
1Z9-
908* 
68/* 
III' 
(S/* 
I//' 
68/' 
908' 
1Z9' 
119' 
ZBB' 
/14' 
ZS6' 
804* 
000*1 
000*1 
000*1 
000*1 
000*1 
OOO'l 
OOO'l 
OOO'l 
OOO'l 
000*1 
000*1 
000*1 
000*1 
000*1 

(0Z'»l) 

000*1 
000 • I 
/--.A-
706* 
«t9* 
7f/* 
6(7* 
(7S* 
/HV 
9^1-
III-
ISC 
ISC 
IS(* 
70»* 
(S»* 
SZS* 
107* 
597* 
/O/* 
198' 
l(A* 
zn/j" 
OOO'l 
(100 • I 
000*1 
OOO'l 
OOO'l 
000" I 
000 I 
OOO'l 
OOO'l 
OOO'l 
000*1 
OOO'l 
OOO'l 
OOO'l 

(6l'(l) 

000*1 
000*1 
000* I 
000*1 
Z96* 
1(6* 
IBB* 
0(9* 
6//* 
BZ/* 
Z$9* 
S/S* 
Ml' 
IZI' 
Sl»* 
Sl»' 
Sl»' 
Sl»* 
IZI' 
661' 
S/S* 
ZS9* 
BZ/* 
6//' 
0(8' 
IBB' 
1(6* 
ZB6* 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 

(•I'd) 

000 
(1)1 
161 
14( 
99( 
09( 
111 
97( 
Z7( 
/S( 
IS( 
S« 
6(( 

((( BZ( 
ZZI 
9l( 
OK 
101 
44Z 
(4Z 
/BZ 
IBZ 
S/Z 
0/Z 
»9Z 
BSZ 
ZSZ 
9»Z 
l»Z 
S(Z 
4ZZ 
IZZ 
/IZ 
7"Z 
90Z 
000 

(r'i) siiMNVHJiini iNJivfov'soJ"sHoijyj NOU'VIBVA"iMnvds'jvo' 1/ 

3 NoiivynoiJNoo jo sNouviyVA dvo QNV vjyV 

(quoo) 5-v 3~iaVl 



TABLE A-5 (cont) 

AREA AND GAP VARIATIONS OF CONFIGURATION E 

X/L 

D.00.'> 
.206 
.212 
.217 
.223 
.229 
.235 
.241 
.244 
.252 
.256 
.264 
.270 
.275 
.261 
.267 
.293 
.299 
.304 
.310 
.314 
.322 
.326 
.333 
.339 
.345 
.351 
.357 
.362 
.366 
.374 
.360 
.366 
).391 
.197 
.403 

1.000 

GAP SPACING VARIATION 
(19,24) (20,28) (21,22) 

1.000 
1.000 
1.000 
1.000 
1.000 

I I T . C ^ f 
1.600 
1.000 
1.000 
1.000 

.962 

.931 

.661 

.630 

.779 

.744 

.720 

.495 

.469 

.444 

.651 

.424 

.401 

.576 

.556 

.576 

.601 

.626 

.451 

.444 

.669 

.695 

.720 

.744 

.779 

.630 

.661 

.931 

.962 
1.000 
1.000 
1.000 
1.000 

.000 

.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.05(1 

.050 

.O 'JO 

.050 

.0^0 

.0^1) 

.OiO 

.ObO 

.050 

.050 

.050 
1.0(10 
l.OUO 
1.0(10 
l.OOU 

1.600 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 

.962 

.931 

.661 

.767 

.665 

.601 

.525 

.453 

.402 

.351 

.351 

.351 

.377 

.426 

.467 

.563 

.639 

.736 

.616 

.906 

.957 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 

MCTORS 
(21.25) 
1.600 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 

.050 

.050 

.050 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

.050 

.050 
1.000 
l.OuO 
1.000 
1.000 
1.000 

1.000 
1.000 

fO|) ADJACENT {UBCMANNELS ( 
(22,21) (22,24) (23,24) 

1.600 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 

.957 

.906 

.655 

.60S 

.758 

.690 

.414 

.S37 

.461 

.415 

.415 

.415 
415 

1.600 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 

.957 

.906 

.85S 

.60S 

.756 

.733 

.707 

.664 

.566 

.SS7 

.512 

.467 

.476 

.476 

.499 

.525 

.550 

.626 

.495 

.720 

.744 

.779 

.630 

.661 

.931 

.902 
1.000 
1.000 
1.000 
1.000 

.415 

.441 

.537 

.414 

.490 

.756 

.605 

.655 

.906 

.957 
1.000 
1.000 
t.OOO 
1.000 
1.000 
1.000 
1.000 

1.000 
1.000 
1.000 
1.000 

.962 

.931 

.661 

.767 

.665 

.601 

.525 

.453 

.402 

.351 

.151 

.351 

.377 

.426 

.467 

.563 

.639 

.736 

.636 

.906 

.957 
1 . 0 0 
i .n jo 
i.uuO 
1.000 
1.000 
1.000 
1.000 
1.000 
l.OUO 
l.OUO 
1.000 
1.000 

I .J ) 
(23,27) 
1.600 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 

i!ooo 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 

(24.26) 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
t.OOO 

.050 

.050 

.050 

.050 

.050 

.050 

.050 
0.000 
o.non 
0.000 
o.onn 
0.000 
0.000 
o.ono 
0.000 
0.000 
0.000 
0.000 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 
1.000 
l.OOU 
1.000 
1.000 

(25,26) 
1.600 
1.000 
t.OOO 
1.000 
t.OOO 
1.000 
t.OOO 
1.000 
t.OOO 
1.000 
l.oon 
1.000 

.050 

.050 

.OSO 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 
1.000 
1.000 
1.000 
1.000 
l.buO 
1.000 
1.000 

(26,27) 
1 " 
1 
000 
000 
000 
000 
000 
000 
000 
970 
935 
900 
665 
.632 
.615 
.797 
.760 
.762 
.762 
.760 
,797 
.615 
.612 
.865 
.900 
.915 
.970 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
.04)0 
.000 
.000 
.000 

(27,26) 
1.000 
1.000 
t.OOO 
t.OOO 
1.000 
t.OOO 
l.oon 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 
1.000 
t.OOO 
1.000 
1.000 
t.OOO 
t.OOO 
1.0(HI 
I.OIM) 
l.(H)(t 
1.00(1 
i .000 
I.OIHI 



000-1 
(•'")• 1 
Ol'0*l 
0'iO*l 
St4* 
S14' 
S6B' 
»/8' 
ZSB' 
B//' 
999' 
Ili' 
191' 
((>• 101' 
96C 
96(' 
101' 
((»' 191' 
Hi' 
999* 
9//' 
ZS9' 
>/it* 
$-^1* 
SH* 
S(4* 
000*1 
000*1 
000*1 
000*1 
000*1 
OOO'l 
OOO'l 
000*1 
000*1 
(•I) 

P'lO* 1 
(MIO* I 
994* 
4?4* 
S»4* 
014* 
•/9' 
*»9' 
(If 
09/' 
9(/' 
•0/* 
049* 
1/9* 
9/9* 
Z/9* 
Z/9* 
Z/9* 
Z/9' 
tor Oil' 
lit' 
111' 
10/* 
(19* 
119' 
119' 
104* 
(Z4* 
Z»4* 
094' 
//4' 
»44' 
OOO'l 
OOO'l 
OOO'l 
OOO'l 
((I) 

OOO'l 
Ono-I 
854* 
904' 
ZSI»' 
/4/' 
»(/• $»9' 
Hi' 
911' 
Uf 
lit' 
911' 
Hi' 
6(9* 
zw lil' 
161' 
4Z9-
Itt* 
SOB' 
»Z/' 
»9»' 
0>9' 
119' 
»Z/' 
(08* 
»/9' 
tZ4' 
Z»4' 
094' 
2/4' 
•44' 
OOO'l 
OOO'l 
OOO'l 
OOO'l 
(Zll 

pno'l 
0'»0* I 
Z/4* 
/(4' 
Z04' 
»T0' 
4Z9* 
9//' 
/I/* 
/$9' 
•6S' 
OSS' 
161' 
111' 
fit' 
l«' 
9/C 
0/»' 
»4$' 
»U* 
0Z8* 
t9B* 
Z05' 
/(4' 
Z/4' 
OOO'l 
OOO'l 
OOO'l 
OOO'l 
OOO'l 
OOO'l 
OOO'l 
OOO'l 
000*1 
OOO'l 
OOO'l 
OOO'l 
(11) 

OOO'l 
000*1 
000-1 
000' I 
1<^6' 
1.16' 
0T4* 
fAO* 
6ro* 
IT/' 
(47' 
/Z7' 
0/S' 
ezs* 
»0S* 
B/»* 
04>* 
l»S* 
t4S' 
4>9' 
(0/* 
•//• 
/»9* 
904* 
9S4-
000*1 
000*1 
000*1 
OOO'l 
OOO'l 
000*1 
000*1 
OOO'l 
OOO'l 
OOO'l 
OOO'l 
OOO'l 
(01) 

OOO'l 
OOO'l 
01)0*1 
000*1 
S(4* 
S14* 
569* 
\19' 
t-W 
099* 
9S$' 
111' 
111' 
191' 
191' 
40(' 
00»' 
OlS* 
94$' 
119: 
949* 
8S/' 
IZ9' 
499* 
404' 
OOO'l 
OOO'l 
OOO'l 
OOO'l 
OOO'l 
OOO'l 
000*1 
OOO'l 
OOO'l 
OOO'l 
OOO'l 
OOO'l 
(4 > 

OOO'l 
OOO'l 
OOO'l 
01)0*1 
OOO'l 
OOO'l 
000' I 
OOO'l 
OOO'l 
$54' 
/t4' 
/14* 
(•8* 
•DO­
BS/' 
949' 
1(9" 
(/$• ZIS' 
99»' 
/9»-
4S»-
•9»' 
o/»-
/zs- Z9S' 
t»9' 
£0/-
Z4/' 
»»9-
0(4* 
094' 
044* 
OOO'l 
OOO'l 
OOO'l 
OOO'l 
(9 ) 

OOO'l 
000*1 
904' 
494* 
IS4-
Z(4' 
»14' 
808' 
4S8' 
BZB-
/4/' 
4//-
99/' 
4»/' 
ill' 
489' 
1/9' 
Z/9' 
1/9-
»/9-
$/?• 
189-
449-
IW 
4S/* 
94/' 
9Z9' 
4S9' 
149' 
tiy 
094-
//4-
•44-
OOO'l 
000-1 
OOO'l 
OOO'l 
(/ ) 

OOO'l 
OOO'l 
904' 
494' 
IS4' 
Z(4* 
»14' 
•/9-
/Z9' 
4//-
4Z/' 
£49' 
Z09' 
0/9' 
/S9' 
119' 
Z99' 
Z49' 
III' 
l»/' 
19/' 
4//-
>09' 
/Z8' 
4»8* 
$99' 
$99-
9/9' 
049' 
Z04' 
• 16-
Z£4' 
IS4' 
694' 
?94' 
OOO'l 
OOO'l 
(9 » 

(11 

OOO'l 
OOO'l 
000' I 
OOO'l 
$S4-
/(4-
/14-
(/B-
ZZO' 
$//' 0(/' 
•97-
0S9' 
• 19' 
/09' 
46S-
Z19' 
£4$' 
Z19' 
»£9-
$S9' 
989' 
111' 
991' 
£08* 
£18* 
£18* 
/Z8-
HB' 
SS9' 
/9B' 
BBB* 
904* 
/Z4' 
9»4' 
OOO'l 
OOO'l 
(S I 

O'K)- I 
poo-1 
d'")-1 
(oo-i 
000*1 
(I'M)* I 
O'MCl 
(I'lO* I 
II'MI- I 
/O' 
/«'.' /•:'-.' 
t/n-
£/9' 
£/.n* 
£/0* 
£/9* 
£/9-
£/B* 
£/B* 
£/9* 
£/8* 
£/B* 
£/e* 
£/B* 
£/B* 
£/B* 
£/B* 
/£4* 
/(6* 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
000*1 
(• ) 

iaNNVH}ans wt 

000*1 
000* I 
000* 1 
000*1 
000* I 
000*1 
000*1 
9Z4* 
sni* 
sn* (79* 
((9* 
6£/* 
•(7* 
SZS* 
zs»-
IZf 
/4£' 
44£-
/4£-
111' 
ZS»' 
SZS-
•£9' 
4£/' 
££B' 
£98' 
$88' 
$04* 
9Z4' 
OOO'l 
OOO'l 
OOO'l 
OOO'l 
OOO'l 
000*1 
OOO'l 
(£ ) 

SVODVJ 

OOO'l 
OOO'l 
OOO'l 
000-1 
OOO'l 
000-1 
COO-1 
404-
470-
/ZB-
•0/-
£•/-
ill' 
909-
9S9-
/Z9-
/Z9-
o»?-
09' -
/$ • •99-
•/9-
n9* 
/4S-
OSS* 
l£S-
l£$' 
ZB$-
1/9-
?$/' 
££8-
£99-
$88* 
$04-
9Z4-
000-1 
000-1 
(Z ) 

OOO'l 
000*1 
OOO'l 
OOO'l 
/£j-
/£4-
/£4-
/£4-
/£4-
/£4-
/£4-
/£4-
/£4-
/£4' 
/£4' 
/£4-
2(4-
t/B-
C/l* 
t/8-
f/8* 
£/9-
£/9-
/£4-
/£4-
/£4-
/£«' 
/£4-
1£4-
/£4-
l£4-
l£4' 
/£4' 
/£4-
i£4-
000-1 
000-1 
(i > 

NOIlVtVVA Vi8V 

000*1 
(0»* 
/6£* 
16£* 
9!1C 
0-)£' 
•/£-
B7£-
Z9(-
/s(- ISC 
$•(' 
6££' 
£££-
8Z£-
IZt' 
9l£-
0l£-
•0£-
64Z-
£4Z-
/oz-
IBZ-
s/z-
0/z* •9Z-
8SZ-
ZSZ* 
9^Z-
i»z-
ill-
4ZZ* 
(ZZ-
III' 
ZlZ* 
90Z* 
000*0 

M* 

0\ 

I 

< 

J NOIlVynOIJNOO JO SNOIiVIdVA dVO QNV V3y V 

9-V 3"iaVi 



TABLE A-6 (cont) 

AREA AND GAP VARIATIONS OF CONFIGURATION F 

M/L ARE* VARIATION fAllOHS FOR SUBCHANNEL (I) 

0.000 
.204 
.212 
.217 
.223 
.229 
.235 
.241 
.244 
.252 
.256 
.264 
.270 

.275 

.261 

.267 

.293 

.299 

.304 

.310 

.314 

.122 

.326 

.333 

.339 

.345 

.351 

.357 

.362 

.366 

.374 

.310 

.306 

.391 

.397 

.403 
I.OUO 

( 1 5 ) 
t.OOO 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 

.935 

.915 

.69$ 

.657 

.615 

. 7 3 6 

. 6 3 4 

.515 

.345 

. 2 5 1 

.192 

.213 

.303 

.434 

. 5 6 0 

. 4 6 6 

.765 

.637 

. 6 7 6 

.90$ 

. 9 2 4 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 

(14 ) 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 
t.OOO 
t.OOO 
1 .000 
1 .000 

. 9 0 6 

.955 

. 9 2 0 

.655 

.703 

.716 

. 6 5 7 

. 5 9 6 

.547 

.497 

.497 

.497 

.522 

.572 

.426 

.666 

. 7 4 6 

. 6 1 9 

. 6 9 0 

.937 

.972 
1 .000 
1 .000 
1 .000 
1 .000 
1.0(10 
1 .000 
l.OUO 

(17 ) 
1.0i)0 
1 .000 
1 .000 
1 .000 
1 .000 
l.OUO 
l.OUO 
1 .000 
l.OUO 

.'/'}!, 

. 9 / 7 

. 9 i 0 

.VJ7 

.MV1 

. 0 1 9 

.714 

.592 

.432 

.296 

. 180 

. t i o 

.084 

. 049 

.096 

.157 

. 219 

.161 

. 510 

.658 

. 748 

.865 

. 910 

.945 

.9,^9 

.9.JA 
I.UOl) 
I . I I IK) 

( 1 6 ) 
1 .000 
1 .000 
1 .000 
1 .000 

.994 

.977 

. 9 6 0 

.942 

.923 

.674 

.605 

.726 

.664 

. 6 4 0 

. 6 5 9 

.704 

.764 

.767 

. 7 8 1 

.752 

.721 

. 6 6 1 

.606 

.515 

. 4 4 0 

.396 

. 4 0 6 

.477 

. 5 6 0 

.664 

. 7 0 0 

. 642 

.896 

.917 

.972 
I.OdO 
l.OUO 

( 1 9 ) 
1 .000 
1 .000 
1 .000 
1 .000 

.994 

.977 

. 9 6 0 

. 942 

.923 

. 9 0 6 

. 6 9 4 

.664 

.071 
. 6 5 6 
. 6 6 0 
. 6 1 9 
. 6 1 4 
.777 
.717 
. 709 
.684 
. 6 5 9 
. 619 
.607 
. 6 2 0 
.632 
.657 
.694 
. 7 3 6 
. 7 6 6 
.034 
.687 
. 9 5 9 
. 9 6 9 
.906 

1 .000 
1 .000 

( 2 0 ) 
l.oon 
1 .000 
1 .000 
1 .000 
i.nnn 
1 .000 
1 . 0 0 0 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 
1 . 0 0 0 

. 9 2 6 

. 6 6 9 

. 6 4 9 

. 6 0 6 

. 762 

. 6 6 6 

.594 

. 468 

. 402 

. 3 5 7 

. 402 

. 4 6 8 

.594 

. 6 6 8 

.762 

. 6 0 6 

. 6 4 9 

. 669 

.926 
1 .000 
1 .Odd 
1 .000 
l.OUO 

( 2 1 ) 
t.OOO 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 
I.ono 
1 .000 

.945 

.097 

.647 

. 7 4 1 

. 6 6 9 

. 4 0 6 

.555 

. 499 

.451 

. 4 0 0 

.424 

.445 

.401 

.526 

.563 

. 449 

.714 

.764 

.653 

.927 

.946 
1 .000 
l.oon 
1.«(l.) 
i.r..i.) 
l .CI I I I 
1.0.l>l 
l .OuU 

( 2 2 ) 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 

.904 

. 9 6 9 

.945 

. 9 1 0 

.674 

. 6 3 0 

.761 

.731 

. 6 7 1 

.623 

.593 

.561 

. 559 

. 559 

.577 

. 6 0 6 

. 640 

.701 

.756 

. 6 0 6 

.653 

.691 

.927 

.VdO 

.911 
r '^ 

1.(.:.,) 
l . l i l lO 
i.ii.in 
I .Ll iO 

(21 ) 
1 .000 
1 .000 
1 .000 
1 .000 

.994 

.977 

. 9 6 0 

.913 

. 6 6 0 

. 8 1 0 

.761 

. 7 1 1 

.676 

.616 

. 6 2 0 

.591 

.506 

.605 

. 6 2 6 

.655 

.665 

. 7 2 6 

.767 

.796 

.643 

.604 

.696 

. 908 

.923 

.942 

. 9^0 

. 9 / 7 
.C . ^ 

1 .'d,.;i 
l .UuU 
1 .000 
I . P ' O 

( 2 4 ) 
1 .000 
1 .000 
1 .000 
I.ono 

. 9 9 0 

. 9 i O 

. 9 1 0 

.615 

.792 

.747 

.707 

. i o S 

. 6 1 0 

. 5 y l 

.5:>a 

. 5 ( 0 

. 5 5 0 

.iJ.1. 

. 5 0 1 

. 613 

.645 

.602 

. 718 

.733 

.767 

.114 

.646 

.8^1 

. 0 / 7 

. 0 / / 

. 9 1 / 

. V l / 
, C 1 ''• 

1.(...il 
1 .000 
1 .Oil.) 
l.OUO 

( 2 5 ) 
1 .000 
t.OOO 
t.OOO 
1 .000 
1 .000 
t.OOO 
t.OOO 
1 .000 
1 .000 

.937 

.937 

.937 

.673 

. 0 / 3 

. 6 / 3 

. 073 

.073 

. 8 / 3 

. 073 

.873 

.873 

.673 

. 6 / 3 

. 6 / 3 

. 8 / 3 

. 8 / 3 

. 8 / 3 

. 6 / 3 

.917 

.917 
l .dn . l 
! . 1 
1 . 1 1 
1 .11 .1 .1 

I.UUO 
t.uoo 
l . duU 

( 2 6 ) 
t.OOO 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 

. 9 2 6 

.105 

.OUS 

.0.^3 

. 013 

. 7 1 9 

.614 

.525 

.452 

.421 

.197 

.yjj 

.397 

.421 

.452 

.525 

.634 

. 739 

.033 

.063 

.bus 

.Vu5 

.VL'A 
l .d i i . l 
l . ( .1 
1.1 1 
1.1..-. I 

1.I1II.) 
1.(.i.il 
l .Oill) 

( 2 7 ) 
l.OUO 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 

. 9 0 9 

.u.:9 

. 027 

.7u4 

. 7 1 1 

.615 

.'Jl.i 

. 4 4 0 

.174 

. 1 / 4 

. 4 i O 

. 5 4 1 

.6^2 

. 7 1 1 

.704 

.027 

.ai9 

. ( 0 9 
1 .OdO 
1 .000 
1 .Oiu) 
t . l l i iO 
t .d i i i l 
l .d . i . ) 
l . d ) 
1 1 1 1 
l . i r . . l 
l .d i l l ) 
1.(Il.il 
1 .dJi l 

( 2 6 ) 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 
l.OUO 
1 .000 

.917 

.917 

.917 

. 9 1 / 

. 9 J / 

. 9 3 / 

. 9 1 / 

. 0 / 1 

.073 

. 0 / 3 

. U / 1 

. U / 1 

. 0 / 1 

. 0 / 1 

. 0 / 1 

. 0 / 1 

. 0 / 3 

. 0 / 3 

.937 

.917 

.917 

.917 

. v l / 

. V U 

. : 1/ 

. ' / 
1.11.1)1 

l .d i i i ) 
l .Ui l l l 
1 .UiiU 

http://Il.il


TABLE A-6 (cont) 

AREA AND GAP VARIATIONS OF CONFIGURATION F 

I 

X/L 

0.000 
.204 
.212 
.217 
.221 
.229 
.21$ 
.241 
.244 
.252 
.256 
.264 
.270 
.275 
.201 
.267 
.291 
.299 
.304 
.310 
.314 
.322 
.328 
.333 
.339 
.345 
.351 
.357 
.362 
. 3 /0 
.374 
. 3 L 0 
.306 
.391 
.397 
.401 

l.bOO 

GAP SPACING VARIATIO.I 
( 1 . 2) 
1.000 
1.000 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.oso 

.oso 
1.000 
1.000 
1.000 
1.000 
t.OOO 
1.000 
1.000 
1.000 
1.000 
t.OOO 
1.000 
1.000 
t.OOO 
11,000 
1.000 
1.000 
t.OdO 

( 1 , 5) 
1.000 
1.000 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.0^0 

.050 

.050 
i.noo 
l.hdil 
1 .(i.iU 
l.duJ 

( 1 - 9) 
1 .Ouo 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 
I.ono 
1 .000 
1 .000 

. 0 5 0 

. 0 5 0 

. 0 5 0 

. 0 5 0 

. 0 5 0 

. 0 5 0 

. 0 5 0 

. 050 

. 050 

. 0 5 0 

. 050 

. 0 5 0 

. 0 5 0 

.USU 

.o:.n 

. 0 5 0 

. 0 5 0 

.U'.O 

.d'.i) 
l .d( i l ) 
l . ( l l l l ) 
l . dd i l 
1 .ddi) 

FACTORS 
( i . J) 
1.600 
1.000 
1.000 
1.000 
t.OOO 
1.000 
1.000 
1.000 
t.OOO 
1.000 
1.000 
1.000 

.964 

.921 

.677 

.83$ 

.794 

.766 

.742 

.71$ 

.609 

.609 

.715 

.742 

.760 

.794 

.015 

.07 / 

.9.-1 

.9:4 
1 .nui) 
l.diid 
1 .OiiO 
1 .biiO 
1 .dm) 
l.diiit 
1 .dull 

FOR AO 

1.600 
000 

ACEHT SUBCHANNELS 

00' 
94 
000 
000 
0 0 0 
OUO 
OlIU 
duo 
dud 

( 1 , 4) 
1.600 
t.OOO 
1.000 
t.OOO 
t.OOO 
1.000 
1.000 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 
1 .000 
l.flflO 
I .OUd 
I .OOd 
1 . l lud 
1 .000 
1.0(10 
1 .000 
1 .000 
l . d d d 
l.OUd 
1 .dU.) 

( I , 7) 
t.6oo 
1 . 0 0 0 
1 .000 
1 .000 
1 .000 
1 .000 
1 .000 

. 9 4 7 

.66$ 

.623 

. 741 

. 7 0 3 

. 6 1 3 

. 5 1 1 

. 4 1 3 

. 3 1 3 

. 2 5 $ 

.25$ 

.2$$ 

.2$$ 

.2$$ 

. 3 1 3 

.413 

.513 

. 6 1 3 

.703 

.761 

. 0 2 1 

.LUS 

.947 

t.coa 
1.0(10 
1.0.10 
1 .dud 
1 .IllM) 
1 .OIU) 
1 .Uild 

( I . J ) 

I.60O 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 

.050 

.050 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

.050 

.050 

.050 
1 . 0 0 0 
I.ono 
1.000 
I.OUd 
1 .Odd 
1.01)0 
1 .duo 
I.(Mill 
l.o.id 

( 4,14) 
1.600 
1.000 
1.000 
1.000 
1.000 
1.000 
t.OOO 
1.000 
1.000 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.Ot.0 
I.Odd 
1 .Olid 
1.0110 
l.OUO 
1 .OUO 
1 .Odd 
1 .Odd 
l.()ud 
1 .dUd 

( $ , 4) 
1.60a 
1.000 

.947 

.66$ 

.623 

.74t 

.703 

.66$ 

.626 

.$90 

.552 

.$$2 

.$37 

.$13 

.469 

.46$ 

.46$ 

.489 

.$13 

.$37 

.$52 

.SS2 

.590 

.620 

.665 

.701 

."/ i l 

.u31 

.dii5 

.v;7 
1 .ditd 
1 .Odd 
1 .Odd 
1 .dud 
l.diid 
l.dild 
l.dod 

( 5,10) 
l.OuO 
1.000 
1.000 
t.OOO 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
t.bdO 
1 .OuO 

.947 

.60$ 

.601 

.477 

.S56 

.450 

.358 

.274 

.196 

.1 /0 

.160 

.1 /0 

.236 

.312 

.408 

.508 

.615 

.719 

.054 

.916 

.9 /0 
l.di.d 
l.OUO 
l.OOd 
t.OUd 

( 4 , 7) 
t.OiiO 
t.OOO 
1.000 
1.000 
t.OOd 
1.000 
1.000 
l.OUO 
1.000 
t.Odd 
l.ddd 
t.Oii.l 

.947 

. l u 5 

. 8 2 3 

. 761 

. 7 0 3 
.613 
.513 
.413 
. 3 1 3 
.255 
.2>5 
.255 
.25$ 
.255 
. 313 
. 413 
.513 
.613 
.703 
.761 
.033 
. lu5 
.947 

1 .di .u 
l .doO 



TABLE A-6 (cont) 

AREA AND GAP VARIATIONS OF CONFIGURATION F 

> 
I 

N) 
Is} 

X/L 

0.000 
.204 
.212 
.21? 
.223 
.229 
.23$ 
.241 
.244 
.252 
.2$t 
.244 
.270 
.27$ 
.261 
.287 
.291 
.2<*9 
.304 
.310 
.314 
.322 
.328 
.333 
.139 
.34$ 
.331 
.337 
.362 
.366 
.374 
.310 
.306 
.191 
.397 
.401 

l.OdO 

SAP SPACItJG VMlilAflOil 
( 4,11) 
t.6oa 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
l.oon 
1.000 
1.000 
1.000 
1.000 
.947 
.66$ 
.623 
.741 
.703 
.613 
.$13 
.413 
.313 
.2$$ 
.255 
.25$ 
.2$$ 
.2$$ 
.313 
.413 
.$13 
.613 
.703 
.761 
.623 
.605 
.947 

1.000 
1.000 

( 7, 6) 
1.6..0 
I.ObO 
1.000 
1.000 

.970 

.916 

.054 

.739 

.615 

.5dil 

.4I>J 

.112 
.216 
. 1 /0 
.160 
.1 /0 
.190 
.274 
.358 
.456 
.556 
.677 
.601 
.665 
.947 

1.000 
1.000 
1.000 
1.000 
I.ono 
1.000 
1 .OdO 
1 .ddO 
1 .ddO 
1 .ddO 
1.0(10 
l.OUO 

( 7,12) 
1 .OdO 
1.000 
1.000 
1.000 

.978 

.914 

.654 

.792 

.730 

.604 

.646 

.609 

.571 

.533 

.571 

.609 

.646 

.632 

.61$ 

.61$ 

.61$ 

.620 

.644 

.626 

.$90 

.$52 

.S$2 

.$90 

.628 

.66$ 

.7,03 

.761 

.821 

.085 

.947 
1.000 
1.000 

FhCIOMS 
1 6,13) 
1.000 
1.000 
1.000 
1.000 

.978 

.914 

.054 

.792 

.730 

.663 

.563 

.463 

.363 

.263 

.25$ 

.25$ 

.255 

.25$ 

.243 

.341 

.463 

.363 

.663 

.730 

.792 

.634 

.916 

.976 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 

FOR ADJACENT SUBCHAIblLLS 
( 9,TU) 
t .OdO 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 

.947 

.66$ 

.601 

.677 

.$$6 

.4$e 

.356 

.274 

.196 

.160 

.160 

.160 

.234 

.312 

.406 

.$06 

.41$ 

.739 

.634 

.916 

.976 
1 .OUO 
1.000 
1.000 
1.000 

J * , 15 ) 
1.6dO 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
I.noo 
1.000 
1.000 

.944 

.921 

.677 

.63$ 

.794 

.768 

.742 

.71$ 

.469 

.4«9 

.71$ 

.742 

.746 

.794 

.63$ 

.677 

.921 

.964 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 

(10,11) 
i.6oa 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 

.69$ 

.770 

.644 

.$22 

.407 

.331 

.2$$ 

.179 

.103 

.103 

.179 

.2$$ 

.331 

.407 

.$22 

.644 

.770 

.69$ 
I.ono 
1.000 
I.OIIO 
1.000 
1.000 
l.OUO 
1.000 

( l , J ) 
(10,14) 
1.600 
1.000 
1.000 
i,nnn 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 

.89$ 

.770 

.444 

.$22 

.407 

.331 

.2$$ 

.179 

.103 

.103 

.179 

.2S$ 

.331 

.407 

.$22 

.444 

.770 

.69$ 
1.000 
1.000 
l.bdO 
1 .Odd 
1 .OUO 
l.bllU 
i.buo 

(11,12) 
1.000 
1.000 
1.000 
1.000 
1.000 
t.OOO 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
t.OOO 
1.000 

.69$ 

.770 

.444 

.$22 

.407 

.331 

.2SS 

.179 

.103 

.103 

.179 

.25$ 

.331 

. < d / 
1 •#» 

."/46 

.770 

.Lii 
l.b.id 
l.ddd 

(11,17) 
1.600 
1.000 
t.OOO 
I.noo 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
t.OOO 

.947 

.66$ 

.623 

.741 

.703 

.413 

.S13 

.413 

.313 

.25$ 

.25$ 

.25$ 

.25$ 

.2$S 

.313 

.413 

.$13 

.613 

.7dl 

. / . . I 
.021 
. U 5 
.947 

1 .nni) 
l.Udd 

(12,13) 
1 .n(^n 
1.000 

.000 
I.nnn 

.970 

.914 

.654 

.792 

.73n 

.604 

.444 

.609 

.$71 

.$33 

.371 

.609 

.646 

.432 

.41$ 

.41$ 

.415 

.620 

.644 

.620 

.SW) 

.S52 

.$$2 

.$90 

.620 

. / : s 

. / o l 
, > . - 1 
.021 
.bu5 
.947 

1 .onn 
l.bdU 

(12,161 
1.000 
t.OOO 
l.oon 
t.OhO 
1.0(10 
t .Odd 
1 .Odd 
1.000 
1.000 
1 .OdO 
1 .ouo 
1.000 
1.000 
1 .Odd 
1 .Odd 
t.lldO 
l.bdd 

.005 

. 7 /0 

.6(6 

.S22 

.407 

.111 

.255 

.V/> 

. l U l 

.101 

.179 

. i ' j ' j 

. 1 > 1 

. ( 1 1 / 
• J ' 

.646 

.7 /0 

.19$ 
1 .bud 
l.Ubd 



TABLE A-6 (cont) 

AREA AND GAP VARIATIONS OF CONFIGURATION F 

X/L GAP SPACING VARIATION FACTORS FOR ADJACENT SUBCHANNELS (I,J) 
(17.16) 
1.600 
1.000 
1.000 
1.000 
1.000 
1.000 

1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
.978 
.914 
.6$4 
.739 
.61$ 

> .310 .2$$ .506 .7ul .160 .nSO .160 .14t .$06 
• .314 .2$$ .406 ./SS .160 .050 .160 .2)7 .406 

0 . 0 0 0 
. 2 0 4 
. 2 1 2 
. 2 1 7 
. 2 2 ) 
. 2 2 9 
. 2 3 $ 
. 2 4 1 
. 2 4 4 
. 2 5 2 
. 2 $ 6 
. 2 4 4 
. 2 7 0 
. 2 7 $ 
. 2 6 1 
. 2 0 7 
. 2 9 3 
. 2 9 9 
. 3 0 4 
. 3 1 0 
. 3 1 4 
. 3 2 2 
. 3 2 6 
. 3 3 1 
. 3 3 9 
. 3 4 $ 
. 3 3 1 
. 3 3 7 
. 3 6 2 
. 3 6 6 
. 5 7 4 
. 3 1 0 
. 3 6 6 
. 3 9 1 
. 3 9 7 
. 4 0 3 

l.OUO 

( 1 3 , 1 4 ) 

t.6oo 
1 .000 
1 . 0 0 0 
1 .000 
1 . 0 0 0 
1 .000 
1 .000 
1 .000 
1 . 0 0 0 

. 9 7 6 

. 9 1 4 

.654 

. 7 9 2 

:ll^ 
. 5 6 3 
. 4 6 3 
. 3 6 3 
. 2 6 3 
.2$$ 
.2$$ 
.2$$ 
.25$ 
. 2 6 3 
.363 
. 4 6 3 
. $ 6 3 
.463 
. 7 3 0 
. 7 9 2 
.654 
. 9 1 4 
. 9 7 6 

1 . 0 0 0 
1 . 0 0 0 
1 . 0 0 0 
1 .000 

( 1 3 , 1 9 ) 
1 . 6 0 0 
1 .000 
1 . 0 0 0 
1 .000 
1 .000 
1 . 0 0 0 
1 .000 
1 .000 
1 . 0 0 0 
l.oon 
1 .000 
t.OOO 
1 .000 
1 . 0 0 0 

. 9 7 8 

. 9 1 4 

.654 

. 7 3 9 

.61$ 

.506 

. 4 0 6 

. 312 

. 2 1 4 

. 1 6 0 

. 1 6 0 

. 1 / 0 

. 1 9 8 

.274 

. 1 5 6 

. 450 

.5SU 

.•irt 
. 6 0 1 
.005 
.947 

I.nnn 
1 .OUd 

( 1 4 , 2 0 ) 
1 .000 
1 .000 
1 . 0 0 0 
1 .000 
1 .nno 
1 .000 
1 .000 
1.0(10 
1 .000 
1 . 0 0 0 
1 .000 
l.OUO 
1.G00 
1 .000 

.90$ 

. 942 

. 8 y 9 

. 0 5 6 

.013 

. 7 u l 

.753 

.726 

.702 

. 6 / 4 

.7.12 

. 728 

. / 5 $ 

. / i t l 

.u13 
.0^6 
.L'..9 
.'.i',3 
.9115 

1.01)0 
I .UdO 
l .d . id 
l .d i iO 

( 1 $ , 1 4 ) 
1 . 6 0 0 
1 .000 
1 . 0 0 0 
1 .000 
1 . 0 0 0 
1 .000 
1 .000 
1 .000 

I.ono 
. 9 7 0 
. 9 1 4 
.654 
. 7 1 9 
. 4 1 $ 
. 3 0 0 
. 4 0 0 
. 312 
. 2 3 4 
. 1 6 0 
. 1 6 0 
. 1 6 0 
. 1 9 8 
.274 
. 3 5 6 
. 450 
. 5 5 6 
. 4 7 7 
.Bu i 
. 805 
. 947 

t .U i id 
t . l l . l d 
1 .onn 
1 . 0 0 0 
1 .ouo 
t .OdO 
t.OOO 

( 1 3 , 2 5 ) 
i.6no 
1 . 0 0 0 
1 . 0 0 0 
1 . 0 0 0 
1 . 0 0 0 
I.nnn 
1 . 0 0 0 
1 .000 
1 . 0 0 0 

. 0 5 0 

. 0 5 0 

. 0 5 0 

. 0 5 0 

. 0 5 0 

. 0 5 0 

. 0 5 0 

. 0 5 0 

. 0 5 0 

. 0 5 0 

. 0 5 0 

. 0 5 0 

. 0 5 0 

. 0 5 0 

. 0 5 0 

. 0 5 0 

. 0 5 0 

. 0 5 0 

. 0 5 0 
1 .000 
1 . 0 0 0 
1 .Odd 
t . d i l d 
1 . 0 0 0 
I . n n n 
1 . 0 0 0 
1 .ono 
1 . 0 0 0 

( 1 4 , 1 7 ) 
i.flon 
1 . 0 0 0 
1 . 0 0 0 
1 . 0 0 0 
1 . 0 0 0 
1 . 0 0 0 
1 . 0 0 0 
1 . 0 0 0 
1 .000 

. 9 7 8 

. 9 1 4 

.654 

. 7 3 9 

. 4 1 $ 

. 5 0 6 

. 4 0 6 

. 312 

. 2 3 4 

. 1 6 0 

. 1 6 0 

. 1 6 0 

. 1 9 6 

.274 

. 3 5 0 

.45U 

.S5d 

. 4 7 7 

. 6 0 1 

. 0 6 5 

.947 
1 .Odd 
1 .Odd 
1 . 0 0 0 
1 . 0 0 0 
1 . 0 0 0 
1 . 0 0 0 
1 . 0 0 0 

( 1 4 . 2 1 ) 
1 . 6 0 0 
1 . 0 0 0 
1 . 0 0 0 
1 . 0 0 0 
1 . 0 0 0 
t.OOO 
1 . 0 0 0 
1 .000 
1 0 0 0 

.957 

.633 

. 7 0 6 

.$84 

. 4 6 0 

. 3 6 9 

. 2 9 3 

.217 

. 1 4 1 

.06$ 

. 1 4 t 

. 2 ) 7 

. 293 

. 369 

. 4 6 0 
.$04 
. 7 0 3 
. 6 1 1 
.957 

1 .000 
I .OdO 
I.ono 
l.OUO 
t.OdO 
1 .OdO 
t.OilO 
t.OilO 
1.0(10 

.312 

.234 

.160 

.160 

.160 

.198 

.274 

.356 

.458 

.$$8 

.477 

.COl 

.60$ 

.947 

I.ono 
l.OOd 

( 1 7 . 2 2 ) 
1 . 6 0 0 
1 .000 
1 . 0 0 0 
1 .000 
1 . 0 0 0 
1 .000 

i.ooo 
t.OOO 
1 .000 

.976 

. 9 1 4 

.6$4 

. 792 

. 7 3 0 

. 6 6 3 

. $ 6 3 

.463 

. 3 6 3 

.263 

.23$ 

.2$$ 

.2$S 

.25$ 

.263 

. 3 6 3 

.463 
, 5 6 1 
. 6 6 1 
. 7 1 0 
. 792 
.654 
. 9 1 4 
. 9 7 0 

1 . 0 0 0 
I .OdO 
t .bdO 
1 .000 

( 1 6 , 1 9 ) 
1.60a 
1 . 0 0 0 
1 . 0 0 0 
1 .000 

. 9 7 8 

. 9 1 4 
.654 
. 792 
. 7 3 0 
.464 
. 4 4 4 
. 6 0 9 
. $ 7 1 
. $ 3 3 
. $ 7 1 
. 6 0 9 
. 4 4 4 
. 432 
.41$ 
.41$ 
.41$ 
. 4 2 0 
. 4 ( 4 
. 62d 
.na 
. $52 
. $ 5 2 
.$va 
. 6 2 0 
. 66$ 
. 7 0 3 
.- /61 
. 0 2 1 
.605 
.947 

1 .ddd 
1 .bud 

( 1 6 , 2 1 ) 
t.6oa 
1 .000 
1 . 0 0 0 
1 .000 

. 9 7 1 

. 9 1 4 
.654 
. 7 9 2 
. 7 3 0 
.464 
. 4 4 4 
. 4 0 9 
. $ 7 1 
. $ 3 3 
. $ 4 9 
. $ 2 $ 
. $ 0 1 
.477 
. 4 6 0 
. 4 7 7 
. $ 0 1 
.$2$ 
. $ 4 9 
. $ 3 3 
. 3 7 1 
. 6 0 9 
. 6 4 6 
.604 
. 7 3 0 
. 792 
.034 
. 9 1 4 
.97)1 

1 .bdO 
t .diM) 
1 .dud 
t . d u d 

( 1 9 , 2 0 ) 
i.6on 
1 . 0 0 0 
1 . 0 0 0 
1 .000 
1 . 0 0 0 
1 .000 
1 . 0 0 0 
1 .000 

I.ono 
1 . 0 0 0 
1 .000 
1 . 0 0 0 
1 .000 
1 . 0 0 0 

.937 

. 6 3 3 

. 7 0 8 

.384 

. 4 6 0 

. 3 6 9 

. 2 9 3 

.217 

. 1 4 1 

.06$ 

. 1 4 1 

. 2 1 7 

. 2 9 3 

. 3 6 9 

. 4 6 0 

.504 

. ' / ( IJ 

. d l l 

.VS7 
t .ditd 
1 .(..Id 
l .d i . . l 
t . d i i J 



TABLE A-6 (cont) 

AREA AND GAP VARIATIONS OF CONFIGURATION F 

X/L GAP SPACING VARIATION 
(19,24) (20,28) 

0.000 t .600 1.600 
.204 1.000 1.000 
.212 t.OOO 1.000 
.217 1.000 1.000 
.223 .976 1.000 
.229 .914 1.000 
.23$ .654 1.000 
.241 .792 1.000 
.244 .730 1.000 
.252 .484 1.000 
.258 .444 1.000 
.264 .609 1.000 
.270 .571 l.OUO 
.27$ .$33 l.OUO 
.201 .349 .050 
.207 .$25 .050 
.293 .501 .050 
.299 .477 .050 
.304 .460 .050 
.310 .477 .050 
.314 .501 .050 
.322 .525 .050 
.326 .$49 .050 
.333 .313 .050 
.339 .571 .050 
.343 .609 .Otid 
.351 .646 .050 
.357 .604 .U'jd 
.362 .71d .U'jil 
.36U .792 .Utid 
.374 .054 .d'jd 
.3tO .916 .U'jil 
.31,1 .9 /0 .dlid 
.391 l.biiO l.diiil 
.397 l.bud l.diid 
.403 t.dud l.diid 

1.OdO 1.bud 1.dud 

lATION 
2 1 , 2 2 ) 
1.600 
1 . 0 0 0 
1 .000 
1 .000 
1 .000 
1 . 0 0 0 
1 .000 
1 .000 

^ . 0 0 0 
. 9 7 6 
. 9 1 6 
.654 
. 7 3 9 
.615 
. 5 0 6 
. 4 0 8 
. 312 
. 2 3 6 
. 1 6 0 
. 1 6 0 
. 1 6 0 
. 1 9 6 
.274 
. 3 5 0 
. 450 
. 5 5 0 
.677 
. 0 0 1 
.Ou5 
.947 

1 .Odd 
1 .Odd 
1 .Odd 
1 .Odd 
1 .bud 
1 .OUd 
l .OUd 

FACTORS 
( 2 1 , 2 5 ) 
1.600 
1 .OCd 
t.OOO 
1 .000 
1 . 0 0 0 
1 . 0 0 0 
1 . 0 0 0 
1 . 0 0 0 
1 .000 
.oso 
.oso 
.oso 

0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
o.ono 
O.buO 
O.OdO 

. 0 5 0 

. 0 5 0 
1 .bdO 
1 .Odd 
l . d d d 
1 .Odd 
1 .bdO 
1 .OUO 
l.OUO 

FOR ADJACENT SUBCHANNELS ( 
(22,23) (22,26) (23,24) 
1.600 
1.000 

,000 
,000 
,000 
000 
000 

.947 

.663 

.823 

.761 

.703 

.66$ 

.626 

.$66 

.466 

.406 

.362 

.336 

.350 

.350 

.370 

.394 

.418 

.516 

.609 

.644 

.464 

.730 

.792 
.654 
.914 
.976 

1.C00 
t.bud 
l.OOd 
t.OUd 

ono 
,000 
000 
000 
000 
,000 
000 
94 
60 
8 

60 
94 
ono 
ono 
.000 
ono 
Odd 
ouo 
OUO 

t.6oo 
1.000 
1.000 
1.000 

.976 

.914 

.654 

.719 

.415 

.506 

.406 

.312 

.234 

.160 

.160 

.160 

.196 

.274 

.358 

.456 

.556 

.677 

.601 

.66$ 

.947 
1.000 
1.000 
1.000 
1.000 
1.DD0 
1 .OdO 
1.U00 
I.ono 
l.OUO 
1 .UdU 
l.bdO 
I.UUO 

l,J> 
(23,27) 
1.600 
1.000 
1.000 
1.000 
I.ObO 
1.000 
l.OUO 

.095 

.770 

.644 

.322 

.407 

.331 

.23$ 

.179 

.103 

.103 

.179 

.255 

.331 

.407 

.322 

.444 

.770 

.69$ 
1.000 
t.OOO 
1.000 
1.000 
I.ODO 
1.000 
1.000 
t.OOO 
1.000 
1.000 
1.0(10 
l.bdO 

(24,20) 
1.600 
1.000 
1.000 
1.000 
1.000 
t.OOO 
1.000 

>0J( | 

.oso 

.050 

.050 

.050 

.050 

.050 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

.050 

.050 

.050 

.050 

.oso 
.050 
.050 
.050 

1.000 
1.000 
1 .Odd 
l.OUO 

(25,24) 
1.600 
1.000 
t.OOO 
1.000 
1.000 
1.000 
1.000 
i.niio 
1.000 
1.000 
1.000 
1.000 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.050 

.oso 

.oso 

.OSO 

.050 

.050 

.050 

.050 

.030 
I.ono 
1.000 
1.000 
1.000 
l.OOU 
1 .bOd 
l.OOd 

1 2 6 , 2 7 ) 
1 .Odd 
1 .Odd 
t .Odd 
1 .000 
t .OUd 
1 .Odd 
1 .bud 

.v,/. 
. 9 2 1 
. 677 
.635 
.794 
. 7 6 6 
. 742 
.71$ 
. 6 6 9 
. 6 6 9 
.713 
. 742 
. 7 6 6 
.794 
.633 
.677 
. 9 2 1 
.964 

1 . 0 0 0 
1 .000 
1 .000 
1 .000 
1 .000 
1.0(10 
1 .000 
l.OUO 
l . b d d 
l . d d d 
l . d d d 
l . b d d 

( 2 7 , 2 u ) 
1.(Mid 
l .Oi id 
1 .Odd 
1 .bud 
l . b d d 
1 .bUd 
l . d d d 

. 0 0 

. 0 5 0 

. 0 5 0 

. 0 5 0 

. 0 5 0 

. 0 5 0 

. 0 5 0 

. 0 5 0 

. 0 5 0 

. 0 5 0 

. 0 5 0 

. 0 5 0 

. 0 5 0 

. 0 5 0 

. 0 5 0 

. 0 5 0 

. 0 5 0 

. 0 5 0 
l.OUO 
l.OUd 
l.OUO 
1 .bud 
1 .buu 
t .OUd 
l .d i id 
l .ddU 
l . d d d 
l . lKi i l 
1 .dud 
1 .ddU 



TABLE A-7 

GRID AND BLOCKAGE SLEEVE COBRA INPUT (e^) AS A FUNCTION OF 
ELEVATION FOR CONFIGURATION E 

SPACER DATA 
SPACER TYPE HO. 1 2 3 ' f S 6 7 8 ' ) 1 0 

.402 .377 .3<)l 

SPACER DATA 
SPACER Tr?E HO. 
LOCATION 
LOCATION 

( X / L ) 
( X / L ) 

SPACER TYPE 1 
CHANNEL 

NO. 
1 
5 

<» 
13 
1 7 
2 1 
25 

Oî AG 
COEFF. 

. 0 5 8 

. 1 0 5 

. 0 4 1 

. 1 3 0 

. 1 7 b 

. 1 8 7 

. 0 6 8 

SPACER TYPE 2 
CHANNEL 

NO. 
1 
5 
9 

13 
17 
2 1 
25 

DRAG 
COEFF. 
0 . 0 0 0 
O.COO 
0 . 0 0 0 
O.COO 
0 . 0 0 0 
0 . 0 0 0 
c.ooo 

SPACER TYPE 3 
CHANNEL 

NO. 
1 
5 
9 

13 
1 7 
2 1 
25 

DRAG 
COEFF. 
0 . 0 0 0 
O.COO 
O.COO 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
o.ooc 

SPACER TYPE <* 
CHANNEL 

MO. 
1 
5 
q 

13 
1 7 
2 1 
25 

DKAG 
C ' l E F F . 
0 . 0 0 0 
O.COO 
0 . 0 0 0 
O.COO 

. 0 1 8 
O.COO 
O.COO 

SPACER TYPE 5 
CHANNEL 

NO. 
1 
5 
9 

13 
17 

DRAG 
COEFF. 
C.OOO 
O.OOC 

. 0 1 7 
o.cco 

. 0 6 6 

1 1 
. 1 5 9 
. ' fC6 

CHANNbL 
NO. 

2 
6 

10 
14 
18 
2 2 
26 

CHANNEL 
N U . 

2 
6 

10 
14 
18 
22 
26 

CHANNEL 
N O . 

2 
6 

10 
1 * 
38 

22 
26 

CHANNEL 
NO. 

2 
6 

10 
14 
18 
2 2 
26 

CHANNEL 
HO. 

2 
6 

10 
14 
18 

12 
. 2 7 5 
. 4 2 0 

DRAG 
C Q E f F . 

. 0 4 1 

. 0 6 6 

. 0 6 6 

. 0 4 1 

. 1 5 3 

. 1 0 2 

. 0 4 1 

DRAG 
COEFF. 

. 0 2 8 
0 . 0 0 0 
0 . 0 0 0 
o.ooa 

. 0 0 9 
0 . 0 0 0 
0 . 0 0 0 

DRAG 
COEFF. 

. 0 2 1 
0 . ,000 
0 . 0 0 0 

. 0 1 0 

. 0 1 8 
O.OOO 

. 0 1 6 

OrtAG 
C O t F F . 

. 0 1 6 
0 . 0 0 0 
0 . 0 0 0 

. 0 2 1 

. 0 1 3 
0 . 0 0 0 

. 0 3 3 

DRAG 
COEFF. 

. 0 1 2 
0 . 0 0 0 
0 . 0 0 0 

. 0 1 6 

. 0 1 0 

13 14 15 
. 2 9 0 . 3 0 4 . 3 1 >» . 1 3 1 
. 4 3 4 . 4 6 4 . 7 5 4 

CHANNEL 
N C 

3 
7 

1 1 
15 
19 
23 
27 

CHANNEL 
NC. 

3 
7 

1 1 
15 
19 
23 
27 

CHANNEL 
NO. 

3 
7 

1 1 
15 
19 
23 
27 

CHANNEL 
NO. 

3 
7 

1 1 
15 
19 
23 
27 

CHANNEL 
NC. 

3 
7 

1 1 
15 
I S 

DRAG 
COEFF. 

. 0 4 1 

. 0 6 6 

. 0 6 6 

. 1 0 4 

. 1 0 2 

. 1 3 0 

. 0 4 1 

DRAG 
COEFF. 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 

DRAG 
COEFF. 

. 0 1 6 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 

. 0 1 8 

DRAG 
COEFF. 

. 0 3 3 
0 . 0 0 0 
0 . 0 0 0 

. 0 2 6 
0 . 0 0 0 
0 . 0 0 0 

. 0 3 7 

DRAG 
COEFF. 

. 0 4 2 
0 . 0 0 0 

. 0 1 5 

. 0 8 0 
0 . 0 0 0 

LHA.tNCL 
NU. 

4 
tl 

12 
16 
20 
24 
28 

LHANlHtu 
ilJ . 

4 
8 

12 
16 
20 
24 
2u 

C H A M ^ L L 

NO. 
4 
8 

12 
10 
2J 
24 
da 

LHANNtL 
N J . 

t 

a 
12 
i o 
2̂ J 
24 
28 

L H A U N L L 

it J . 
4 
a 

kl 
16 
2 J 

. 1 4 7 

J K A G 

^ Q E r F . 
. u 6 3 
. 1 4 3 
. u 6 c 
. 1 7 6 
. 0 4 1 
. 1 8 7 
. 0 7 3 

J A M G 

v-JEFe. 
O.uOC 
J . uC|(. 

.o ( /9 
o.ogo 
J.wCC 
o.ooc 
o.oct 

J A A G 

i ,Ot f -H. 
3..<0C 
u.uoc 

. 0 1 8 
O.UUL 
d.JOO 
^ . u O l 
u.OC/C 

OKAG 
C j t F F . 
u .uoC 
O.OOC 

. u l 3 
u.JOO 
O.OOC 
i^.uuO 
O.OOC 

IJKAG 

«.Ut:K-. 
vj • uOC 
u . JoC 

. u l C 
O.OOC 
O.OUO 
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TABLE A-7 (cont) 

GRID AND BLOCKAGE SLEEVE COBRA INPUT (e^) AS A FUNCTION OF 
ELEVATION FOR CONFIGURATION E 

21 O.COO 22 0 .000 23 0 .000 24 u.uO,C 
29 0 .000 26 .042 27 .023 20 O.uOC 

SPACER TYPE 6 
A N N E L 
N O . 

1 
5 
9 

1 3 
1 7 
2 1 
2 5 

Di^AG 

C I E F F . 

0 . 0 0 0 
0 . 0 0 0 

. 0 3 3 
0 . 0 0 0 

. 1 2 4 
0 . 0 0 0 
O . C O O 

C H A N N E L 
H O . 

2 
6 

1 0 
1 4 

1 8 

2 2 
2 6 

DRAG 
C O E F F . 

. 0 0 9 
0 . 0 0 0 
0 . 0 0 0 

. 0 2 9 

. 0 0 8 
O . O C O 

. 0 5 3 

CHANNEL 
N O . 

3 
7 

1 1 
1 5 
1 9 
2 3 

2 7 

DRAG 
C O E F F . 

. 0 5 2 
0 . 0 0 0 

. 0 2 9 

. 0 9 6 
0 . 0 0 0 
0 . 0 0 0 

. 0 2 1 

OHAit lHtL 
lid. 

4 
a 

i 2 
i o 

2 0 

<̂ 4 
2 d 

JKAG 

v U E h F . 

U . o O C 
U . u O O 

. w O t 
u . CuC 

. w l 9 

o . O o C 
0 . u O C 

SPACER TYPE 7 
A N N E L 

N O . 
1 
5 
9 

1 3 
1 7 

2 1 
2 ! 

DRAG 
C J E F F . 

O . C O O 
0 . 0 0 0 

. 0 2 5 
0 . 0 0 0 

. 1 3 9 
C . O O O 
O . C O O 

C H A N N E L 
N O . 

2 
6 

1 0 
1 4 
1 8 
2 2 
2 6 

D R A G 
C O E F F . 

. 0 0 7 
0 . 0 0 0 

o.ooo 
. 0 4 2 

. 0 2 0 
O . O O u 

. 0 4 0 

C H A N N E L 
N G . 

3 
7 

1 1 
1 5 
I S 
2 3 

2 7 

DilAG 
C O E F F , 

. 0 4 0 
0 . 0 0 0 

. 0 2 2 

. 0 7 2 
0 . 0 0 0 
0 . 0 0 0 

. 0 1 6 

O H A N N b u 
N J . 

4 
8 

l i 
1 0 
2 0 
2 4 

2 8 

iJKAG 
C u t r e . 
o . o O C 

o.uoc 
. o 2 C 

O . u O C 
. 0 3 8 

o.ooc 
u . O O C 

SPACER TYpE 8 
A N N E L 
N T . 

1 
5 
9 

1 3 
1 7 
2 1 

2 5 

Di<AG 
C Q E F F . 

C . O O O 
0 . 0 0 0 

. 0 1 9 
O . O C O 

. 1 4 4 

O . C O O 
O . C O O 

C H A N N E L 
N O . 

2 
6 

1 0 
1 4 
1 8 

2 2 
2 6 

D R A G 
C O E F F . 

. 0 0 5 
0 . 0 0 3 
0 . 0 0 0 

. 0 3 2 
. 0 3 2 

0 . 0 0 0 
. 0 3 0 

C H A N N E L 
N C . 

3 
7 

1 1 
1 5 
1 9 
2 3 
2 7 

DRAG 
C O E F F . 

. 0 3 0 
0 . 0 0 0 

. 0 1 7 

. 0 5 4 

0 . 0 0 0 
0 . 0 0 0 

. 0 1 2 

OHArtNEL 
N O . 

4 
8 

1 2 
1 0 
2 0 

2 * 
2 b 

O K A G 

t i i t f h . 
O . O O C 

O ' O U C 
. 0 3 3 

0 . u O O 
. C 2 9 

J . J O O 

O . u O O 

SPACFP TYPg 9 
A N N E L 
N O . 

1 
5 
9 

1 3 
1 7 
2 1 
2 5 

DRAG 
C O E F F . 
0 . 0 0 0 
0 . 0 0 0 

. 0 1 4 
O . O O C 

. 1 0 9 

0 . 0 0 0 
O . C O O 

C H A N N E L 
N O . 

2 
6 

1 0 
1 4 
1 8 

2 2 
2 6 

ORAG 
C O E F F . 

. 0 2 3 
0 . 0 0 0 

O . o O O 
. 0 2 4 
. 0 2 4 

0 . 0 0 0 
. 0 2 3 

C H A N N E L 
N C . 

3 
7 

1 1 
1 5 
1 9 
2 3 
2 7 

OKAG 

C O E F F . 
. 0 1 7 

0 . 0 0 0 
. 0 1 3 
. 0 4 1 

0 . 0 0 0 
0 . 0 0 0 

. 0 0 9 

OHAi^NtO 
liw 

"t 
b 

i.^ 
l o 
2 0 

2'« 
2 0 

O K A G 

Cut^^ . 
J . V . O L 
J . 0 0 0 

. 0 2 5 
0 . 0 0|t 

. u 2 2 
\j .V.OC 
u . o w L 

SPACEP TYPElO 
C H A N N E L 

N O . 

1 
5 
9 

1 3 
1 7 
2 1 
2 5 

OiiAG 
C J E F F . 
O . C O O 
O . C O C 

. 0 1 1 

0 . 0 0 0 
. 0 8 2 

O . C O O 
0 . 0 0 0 

C H A N N E L 
H O . 

2 
6 

1 0 

1 4 
1 8 
2 2 
2 6 

D R A G 

C O E F F . 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 

. 0 1 8 

. 0 1 6 
0 . 0 0 0 

. 0 1 7 

C H A N N E L 

N C . 
3 
7 

1 1 

1 5 
1 9 
2 3 

2 7 

DRAG 
C O E F F . 

. 0 1 7 
0 . 0 0 0 

. 0 0 9 

• 0 3 1 
0 . 0 0 0 
O . O C O 

. 0 0 7 

. . H A r t N t L 
i l O . 

4 
8 

1 2 

l o 
i O 
2 t 

2 8 

OXit^ 
> , U c ) - F . 
J . w O l 
O . o O O 

. 0 1 6 

^ . O u L 
. O l t 

O . U O C 
u . u C L 
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TABLE A-7 (cont) 

GRID AND BLOCKAGE SLEEVE COBRA INPUT (e^) AS A FUNCTION OF 
ELEVATION FOR CONFIGURATION E 

SPACFR TYPEll 
lANNEl 
N C . 

1 
5 
9 

13 
1 7 
2 1 
25 

ORAG 
C J E F F . 
0 . 0 0 0 
O.COO 

. 0 0 6 
0 . 0 0 0 

. 0 6 2 
O.COO 
O.OOC 

CHANNEL 
N O . 

2 
6 

10 
14 
18 
2 2 
26 

ORAG 
COEFF. 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 

. 0 1 1 

. 0 1 2 
0 . 0 0 0 

. 0 0 8 

CHANNEL 
NO. 

3 
7 

1 1 
15 
1 9 
23 
2 7 

DRAG 
COEFF. 

. 0 0 8 
0 . 0 0 0 

. 0 0 7 

. 0 2 3 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 

CHANNEL 
Nu . 

4 
8 

l i 
16 
20 
24 
28 

JKAG 
wuEFF . 
0 . 0 0 0 
J . 0 0 0 

. 0 1 2 
O.JOO 

. 0 1 2 
0 . 0 0 0 
O.OOiC 

SPACER TYPE12 
ANNEL 
NO. 

1 
5 
9 

13 
1 7 
2 1 
25 

DRAG 
COEFF. 
0 . 0 0 0 
0 . 0 0 0 

. 0 0 6 
0 . 0 0 0 

. 0 4 2 
O.COO 
0 . 0 0 0 

CHANNEL 
N O . 

2 
6 

10 
14 
18 
22 
26 

ORAG 
C Q E F F . 

0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 

. 0 0 8 

. 0 0 9 
0 . 0 0 0 

. 0 0 6 

CHANNEL 
NO. 

3 
7 

1 1 
15 
19 
23 
27 

DRAG 
COEFF. 

. 0 0 6 
0 . 0 0 0 

. 0 0 9 

. O i l 
0 . 0 0 0 

o.ooo 
O.OCO 

O H A M N L I . 

NO. 
4 

a 
12 
l o 
20 
24 
2b 

O K A G 

^.OEFF. 
J .oCC 
J . O.Olt 

. 0 0 9 
O.uOC 

. 0 0 9 
O.oOC 
0 . u,0,C 

SPACER TYPE13 
ANNEL 
NO. 

1 
5 
9 

13 
17 
2 1 
25 

DRAG 
COEFF. 
O.OOC 
O.COO 
0 . 0 0 0 
0 . 0 0 0 

. 0 2 3 
O.COO 
O.OOC 

CHANNEL 
N O . 

2 
6 

10 
14 
18 
22 
26 

ORAG 
COEFF. 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 

. 0 0 6 
. 0 0 7 

0 . 0 0 0 
O.OCO 

CHANNEL 
NO. 

3 
7 

1 1 
15 
19 
23 
2 7 

ORAG 
CQEFF. 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 

OHMiXNfcL 
NO. 

4 
8 

12 
10 
20 
24 
28 

OKA(i 
; O c F F . 
J .uCO 
O.OOC 

. 0 0 7 
O.wOC 

. - 0 7 
u . uoC 
O . u C l 

SPACER TYPE14 
ANNEL 
N O . 

1 
; 
9 

1 3 
17 
2 1 
25 

ORAG 
C 1 E F F . 

. 0 7 3 

. 1 8 7 

. 0 4 1 

. 1 5 3 

. 1 3 0 

. 1 8 7 

. 0 6 8 

CHANNEL 
N O . 

2 
6 

10 
1 4 
18 
22 
26 

DRAG 
COEFF. 

. 0 4 1 

. 1 0 2 
, 1 5 3 
. C 4 1 
. 1 3 0 
. 1 0 2 
. 0 4 1 

CHANNEL 
N C . 

3 
7 

1 1 
1 5 
19 
23 
27 

DRAG 
C J E F F . 

. 0 4 1 

. 1 0 2 

. 2 1 5 

. 0 4 1 

. 0 6 6 

. 1 0 2 
. 0 4 1 

OHAftNcL 
tiu • 

4 
b 

12 
1 6 
20 
24 
28 

OKAG 
- a t h f . 

. u 7 J 

. i b 7 

. 2 1 5 

. 1 3 0 

. 0 4 1 

. 1 4 3 
. 0 6 3 

SPACFR "TYPEIS 
I A N N E L 
H H . 

1 
5 
Q 

13 
17 
2 1 
25 

ORAG 
C J E F F . 

. 0 6 3 
. 1 4 3 
. 0 4 1 
. 1 3 0 
. l ' ? 7 
. 1 8 7 
. 0 7 3 

CHANNEL 
N O . 

2 
6 

10 
14 
18 
22 
26 

A-27 

DRAG 
COE^F. 

. 0 4 1 

. 0 6 6 

. 1 3 0 

. 0 4 1 

. 0 6 6 

. 1 0 2 

. 0 4 1 

CHANNEL 
NC. 

3 
7 

11 
15 
19 
23 
27 

DRAG 
COEFF. 

. 0 4 1 

. 0 6 6 

. 0 6 6 

. 0 4 1 

. 0 6 6 

. 3 6 6 
. 0 4 1 

C H A . ( H E L 
N J . 

4 
8 

12 
10 
20 
24 
i6 

DRAG 
C U t F ^ . 

. 0 6 3 

. 1 4 3 

. 0 6 6 

. i 3 L 

. 0 4 1 

. 1 0 1 

. O i t 



TABLE A-8 

GRID AND BLOCKAGE SLEEVE COBRA INPUT (e^) AS A FUNCTION OF 
ELEVATION FOR CONFIGURATION F 

SPACER DATA 
SPACER TYPE NO. 

SPACER DATA 
SPACE" TYPE NO. 
LOCATION ( X / L J 
LOCATION ( X / L ) 

SPACER TYPE 1 
CHANNEL DRAG 

NO. COEFF. 
1 .058 
; .105 
9 . 0 4 1 

13 .130 
17 .178 
21 .187 
25 .068 

SPACER TYPE 2 
CHANNEL ORAG 

NO. CoEFF. 
1 0 .000 
5 0 .000 
9 0 .000 

13 0 .000 
17 0 .000 
21 0 .000 
25 0 .000 

SPACER TYPE 3 
CHANNEL ORAG 

NO. C Q E F F . 
1 0 .000 
5 0 .000 
9 0 .000 

13 0 .000 
17 0 .000 
21 0 .000 
25 0 .000 

SPACER TYPE 4 
CHANNEL ORAG 

HO. COEFF. 
1 0 .000 
5 0 .000 
9 0 .000 

13 0 .000 
17 . 0 2 6 
21 0 .000 
25 0 .000 

SPACER TYPE 5 
CHANNEL DRAG 

HO. CgEFF. 
1 0 .000 
5 0 .000 
9 .022 

13 0 .000 
17 .116 

1 

11 
.159 
.406 

CHANNEL 
NO. 

2 
6 

10 
14 
18 
22 
<6 

CHANNEL 
NO. 

2 
6 

10 
14 
18 
22 
26 

CHANNEL 
NO. 

2 
6 

10 
14 
18 
22 
26 

CHANNEL 
NO. 

2 
6 

10 
14 
18 
22 
26 

CHANNEL 
NO. 

2 
6 

10 
14 
18 

2 

12 
.275 
.420 

ORAG 
COEFF. 

. 0 4 1 

. 0 6 6 
. 0 6 6 
. 0 4 1 
. 1 5 3 
. 1 0 2 
. 0 4 1 

ORAG 
COEFF. 

. 0 3 0 
0 .000 
O.oOO 
0 .000 

.009 
0 .000 
0 .000 

DRAG 
COEFF. 

. 0 2 3 
0 . 0 0 0 
0 .000 

.012 

.013 
0 .000 

.020 

DRAG 
COEFF. 

.017 
0 .000 
0 .000 

.024 

.014 
0 .000 

.039 

DRAG 
COEFF. 

. 0 1 3 
0 .000 
0 .000 

.018 

.010 

3 

13 
.290 . 
.434 . 

CHANNEL 
NO. 

3 
7 

11 
15 
19 
23 
27 

CHANNEL 
NO. 

3 
7 

11 
15 
1 ' ' 
23 
27 

CHANNEL 
NO. 

3 
7 

11 
15 
l-J 
23 
27 

CHANNEL 
NO. 

3 
7 

11 
15 
19 
23 
27 

CHANNEL 
NO. 

3 
7 

11 
i5 
19 

4 5 6 

14 15 
304 .319 .333 
464 .75 i j 

DRAG 
COEFF. 

. 041 

.066 

.066 

.104 

.102 

.130 

. 0 4 1 

DRAG 
COEFF. 
0 .000 
0 .000 
0 .000 
0 .000 
0 .000 
0.000 
0 .000 

DRAG 
C o E F F . 

. 0 2 0 
0.000 
0 .000 
0 .000 
0 .000 
0 .000 

.024 

DRAG 
COEFF. 

. 0 3 9 
0.000 
0 .000 

.037 
0 .000 
0 .000 

.047 

ORAG 
COEFF. 

. 050 
0 .000 

.020 

.065 
0 .000 

CHANNEL 
NO* 

4 
8 

12 
16 
20 
24 
28 

CHA-tNEL 
NO. 

4 
8 

12 
16 
20 
24 
28 

CHANNEL 
NO. 

4 
8 

12 
16 
20 
24 
28 

CHANNEL 
NO. 

4 
3 

12 
16 
20 
24 
28 

CHANNEL 
NO. 

4 
8 

12 
16 
20 

7 

.347 

DRAG 
COEFF. 

.063 

.143 

.066 

.178 

. 0 4 1 

.187 

.073 

DRAG 
COEFF. 
3 .000 
O.OOC 

.009 
O.OOC 
0 .000 
0 .000 
0 .000 

ORAG 
COEFF. 
0 . 0 0 0 
0.000 

.019 
O.OUO 
O.OOC 
O.OOC 
O.OOC 

ORAG 
COEFF. 
O.oOO 
0.000 

.014 
0 .000 
O.OOC 
o.ooc 
0 .000 

DRAG 
COEFF. 
0 .000 
0 .000 

. 0 1 1 
0 .000 
0.00,0 

10 

,362 .377 .391 
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TABLE A-8 (cont) 

GRID AND BLOCKAGE SLEEVE COBRA INPUT (e^) AS A FUNCTION OF 
ELEVATION FOR CONFIGURATION F 

2 1 0 .000 22 0 .000 23 0 .000 24 0 .000 
Zf 0 . 000 26 .050 27 .036 28 O.OOC 

SPACER TYPE 6 
lANNEL 
HO. 

1 
5 
9 

1 3 
1 7 
2 1 
25 

ORAG 
COEFF. 
0 . 0 0 0 
0 . 0 0 0 

. 0 4 4 
0 . 0 0 0 

. 2 3 6 
0 . 0 0 0 
0 . 0 0 0 

CHANNEL 
NO. 

2 
6 

10 
14 
18 
22 
2 6 

ORAG 
COEFF. 

. 0 1 0 
0 . 0 0 0 
0 . 0 0 0 

. 0 3 4 

. 0 0 8 
0 . 0 0 0 

. 0 6 3 

CHANNEL 
NG. 

3 
7 

1 1 
15 
19 
23 
27 

DRAG 
COEFF. 

. 0 6 4 
0 . 0 0 0 

. 0 4 0 

. 1 4 1 
0 . 0 0 0 
0 . 0 0 0 

. 0 2 7 

CHANNEL 
NO. 

4 
8 

12 
16 
20 
24 
28 

DRAG 
COEFF. 
O.OOC 
0 . 0 0 0 

.oOb 
0 . 0 0 0 

. 0 2 5 
O.OOC 
0 . 0 0 0 

SPACER TYPE 7 
lANNEL 
N O . 

1 
5 
9 

1 3 
1 7 
2 1 
25 

ORAG 
COEFF. 
0 . 0 0 0 
0 . 0 0 0 

. 0 3 3 
0 . 0 0 0 

. 2 9 8 
0 . 0 0 0 
0 . 0 0 0 

CHANNEL 
N O . 

2 
6 

10 
1 4 
18 
22 
2 6 

DRAG 
COEFF . 

. 0 0 7 
0 . 0 0 0 
0 . 0 0 0 

. ,050 

. 0 2 4 
0 . 0 0 0 

. 0 4 8 

CHANNEL 
NO. 

3 
7 

1 1 
15 
19 
23 
27 

ORAG 
COEFF. 

. 0 4 8 
0 . 0 0 0 

• 030 
. 1 0 6 

0 . 0 0 0 
0 . 0 0 0 

. 0 2 0 

CHAi^lNEL 
NO. 

4 
8 

12 
16 
20 
24 
28 

DRAG 
COEFF. 
0 . 0 0 0 
O.UOO 

. 0 2 6 
Q.OOfi 

. 050 
0 .000 
0 .000 

SPACER TYPE 8 
ANNEL 
N O . 

1 
5 
9 

1 3 
1 7 
2 1 
25 

DRAG 
COEFF. 
0 . 0 0 0 
0 . 0 0 0 

. 0 2 5 
0 . 0 0 0 

. 2 6 6 
0 . 0 0 0 
0 . 0 0 0 

CHANNEL 
NO. 

2 
6 

10 
14 
18 
2 2 
2 6 

DRAG 
COEFF. 

. 0 0 6 
0 . 0 0 0 
0 . 0 0 0 

. 0 3 8 

. 0 4 1 
0 . 0 0 0 

. 0 3 6 

CHANNEL 
NC. 

3 
7 

1 1 
15 
19 
23 
27 

DRAG 
COEFF. 

. 0 3 6 
0 . 0 0 0 

. 0 2 3 

. 0 8 0 
0 . 0 0 0 
0 . 0 0 0 

. 0 1 5 

CHANNEL 
NO. 

4 
8 

12 
16 
20 
24 
28 

ORAG 
C Q E F F . 

0 . 0 0 0 
0 . 0 0 0 

. 0 4 4 
0 .00 ,0 

. 0 3 6 
0 . 0 0 0 
0 . 0 0 0 

SPACFI* TYPE 9 
ANNEL 
NO. 

1 
5 
9 

1 3 
1 7 
2 1 
25 

ORAG 
COEFF. 
0 . 0 0 0 
O.COO 

. 0 1 9 
0 . 0 0 0 

. 2 0 1 
O.COO 
0 . 0 0 0 

CHANNEL 
NO. 

2 
6 

10 
14 
18 
22 
2 6 

DRAG 
COEFF. 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 

. 0 2 8 

. 0 3 1 
0 . 0 0 0 

. 0 2 7 

CHANNEL 
NO. 

3 
7 

1 1 
15 
19 
23 
27 

ORAG 
COEFF. 

. 0 2 7 
0 . 0 0 0 

. 0 1 7 

. 0 6 1 
0 . 0 0 0 
0 . 0 0 0 

. 0 1 2 

C H A H N E L 

NO. 
4 
8 

12 
16 
20 
24 
20 

OKAG 
W Q E F F . 

0 . 0 0 0 
O.OOC 

. 0 3 3 
O.OOiO 

. 0 2 9 
O.OCO 
0 . 0 0 0 

SPACER TYPElO 
lANNEL 
N O . 

1 
5 
9 

13 
1 7 
2 1 
2 5 

ORAG 
C J E F F . 
0 . 0 0 0 
0 . 0 0 0 

. 0 1 4 

0 . 0 0 0 
. 1 5 1 

0 . 0 0 0 
0 . 0 0 0 

CHANNEL 
N O . 

2 
6 

10 
14 
18 
22 
2 6 

ORAG 
COEFF. 
0 . 0 0 0 
0 . 0 0 0 
O.OOO 

. 0 2 1 

. 0 2 1 
0 . 0 0 0 

. 0 2 1 

CHANNE 
N C . 

3 
7 

11 
15 
19 
23 
27 

ORAG 
COEFF. 

. 0 2 1 
0 . 0 0 0 

. 0 1 3 

. 0 4 6 
0 . 0 0 0 
0 . 0 0 0 

. 0 0 9 

CHANNEL 
N J . 

4 
8 

12 

16 
20 
24 
28 

ORAG 
COEFF. 
O.OUO 
0 . 0 0 0 

. 0 2 2 
O.OCO 

. 0 2 2 
0 . 0 0 0 
O.oOO 
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TABLE A-8 (cont) 

GRID AND BLOCKAGE SLEEVE COBRA INPUT (e^) AS A FUNCTION OF 
ELEVATION FOR CONFIGURATION F 

SPACER TYPEl l 
lANNEL 
MO. 

1 
5 
9 

1 3 
17 
2 1 
25 

DRAG 
COEFF . 
0 . 0 0 0 
0 . 0 0 0 

. 0 1 1 
0 . 0 0 0 

. 1 1 4 
0 . 0 0 0 
0 . 0 0 0 

CHANNEL 
N O . 

2 
6 

10 
1 4 
18 
22 
2 6 

DRAG 
COEFF. 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 

. 0 1 3 

. 0 1 6 
0 . 0 0 0 

. 0 1 0 

CHANNEL 
NO. 

3 
7 

1 1 
15 
19 
23 
27 

DRAG 
COEFF. 

. 0 1 0 
0 . 0 0 0 

. 0 1 0 

. 0 3 4 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 

CHANNEL 
N O . 

4 
3 

12 
16 
20 
24 
28 

ORAG 
COEFF. 
O.OUO 
O.UOO 

. 0 1 6 
O.UOO 

. 0 l 6 
O.UOO 
0 . 0 0 0 

SPACER TYPE12 
ANNE 
N O . 

1 
5 
9 

1 3 
1 7 
2 1 
2 5 

L ORAG 
C O E F F . 
0 . 0 0 0 
0 . 0 0 0 

. 0 0 8 
0 . 0 0 0 

. 0 7 9 
0 . 0 0 0 
0 . 0 0 0 

CHANNEL 
N O . 

2 
6 

1 0 
14 
18 
22 
2 6 

DRAG 
COEFF. 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 

. 0 1 0 

. 0 1 2 
0 . 0 0 0 

. 0 0 8 

CHANNEL 
NC. 

3 
7 

1 1 
15 
19 
23 
2 7 

ORAG 
COEFF. 

. 0 0 8 
0 . 0 0 0 

. 0 0 7 

. 0 1 6 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 

CHANNEL 
NO. 

4 
8 

12 
16 
20 
24 
28 

DRAG 
COEFF. 
O.UOO 
O.OOjO 

. 0 1 3 
0 . 0 0 0 

. U l 2 
0 . 0 0 0 
O.OOlO 

SPACER TYPE13 
ANNEL 
NO. 

1 
5 
9 

13 
1 7 
2 1 
2 5 

DRAG 
C o E F F . 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 

. 0 4 2 
0 . 0 0 0 
0 . 0 0 0 

CHANNEL 
NO. 

2 
6 

1 0 
14 
18 
22 
2 6 

DRAG 
COEFF. 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 

. 0 0 7 

. 0 0 9 
0 , 0 0 0 
0 . 0 0 0 

CHANNEL 
NO. 

3 
7 

1 1 
15 

I'i 
23 
27 

ORAG 
COEFF. 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 
0 . 0 0 0 

CHANNEL 
NO. 

4 
8 

12 
16 
20 
24 
28 

ORAG 
COEFF. 
0 . 0 0 0 
0 . 0 0 0 

. 0 1 0 
0 . 0 0 0 

. 0 0 9 
O.OCO 
0 . 0 0 0 

SPACFR TYPE14 
ANNEL 
N O . 

1 
5 
9 

13 
1 7 
2 1 
2 5 

DRAG 
COEFF . 

. 0 7 3 

. 1 8 7 

. 0 4 1 

. 1 5 3 

. 1 3 0 

. 1 8 7 

. 0 6 8 

CHANNEL 
NO. 

2 
6 

10 
14 
18 
22 
2 6 

ORAG 
COEFF. 

. 0 4 1 

. 1 0 2 

. 1 5 3 
. 0 4 1 
. 1 3 0 
. 1 0 2 
. 0 4 1 

CHANNEL 
NO. 

3 
7 

1 1 
15 
19 
23 
27 

DRAG 
COEFF. 

. 0 4 1 

. 1 0 2 

. 2 1 5 

. 0 4 1 

. 0 6 6 

. 1 0 2 

. 0 4 1 

CHANNEL 
HO. 

4 
8 

12 
16 
20 
24 

28 

DRAG 
COEFF. 

. o 7 3 

. 1 8 7 

. 2 1 5 

. 1 3 0 

. 0 4 1 

. 1 4 3 
. 0 6 3 

SPACER TYPEIS 
lANNEL 
N O . 

1 
5 
9 

1 3 
1 7 
2 1 
2 5 

ORAG 
COEFF. 

. 0 6 3 

. 1 4 3 

. 0 4 1 

. 1 3 0 

. 1 8 7 

. 1 8 7 
. 0 7 3 

CHANNEL 
NO. 

2 
6 

10 
14 
18 
22 
26 

DRAG 
CQEFF. 

. 0 4 1 

. 0 6 6 

. 1 3 0 

. 0 4 1 

. 0 6 6 

. 1 0 2 

. 0 4 1 

CHANNEL 
NO. 

3 
7 

1 1 
15 
19 
23 
27 

ORAG 
COEFF. 

. 0 4 1 

. 0 6 6 

. 0 6 6 

. 0 4 1 

. 0 6 6 

. 0 6 6 

. 0 4 1 

CHANNtL 
N J . 

4 
8 

12 
16 
20 
24 
28 

O R A G 

U O E F F . 

. 0 6 3 

. 1 4 3 

. 0 6 6 

. 1 3 C 

. 0 4 1 

. 1 0 5 

. 0 5 8 
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APPENDIX B 
THERMAL ANALYSIS OF 21-ROD BUNDLE HOUSING 

B - l . INTRODUCTION 

The 21-rod bundle cyl indr ical housing was designed w i th the minimum wall thickness 

allowed by the ASME Code so that the housing thermal capacitance was minimized and 

would absorb, and hence release, the minimum amount of energy. The inside diameter 

of the housing was made as close to the rod bundle outer dimensions as possible to 

min imize excess f low area. However, the fo l lowing comparison of housing mass (nomi­

nal dimensions) per heater rod fo r the 21-rod bundle and the 161-rod unblocked bundle 

indicates s impl ist ical ly and qual i tat ive ly that the housing e f fec t was signif icant in the 

21-rod bundle: 

Bundle Mass/Rod kg/rod (lb/rod) 

21-rod 0.102 (0.226) for all 21 rods 

161-rod 0.0472 (0.104) for all 161 rods 

161-rod 0.0925 (0.204) for 82 outside rods 

This is true even though other factors, such as housing temperature and radiation heat 

transfer propert ies, are equally important . 

In the 21-rod bundle, the re la t ive ly cold housing provided a heat sink not only for the 

outer row of heater rods, but also fo r the center rods. The housing could also quench 

pr ior to the bundle; this could cause vapor desuperheating. Therefore, an analysis was 

performed to determine the e f fec t of the colder houang temperature on the bundle 

heat t ransfer data and the extent to which a heated housing would reduce this e f fec t . 

B - l 



B-2. METHOD OF ANALYSIS 

The fo l lowing two methods were ut i l ized to assess the e f fec t of the housing on the 

heater rod bundle: 

A calculat ion of the expected heater rod and housing temperatures for the 21-rod 

bundle and 161-rod unblocked bundle, ut i l iz ing a cyl indr ical shell mode! 

Examination of the measured temperature and quench times of heater rods w i th 

and wi thout a heated housing 

B-3. A N A L Y T I C A L MODELS 

The e f fec t of the housing on the bundle thermal behavior was quant i tat ively assessed by 

a simple energy balance on the bundle and the housing. The heater rod bundle was 

lumped into three concentr ic cylinders w i th the housing as the outside cyl inder; as 

shown in f igure B - l . Therefore, for the rod bundle, 

change in 
. , ̂  , energy energy energy 
i n te rna l = 1 j + . ^' - .^' 

generated i n out 
energy 

For the cyl inder. 

^ (PC A T ) = q ' " + (q i n ) ^. ^. - (q ou t ) ,. ^. 
dt p n n n r a d i a t i o n r a d i a t i o n 

- (q ou t ) 
^ ^ c o n v e c t i o n 

PC A -f-^ = q + aA F - , (T^ 1 - T^ ) 
p n dt ^n n n-1 to n y n-1 ny 

aA F ( r * - r . ) - {C)-rT%. h (T - T J 
n+1 n to n+1 \ n n+1/ ' ' 12 n sat 

B -2 



000307-32 

CYLINDRICAL 
SHELL 

HOUSING 

SHELL OUTSIDE RADIUS 

1 
2 
3 
4 

4.75 mm (0.187") 
17.3 mm (0.683") 
29.95 mm (1.179") 
38.84 mm (1.529") 

THICKNESS 

3.91 mm (0.154") 
5.28 mm (0.208") 
4.72 mm (0.186") 

FILLER ROD 

HEATER ROD 

NUMBER OF HEATER RODS IN SHELL 

1 
6 

14 
0 

TOTAL 21 

Figure B - l . 21-Rod Bundle Shell Model 
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C = number of heater rods lumped into cyl indrical shell 

D = heater rod diameter 

pC Api = heater rod heal capacity 

(pC A) boron + (pC A) Kanthal + (pC A) s t a i n l e s s 
^ n i t r i d e ^ heater ^ s tee l 

i n s u l a t i o n c lad 

= 195.6 J /kg-°C (0.04674 Btu/ lb-°F) 

For the housing, assuming no energy losses to the ambient and neglecting the mass of 

insulation on the housing, the energy balance is 

change in energy energy 
i n t e r n a l = in by - out by 
energy r a d i a t i o n convec t ion 

- (pCp A^ T^) = a/Y^ F^ (T'^ - ^ H ) - - n ^ ^T^ - ^sat^ 

where 

' ^ H ' ^ H = f^H^^H 

n,0 n,0 H 

PH 

& + l ) 5 ^ + £ 
^ / Pn,0 ^ 

B-5 



2Trr 

D = nominal housing inside diameter 

The mass of the four t r iangular f i l l e r rods, which was 20 percent of the housing mass, 

was lumped into the housing mass. The emissivit ies of the heater rods and housing were 

assumed to be the same, at a value of 0.70. The same transient ref lood convective heat 

t ransfer coef f ic ient was applied to both the heater rods and the housing. The decay 

rate was eguivalent to the ANS + 20 percent power decay curve. 

A similar model was developed for the 161-rod unblocked bundle in order to determine 

the e f fec t of bundle size on the bundle thermal response. The 161-rod heater rod 

bundle was lumped into eight concentric cylinders wi th the housing as the outside 

cyl inder (f igure B-2). The same boundary and in i t ia l conditions were applied to 161-rod 

bundle model as to the 21-rod bundle model. 

B-4. TEMPERATURE RESULTS 

The results of this thermal analysis are shown in f igures B-3 through B-6. Figure B-3 

shows the in i t ia l radial temperature dist r ibut ion fo r the fo l lowing three 21-rod bundle 

cases: 

Nominal power and unhealed housing 

Nominal power and heated housing 

High power and heated housing 

Because of the housing design temperature l im i t of B15°C (1500°F) at the midplane and 

538°C (1000°F) at the ends, the houang was heated in i t ia l ly to a maximum of approxi­

mate ly 538°C (1000°F). 
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FILLER ROD 

OUTSIDE 
DIAMETER 
OF SHELLS 

NUMBER OF HEATER 
SHELL RODS IN SHELL 

1 
2 
3 
4 
5 
6 
7 
8 
9 

TOTAL 

1 
55 
10 

15 75 
23 

25 25 
33 75 
46 75 

0 
161 

HEATER ROD 

Figure B-2. 161-Rod Bundle Nine-Node Model 
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900 

21-ROD BUNDLE 
(LOW POWER, 

COLD HOUSING) 

21-ROD BUNDLE 
(LOW POWER, 

HOT HOUSING) 

21-ROD BUNDLE 
(HIGH POWER, 
HOT HOUSING) 

800 — 

700 

o 

UJ 

cc 
D 
I-
< 
CC 
UJ 
Q. 

UJ 
I -

600 

500 

400 

300 

X RUN 42207A 
AVG 1.83 m 
(72 in.) DATA 

200 — 

X RUN 42327A 
AVG 1.83 m 
(72 in.) DATA 

X RUN 42430A — 
AVG 1.83 m 
(72 in.) DATA 

< 

900 ^ 

LU 

800 

700 

600 

500 

400 

i 
2 3 4 

RADIAL NODE 

Figure B-3. Measured and Calculated Radial Temperature 
Dis t r ibut ion fo r 21-Rod Bundle Conf igura­
t ion A at Flood Time 
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900 

800 — 

700 — 

o 
o_̂  

LU 
CO 
D 
h-
< 
CC 
UJ 
Q. 

600 

500 

LU 

300 

200 

400 — 

4 5 6 7 

' RADIAL NODE 

1100 

1U0U 

9UU 

u. 
o^ 

LU 

nr 
D 
t -
< 
DC 
I I I 
QL 

S 

Figure B-4. Measured and Calculated Radial Temperature 
Dis t r ibut ion for 161-Rod Unblocked Bundle 
at Flood Time 
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21-ROD BUNDLE 
(LOW POWER, 

COLD HOUSING) 

21-ROD BUNDLE 
(LOW POWER, 

HOT HOUSING) 

21-ROD BUNDLE 
(HIGH POWER, 
HOT HOUSING) 

o 

LU 
CC 
D 
H 
< 
CC 
UJ 
a. 
UJ 

1200 

1100 

1000 

900 

800 

700 

600 

500 

400 

t 

X RUN 42207A 
AVG 1.83 m 
(72 in.) DATA 

O RUN 42207A 
AVG 1.98 m 
(78 in.) DATA 

X RUN 42327A 
AVG 1.83 m 
(72 in.) DATA 

O RUN 42327A 
AVG 1.98 m 
(78 in.) DATA 

2200 

X RUN 42430A 
AVG 1.83 m 
(72 in.) DATA— 

O R U N 42430A 
AVG 1.98 m 
(78 in.) DATA 

1000 

900 

800 

4 1 2 3 4 

f^ADIAL NODE 

Figure B-5. Measured and Calculated Radial Temperature 
Dis t r ibut ion for 21-Rod Bundle Conf igura­
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Also shown in f igure B-3 is the measured radial temperature distr ibut ion for the corre­

sponding 21-rod bundle test conditions. The calculated and measured results should be 

compared only on a re lat ive basis because of the dif ference in the respective heat 

transfer coeff ic ients ut i l ized (as discussed below). These figures indicate that when the 

21-rod bundle housing is heated to approximately 538°C (10no°F), the temperatures of 

the second and th i rd rows of heater rods are increased by approximately 14°C (25°F) 

and 39°C (70°F), respectively, thereby reducing the radial temperature gradient. The 

straight l ine in f igure B-3 and al l subsequent f igures represents the calculated tempera­

ture distr ibut ion for the case w i th no housing. 

Figure B-A shows both the calculated and measured in i t ia l radial temperature distr ibu­

t ion for the 161-rod bundle. The outer three rows of rods are calculated to have a 

temperature gradient similar to that of the 21-rod bundle wi th an unheated housing. 

The outer row of heater rods was not instrumented in the 161-rod bundle; therefore a 

comparison of the measured and calculated radial temperature gradient was not 

possible. 

Figure B-5 shows the radial temperature distr ibut ion at the turnaround t ime for the 

previous three 21-rod bundle cases. Figures B-5a and B-5b show that when the housing 

is heated, the maximum heater rod temperature is increased by approximately 22°C 

(40°F). Also, the radial temperature gradient across the 21-rod bundle is reduced by 

approximately 28'-'C (50'-'F). However, since there was a large di f ference, approxi­

mately 106°C (190°F), in the hot rod temperature between 21-rod bundle wi th a heated 

housing and the 161-rod bundle (f igure B-6), the rod power was subseguently increased 

to 2.6 kw/m (0.78 kw / f t ) in order to compensate for ( i t was believed at the t ime) the 

excess f low area. This rod power increase reduced the hot rod temperature dif ference 

between the two bundles to approximately 50°C (90'-'F). I t was learned later in the 

test ing that the f looding rate was approximately 10 percent higher than specif ied. 

Comparisons of the measured heat transfer coeff ic ients f rom the 21-rod bundle and 

161-rod bundle tests and the heat t ransfer coef f ic ient ut i l ized throughout this analysis 

are shown in f igures B-7 and B-8 for heater rods close to housing and away f rom hous­

ing, respectively. The heat transfer coef f ic ient ut i l ized in this analysis was simply a 

pre-21-rod bundle test est imate of the ref lood heat transfer. 
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B-5. QUENCH FRONT RESULTS 

The quench f ronts for the fo l lowing two 21-rod bundle tests were compared to the 

quench f ron t for the corresponding 161-rod bundle test (run 3150^): 

Nominal power and unheated housing - run 42207 A 

High power and heated housing - run 42430A 

The test w i th nominal power and heated housing (run 42327A) was terminated after hot 

rod turnaround because of a computer data acquisition system fa i lure; therefore a 

quench f ront comparison was not possible. The quench front comparisons between the 

two 21-rod bundle tests and the 161-rod bundle test are shown in f iauresB-9 and B- l f l . 

The figures show that the 21-rod bundle heated housing test (run 42430A) provided a 

bet ter comparison to the 161-rod bundle test. Although the test conditions were not 

exact ly comparable among the three runs, i t was believed at the t ime that to provide a 

guench f ront in the 21-rod bundle that was simi l iar to that of the 161-rod bundle, the 

rod power should be increased and the housing should be heated. The ref lood tests in 

the f i rst 21-rod bundle were conducted at these conditions unt i l i t was learned tha i the 

f looding rate was higher than specif ied, at which point the power was reduced to 

nominal. 

B-6. CONCLUSIONS 

As was expected, the housing had a signif icant e f fec t on the thermal response of the 

21-rod bundle. Al though this e f fec t was reduced by heating the housing to 538°C 

(1000°F), the large temperature gradient between the heater rods and housino of 

approximately 371°C (700°F) st i l l had ef fects which could not be ignored. However, 

this housing e f fec t was approximately the same in each of the six bundles; therefore, 

the measured data can be ut i l ized on a comparative basis. Furthermore, by accounting 

fo r the energy stored in the housing and subsequently released by the housing, the 

measured data can be ut i l ized more generically. 

B - 1 5 
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APPENDIX C 
BLOCKAGE SLEEVE SELECTION 

C - l . GENERAL 

This appendix discusses the bases of choice between the long and short sleeves, using 

the test data of configurations A, C, D, and E. This process ut i l izes the COBRA results 

discussed in section 6. COBRA simulations of f lows in the 163-rod bundle w i th 21-rod 

islands (see f igure 3-9) were also per formed, because the chosen sleeve w i l l be used in 

the large bundle tests. 

C-2. FLOW DIVERSION IN 163-ROD BUNDLE WITH BLOCKAGE 

The sleeve choice should be based on result ing heat transfer in tests wi th enough bypass 

f low area to allow f l u id bypass. The tests of the 21-rod bundle do not provide bypass 

f low area. Therefore, f low diversions in the large bundle wi th blockage islands ( f ig­

ure C- l ) were calculated using COBRA-IV- I to est imate the heat transfer coeff ic ients 

in the large bundle as described below. COBRA simulations of this large bundle were 

performed on half of the bundle to take advantage of bundle symmetry. A l l the simula­

t ion conditions were the same as those of the 21-rod bundle except for the channel and 

gap addresses. There were also sl ight changes in f low blockage factors for the per i ­

pheral subchannels of the blockage islands, since there was excess f low area in the 

peripheral subchannels of the 21-rod bundle. 

The resul ts, shown in f igures C-2 through C-5, show clear ly that f low diversion f rom the 

blockage islands is important . Figure C-2 shows the tota l f low rate ratios in the 

blocked island, f igure C-3 the to ta l f low rate rat ios just outside the blocked island, and 

f igures C-4 and C-5 show the to ta l f low rate ratios one and two rows away f rom the 

blocked islands, respectively. 
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Figure C-2. Integrated Flow Diversion in Blocked Island of Large Bundle 
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c - 3 . ESTIMATION OF HEAT TRANSFER COEFFICIENTS IN THE LARGE BUNDLE 

The heat transfer coeff ic ients in the large bundle wi th the part ia l blockages can be 

est imated using the fo l lowing relat ionship: 

' ( i , Z , x , 1 6 3 ) 

' ( i ,Z ,A ,163) 
= Ne 

' ^ ( i , Z , x , 1 6 3 ) 

, ' ^ ( i ,Z ,A,163) 

.m 

(C-l) 

where 

i = rod ident i f ica t ion 

Z = axial elevation 

X = type of blockage 

C - coplanar short sleeve 

D - noncoplanar short sleeve 

E - noncoplanar long sleeve 

A = unblocked bundle 

163 = 163-rod bundle 

h = heat t ransfer coef f ic ient 

Ne = enhancement fac tor 

U = veloci ty 

m = exponent (0.6-0.8) 

The velocit ies in eguation (C- l ) are calculated by COBRA and the enhancement factor 

can be calculated f rom the 21-rod bundle test data, assuming that the factor is the 

same for both bundles. That is. 

^ ( i , Z , x , 1 6 3 ) = ^ ( i , Z , x , 2 1 ) 
(C-2) 

^ ( i , Z , A , 2 l / ^ ( i , Z , A , 2 1 ) 

m 

C-7 



Since the heat transfer coef f ic ients in the unblocked large bundle are available, equa­

t ion (C - l ) permits calculat ion of the expected heat transfer coeff ic ients in the large 

bundle w i th blockages. A schematic diagram of the procedure used to obtain the heat 

transfer rat ios is shown in f igure C-6. 

Some of the results of the reference tests using the constant 0.8 as the exponent m are 

shown in f igure C-7 fo r the blockage islands corresponding to bundle configurations C, 

D, and E. (Conf igurat ion C is considered to discern the sleeve distr ibut ion ef fect . ) The 

figures show that the enhancement factors reach a peak during the f i rs t 20 to 30 sec­

onds and then decrease to a fa i r ly uni form value. I t appears that the blockage ef fects 

on heat transfer during these two periods are d i f ferent f rom each other. Comparisons 

of heat transfer among the three bundles at early and late t imes in the test are shown 

in table C - l . The comparisons of the heat transfer are summarized as fol lows: 

For later t imes (>30 sec), below 1.98 m (78 in.), conf igurat ion E is the lowest for al l 

inner thermocouples (thermocouples on the inner nine rods). Conf igurat ion E is 

generally the lowest for outer thermocouples, in most cases. 

For early t imes (<30 seconds), many cases show D<E. 

A t 1.88 m (74 in.), where all cases have blockage, E is the lowest even during the 

early t ime. 

A t 1.96 m (77 in.), usually D -E for the early t ime period. 

During the early period above 2.59 m (102 in.), the ratios osci l late. This is possibly 

due to small-magnitude errors in the heat transfer coef f ic ient . 

A t the later t ime for 2.59 m (102 in.), E is the lowest except at rod I D . 

~ A t 2.82 and 3.05 m (111 and 120 in.), trends are mixed. 

Because of the observed contradictory behavior between the two periods, i t was not 

immediately clear which sleeve should be chosen. To resolve this d i f f i cu l ty , i t was 

C-8 



Ne FOR CONFIGURATION 
C, D, OR E OF 

21-ROD BUNDLE 

ESTIMATED HEAT TRANSFER 
COEFFICIENT RATIOS 

IN LARGE BUNDLE 

COBRA RESULTS FOR LARGE 
BUNDLE WITH ISLAND OF 

CONFIGURATION C, D, OR E 

COBROD RESULTS 
OF LARGE BUNDLE 

o u o 

Figure C-6. Est imat ion of Heat Transfer Coef f ic ient Ratios 



0 50 100 150 200 

TIME (sec) 

250 300 350 400 

Figure C-7. Estimated Heat Transfer Coeff ic ient Ratios (sheet 1 of 3) 



BLOCKAGE ISLAND OF CONFIGURATION C 

BLOCKAGE ISLAND OF CONFIGURATION D 

BLOCKAGE ISLAND OF CONFIGURATION E 

FLOODING RATE 28 mm/sec (1.1 in./sec) 
PRESSURE 0.14 MPa (20 psi) 
THERMOCOUPLE LOCATION 2D 
ELEVATION 1.96 m (77 in.) 

50 100 150 200 

TIME (sec) 

250 300 350 400 
o o o 

Figure C-7. Est imated Heat Transfer Coef f ic ient Ratios (sheet 2 of 3) 



4.0 

3.5 

3.0 

2.5 

2.0 

1.5 

1.0 

BLOCKAGE ISLAND OF CONFIGURATION C 

BLOCKAGE ISLAND OF CONFIGURATION D 

— BLOCKAGE ISLAND OF CONFIGURATION E 

FLOODING RATE 28 mm/sec (1.1 in./sec) 
PRESSURE 0.14 MPa (20 psi) 
THERMOCOUPLE LOCATION 3B 
ELEVATION 1.98 m (78 in.) 

0.5 

50 100 150 200 

TIME (sec) 

250 300 350 400 
o o o 

Figure C-7. Est imated Heat Transfer Coef f ic ient Ratios (sheet 3 of 3) 



TABLE C-l 

CALCULATED HEAT TRANSFER COMPARISONS 

Rod 

2D 

2D 

4C 

38 

3C 

3D 

2C 

38 

38 

5C 

I C 

3D 

4C 

I D 

5D 

4A 

Elevation 

m (in.) 

1.88(74) 

1.96(77) 

1.98(78) 

1.98(78) 

1.98(78) 

2.13(84) 

2.29(90) 

2.29(90) 

2.44(96) 

2.44(96) 

2.59(102) 

2.82(111) 

2.82(111) 

1.90(75) 

1.90(75) 

1.93(76) 

Run 42430A 

28 mm/sec 

(1.1 in./sec) 

0.28 MPa 

(40 psi) 

Early 

E«D<C 

EaD«C 

-

CwD<E 

C<D«E 

Cs5D<E 

D<C»E 

C<D«E 

-

C«DaE 

-

-

-

E«DaC 

D<C<E 

C<D<E 

Later 

E<DwC 

E<D«C 

E<D<C 

E<D<C 

E<D<C 

E<D«C 

DwC»E 

E<D<C 

E<D<C 

C«D«E 

E<C<D 

D«C«E 

E«D<C 

E<C<D 

E<C<D 

E«C<D 

Run 42606A 

23 mm/sec 

(0.91 in./sec) 

0.28 MPa 

(40 psi) 

Early 

E<D<C 

E«D«C 

-

D<C<E 

DaCKE 

D<C<E 

D<E<C 

D<C<E 

-

D«CwE 

-

~ 

-

-

D«C<E 

C<D<E 

Later 

E<D<C 

E<D<C 

E<D<C 

E<D<C 

E<D<C 

? 

C < E K D 

D<E<C 

E<D<C 

D«CaE 

E<C<D 

DaCaE 

D<E<C 

E<D<C 

E<D<C 

E»D»C 

Run43112A 

28 mm/sec 

(1.1 in./sec) 

0.14 MPa 

(20 psi) 

Early 

DaE<C 

DaCaE 

-

D<C<E 

DaCaE 

D<C<E 

D<C<E 

DaC<E 

-

CaD<E 

-

-

-

EaCaD 

D<C<E 

C<D<E 

Later 

E<C<D 

E<C<D 

E<D<C 

E<D<C 

E<D<C 

E<C<D 

DaCaE 

DaCaE 

E<C<D 

E<C<D 

E<C<D 

PaCaE 

E<D<C 

E<C<D 

E<C<D 

EaC<D 

Run 42804A 

13 mm/sec 

(0.52 in./sec) 

0.28 MPa 

(40 psi) 

Early 

E<D<C 

EaD<C 

-

EaDaC 

C<DaE 

CaD<E 

D<C»E 

E<DaC 

-

-

-

-

-

E<C<D 

E<C<D 

E<CaD 

Later 

E<C<D 

E<DaC 

E<DaC 

EaDaC 

E<CaD 

C<EaD 

D<C<E 

E<D<C 

E=C=D 

EaCaD 

EaCaD 

CaEaD 

CaEaD 

E<C<D 

E<D<C 

E<Dac 
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TABLE C-1 (cont) 

CALCULATED HEAT TRANSFER COMPARISONS 

Rod 

I D 

2D 

5D 

4A 

4E 

I C 

28 

4D 

58 

2E 

3A 

3D 

48 

5C 

3E 

I C 

2E 

3D 

4D 

Elevation 

m (in.) 

1.96(77) 

1.96(77) 

1.96(77) 

1.98(78) 

1.98(78) 

2.13(84) 

2.13(84) 

2.13(84) 

2.13(84) 

2.29(90) 

2.29(90) 

2.29(90) 

2.29(90) 

2.29(90) 

2.29(90) 

2.44(96) 

2.44(96) 

2.44(96) 

2.44(96) 

Run 42430A 

Early 

C<D<E 

E«D«C 

C<D<E 

C<D<E 

C<E 

C<E<D 

C<E 

E«C 

CwE»D 

C<E<D 

C«D 

EaC 

D<C<E 

C«D<E 

C<E<D 

C<D<E 

C<E<D 

E«CaD 

-

Later 

E W C K D 

E<D<C 

EwC<D 

C<E<D 

E<C 

D<E<C 

EwC 

E<C 

E«C<D 

E«CaD 

C«D 

E<C 

E<D<C 

E<C<D 

C<E<D 

E<C<D 

C<E<D 

E«C«D 

Run 42606A 

Early 

E<D<C 

D<E<C 

C<D<E 

C<D<E 

C<E 

E«C 

D<C<E 

E«C 

-

C<D<E 

-

E«C 

D<C<E 

E«D«C 

E<D 

C«D«E 

C<E<D 

E«D«C 

-

Later 

E W C K D 

E<D<C 

E«D<C 

C K E « D 

E<C 

E«C 

-

E<C 

E < D < C 

-

-

C<E 

E « D < C 

E « D « C 

E < D 

C « D « E 

C < E < D 

C < D < E 

C<E 

Run 43112 A 

Early 

CwC<E 

D«CaE 

C « D < E 

C<D<E 

C<E 

C<E 

D«CwE 

C<E 

D<C<E 

C<D<E 

CKD 

C<E 

D<C<E 

C«D<E 

D<E 

C«EaD 

C<D<E 

D<C<E 

Ci=sE 

Later 

E«C<D 

E<C<D 

C«EwD 

C<E<D 

CaE 

EaC 

D<CaE 

E<C 

E<C<D 

C<E<D 

CaD 

CaE 

E<DaC 

CaE<D 

E<D 

CaE<D 

C<E<D 

C«E<D 

CaE 

Run 42804A 1 

Early 

C<DaE 

DaE<C 

EaD<C 

C<D<E 

C<E 

C<E 

D<C<E 

-

DaE<C 

C<DaE 

C<D 

C<E 

D<C<E 

C<EaD 

E<D 

C<EaD 

C<DaE 

E<C<D 

-

Later 

E<D<E 

E<D<C 

EaDaC 

C<D<E 

C<E 

C<E 

D<C<E 

-

DaCaE 

C<E<D 

D<C 

C<E 

-

CaEaD 

E<D 

C<D<E 

CaE<D 

C<D«E 

EaC 
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TABLE C-1 (cont) 

CALCULATED HEAT TRANSFER COMPARISONS 

Rod 

58 

I D 

2C 

48 

58 

5D 

2A 

4E 

IC 

I D 

2C 

48 

58 

5D 

Elevation 

m (in.) 

2.44(96) 

2.59(102) 

2.59(102) 

2.59(102) 

2.59(102) 

2.59(102) 

2.82(111) 

2.82(111) 

3.05(120) 

3.05(120) 

3.05(120) 

3.05(120) 

3.05(120) 

3.05(120) 

Run 42430 A 

Early 

D<E<C 

-

-

-

-

-

E<D 

C<E 

-

-

-

-

-

-

Later 

D<E<C 

D<E<C 

E<D 

E<D<C 

E*D 

-

E<D 

C<E 

D<C<E 

E<D<C 

C<E<D 

-

C<D<E 

-

Run 42606A 

Early 

E«D<C 

-

-

-

-

D<C<E 

E<D 

C<E 

-

-

-

-

-

-

Later 

D«E<C 

D<E<C 

E<D 

E<C«D 

E<D 

-

E<D 

C<E 

D<E»C 

E<D<C 

C«D=*E 

E<D<C 

-

-

Run 43112A 

Early 

D<E<C 

D<E<C 

-

-

-

-

E<D 

C<E 

-

-

-

-

-

-

Later 

E<C<D 

DaE<C 

E<D 

E<C<D 

E<D 

E=CaD 

E<D 

C<E 

DaCaE 

D<E<C 

CaE<D 

E<C<D 

-

C<D<E 

Run 42804A 

Early 

D<E<C 

-

-

-

-

-

-

-

-

-

-

-

-

-

Later 

D<C<E 

D<C<E 

EaD 

CaEaD 

E<D 

E<CaD 

-

CaE 

-

-

-

-

-

-

necessary to learn the ef fect of the early-period behavior on the peak clad temperature 

up to the turnaround t ime, because this is the most important period. This can be done 

by calculation of the clad temperatures or temperature rises by constructing expected 

temperature histories in the large bundle, as discussed below. In the fol lowing discus­

sion, only blockage configurations D and E are considered, since i t was found that con­

f iguration C blockage usually did not give poorer heat transfer. 
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C-3. ESTIMATION OF TEMPERATURE HISTORY IN LARGE BUNDLE 

Assuming that each rod is homogeneous radial ly, for s impl ic i ty , a one-dimensional heat 

balance equation can be wr i t t en as 

A ^ p f = Q- - hS (T - T^^^) (C-3) 

where 

A = rod cross-sectional area 

p= rod density 

C = rod heat capacity 

T = temperature 

t = t ime 

Q = heat generation rate 

h = heat transfer coef f ic ient at rod surface 

S = rod peripheral length 

Tggj^ = saturat ion temperature 

The terms ApCp and S can be est imated using the rod design informat ion (see appen­

dix P), and Q' f rom the rod design and power decay fac tor curve. The heat transfer 

coef f ic ient can be est imated by 

h(t) = ( V I 6 3 = ( H ; ) I 6 I ^^) ^^-^) 

where h^ is the heat t ransfer coef f ic ient in an unblocked bundle. In equation (C-4), hg 

should ideally be taken f rom the large unblocked bundle test , but unfortunately there 

were only two overlapping test conditions at a f looding rate of approximately 

25 mm/sec (1 in./sec). For these two cases, h(t) was est imated by uang (hQ)]^^]^. Four 

other cases were also studied using the heat t ransfer coef f ic ient obtained f rom the 

21-rod bundle, conf igurat ion A test. This procedure was programmed in to HEATUP 

(appendix P). The results are compared in table C-2. Actua l temperature rise infor­

mat ion is provided in tables C-3 through C-8. 
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TABLE C-2 

SUMMARY OF TEMPERATURE RISE COMPARISONS 

FOR LARGE BUNDLE WITH PARTIAL BLOCKAGE 

Flooding 

Rate 

mm/sec 

(in./sec) 

1.1 

1.1 

1.1 

1.1 

0.9 

0.5 

Pressure 

MPa 

(psia) 

0.28 (40) 

0.14 (20) 

0.28 (40) 

0.14 (20) 

0.28 (40) 

0.28 (40) 

Source 

of ho 

(bundle) 

161^^) 

161(b) 

21 

21 

21 

21 

No. of 

Thermocouples 

Where A T ^ 

> A T D 

11 

11 

9 

4 

11 

8 

No. of 

Thermocouples 

Where A T p 

> A T ^ 

1 

0 

3 

5 

3 

3 

No. of 

Thermocouples 

where A T Q 

^ A T ^ ^ a ) 

3 

1 

3 

6 

1 

4 

a. Within 11°C (20°F) 

b. Considering 21-rod island corresponding to 21-rod bundle tests 

These results show tha t , in most cases, blockage in conf igurat ion E wi l l give a higher 

temperature rise in the large bundle. Therefore, the long nonconcentric sleeve is 

expected to provide poorer heat transfer than the short concentric sleeve. 

Figure C-8 plots the measured turnaround t ime versus the f looding rates. As expected, 

the lower the f looding ra te , the longer the turnaround t ime . The longer turnaround 

t ime means more signi f icant contr ibut ion of the later period e f fec t , in which conf igura­

t ion E consistently showed poorer heat transfer. 

Therefore, i t is concluded that the long nonconcentric sleeve should be used for the 

large blocked bundle tests. 
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TABLE C-3 

CALCULATED TEMPERATURE RISES, 

CASE 1^^^ 

Rod 

[ 2D 

I D 

5D 

4A 

I D 

2D 

5D 

3B 

3C 

4A 

3D 

5B 

2C 

2E 

3B 

Elevat ion 

m (in.) 

1.88 (74) 

1.90(75) 

1.90 (75) 

1.93 (76) 

1.96 (77) 

1.96 (77) 

1.96 (77) 

1.98 (78) 

1.98 (78) 

1.98 (78) 

2.13 (84) 

2.13 (84) 

2.29 (90) 

2.29 (90) 

2.29(90) 

D Island 

Channel 

50 

61 

68 

78 

82 

84 

89 

96 

97 

100 

115 

117 

122 

123 

125 

AT 

°C(°F) 

238.1 (428.7) 

305.2 (549.4) 

295.0(531.1) 

257.6(463.7) 

268.5 (483.4) 

176.2 (317.2) 

266.5(479.7) 

210.5(379.0) 

190.1 (356.6) 

257.1 (462.9) 

266.5 (479.7) 

220.6(397.2) 

367.4 (661.3) 

375.0(675.0) 

344.2 (619.6) 

E Island 
1 

Channel 

39 

44 

46 

51 

58 

61 

66 

71 

72 

73 

98 

103 

111 

113 

115 

AT 

P C ( ° F ) 

342.6 (616.8) 

353.2(635.9) 

323.0(581.4) 

286.4(515.5) 

297.6 (535.7) 

272.2 (490.0) 

274.8 (494.7) 

234.6 (422.4) 

262.5 (472.6) 

257.4 (463.4) 

292.7 (527.0) 

322.1 (579.9) 

341.1(614.1) 

395.4(711.8) 

350.1(630.3) 

SUMMARY 

(AT)^>(AT)[3 

11 

(AT)[3>>(AT)^ 

1 

( A T ) [ 3 « ( A T ) E 

3 

a- (%h6i 
27.9 mm/sec (1.1 in./sec) flooding rate 
0.28 MPa (40 psi) pressure 
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TABLE C-4 

CALCULATED TEMPERATURE RISES, 

CASE 2^^) 

Rod 

2D 

I D 

5D 

4A 

I D 

2D 

5D 

3B 

3C 

4A 

3D 

5B 

2C 

2E 

3B 

Elevat ion 

m (in.) 

1.88 (74) 

1.90 (75) 

1.90 (75) 

1.93 (76) 

1.96 (77) 

1.96 (77) 

1.96 (77) 

1.98 (78) 

1.98 (78) 

1.98 (78) 

2.13 (84) 

2.13 (84) 

2.29 (90) 

2.29 (90) 

2.29(90) 

D Island 

Channel 

50 

61 

68 

78 

82 

84 

89 

96 

97 

100 

115 

117 

122 

123 

125 

AT 

° C ( 0 F ) 

179.1(322.4) 

283.3 (510.0) 

310.4(558.7) 

262.8 (473.1) 

179.6 (323.4) 

132.4(238.4) 

213.2(416.2) 

148.7(267.6) 

129.4 (232.9) 

210.0 (378.0) 

197.1 (355.9) 

160.2 (288.3) 

250.5 (450.9) 

274.7 (494.5) 

255.1 (405.2) 

E Island 

Channel 

39 

44 

46 

51 

58 

61 

66 

71 

72 

73 

98 

103 

111 

113 

115 

AT 

OC(OF) 

317.5 (571.6) 

393.2(707.9) 

369.4(664.9^ 

291.6(525.0) 

-

168.0(302.4) 

293.0(527.5) 

-

-

240.1 (432.2) 

246.1(443.0) 

275.5(499.6) 

262.9 (473.3) 

390.1 (702.3) 

364.2(655.6) 

SUMMARY 

( A T ) E > ( A T ) D 

11 

( A T ) D > ( A T ) E 

0 

( A T ) D ~ ( A T ) E : 

1 

27.9 mm/sec (1.1 in./sec) f looding rate 
0.14 MPa (20 psi) pressure 
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TABLE C-5 

CALCULATED TEMPERATURE RISES, 

CASE 3(3) 

Rod 

2D 

I D 

5D 

4A 

I D 

2D 

5D 

3B 

3C 

4A 

3D 

5B 

2C 

2E 

38 

Elevation 

m (in.) 

1.88 (74) 

1.90 (75) 

1.90 (75) 

1.93 (76) 

1.96 (77) 

1.96 (77) 

1.96 (77) 

1.98 (78) 

1.98 (78) 

1.98 (78) 

2.13 (84) 

2.13 (84) 

2.29 (90) 

2.29 (90) 

2.29 (90) 

D Island 

Channel 

50 

61 

68 

78 

82 

84 

89 

96 

97 

100 

115 

117 

122 

123 

125 

AT 

°C(°F)] 

141.3 (254.3) 

152.8 (275.1) 

164.3 (295.7) 

135.2 (243.3) 

147.9 (266.3) 

109.7 (197.4) 

161.9 (291.5) 

153.9 (277.0) 

161.1 (290.0) 

158.8 (285.8) 

169.0 (304.2) 

135.4 (243.8) 

212.4 (382.3) 

147.7 (265.8) 

184.0 (331.2) 

E Island 

Channel 

39 

44 

46 

51 

58 

61 

66 

71 

72 

73 

98 

103 

111 

113 

115 

AT 

[°C(°F)] 

215.1 (387.2) 

302.4 (364.3) 

189.0 (340.2) 

149.4 (269.0) 

171.3 (308.4) 

171.3 (308.3) 

158.7 (285.7) 

145.7 (262.2) 

188.9 (340.0) 

137.8 (248.0) 

147.8 (266.1) 

157.3 (283.1) 

179.3 (322.7) 

180.5 (324.9) 

189.0 (340.2) 

SUMMARY 

(AT)E->(AT)D 

9 

(AT)D>(AT)E: 

3 

(AT)D~(AT)E 

3 

a. (ho)2i 

27.9 mm/sec (1.1 in./sec) flooding rate 
0.28 MPa (40 psi) pressure 
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TABLE C-6 

CALCULATED TEMPERATURE RISES, 

CASE 4(3) 

Rod. 

2D 

ID 

5D 

4A 

ID 

2D 

5D 

38 

3C 

4A 

3D 

5B 

2C 

2E 

3B 

Elevation 

m (in.) 

1.88 (74) 

1.90 (75) 

1.90 (75) 

1.93 (76) 

1.96 (77) 

1.96 (77) 

1.96 (77) 

1.98 (78) 

1.98 (78) 

1.98 (78) 

2.13 (84) 

2.13 (84) 

2.29 (90) 

2.29 (90) 

2.29 (90) 

D Island 

Channel 

50 

61 

68 

78 

82 

84 

89 

96 

97 

100 

115 

117 

122 

123 

125 

AT 

°C(°F)] 

127.6 (229.7) 

143.0 (257.4) 

165.0 (297.0) 

134.5 (242.2) 

139.7 (251.5) 

130.2 (234.4) 

162.7 (292.8) 

148.4 (267.1) 

154.6 (278.3) 

154.9 (278.9) 

135.4 (243.7) 

125.0 (225.1) 

161.0 (289.8) 

126.2 (227.1) 

144.0 (259.3) 
L _ _ _ . . . . 

E Island 

Channel 

39 

44 

46 

51 

58 

61 

66 

71 

72 

73 

98 

103 

111 

113 

115 

AT 

[°C(°F)J 

182.9 (329.3) 

188.6 (339.6) 

166.8 (300.2) 

140.9 (253.6) 

148.0 (266.5) 

145.0 (261.0) 

134.4 (242.0) 

118.6 (213.5) 

154.2 (277.5) 

125.0 (225.0) 

91.6 (164.9) 

119.9 (215.8) 

109.8 (197.7) 

126.2 (227.1) 

171.3 (308.4) 

SUMMARY 

(A T)E->(A T ) D 

4 

(A T)D>(A T ) ^ 

5 

(AT)D«(AT)E-

6 

a. (ho)2x 

27.9 mm/sec (1.1 in./sec) f looding rate 
0.14 MPa (20 psi) pressure 
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TABLE C-7 

CALCULATED TEMPERATURE RISES, 

CASE 5(3) 

Rod 

2D 

I D 

5D 

4A 

I D 

2D 

5D 

3B 

3C 

4A 

3D 

5B 

2C 

2E 

38 

Elevation 

m (in.) 

1.88 (74) 

1.90 (75) 

1.90 (75) 

1.93 (76) 

1.96 (77) 

1.96 (77) 

1.96 (77) 

1.98 (78) 

1.98 (78) 

1.98 (78) 

2.13 (84) 

2.13 (84) 

2.29 (90) 

2.29 (90) 

2.29 (90) 

D Island 

Channel 

50 

61 

68 

78 

82 

84 

89 

96 

97 

100 

115 

117 

122 

123 

125 

AT 

[°C(°F)1 

200.1 (360.2) 

213.1 (383.7) 

224.4 (400.4) 

188.5 (339.3) 

196.0 (352.8) 

191.6 (344.9) 

215.4(387.7) 

210.5 (379.0) 

222.2 (400.0) 

215.7 (388.3) 

259.8 (467.6) 

204.3 (367.8) 

309.1 (556.5) 

210.6 (379.2) 

269.3 (484.7) 

E Island 

Channel 

39 

44 

46 

51 

58 

61 

66 

71 

72 

73 

98 

103 

111 

113 

115 

AT 

[°C(0F) 

305.2 (549.5) 

285.6 (514.2) ! 

295.1 (531.3) 

224.0 (403.3) 1 

328.1 (590.6) 

178.9 (322.1) 

288.6 (519.5) 

173.8 (312.9) 

160.8 (289.5) 

238.5 (429.4) 

282.6 (508.8) 

314.7 (566.6) 

218.5 (393.4) 

232.1 (417.9) 

288.2 (518.8) 

SUMMARY 

( A T ) £ > ( A T ) D 

11 

( A T ) D > ( A T ) ^ 

3 

(AT )p« (AT )E 

1 

a. (ho)2i 

23 mm/sec (0.9 in./sec) f looding rate 
0.28 MPa (40 psi) pressure 
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TABLE C-8 

CALCULATED TEMPERATURE RISES, 

CASE 6^^^ 

Rod 

2D 

ID 

5D 

4A 

I D 

2D 

5D 

38 

3C 

4A 

3D 

5B 

2C 

2E 

3B 

Elevation 

m (in.) 

1.88 (74) 

1.90(75) 

1.90 (75) 

1.93 (76) 

1.96 (77) 

1.96 (77) 

1.96 (77) 

1.98 (78) 

1.98 (78) 

1.98 (78) 

2.13 (84) 

2.13 (84) 

2.29 (90) 

2.29 (90) 

2.29(90) 

D Island 

Channel 

50 

61 

68 

78 

82 

84 

89 

96 

97 

100 

115 

117 

122 

123 

125 

AT 

°C(°F) 

80.8 (145.4) 

84.3 (151.7) 

82.3 (148.2) 

63.2(113.8) 

81.5 (146.7) 

77.1 (138.8) 

76.9 (138.5) 

81.4 (146.5) 

85.8 (154.4) 

85.2 (153.4) 

171.3(308.3) 

136.0 (244.8) 

177.8 (320.0) 

158.5(285.4) 

155.7 (280.2) 

E l s 

Channel 

39 

44 

46 

51 

58 

61 

66 

71 

72 

73 

98 

103 

111 

113 

115 

and 

AT 

[OC(OF) 

131.2(236.2) 

114.8(206.7) 

105.2(189.3) 

82.9 (149.3) 

86.3(155.3) 

93.3 (168.0) 

78.9 (142.0) 

81.1 (146.0) 

101.2(182.2) 

69(125) 

147.1 (264.8) 

136.9(246.4) 

145.8 (262.4) 

171.1(308.1) 

219.3 (394.7) 

SUMMARY 

( A - O E > ( A T ) D 

8 

( A T ) D > ( A T ) E 

3 

(AT)D~(AT)E 

4 

a. (ho)2x 

13 mm/sec (0.5 in./sec) flooding rate 
0.28 MPa (40 psi) pressure 
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Figure C-8. Relationships Between Turnaround Time and Flooding Rate 
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APPEND 

COFARR PROGRAM AND SELECTION OF 
NONCOPLANAR DISTRIBUTION 

The COFARR program executes the procedure described in paragraph 3-5 to determine 

sleeve locations on rods and calculates subchannel f low area blockage, given sleeve 

strain in format ion. A detai led explanation of the program can be found in the 21-rod 

bundle task p lan.^^ A short discussion of the input parameters and a l ist ing of the 

program are provided there in. 

The V\/estinghouse mean temperature distr ibut ion was used w i th the correct ion of gr id 

e f fec t as shown by Burman (appendix E). The resultant mean temperature distr ibut ion 

is shown in table D - 1 . The standard deviation was taken to be 6.7°C (12°F) and a node 

length of 2.5 cm (1 in.) was used. With these inputs, COFARR calculated the sleeve 

distr ibut ion as indicated in f igure 3-8. 

TABLE D-1 

MEAN TEMPERATURE DISTRIBUTION 

Axial Height 
m (in.) 

1.57 (62) 
1.60 (63) 
1,63 (64) 
1.65 (65) 
1.68 (66) 
1.70 (67) 
1.73 (68) 
1.75 {69) 
1.78 (70) 
1.80 (71) 

Temperature 

[°C (°F)] 

914 (1678) 
920 (1688) 
925 (1697) 
930 (1706) 
934 (1713) 
938 (1720) 
942 (1727) 
944 (1732) 
947 (1736) 
947 (1737) 

Axial Height 
m (in.) 

1.83 (72) 
1.85 (73) 
1.88 (74) 
1.90 (75) 
1.93 (76) 
1.96 (77) 
1.98 (78) 
2.01 (79) 
2.03 (80) 
2.06 (81) 

Temperature 
[°C (°F)] 

949 (1741) 
948 (1738) 
946 (1735) 
938 (1721) 
933 (1712) 
929 (1705) 
927 (1701) 
925 (1698) 
923 (1693) 
918 (1684) 

1 . Hochrei ter , L. E., et a l . , "PWR FLECHT SEASET 21-Rod Bundle Flow Blockage 
Task: Task Plan Report , " NRC/EPRI/Westinghouse-5, March 1980. NUREG/CR-1370. 
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APPENDIX E 
THIMBLE AND GRID EFFECTS ON BURST 

E - l . GENERAL 

This appendix provides the analyses of Westinqhouse mult i rod burst tests^ -' and the gr id 

e f fec t on the Westinghouse mean temperature calculat ion. 

E-2. EFFECT OF HEATING METHOD ON BURST AND BALLOONING SHAPES IN 

OUT-OF-PILE LOCA SIMULATIONS 

I t has been well established by ANL^^^ and others that local temperature differences 

are extremely important in determining the size and shape of rod ballooning and burst 

under LOCA condit ions. 

In a reactor , local temperature variations result f rom many sources, such as pellet 

enrichment di f ferences, local gap average dif ferences, random cracking and radial 

redis t r ibut ion, and pel let radial of fset. In addit ion to these rod internal ef fects, exter­

nal heat transfer considerations are also important . Among these are local crud 

patches and radiant losses to re lat ive ly cold sinks, such as control rod thimbles. 

To properly simulate these ef fects out of pile is very d i f f i cu l t and requires com­

promises. Three principal methods have been used by various investigators: 

1 . Schreiber, R. E., et a l . , "Performance of Zi rcaloy-Clad Fuel Rods During a 
Simulated Loss-of-Coolant Accident ~ Mul t i rod Burst Tests," WCAP-7495-L, 
Apr i l 1970. 

2. "L ight -Water-Reactor Safety Research Program: Quarter ly Progress Report ~ 
January-March 1977," ANL-77-34, June 1977. 

E- l 



Direct heating of the clad by electr ical resistance or induction heating wi th or 

wi thout internal mandrels or pel let columns 

External radiant heating of the clad w i th internal mandrels or pellet columns 

Internal e lect r ica l heaters wi th or wi thout annular pellets between the heater and 

clad 

D i rec t heating of the clad by induction or resistance heating has a temperature smooth­

ing e f fec t not typ ical of nuclear-heated rods. That is, the local heat deposition is a 

funct ion of the mass of the clad, whereas heat loss to the environment is a funct ion of 

surface area. I f a hot spot develops in a joule-heated rod and the clad swells local ly, 

the wal l thickness decreases, thus increasing local resistance and shunting the e lectr ical 

current to the cooler, less deformed side of the rod. A t the same t ime, the increased 

surface area of the bulge is radiat ing more heat to the environment. The net result is 

negative feedback funct ion, which produces a more uniform clad temperature distr ibu­

t ion and thus laraer strains. 

The net e f fec t of induction heating is the same as that of joule heating, although the 

reason for power sh i f t ing is d i f ferent . 

External radiant heating does not have the same problems as d i rect clad heating; how­

ever, fo r this type of heat ing, the only sink fo r temperature is the internal mandrel or 

pel let . These heat sinks are also available to the direct-heated clad and produce the 

same results. I f pel lets are used, the random stacking w i l l produce signif icant and very 

localized clad temperature differences in both the axial and c i rcumferent ia l direc-

tions.^1^ This is wel l i l lustrated by f igure E- l (taken f rom ANL-77-34). If an internal 

mandrel is used and i t is sl ightly nonconcentric to the cladding, the heat loss f rom the 

cladding to the mandrel w i l l be greater on the side wi th minimum clad-to-mandrel 

gap. This w i l l produce a c i rcumferent ia l temperature gradient in the claddinq. Below 

1 . Mot ley, F. E., et al . , "The E f fec t of 17 x 17 Fuel Assembly Geometry on 
Interchannel Thermal Mix ing, " WCAP-8299, March 1974. 
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Nonuniform Brightness of Cladding Specimen 
Containing AI2O3 Pellets due to Axial and 
Circumferential Temperature Variations 
during Heating at 45°C/s. 

Temperature and Internal Pressure as a Func­
tion of Time for Cladding Specimen Described 
in Fig. III.37. 
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about 900°C (1650°F), Zircaloy strains anisotropically and w i l l bow because of the 

greater strain on the hot side. The direct ion of the bow w i l l be concave on the hot 

side. The hot side w i l l thus move toward the mandrel, increasing heat loss on tha i 

side. This is a stabil izing mechanism and results in larger strains, at least in the lower 

temperature range. 

The randomness of pellet stacks and thus clad hot spots prevents gross bowing for tests 

using pel let stacks. Hence, this mechanism is not present to the same degree for those 

tests w i th pel let stacks. 

I f r ig id internal heaters are used in burst tests, they act in a manner similar to mandrels 

except that the heat f low is f rom mandrel to c lad. Clad hot spots w i l l tend to coincide 

wi th minimum gaps. The concave bowing of alpha Zircaloy wi l l then reduce the oap on 

the hot side, creat ing a self-enhancing react ion. 

This results in large c i rcumferent ia l temperature variations and thus low swell ing and 

burst strains; however, the alignment of the hot side close to the heater promotes axial 

extension of the ballooning, since there is less probabi l i ty of cold l igaments to localize 

straining. 

Although i t is believed that of all the test methods described, the use of internal 

heaters produces the most prototypical amount of c i rcumferent ia l strain, i t tends to 

produce longer, more gradual axial shapes. From the standpoint of axial shape, the use 

of external ly radiant-heated rods w i th internal pellets gives the best simulation of 

nuclear heating. 

The ef fec t of radiant losses on local izing strain was examined by reviewing Westing-

house mul t i rod burst test results. The 4x4 test bundles contained two unheated th im­

bles. -The direct ion of the burst of rods which were lateral ly or diagonally adjacent to 

the unheated thimbles was evaluated. Of 68 bursts observed, only three burst in a 

direct ion wi th in 45 degrees of the thimbles. For random direct ion burst ing, the 

expected number would be 17. A freguency this low has a probabi l i ty of about 7x10 . 

This demonstrates that the heat transfer between thimbles and adjacent rods is a 
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signif icant factor in determining c i rcumferent ia l temperature distr ibut ion in adjacent 

rods and thus in both the magnitude and direct ion of the strain. 

In a Westinghouse 17x17 assembly, 68 percent of the fuel rods are adjacent to a 

th imble. In a Westinghouse 15x15 assembly, the rat io is 60 percent. 

E-3. EFFECT OF GRID ON A X I A L TEMPERATURE DISTRIBUTION DURING LOCA 

The axial temperature dist r ibut ion for a fuel rod during LOCA determines the locat ion 

of blockage due to rod burst ing. This axia l d istr ibut ion is af fected by the presence of 

spacer grids, because of local power depressions and hydraulic ef fects. 

For Westinghouse Inconel grids, the power depression has been determined near the 

peak power locations by analysis of gamma scans f rom irradiated commercial fuel rods. 

For a large-break LOCA in which fuel rods are calculated to burst shortly af ter the end 

of blowdown, the perturbat ion in local clad temperature due to a perturbat ion in local 

power has been determined to be 6'^C (11°F) per percent Ap/p for a 17x17 three-loop 

plant. 

The fol lowing shows the perturbat ion in power and the corresponding temperature 

perturbat ion as a funct ion of distance f rom the center of a gr id: 

Distance f rom Grid Center 

cm (in.) 

0 (0 ) 

2.5 (1) 

5.1 (2) 

7.6 (3) 

10(4) 

% Ap/p 

8 

5 

2 

0.5 

0 

AT 

°C (°F)' 

49 (88) 

31 (55) 

12 (22) 

3.1 (5.5) 

0(0) 
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APPENDIX F 
FACILITY DRAWINGS 

The FLECHT SEASET facility is illustrated in fiqures F-1 through F-28, as well as 

figures 4-1 and 4-9. 
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6 7 " 

7 0 " 

7 0 " 

7 0 ' 

7 0 " 

7 0 " 

7 0 " 

7 1 " 

7 1 " 

7 1 * 

7 1 ' 

7 1 ' 

7 1 " 

7 1 * 

7 2 " 

7 2 " 

7 2 " 

7 2 " 

7 2 " 

7 2 " 

7 2 ' 

7 2 ' 

7 2 ' 

7 2 ' 

7 2 " 

7 2 " 

74 

7 4 " 

74" 

7 4 " 

74" 

74 

7 4 -

7 4 -

7 4 ' 

7 4 " 

7 4 " 

7 4 ' 

7 4 " 

75 2S" 

75 2 5 " 

7 5 2 5 " 

7 5 2 S " 

7 5 2 5 " 

75 2 5 ' 

75 2 5 -

7 6 " 

7 6 -

7 6 " 

7 6 " 

7 6 ' 

7 6 " 

7 6 " 

7 6 -

7 6 ' 

7 6 ' 

7 C -

7 6 ' 

7 7 " 

7 7 " 

7 7 " 

7 7 ' 

7 7 -

7 7 ' 

7 7 " 

7 8 -

7 8 " 

7 6 " 

7 8 " 

7 6 -

7 6 -

7 8 ' 

COMPUTER DATA ACQUISITION S'^STEM 

CHANNEL 
NO 

9 6 

97 

9 8 

99 

100 

101 

102 

l O i 

104 

105 

106 

107 

106 

109 

no 
I I I 

112 

113 

114 

115 

116 

1 17 

l i d 

119 

120 

121 

122 

I 2 i 

124 

125 

I 2 C 

127 

126 

129 

130 

131 

132 

133 

134 

135 

1 3 6 

137 

1 3 8 

139 

110 

141 

142 

145 

144 

145 

K 6 

147 

14 8 

149 

ISO 

151 

I 5 Z 

163 

154 

156 

156 

157 

isa 

159 

160 

161 

IG2 

l l o i 

164 

165 

166 

167 

163 

169 

170 

171 

172 

173 

174 

175 

176 

177 

178 

179 

180 

181 

182 

183 

164 

1 8 5 

186 

187 

166 

169 

190 

LOCATION 

HR T / C - 3 0 

HR T /C -4A 

HR T/C-4C 

7 8 ' 

7 8 " 

7 8 ' 

DEFECTIVE CHANNEL 

HR T / C - 4 E 

HR T /C-SC 

7 6 " 

7 6 " 

S P A R E 

S P A R E 

S P A R E 

SPARC 

SPARE 

SPARE 

SPARE 

HR T / C - I B 

HR T / C - I C 

H R T / C 2 6 

HR T / C - Z E 

H R T / C - 3 A 

HR T / C - 5 6 

HR T/C 3 D 

HR T / C - 4 D 

HR T / C - S B 

H R T / C - 5 C 

HR T / C - I D 

H R T / C - 2 6 

HR T /C-2C 

H R T / C - 2 E 

HR T / C - bA 

HR T/C 5 B 

HR T /C-SD 

HR T /C -3E 

HR T / C - 4 6 

HR T /C -5C 

HR T /C -SD 

H R T / C - I B 

HR T / C - I C 

HR T / C - 2 6 

HH T/C-2E 

HR T / C - 3 A 

HR T / C - 3 6 

HR T / C - 3 D 

HR T / C - 4 D 

HR T/C S B 

HR T/C-SC 

HR T / C - I B 

HR T/C- IC 

HR T / C - I D 

HR T / C - i C 

HR T /C -3E 

HR T / C - 4 B 

HR T/C-4D 

HR T / C - S B 

HH T/C SO 

HR T / C - 2 A 

HR T /C-2B 

HR T /C -2E 

HR T / C - 3 A 

HR T / C - 3 6 

H R T / C - 3 0 

HH T / C - 4 A 

HR T/C-4C 

HR T / C - 4 E 

HR T/C-SC 

HR T / C - I B 

HR T / C - I C 

HR T / C - I D 

HR ^/C ZC 

HR T / C - i E 

HR T /C -4B 

HR T /C-4D 

HR T /C -SB 

HR T / C - S D 

HR T / C - 2 A 

HR T /C-4A 

HR T / C - 4 C 

HR T / C - 4 E 

HR T / C - I O 

HK T / C - 2 C 

H R T / C - 3 E 

HR T /C -4B 

HR T /C-SD 

B F T / C - 9 6 

B F T / C - I O B 

B F T /C 158 

S P T / C - I O B 

B F T / C - 8 B 

8 4 -

8 4 -

8 4 ' 

8 4 ' 

8 4 -

8 4 ' 

8 4 -

8 4 -

8 4 -

6 4 -

9 0 ' 

9 0 " 

9 0 -

9 0 " 

9 0 " 

9 0 " 

9 0 " 

9 0 * 

9 0 " 

9 0 " 

9 0 -

9 6 " 

9 6 -

9 6 " 

9 6 " 

9 6 ' 

9 6 " 

9 6 * 

9 G -

9 6 " 

9 6 " 

1 0 2 " 

1 0 2 -

1 0 2 " 

1 0 2 " 

1 0 2 " 

l O Z " 

1 0 2 " 

1 0 2 -

1 0 2 " 

I I I -

1 1 l " 

I I I * 

M l * 

I l l -

I l l " 

I I I " 

111 ' 

1 1 1 ' 

1 1 1 ' 

1 2 0 " 

120" 

1 2 0 " 

1 2 0 -

1 2 0 -

1 2 0 " 

1 2 0 ' 

1 2 0 -

1 2 0 " 

1 3 2 " 

1 3 3 " 

1 3 2 " 

1 3 2 ' 

1 3 6 * 

1 3 6 -

1 3 8 ' 

1 3 8 " 

1 3 8 ' 

3 5 ' 

4 7 " 

5 8 " 

5 8 ' 

6 7 ' 

S P A R E 1 

S P T / C - 9 B 

S P T / C - I I B 

6 F T / C - C A 

6 F. T / C - S A 

S.R T / C - 9 B 

S P T / C - I I B 

B F T / C - t o 

B F T / C - 7 C 

6 7 " 

0,1" 

7 7 ' 

7 7 ' 

7 7 " 

7 7 ' 

8 9 ' 

8 9 ' 

COMPUTER DATA ACQUISITION SYSTEM 

CHANNEL 
NO 

191 

192 

193 

194 

195 

196 

197 

198 

199 

2 0 0 

2 0 1 

2 0 2 

2 0 5 

2 0 4 

2 0 5 

2 0 6 

2 0 7 

2 0 8 

2 0 9 

2 1 0 

2 1 1 

2 1 2 

2 1 3 

214 

2 1 5 

2 1 6 

2 1 7 

2 1 6 

2 1 9 

2 2 0 

7.21 

222 

2 2 3 

2 2 4 

Z2S 

226 

2 2 7 

228 

2 2 9 

2 3 0 

2 3 1 

2 3 2 

2 3 3 

2 3 4 

2 3 5 

2 3 C 

2 3 7 

258 

23<> 

2 4 0 

241 

2 4 2 

2 4 3 

2 4 4 

2 4 5 

2 4 6 

2 4 7 

2 4 8 

2 4 9 

2 5 0 

251 

2 5 2 

2 5 3 

2 5 4 

1 5 5 

2 5 6 

2 5 7 

2 5 8 

2 5 9 

2 6 0 

261 

2 6 2 

2 6 3 

2 6 4 

2 6 5 

2 6 6 

2 6 7 

2 6 6 

2 6 9 

2 7 0 

271 

2 7 2 

2 7 3 

2 7 4 

2 7 5 

2 7 6 

2 7 7 

2 7 8 

2 7 9 

2 8 0 

2 8 1 

2 8 2 

2 8 3 

2 6 4 

2 8 5 

L O C A T I O N 

S R T / C - I O C 

S R T / C - S A 

B E T / C - 8 C 

B F . T / C - 9 B 

S P T/C IOC 

B . F : T / C - 5 A 

S.P T / C - I O A 

B F . T / C - I 4 B 

S.R T / C - 6 B 

S.P. T / C - I 5 B 

B.F T / C - I I B 

B F T / C - 6 b 

B S T / C - 4 D 

B S T / C - 3 C 

B S . T / C - S B 

B S T / C - 3 D 

6 5. T / C - 2 0 

B S T / C - I C 

F.S. T / C - B ? 

F S T /C- fc (5 

F S . T / C - B ^ 

F.S. T / C - B a 

F.S. T/C-A0 

F.S T/C-CP 

F S. T/C-B»l 

FS T/c-ce( 

8 9 -

8 9 ' 

9 7 ' 

9 7 " 

9 7 " 

1 0 9 * 

1 0 9 ' 

1 2 0 " 

1 2 0 " 

1 7 0 ' 

1 3 0 ' 

1 3 8 * 

7 3 ' 

7 3 * 

7 3 " 

7 3 ' 

7 3 " 

7 3 ' 

feO" 

7 2 " 

7 8 " 

8 4 ' 

B i ^ ' 

9£" 
I I I " 

1 2 0 " 

SPARE 

S P A R E 

SPARE. 

S P A R E 

S P A R E 

S P A R E 

SP/kRE 

SPARE 

S P A R E 

S P A R E 

SPARE 

S P A R E 

SPARE 

SPARE 

SPARE 

SPARE 

SPARE 

SPARE 

SPARE 

SPARE 

SPARE 

SPARE 

H I W T/C-270"' 

H I W T/C- ISO* 

H 1 W T / C - 9 0 ° 

H 1 W T / C - 2 7 0 * 

H 1 W T/C ^ 7 0 ° 

H.1 W T / C - 9 0 * 

H 1 l«. T/C- 2 7 0 ° 

H I W T / C - 2 7 0 " 

H 1 W T / C - 9 0 * 

H.1W T / C - 2 7 0 * 

H IW T / C - 2 7 0 ° 

H IW T / C - 9 0 ° 

H 1 W T/C 2 7 0 ° 

H 1 w T / C - 2 7 0 * 

H W T / C - 9 0 

HW T / C - 2 7 0 

2 ' 

3 ' 

4 ' 

4 ' 

5 ' 

G ' 

6 ' 

7 ' 

8 ' 

8 ' 

9 ' 

10' 

10 ' 

I I ' 

0 ' 

0 ' 

HW T / C - 0 1' 

HW T / C - 1 8 0 1' 

H W T / C - 9 0 

HW T / C - 2 7 0 

HW T / C - 0 

HW T / C - 1 8 0 

HW T / C - 9 0 

HW T / C - 2 7 0 

HW T / C - 0 

HW T/C-90 

HW T / C - 1 6 0 

HW T / C - 2 7 0 

HW T / C - 0 

HW T / C - 9 0 

HW T / C - 1 8 0 

HW T / C - 2 7 0 

HW T / C - 0 

HW T / C - 9 0 

HW T / C - 1 6 0 

HW T / C - 2 7 0 

HW T / C - 0 

HW T / C - 9 0 

HW T / C - 1 8 0 

HW T / C - 2 7 0 

HW T / C - 9 0 

HW T / C - 2 7 0 

HW T / C - 0 

HW T / C - 9 0 

HW T/C 180 

HW T / C - 2 7 0 

HW T / C - 0 

2 ' 

2 ' 

3 ' 

3 ' 

4 ' 

A' 

5 ' 

5 ' 

5 ' 

5 ' 

6 ' 

S ' 

G' 

6 ' 

7 ' 

7 ' 

7 ' 

7 ' 

6' 

8 ' 

8 ' 

8 ' 

9 ' 

9 ' 

10' 

1 0 ' 

10' 

10 ' 

I I ' 

COMPUTER DATA ACQUISITIOM SYSTEM 

CHANNEL 
NOl 

2 8 6 

2 8 7 

2 8 8 

2 8 9 

2 9 0 

291 

2 9 2 

2 9 3 

2 9 4 

2 9 5 

2 9 6 

2 9 7 

2 9 6 

2 9 9 

1 0 0 

301 

3 0 2 

3 0 3 

3 0 4 

3 0 5 

306 

3 0 7 

3013 

3 0 9 

3 I O 

311 

312 

3 1 3 

314 

3 1 6 

3 1 6 

317 

318 

319 

3 2 0 

321 

3 2 2 

3 2 3 

3 2 4 

3 2 5 

3f2G 

3 2 7 

3 2 6 

3 2 9 

3 3 0 

331 

332 

3 3 3 

3 3 4 

3 3 5 

J 3 6 

3 3 7 

3 3 8 

339 

4 4 0 

341 

3 4 2 

3 4 3 

3 4 4 

3 4 5 

3 4 6 

3 4 7 

3 4 5 

J 4 9 

3 5 0 

3 5 1 

3 5 2 

353 

3 5 4 

3SS 

3 5 C 

3 5 7 

3 S S 

3 5 9 

3 6 0 

361 

3 6 2 

3 6 3 

3 6 4 

L O C A T I O N 

HW T / C - 9 0 11' 

HW T / C - 1 6 0 I I ' 

HW T / C - 2 7 0 I I ' 

HW T / C - 9 0 12' 

HW T / C - 2 7 0 12' 

LOWER PLENUM FLUID T/C 

UOWEC PLENim WALL T/C 

UPPER f i f Nim man. FLUID T/C 

U M W Pl£M HSC EXT FL. T/C 

UPPER PLENUM STEAM PROeE T/C 

UPPER PLENU* SEAL PLATE T/L 

UPPER PLENUM 9O W A U . T / C 

UPPER P L E N U M 180 WALL T/C 

UPPER PLENUM 210 WAU T/C 

CARRYOVER TAW EL FLUID T/C 

CARWOVER TANK EL W^a T/C 

CdRRYOVER TANK EL W W l T/C i 

STE»M SEI»R»TO« El FLUID T/C 

STEMA SERHBATQR EL WNX T/C 

STEAM SEBWATOR EL WALL T/C 

DRAIN TANK EL. FLUIO T/C 

DRAIN TANK EL WALL T/C 

DRAIN TANK. EL 

ACCUMUlATOli EL FLUIO T/C 

STEAM I M J SYS E L FLUID T/C 

UPPER PIEH^STM SEP S P T/C 

UPPER PUH/STM. SEP W A a T/C 

STM SEP/EUHMIST UNE S P T/C 

STM. SEP/EXHNJST UNE W»a T/C 

p^i;!^jW^'*'*^'^ 
^^.^aJ*2H«PL»VAWE 

^ K I D ' - ' T " ^ ^ ' ^ ^ * " ™ ' " * " * 

STM INJ SYS ORIFICE FUllO T/C 

INJ LME TO IMER PUN FUllO T/C 
C g . | | * « ^ L £ t AfTEK T U N M 

?»ssav|R'us Kfnpc vtoMt 

SPARE 

SPARE 

SPARE 

ZONE A PRIMARY POWER 

ZONE A REDUNDANT POWER 

STEAM C00L1N6 POWER 

SPARE 

SPARE 

SPARE 

TUR61NE METER S GPM 

TURBINE METER IS G.PM 

TURBINE METER 6 0 GPM 

81-nRECTIONAL TURBINE METER 

0 TO 1 FT HOUSING DP 

1 TO 2 FT HOUSINS DP 

2 TO 3 FT HOUSING DP 

3 TO 4 FT HOUSING OP 

4 TO S FT. HOUSING DP 

S TO G FT HOOSING DP 

6 TO T F T HOUSING JP 

7 TO 8 FT HOUSING O P 

8 TO 9 FT HOUSING OP 

9 TO 10 FT HOUSING DP 

10 TO II FT HOUSING OP 

11 TO 12 FT HOUSING OP 

UPPER PLENUM DP 

OVERALL HOUSING D P 

CARRYOVER TANK DP 

STEAM SEPARATOR D P 

DRAIN TANK DP 

ACCUMULATOR O P 

EMMUST ORIFICE DP 10 RANGE 

STEAM I N J SYS DP LEVEL 

STEAM I K J SYS. ORIFICE DP 

^•^n^ ^ '-DOWNCOMER LEVEL DP GRAVITY 

SEWIBITOR DP G B M S Y 

M^A^IZIftJJ 
EXHAUST ORIFICE OP HIGH RMI6E 

EXHAUST LINE ORIFICE PRESSURE 

m^'.^^c^'^m^ 
STEAM I N J LINE FKESSURE 

STEAM INJ FLOW LBS./SEC. 

1 
H R. - HEATER ROD T/C 
S P - STEAM PK06E T/C 
B S - 6L0CKAGE SLEEVE T/C 
H W - HOUSING WALL T/C 
H I W - HOUSING INSULATION WALL T/C 
a F - BARE FLUID T/C 

F S -FILLER 
A a - 4 5 ' ' 
6B-3 I5° 
c S - 2 4 0 * 
op-135" 

STRIP T/C 

REFERENCE TO 
THE HOUSING 
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HK yc 4 f 

HR T/C-4C 
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HR T / C - m 

HR T/C-ZA 

^R T /C-4C 

HR T /C- IC 

hK T/C-' iC 

HP T /C-2E 
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HR T /C -SB 

HR T / C - l C 

H R T / C - I D 

HR T / C - 2 E 

HR T / C - i A 

HR T/C- iC 

HR T / C - 3 D 

HR T / C - 4 B 

HR T /C -4C 

HR T / t - ^ D 

HR T / C - 4 E 

HR T/C- 5 : 

HR T / C - 5 D 

HR T / C - l E 

HR T / C - I D 

HR T / C - 2 A 

HR J/C-^b 

HR T /C-JC 

HR T / c - : o 

HR T/C- 3B 

HR T / C - £ 6 

HR T / C - I C 

HR T /C-2A 

HR T / C - 2 B 

HR T /C-3 A 

HR T/C- 3C 

HR T / C - 3 E 

HR T /C-4 A 

HR T / C - 4 B 

HR T/C-4C 

HR T / C - 4 D 

HR T/C-i^E 

HR T/C-5C 

HX T / C - 5 D 

HR T/C-16 

HR T/C- IC 

HR T / C - 2 C 

HR T / C - 2 D 

HR T/C-2E 

HR T/C- 3A 

HR T/C- JB 

HR T / C - 3 D 

HB T /C -4B 

HR T / C - 5 b 

HR T/C-SC 

HR T / C - I B 

HR T /C - IC 

HR T/C-2B 

HR T / C - 2 D 

HR T / C - i C 

HR T / C - 3 D 

HR T / C - 4 A 

12 ' 

1 2 ' 

2 4 ' 

3 9 -

3 9 -

i f 

4 6 " 

4 8 -

4 & ' 

4 8 " 

CO-

4 0 ' 

6 C ' 

4 7 -

1.7' 

4 7 -

4 7 ' 

4 7 -

7 0 ' 

7 0 -

7 0 ' 

7 0 " 

7 1 " 

7 1 " 

7 2 -

7 2 ' 

7 3 ' 

7 3 ' 

7 4 " 

7 4 " 

74" 

7 4 ' 

7 4 ' 

7 5 " 

7 S ' 

7 S ' 

7 5 " 

7 5 " 

7 S ' 

7 5 ' 

7 S ' 

7 5 " 

7 6 ' 

7 5 ' 

7C-

7 4 * 

7fe" 

7 4 ' 

74," 

7 4 -

7 4 ' 

7 4 " 

74," 

7 G ' 

74-

7 4 ' 

7 7 

7 7 " 

7 7 ' 

7 7 -

7 7 ' 

7 7 ' 

7 7 ' 

7 7 " 

7 6 ' 

7 8 -

7 0 " 

7 S " 

7 8 " 

7 8 ' 

7 6 ' 

7 8 ' 

7 8 " 

73" 

7 6 " 

7 8 " 

78' 

7 9 ' 

7 9 -

7 9 ' 

7 ? ' 

7 9 ' 

7 9 " 

i r 

79" 

7 9 ' 

7 9 ' 

7 9 ' 

o O " 

BO-

8 0 ' 

8 0 " 

8 0 -

8 0 ' 

8 0 * 

COMPUTER DATA ACQUISITION SYSTEM 

CHANNEL 

N O 

9G 

97 

98 

99 

100 

101 

102 

l O i 

104 

105 

IOC 

107 

106 

109 

110 

1 1 1 

112 

113 

114 

I I S 

116 

117 

118 

119 

120 

121 

122 

123 

124 

125 

I 2 C 

127 

12a 

129 

130 

131 

132 

133 

1 3 4 

135 

1 3 6 

137 

1 3 6 

139 

140 

141 

1 4 2 

14% 

144 

145 

146 

147 

148 

149 

ISO 

I S I 

152 

153 

154 

155 

156 

157 

i s a 

159 

160 

I 6 l 

162 

1 6 3 

164 

IGS 

166 

167 

lea 
169 

170 

171 

172 

173 

174 

175 

176 

' 7 7 

178 

179 

180 

181 

182 

183 

164 

1 8 5 

1 8 6 

187 

i a & 

189 

190 

LOCATION 

MR T/C-4E 

H R T / C - 3 E 

8 0 -

8 1 -

SPARE 

SPARE 

SPARE 

SPARE 

S F ^ R E 

S P A R E 

S P A R E 

SPARE 

SPARE 

SPARE 

SPARE 

HR T /C - IC 

HR T/C-2B 

H R T / C - 2 0 

HR T / C - 3 C 

HR T /C- 3 D 

HR T / C - 3 E 

HR T /C-4A 

HR T / C - 4 0 

HR T / C - 5 B 

H R T / C - 5 D 

HR T / C - I D 

H R T / C - 2 B 

HR T / C - 2 C 

H R T / C - 2 D 

HR T / C - 2 E 

HR T / C - 3 A 

HR T/C- 3B 

H R T / C - 3 C 

HR T /C- 3 0 

HR T /C-4 A 

HR T / C - 4 B 

H R T / C - 4 D 

H R T / C - 5 B 

HR T / C - 5 C 

HR T / C - I C 

HR T / C - 2 0 

HR T /C- 2 0 

HR T / C - 2 E 

HR T / C - 3 C 

HR T / C - 3 D 

HR T /C-3E 

HR T /C -4A 

HP T / C - 4 B 

HR T / C - 4 D 

HR T / C - 5 6 

HR T /C-5C 

HR T / C - I C 

HR T / C - I D 

HR T / C - 2 8 

HR T / C - 2 C 

HR T / f - 2 E 

HR T/C-2A 

HR T / C - 3 6 

HR T / C - 3 E 

HR T / C - A B 

H R T / C - 5 C 

H R T / C - 5 D 

HR T / C - I B 

HR T / C - 2 A 

HR T / C - 3 C 

HR T / C - 3 D 

HR T / C - 4 A 

MR T / C - 4 C 

HR T / C - 4 E 

HR T / C - 5 8 

HR T / C - 1 0 

HB T /C-3A 

H S T / C - 3 B 

H R T / C - 3 E 

HR T / C - 4 B 

HR T / C - S D 

HR T / C - I B 

HR T / C - 2 A 

HR T / C - 4 C 

HR T /C -4E 

HR T / C - I D 

HR T /C- i A 

H R T / C - ^ S 

BF T / C - 9 6 

BF T/C-JOB 

BF T / C - I S 6 

S P T / C - I O B 

B F T / C - a B 

SPT/C-5PEC. 

S P T / C - 9 B 

5P T/C-116 

B E T / C - 6 A 

BF T /C-8A 

S P T / C - 9 & 

S P T / C - I I B 

BF T / C - t C 

B F T / C 7 C 

8 4 -

8 4 -

8 4 * 

8 4 * 

3 4 -

8 4 " 

8 4 * 

8 4 -

8 4 -

8 4 -

9 0 * 

9 0 * 

9 0 -

9 0 * 

9 0 -

9 0 -

9 0 * 

9 0 * 

9 0 -

9 0 * 

9 0 * 

9 0 ' 

9 0 -

9 0 ' 

9 6 " 

9 6 * 

9 6 " 

9 « ' 

9G" 

9 6 ' 

9 6 -

9 t ' 

9 6 " 

9 6 " 

9 6 " 

9 6 ' 

1 0 2 " 

1 0 2 " 

1 0 2 " 

1 0 2 " 

1 0 2 ' 

1 0 2 ' 

1 0 2 ' 

1 0 2 ' 

1 0 2 " 

1 0 2 ' 

lor 
I I I ' 

I I I ' 

I I I ' 

I I I ' 

I I I ' 

I l l -

I l l ' 

I I I ' 

1 2 0 " 

1 2 0 -

1 2 0 -

1 2 0 -

1 2 0 " 

1 2 0 -

1 3 2 ' 

1 3 2 ' 

1 3 2 " 

1 3 2 -

1 3 8 -

1 3 8 " 

1 3 8 ' 

3 5 ' 

4 7 -

5 8 " 

58" 
6 7 ' 

6 7 ' 

67* 
6 7 * 

7 7 ' 

7 7 " 

7 7 ' 

7 7 * 

8 9 " 

8 9 ' 

COMPUTER DATA ACOUISITION SYSTEM 

CHANNEL 
NO. 

191 

192 

193 

194 

195 

196 

197 

198 

199 

2 0 0 

2 0 1 

2 0 ? 

2 0 5 

2 0 4 

2 0 5 

2 0 6 

2 0 7 

2 0 8 

2 0 9 

2 1 0 

2 1 1 

2 1 2 

2 1 3 

2 1 4 

2 1 5 

2 1 6 

2 1 7 

2 1 8 

2 1 9 

2 2 0 

221 

222 
2 2 3 

2 2 4 

2 2 5 

226 
2 2 7 

228 
2 2 9 

2 3 0 

2 3 1 

2 3 2 

2 3 3 

2 3 4 

2 3 5 

2 3 6 

2 3 7 

2 3 8 

2 3 9 

2 4 0 

241 

2 4 2 

2 4 3 

2 4 4 

2 4 5 

2 4 6 

2 4 7 

2 4 8 

2 4 9 

2 5 0 

2 S I 

2 5 2 

2 5 3 

2 6 4 

2 5 5 

2 5 6 

2 5 7 

2 5 8 

2 5 9 

2GO 

261 

2 6 2 

2 6 5 

2 6 4 

2 6 S 

2 6 6 

2 6 7 

2 6 8 

2 6 9 

2 7 0 

271 

2 7 2 

2 7 3 

2 7 4 

2 7 5 

2 7 6 

2 7 7 

2 7 8 

2 7 9 

2 8 0 

2 8 1 

2 8 2 

2 8 3 

2 8 4 

2 8 5 

L O C A T I O N 

SP T /C- IOC 

S P T / C - S A 

B F T / C - 8 C 

S P T / C - 9 B 

S P T / C - I O C 

B F T / C - 5 A 

S P T / C - I O A 

BF T / C - I 4 B 

BF T / C - & B 

S P T / C - 1 5 6 

B F T / C - I I B 

BF T / C - 6 B 

BS T / C - 4 0 

B S T / C - 3 A 

B S T / C - S B 

B S T / t - 2 C 

B S T / C - 5 C A 

B S T / C - 3 C B 

B S T / C - 3 C C 

FS T / C - B 0 

F S T / C - A C i 

FS T /C-B«) 

FS T / C - B « 

FS T / C - A 0 

F S T / C - C 8 

FS T / C - 8 0 

F 5 T / C 

G R T / C 

8 9 ' 

8 9 -

9 7 ' 

9 7 " 

9 7 " 

1 0 9 * 

1 0 9 ' 

1 2 0 " 

1 2 0 ' 

1 2 0 " 

l i O ' 

1 3 8 " 

7 0 -

7 3 " 

7 3 ' 

7 5 ' 

7 5 ' 

7 5 ' 

7 5 " 

foO* 

7 2 ' 

7 8 " 

8 4 -

8 4 ' 

9 6 -

1 1 1 ' 

1 2 0 -

aa' 
S P A R E 

S P A R e 

S P A R E 

S P A R E 

SPARE 

SPARE 

S P A R E 

S P A R E 

SPARE 

S P A R E 

SPARE 

SPARE 

SPARE 

SPARE 

SPARE 

SFARE 

SPARE 

SWkRE 

SPARE 

SRARE 

H l.W. T/C-270"' 

H IW. T /C -180" 

H l.W. T / C - 9 0 * 

H 1 W. T / C - 2 7 0 ' 

R 1 W T / C - 2 7 0 ° 

H.I.W. T / C - 9 0 * 

Hl>«». T / C - 2 7 0 ° 

H IW. T / C - 2 7 0 * 

H l.W T / C - 9 0 * 

K l .W. T / C - 2 7 0 * 

H IW. T / C - 2 7 0 ° 

H IW T / C - 9 0 ° 

H. l.W. T / C - 2 7 0 ° 

H l.W. T / C - 2 7 0 * 

H W T / C - 9 0 

H W T / C - 2 7 0 

2 ' 

3 ' 

4 ' 

4 ' 

S ' 

6 ' 

6 -

T 

a' 
8 ' 

9 ' 

10' 

10 ' 

11' 

0 ' 

0 ' 

HW T / C - 0 1' 

HW T / C - 1 8 0 1' 

H W T / C - 9 0 

HW T / C - 2 7 0 

HW T / C - 0 

HW T / C - I S O 

HW T / C - 9 0 

HW T / C - 2 7 0 

HW T / C - 0 

HW T / C - 9 0 

HW T / C - 1 8 0 

HW T / C - 2 7 0 

HW T / C - 0 

HW T / C - 9 0 

HW T / C - 1 6 0 

HW T / C - 2 7 0 

HW T / C - 0 

HW T / r - 9 0 

HW T / C - 1 8 0 

HW T / C - 2 7 0 

HW T / C - 0 

HW T / C - 9 0 

HW T / C - 1 8 0 

HW T / C - 2 7 0 

HW T / C - 9 0 

HW T / C - 2 7 0 

HW T / C - 0 

HW T / C - 9 0 

HW T/C-180 

HW T / C - 2 7 0 

2 ' 

2 ' 

3 ' 

3 ' 

4 ' 

d ' 

5 ' 

5 ' 

5 ' 

5 ' 

6 ' 

6 ' 

6 ' 

6 ' 

7 ' 

7 ' 

7 ' 

7 ' 

8 ' 

8 ' 

8 ' 

8 ' 

9 ' 

9 ' 

: 0 ' 

1 0 ' 

10 ' 

10 ' 

HW T / C - 0 I I ' 1 

COMPUTER DATA ACQUISITION SYSTEM 

CHANNEL 
N a 

2 8 6 

2 8 7 

2 8 8 

2 8 9 

2 9 0 

291 

2 9 2 

2 9 3 

2 9 4 

2 9 5 

2 9 6 

2 9 7 

2 9 8 

2 9 9 

3 0 0 

301 

3 0 2 

3 0 3 

3 0 4 

3 0 S 

3 0 6 

3 0 7 

3 0 8 

3 0 9 

3 I O 

311 

312 

3 1 3 

314 

3 I S 

3 1 6 

317 

318 

319 

3 2 0 

321 

3 2 2 

3 2 3 

3 2 4 

3 2 S 

M S 

1 2 7 

J2a 
3 2 9 

3 3 0 

331 

3 3 2 

3 3 3 

3 3 4 

3 3 S 

3 3 6 

3 3 7 

3 3 8 

3 3 9 

3 4 0 

341 

3 4 2 

3 4 3 

3 4 4 

3 4 5 

3 4 6 

3 4 7 

3 4 8 

3 4 9 

3 5 0 

3 5 1 

3 5 2 

353 
3 5 4 

3SS 

3 5 6 

3 6 7 

3 S 8 

3 6 9 

3 6 0 

361 

3 6 2 

3 6 3 

3 6 4 

L O C A T I O N 

HW T / C - 9 0 11' 

HW T / C - I S O I I ' 

HW T / C - 2 7 0 I I ' 

HW T / C - 9 0 12 ' 

HW T / C - 2 7 0 12' 

LOWER PUNUM FLUID T/C 

WmM PLENUM WAU T/C 

UFFlH PIENUN eUWU aUlO T/C 

UfPER PI£N use E « FL. T/C 

UPPER mum STEAM F M K T/C 

UPPER PIENIIM SEAL P U T E T < 

UPPER PLENUM 9 0 W A U . T / C 

UPPER PLENUM 180 W A a T /C 

UPPER PUNUM 270 WALL T/C 

CWRTOVER TANK EL FLUID T/C 

CAMROvn TANK EL WMJ. T/C 

CMRYOVER TANK EL. WMi. T/C 

STUM SCMUTOK EL FLUID T/C 

S1EM SEMRATOR EL W U i T/C 

STEAM SEMRATOR EL WALL T/C 

MAIN TANK EL. FLUID T/C 

ORAIN TtNK EL. WAU T/C 

DRAM TANK. EL 

ACCUMULATOR EL. FLUID T/C 

STEAM I I U : SYS. EL. FUU) T/C 

UPPER PlEHysmSER SP. T/C 

UPPER PUMySTM. SEP W A a T/C 

STM SEP/EXHAUST LINE S P T/C 

STM. SEP/EMAUST UNE WALL T/C 

gwj.«u|«Kra««.r«_ 
i«gK,j^u*«««ru. « V M . l 

fWio'-'fl^^'*^'**™"^*" 
S W » 1 SYS. ORIFCt FUllO T/C 

IHl. UNE -.0 UiWR fUN. FUllO T/C 

i»^lR,i^'T;?^«^*** 

i^K/?'^"* -̂™" 
SFVkRE 

SPARE 

SPARE 

ZONE A PRIMARY POWER 

ZONE A REGUNDANT POWER 

STEAM COOLING POWER 

SPARE 

SflARE 

SRARE 

TURBINE METER S G P M 

TURBINE METER 15 G P M 

TURBINE METER CO CPM 

BI-ORECTIOMAL TURBINE MEIER 

0 TO 1 FT HOUSING DP 

1 TO 2 FT HOUSING OP 

2 TO 3 F T HOUSING DP 

3 TO 4 T HOOSmr. DP 

4 TO S FT. HOUSING DP 

S TO 6 FT HOUSING OP 

6 TO "I F T HOUSING DP 

7 TO 6 FT HOUSING O P 

8 TO 9 FT >I0U3ING DP 

9 TO K) FT HOllSING OP 

10 TO 11 FT HQbSING OP 

11 TO 12 FT H A I S I N G D P 

UPPER PLENUIji DP 

OVERALL HOUSING O P 

CARRYOVER TANK OP 

S T E A M SEPARATOR O P 

DRAIN TANK DP 

ACCUAAULATOR D P 

EXHAUST ORIFICE OP 10 RANGE 

STEAM I N J SYS D P LEVEL 

STEAM I N J . SYS. ORIFICC DP 

grs8Sf«* ^ ^^ 
DOWNCCMER LEVEL DP GRAVITY 

YL 
EXHAUST ORIFICE OP HIGH RAKE 

EXHAUST LME ORIFICE POSSURE 

m.'dn^'m^mffi 
STEAM I N J . UNE PRESMRC 

STEAM M I FLOW LSS./SEC. 

H R. - HEATER ROD T/C 
S.P -STEAM PROBE T/C 
B 5 - BLOCKAGE SLEEVE T/C 
H W - HOUSING WALL T/C 
H I W. - HOUSING INSULATION WALL T/C 
R P -RARE FLUID T/C 

FS-FILLER STRIP T/C 

B I = 315*1 REFERENCE TO 
C» • 225*f 7HE HOUSING 
DVi • I35*J 

GR - GRID T/C B 5. - BLOCKAGE SUEVE REF @ 3C 
A - 135° 
B = 120° 
C - 90 * 

RErERENCE 10 
' THE HOUSING 
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APPENDIX G 
BLOCKAGE SLEEVE TESTS 

G - l . INTRODUCTION 

In the 21-rod bundle task plan, -̂  the results from a single-rod reflood test were 

reported on a nonprototypical, hydro-formed f low blockage sleeve. These tests were 

conducted to evaluate the method of attaching the blockage sleeve to the heater rod. 

Another single-rod reflood test was conducted on the prototypical short, concentric 

f low blockage sleeve, which was instrumented wi th a 0.51 mm (0.020 in.) diameter 

thermocouple. This test was conducted to determine the ef fect of an instrumented 

blockage sleeve on the heater rod thermal response. The thermocouple lead from the 

blockage sleeve was routed upstream of the sleeve, along the heater rod, to the nearest 

gr id, and out to the periphery of the bundle. This test showed that the blockage sleeve 

quenched prior to the t ime that the heater rod thermocouples quenched, and that the 

thermal responses of the rod thermocouples were affected. The posttest examination 

of the blockage sleeve also indicated severe deformation of the sleeve due to the 

method of instrumenting. 

In discussions wi th persons conducting the FEBA tests, i t was learned that the blockage 

sleeve could be instrumented by routing the thermocouple lead downstream of the 

sleeve in the f low subchannel without af fect ing the test data. However, in order to 

instrument the 21-rod bundle f low blockage sleeves, the thickness of the sleeve was 

increased from 0.51 mm (0.020 in.) to 0.76 mm (0.030 in.) to provide more material for 

attaching the thermocouple lead. A th i rd single-rod test was conducted, as described in 

this appendix, to determine the deformation characteristics of the blockage sleeves to 

be ut i l ized in the 21-rod bundle test program, and to evaluate the ef fect of an instru­

mented blockage sleeve on the thermal response of a heater rod. 

1 . Hochreiter, L. E., et al . , "PWR FLECHT SEASET 21-Rod Bundle Flow Blockage 
Tasks Task Plan Report," NRC/EPRI/Westinghouse-5, March 1980,NUREG/CR-1370. 
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A tota l of four blockage sleeves were placed in the high-power regions of the heater rod 

to determine the deformat ion character ist ics of the various sleeve designs. The heater 

rod w i th blockage sleeves was subsequently installed in a th in-wal l insulated tube. 

These f low blockage sleeves, shown in f igure G - l , are as fol lows: 

Short, concentr ic, th ick, instrumented sleeve centered at 1.911 m (75.25 in.) 

Short, concentr ic, th in , uninstrumented sleeve centered at 2.011 m (79.19 in.) 

Short, concentr ic, th ick, uninstrumented sleeve centered at 2.13 m (84 in.) 

Long, nonconcentric, th ick , instrumented sleeve centered at 2.343 m (92.25 in.) 

G-2. TEST DESCRIPTION 

A l l four blockage sleeves were annealed for 67 hours at a temperature of 454°C (850°F) 

pr ior to test ing to rel ieve the residual stresses. The heater rod was also annealed. The 

th ick sleeves were approximately 0.76 mm (0.030 in.) th ick and the th in sleeve was 

approximately 0.38 mm (0.015 in.) th ick . The two instrumented sleeves were slot ted at 

the point of maximum strain to a depth of approximately 0.51 mm (0.020 in.). A 

0.081 mm (0.032 in.) diameter, Inconel-sheathed thermocouple was subsequently brazed 

into this slot on the sleeve. The thermocouple lead was routed downstream of the 

respective blockage sleeve in the f low subchannel. The thermocouple lead was f l a t ­

tened approximately 0.13 mm (0.005 in.) in the region where i t was attached to the 

blockage sleeve to prevent the thermocouple lead f rom project ing into the f low stream. 

This technique, shown in f igure G-2, is similar to that ut i l ized by KFK of Germany in its 

25-rod bundle FEBA f low blockage experiments. 

Each of the blockage sleeves was attached to the heater rod by dr i l l ing a 3.17 mm 

(0.125 in.) diameter hole in the downstream side of the sleeve 3.17 mm (0.125 in.) f rom 

the end and subsequently placing a spot-weld on the rod through the hole in the sleeve. 

This attachment method was developed and tested in a previous single rod/sleeve test , 

as reported in the 21-rod bundle task plan. 
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Figure G - l . Flow Blockage Sleeves Used in Blockage Sleeve Tests 
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Each of the four blockage sleeves was inspected and measured af ter every f ive thermal 

cycles. To per form this inspection, the heater rod was secured at the top and the 

insulated housing was subsequently lowered in order to expose all four blockage sleeves. 

The measurements included the fo l lowing: 

Overal l sleeve length 

Diameter of sleeve at 0 and 90 degrees at the center of the sleeve 

Diameter of sleeve at 0 and 90 degrees at each end of the sleeve 

The thermal cycl ing consisted of an adiabatic heatup period at a rate of 2.3 k w / m 

(0.7 k w / f t ) unt i l the in i t i a l clad temperature was achieved; power was subsequently 

reduced to a rate of 1,8 k w / m (0.55 k w / f t ) and f looding was in i t ia ted. A f te r 180 sec­

onds of constant f looding, the power was reduced to a rate of 1.4 kw/m (0.42 kw / f t ) 

unt i l all thermocouples had quenched, at which t ime the power was turned of f . The 

fo l lowing 25 cycles were conducted: 

In i t ia l Clad Temperature Flooding Rate 

Cycles [ °C ( °F ) ] [mm/sec (in./sec)] 

1-2 538 (1000) 38.1 (1.5) 

3-12 1093(2000) 38.1(1.5) 

13-25 1093 (2000) 20.3 (0.8) 

The above thermal cycl ing was more severe than that observed in the 21-rod bundle 

tests; therefore i t is believed that more deformation would have occurred in these 

single-rod tests than in the bundle tests. 

G-3. TEST RESULTS 

The results f rom the sleeve deformation tests are presented in tables G- l and G-2 and 

p lot ted in f igures G-3 and G-4. Figure 0 -3 , which shows the sleeve elongation as a 
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TABLE G-] 

DEFORMATION OF UNINSTRUMENTED BLOCKAGE SLEEVE 

Sleeve 

Description 

Short, th in, 

uninstru­

mented 

sleeve 

centered 

at 2.011 m 

(79. 19 in.) 

Short, thick, 

uninstru­

mented 

sleeve 

centered 

at 2.13 m 

(84 in.) 

Time of 

Measurement 

Before test 

A f te r 5 cycles 

A f te r 10 cycles 

Af te r 15 cycles 

Af te r 20 cycles 

Af te r 25 cycles 

Before test 

A f te r 5 cycles 

A f te r 10 cycles 

Af te r 15 cycles 

A f te r 20 cycles 

A f te r 25 cycles 

Diameter a l 

Sleeve Center 

mm (in.) 

0" 

12.5 (0.493) 

12.5(0.492) 

13.1 (0.515)^^^ 

12.6(0.497) 

12.7 (0.499) 

12.7(0.501) 

12.6 (0.496) 

12.6 (0.496) 

12.6 (0.497) 

12.7 (0.499) 

12.8 (0.503) 

12.7(0.501) 

90° 

12.5 (0.493) 

12.5(0.492) 

12.5 (0.492) 

12.5(0.492) 

12.6 (0.495) 

12.6(0.497) 

12.6 (0.495) 

12.6 (0.496) 

12.6 (0.497) 

12.7 (0.500) 

12.8 (0.504) 

12.8(0.505) 

Diameter a l 

Downstream End^''-^ 

mm (in.) 

OO 

10.7 (0.420) 

10.7 (0.421) 

10.7 (0.423) 

10.8 (0.425) 

10.9 C0.429) 

11.0(0.434) 

10.6 (0.417) 

10.7 (0.422) 

10.7 (0.422) 

10.8(0.427) 

11.0(0.433) 

11.3 (0.444) 

90° 

11.0(0.432) 

10.9(0.431) 

11.1 (0.439) 

11.1 (0.437) 

11.1 (0.439) 

11.1 (0.437) 

10.9 (0.431) 

11.0(0.434) 

11.1 (0.437) 

11.2 (0.442) 

11.3 (0.444) 

11.4(0.447) 

Diameter at 

Upstream End'^ ' 

mm (in.) 

0° 

10.9 (0.430) 

10.8 (0.427) 

11.0(0.434) 

10.9(0.431) 

11.1 (0.436) 

11.2 (0.441) 

11.3(0.443) 

11.0(0.434) 

11.1 (0.436) 

11.2(0.442) 

11.3(0.446) 

11.4 (0.448) 

90° 

10.9 (0.430) 

10.8 (0.426) 

11.0(0.433) 

11.0(0.433) 

11.0(0.432) 

11.0(0.433) 

11.1 (0.437) 

11.0(0.433) 

11.1 (0.438) 

11.2(0.441) 

11.3(0.445) 

11.3 (0.444) 

Overall 

Sleeve 

Lenqth 

mm (in.) 

58.55 (2.305) 

58.57 (2.306) 

58.70(2.311) 

58.88(2.318) 

59.26(2.333) 

59.61 (2.347) 

58.37(2.298) 

58.57 (2.306) 

58.88 (2.318) 

59.21 (2.331) 

59.72 (2.351) 

60.20(2.370) 

a. 6.4 mm (0.25 in.) from end of sleeve 

b. Measurement made over thermocouple lead from I.'?! m ('75.25 in.) mstrumenled sleeve 



TABLE G-2 

DEFORMATION OF INSTRUMENTED BLOCKAGE SLEEVES 

Sleeve 

Description 

Short, thick, 

instrumented 

sleeve 

centered 

at 1.911 m 

(75.25 in.) 

Lonq, thick, 

instrumented 

sleeve 

centered 

a l 2.318 m 

(91 . 25 m) 

Time of 

Measurement 

Before lest 

A f te r 5 cycles 

A f te r 10 cycles 

A f te r 15 cycles 

A f te r 20 cycles 

A f te r 25 cycles 

Before test 

A f te r 5 cycles 

A f te r 10 cycles 

A f te r 15 cycles 

A f te r 20 cycles 

Af te r 25 cycles 

Diameter a l 

Sleeve Center^^"' 

mm (in.)] 

0° 

12.6 (0.496) 

12.6 (0.496) 

12.6 (0.498) 

12.6 (0.497) 

12.6 (0.498) 

12.6 (0.496) 

13.9 (0.548) 

13.9 (0.548) 

13.9 (0.546) 

13.8 (0.542) 

13.7 (0.538) 

13.6(0.535) 

90° 

12.6 (0.495) 

12.5(0.492) 

12.6 (0.495) 

12.6(0.498) 

12.8 (0.502) 

12.9(0.506) 

11.7 (0.459) 

11.6(0.458) 

11.6 (0.457) 

11.7(0.461) 

11.8 (0.465) 

11.8(0.464) 

Diameter at 

Downstream End ' " ' 

mm (in.) 

0° 

10.9 (0.430) 

10.9 (0.430) 

10.9 (0.431) 

10.9(0.430) 

11.1 (0.437) 

11.3(0.444) 

10.4 (0.409) 

10.4 (0.408) 

10.4(0.410) 

10.5f0.412) 

10.6 (0.416) 

10.5(0.415) 

90° 

10.8 (0.427) 

10.9(0.428) 

11.0(0.433) 

11.1 (0.437) 

11.4 (0.447) 

11.5(0.451) 

10.3 (0.405) 

10.3 (0.404) 

10.4 (0.408) 

10.4(0.410) 

10.6 (0.416) 

10.6 (0.419) 

Diameter at 

Upstream End ' " ' 

[mm (in.)] 
0° 

10.9(0.428) 

10.9 (0.430) 

11.0(0.432) 

11.1 (0.437) 

11.3(0.443) 

11.5(0.452) 

10.3(0.406) 

10.4(0.410) 

10.5 (0.413) 

10.7 (0.420) 

10.9 (0.428) 

11.2 (0.439) 

90° 

10.9 (0.430) 

11.0(0.433) 

11.0(0.434) 

11.1(0.438) 

11.3(0.444) 

11.4(0.448) 

10.3(0.407) 

10.3 (0.407) 

10.5 (0.413) 

10.6 (0.419) 

10.8 (0.426) 

11.0(0.432) 

Overall 

Sleeve 

Length 

mm (in.) J 

58.34 (2.297) 

58.47 (2.302) 

58.70(2.311) 

59.95(2.321) 

59.39(2.338) 

59.92 (2.359) 

190.7 (7.506) 

190.9(7.516) 

191.4(7.535) 

192.0(7.559) 

192.9(7.593) 

193.7(7.625) 

a. 3.18 mm (0.125 in.) upstream of thermocouple 

b. 6.4 mm (0.25 in.) f rom end of sleeve 
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function of thermal cycling, indicates that all four sleeves elongated similarly. The 

long sleeve grew approximately three limes as much as the short, thin sleeve; however, 

the long sleeve is more than three t imes the length of the short sleeves. Figure G-4, 

which shows the diametral changes in the short sleeves as a function of thermal cycling, 

indicates that , radially, all three short sleeves grew similarly. The long sleeve, which is 

not presented in figure G-4, radially grew the most at the upstream end of the sleeve. 

At the conclusion of the 15th cycle, a small longitudinal crack of 9.5 mm (0.375 in.) 

length was detected on the upstream end of the long sleeve. At the conclusion of the 

25th cycle and after disassembly, the long sleeve was found to be bowed as shown in 

figure G-5. After 25 cycles, the physical condition of the three short sleeves, as shown 

in figures G-6 through G-8, was found to be insignificantly affected by the thermal 

cycling. 

The temperature results from the sleeve instrumentation thermal response tests are 

shown in figures G-9 through G-12 for the 38.1 mm (1.5 in./sec) flooding rate test 

(cycle 6) and in figures G-13 through G-16 for the 20.3 mm (0.8 in./sec) flooding ra te 

test (cycle 13). Figure G-9 shows the short, thick instrumented sleeve temperature 

transient as well as the heater rod and housing wall temperatures at the 1.911 m 

(75.25 in.) elevation. The sleeve quenched at approximately 205 seconds, approximately 

115 seconds later than the sleeve quenched in the previous instrumented blockage 

sleeve tes t . Figure G-10 shows the temperature transient for the heater rod thermo­

couples immediately upstream and downstream of the blockage sleeve. Figure G-l l 

shows the long instrumented sleeve temperature transient at the 2.343 m (92.25 in.) 

elevation as well as the heater rod and housing wall temperatures at the 2.318 m 

(91.25 in.) elevation and the heater rod temperature at the 2.165 m (85.25 in.) eleva­

tion. Figure G-12, which shows the guench curve for all cycle 6 thermocouples, indi­

cates that the blockage sleeves did not prematurely quench. 

Figures G-13 through G-16 provide the same information described above for the 

13th cycle, which was the first 20.3 mm (0.8 in./sec) flooding rate tes t . The long block­

age sleeve thermocouple and the housing wall thermocouple at the 2.318 m (91.25 in.) 

elevation consistently quenched earlier than the 2.165 m (85.25 in.) elevation heater rod 

thermocouple for the 20.3 mm (0.8 in./sec) flooding ra t e tes t s . It is believed that the 

long, nonconcentric blockage sleeve and thermocouple came into contact with the 

G-10 
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Figure G-5. Long Sleeve After 25 Cycles 
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Figure G-6. Short, Thick Sleeve After 25 Cycles 
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Figure G-7. Short, Thick Instrumented Sleeve After 25 Cycles 
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Figure G-8. Short, Thin Sleeve After 25 Cycles 
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housing wall d i r ing these long-duration tests. I f the rod were centered wi th in the 

housings, there would be only a 1.98 mm (0.078 in.) gap between the sleeve and the 

housing. 

The sequence of quenching was consistent f rom cycle to cycle, although the quench 

times varied by as much as i l 5 percent for the 20.3 mm/sec (0.8 in./sec) f looding rate 

tests. This var iat ion was at t r ibuted to the manual control of the fac i l i t y . 

The quench curve fo r the previous single-rod test described in paragraph G- l is shown in 

f igure G-17. This f igure shows that the quench t ime for the instrumented short, th in 

sleeve is much earl ier than the heater rod thermocouple quench t imes. 

A l l the thermocouples survived the 25 cycles except for the two housing wall thermo­

couples. The 1.911 m (75.25 in.) elevat ion wall thermocouple fa i led af ter the 15th cycle 

and the 2.318 m (91.25 in.) elevation wal l thermocouple fai led af ter the 2Gth cycle. To 

quant i ta t ive ly assess the environment to which a thermocouple was subjected, the 

integral of the t ime- temperature curve for that thermocouple was calculated. The 

temperature data fo r the heater rod thermocouple between the short, th ick inst ru­

mented sleeve and the short, th in sleeve at the 1.962 m (77.25 in.) elevation was ana­

lyzed based on the in tegra l of the t ime- temperature curve when the rod temperature 

was above 538°C (1000°F). The respective 161-rod unblocked bundle data for those 

14 ref lood tests planned for the 21-rod bundle were analyzed to determine the l i fe 

expectancy required. Table G-3 summarizes these results. 

G-4. CONiXUSIOMS 

I t was concluded that the method ut i l ized to instrument the short, th ick blockage sleeve 

did not a f fec t the thermal response of the heater rod and that the short, th ick 

instrumented blockage sleeve had an acceptable amount of deformation in these severe 

single-rod tests. The integral of the t ime- temperature curve indicates that the block­

age sleeve thermocouples would survive the planned 21-rod bundle test mat r ix . 
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TABLE G-3 

THERMOCOUPLE LIFE EXPECTANCY 

Test and Cycle 

38.1 mm/sec (1.5 in./sec) 

f looding rate test, cycle 6 

20,3 mm/sec (0.8 in./sec) 

f looding rate test, cycle 13 

Total^«) 

Integral of 

T ime-Temperature 

Curve 

[°C-sec (°F-sec) 

1.7 X 10^ (3.0 X 105) 

2.3 X 10^ (4.2 X 105) 

4,70 X 10^ 

(8.46 X 10^) 1.962 m 

(77.25 in.) rod 

thermocouple 

Integral of T ime-

Temperature Curves 

for 14 Planned 

Reflood Matr ix Tests 

[°C-sec (°F-sec) 

».. 

- -

1,71 x 10^ 

(3.07 X 10^) l,e3m 

(72 in.) rod 

thermocouple 

a. I t was assumed that the integral of the t ime-temperature curve was approximately 
the same for each of the respective cycles; therefore, the to ta l is equal to 10 cycles 
X 3.0 X 10^ °F-sec + 13 cycles x 4.2 x 10^ °F-sec. 
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However, i t was found that the long, nonconcentric sleeve bowed signi f icant ly on the 

side opposite the sleeve bulge. The bowing of the long sleeve was at t r ibuted to the 

t ight f i t between the sleeve and the heater rod. I t was postulated that the sleeve grew 

axial ly wi th the heater rod as the rod temperature increased, but as the temperature 

decreased and the heater rod contracted, the sleeve did not contract and a compressive 

force was placed on the sleeve which subseguently bowed the weaker side of the sleeve. 

Another test was conducted on the long, nonconcentric blockage sleeve to determine 

the amount of bowing at t r ibutable to the thermal cyc l ing. The long sleeve was mounted 

on a short length of tubing, heated to approximately 1093°C (2000'-'F), cooled in air, and 

subseguently guenched at a temperature of approximately 816°C (1500°F) in a hot 

water bath. A f te r every f ive cycles, the sleeve was cooled to room temperature and 

measured for bow. The measured amount of bow was found to be less than tha t mea­

sured f rom the single-rod tests. 

The posttest visual examination of the 21-rod blocked bundles revealed that the f low 

blockage sleeves retained their nominal shape and, generally, the blockage sleeve 

thermocouples survived the test ing. (There was one fai led blockage sleeve thermo­

couple out of a to ta l of 30 thermocouples in al l f ive blocked bundles.) The long, non­

concentr ic blockage sleeve on the center heater rod was removed f rom configurat ion F 

and subsequently i rspected. I t was found that the posttest dimensions of the long, non­

concentr ic sleeve were w i th in the tolerance l imi tat ions allowed for manufactur ing. 
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APPEI^DiX H 
BUNDLE GEOMETRY ANALYSIS 

H - l . INTRODUCTION 

The posttest examination of the 21-rod bundle revealed that in all six bundles, the pin 

connecting the f i l l e r rods broke at the midplane elevat ion. The f i l le r rods were found 

to be bowed into the bundle; this subsequently caused some heater rod bow on the 

periphery of the bundle. The lower gr id assembly, which consisted of the lower three 

grids and respective f i l l e r rods, was subsequently separated f rom the upper gr id assem­

bly by approximately 25 to 51 mm (1 to 2 in.) fo r each bundle. The heater rod bow 

observed in the posttest examination was l im i ted to the bundle midplane, where the 

f i l le r rods had separated. The remainder of the bundle was observed to be essentially 

unchanged f rom its nominal pretest geometry, except for heater rod and f i l le r rod 

surface oxidat ion. Observations and measurements concerning posttest bundle geom­

et ry are l isted in table H - l . Photographs of the center section for each bundle are 

shown in f igures H - l through H-6. 

The f i rs t two bundles were cast in epoxy by ORNL and subsequently sliced in 25 to 

51 mm (1 to 2 in.) th ick cross sections. Each cross section was photographed, as shown 

in f igures H-7 and H-8 for the 1.85 m (73 in.) e levat ion. For conf igurat ion A , the sub­

channel f low areas were calculated and input into CCBRA. The posttest geometry f low 

was subsequently compared to the nominal pretest f low. The f low var iat ion f rom 

nominal geometry to posttest geometry is shown in f igure H-9 fo r the subchannel sur­

rounding the center rod. This subchannel shows a maximum f low var iat ion of less than 

15 percent. 
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TABLE H- l 

POSTTEST BUNDLE GEOMETRY OBSERVATIONS 

Conf igurat ion 

A 

B 

C 

D 

E 

F 

Distance Lower Gr id 

Assembly Dro 

mm (in.) 

jped 

51 (2) 

64 {1.5p^ 

3.18 (0.125) 

19 (0.75) 

25. (1.0) 

76 O.Qp^ 

Visual Observations of Posttest 

Bundle Geometry 

Greatest heater rod bow of all six bundles. 

The thermocouple leads for steam probes 

below 1.70 m (67 in.), which were attached 

to the f i l le rs , were broken at the f i l le r 

separation. 

Heater rod bow was not as qreat as in 

conf igurat ion A . 

Least heater rod bow of al l six bundles, 

since the coplanar blockage prevented f i l le r 

rods f rom bowing into the heater rods 

Heater rod bow was approximately the same 

amount as in conf igurat ion B. 

Heater rod bow was approximately the same 

amount as in conf igurat ion B. 

Heater rod bow was approximately the same 

amount as in conf igurat ion B. 

a. The lower gr id assembly could drop a maximum distance of 51 mm (2 in.), since 
mechanical restraints were installed in the lower plenum prior to conf igurat ion B 
test ing. I t was assumed that at least 13 mm (0.5 in.) in configurat ion B and at least 
25 mm (1 in.) in conf igurat ion F was at t r ibuted to drag induced in removing the 
bundle f r om the housing. 
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Figure H-1. Posttest Photoqraph of Configurat ion A Midplane 



:4 mm 2 6 2 7 2 8 2,9 ' 3'Cfl 3,1 

T 
I 

4> 

3 3 34 . 3 S 3 f f i 3 7 3 8 
<#it' I • ' ''.'t'M'f"'frfii'f~ ^ 

i 

A^ A? 

8 o 
CO o 
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Figure H-3. Posttest Photograph of Configurat ion C Midplane 

H-5 



I 

§ o 
CO 

o 
vi 
w 

Figure H-4. Posttest Photograph of Configuration D Midplane 
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Figure H-2. Posttest Photoqraph of Confiquration B Midplane 
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Figure H-6. Posttest Photograph of Configuration F Mit^lane 
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Figure H-7. Configuration A Cross Section at 1.85 m (73 in.) Elevation 
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Figure H-8. Configurat ion B Cross Section at 1.85 nn (73 in.) Elevation 
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The posttest examination of the bundle does not, however, provide an explanation for 

the geometry var iat ion during the course of testing or for the geometry during a high-

temperature ref lood test. The heater rod temperature and heat transfer data f rom the 

repeat tests were subsequently evaluated to determine whether the bundle geometry 

af fected the bundle thermal response. 

H-2. REPEAT TEST TEMPERATURE ANALYSIS 

The repeat test data f rom each of the six 21-rod bundles were evaluated to determine 

the e f fec t of f i l ler rod and heater rod bowing at the bundle midplane on the bundle 

thermal response. Insofar as experimental ly possible, at least three tests were con­

ducted at the same boundary and in i t ia l condit ions at regular intervals during the forced 

ref lood test ing. However, in configurations D and E, the f i rs t repeat tests both had 

high in i t i a l in ject ion f low rates. Al though the f i rs t repeat test could not be u t i l i zed, an 

addit ional repeat test was conducted immediately af ter the th i rd repeat test in these 

two bundles. This four th repeat test was conducted to isolate the ef fects of "pure" data 

repeatabi l i ty . Pure data repeatabi l i ty represents a measure of the bundle's thermal 

response var iat ion for successive tests under the same in i t ia l and boundary condit ions. 

A f i f t h repeat test (run 42415E) was conducted in conf igurat ion E, to determine the 

e f fec t of the power step at f lood in i t ia t ion (see paragraph M-12). A four th and a f i f t h 

repeat test were conducted in conf igurat ion F because of the addit ional forced ref lood 

tests that were conducted in place of the gravity ref lood tests. The forced ref lood 

tests had much higher temperatures and could have produced addit ional heater rod 

bowing. 

The nominal test conditions for each of the repeat tests were as fol lows: 

Flooding rate - 27.9 mm/sec (1.1 in./sec) 

Peak in i t ia l l inear power - 2.4 kw /m (0.78 kw / f t ) 

— In i t ia l clad temperature - e71°C (1600°F) 

System pressure - 0.28 MPa (40 psia) 
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- Inlet subcooling - 78°C (140°F) 

Average in i t ia l housing temperature at 1.83 m (72 in.) elevation - 510°C (950°F) 

The fol lowing lists the respective val id repeat tests for each of the six bundles and the 

sequential order in which they were conducted; the second and th i rd numbers in the test 

run number refer to the sequential cycle number: 

Sequential Order and Test Number 

Bundle 

A 

B 

C 

D 

E 

F 

First 

42430A 

419076 

42107C 

41807F 

Second 

42907A 

42415B 

42715C 

42615D 

41515E 

42215F 

Third 

43715A 

42915B 

43315C 

43115D 

42215E 

42915F 

Fourth 

-

-

-

43215D 

42315E 

43915F 

F i f t h 

-

-

-

-

42415E 

44015F 

The average in i t ia l housing temperature and housing axial temperature distr ibut ion 

could not be exactly control led because of the method of heating the housing. The 

bundle was power-pulsed twice to a peak rod temperature of 649°C (1200°F), which 

subsequently heated the housing by radiation and convection. The bundle was then 

heated to a temperature of 87l'-'C (1600'-'F), at which t ime reflood was in i t ia ted. The 

average in i t ia l housing temperatures at the 1.83 m (72 in.) elevation at t ime of reflood 

for each of the above repeat tests are compared belov/: 

Average In i t ia l Housing Temperature at 1.83 m (72 in.) Elevation 

Bundle 

A 

B 

C 

D 

E 

F 

First 

501 (933) 

533 (992) 

498 (929) 

-

„ 

502 (936) 

for Sequential Tests Listed Above 

Second 

490 (914; 

531 (988; 

503 (938; 

501 (933; 

517 (962 

504 (939 

Third 

) 534 (994) 

) 529(985) 

514 (957) 

) 511 (951) 

) 515 (959) 

) 523 (974) 

°C (°F) 

Fourth 

-

-

-

516 (960) 

509 (949) 

527 (98 0) 

Fifth 

-

-

-

-

503 (947) 

529 (984) 
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From the posttest bundle examinat ion, i t was learned that the gr id assembly separated 

at the midplane and moved down. In moving down, the grids nominally located at 1.04 

and 1.57 m (41 and 62 in.) covered up the heater rod thermocouples at 0.99 and 1.57 m 

(39 and 60 in.), respect ively, and provided a substantial ly lower temperature response in 

the thermocouples. As shown in figures H-10 through H-17, the 0.99 and 1.52 m (39 and 

60 in.) thermocouples fo r configurat ions A and B provided a much lower temperature 

measurement f rom test to test . This e f fec t would be exoected w i th a gr id covering the 

respective thermocouple. The thermocouples at 0.61 and 1.22 m (24 and 48 in.) did not 

exhibi t this same thermal behavior. The thermocouples for conf igurat ion C ( f i q -

ures H-18 through H-21) do not show as much of a temperature change f rom test to 

tes t , since the lower gr id assembly only moved down 3.18 mm (0.125 in.). A similar 

comparison could not be ef fect ive ly performed for configurations D and E, since the 

f i rs t repeat test was inval id; however, similar responses were found in conf igurat ion F. 

From the comparisons of conf igurat ion A and B thermocouple responses, i t was con­

cluded that the f i l l e r separation and some lower gr id assembly movement occurred 

between the f i rs t and second repeat tests, since the largest temperature d i f ferent ia l 

occurs between these two tests. Although there was very l i t t l e di f ference between the 

second and th i rd repeat tests, i t was concluded that some lower gr id assembly move­

ment could st i l l occur. The grids are approximately 44.4 mm (1.75 in.) long and there 

would be no measurable di f ference as long as the thermocouple was wi th in the length of 

the gr id . 

The eight steam probes at 1.70 m (67 in.) and below all fai led in confiaurat ion A 

between the second and th i rd repeat tests. These fai lures were at t r ibuted to the fac t 

that the thermocouple lead was attached to the f i l le r rods, and broke after being elon­

gated when the f i l le r rods separated and moved down. In configurations B through F, 

these thermocouple leads were rerouted out the bot tom of the bundle to prevent similar 

inst rumentat ion fa i lures. 

H-3. REPEAT TEST HEAT TRANSFER ANALYSIS AS A FUNCTION OF TIME 

To assess the combined ef fec ts of heater rod bow, rod surface degradation, and bound­

ary condit ion repeatab i l i ty , the heat t ransfer coef f ic ient ra t io between repeat tests was 

calculated as a func t ion of t ime. The heat t ransfer coef f ic ient ratios for only those 
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heater rod thermocouples in the bundle midplane of 1.70 to 2.03 m (67 to 80 in.) were 

calculated, since the posttest bundle examination revealed that the rod bow occurred 

only in the bundle midplane. An example of the heat transfer coef f ic ient rat io for the 

center rod (rod 3C) in conf igurat ion A for the f i rst and th i rd repeat tests is shown in 

f igure H-22. The averages and standard deviations for each midplane heat transfer 

coef f ic ient rat io were subsequently calculated w i th respect to t ime. The means of the 

heat t ransfer coef f ic ient rat io averages and standard deviations were f inal ly calculated 

for al l respective midplane thermocouples. 

The mean standard deviations of the heat transfer coef f ic ient ratios were calculated 

for the f i rs t and th i rd repeat tests of configurations A , B, C, and F, and for the th i rd 

and four th repeat tests of configurations D and E. The f i rst and th i rd repeat tests in 

configurations A , B, C, and F represent the greatest interval between repeat tests; the 

th i rd and four th repeat tests in configurations D and E represent the least interval 

between repeat tests, since these were successive tests. A comparison of these results, 

shown as a funct ion of t ime in f igure H-23, indicates that the data w i th the greatest 

potent ial fo r variat ion (conf igurat ion A , B, C, and F tests) were not signif icant ly 

d i f ferent f rom the data w i th the least potent ia l for variat ion (configuration D and E 

tests). These curves represent the average of a l l the midplane thermocouples. Most of 

the data in i t ia l ly decrease w i th t ime, to a t ime of approximately 150 seconds, and then 

increase w i th t ime . This early response is a t t r ibu ted to both the low absolute value and 

the rapidly changing value of the heat transfer coef f ic ient . A smal l , rapidly changing 

heat transfer coef f ic ient would be more a f fec ted by differences in test conditions and 

bundle geometry than the heat transfer coef f ic ient later in t ime when the heat transfer 

has increased and stabi l ized. The increase late in t ime is at t r ibuted to the approach of 

the quench f ron t , when the heat transfer coef f ic ient again begins to increase 

signi f icant ly. 

Some of the differences between bundles shown in f igure H-23 were at t r ibuted to the 

actual test conditions for the d i f fe rent configurat ions. In conf igurat ion A, the flooding 

rate and the 1.83 m (72 in.) housing temperatures for the f i rst repeat test were approx­

imately 2 percent and 6 to 10 percent, respectively, less than those for the th i rd repeat 

test . In conf igurat ion B, the f looding rate fo r the f i rs t repeat test was approximately 

2 percent higher than that for the t h i r d repeat test. In conf igurat ion C, the flooding 
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rate for the f i rst repeat test was approximately 4.5 percent lower than tha i for the 

th i rd repeat test for the f i rst 50 seconds of the transient. However, in the tests for 

configurations D and E, the test conditions were repeated bet ter than in the tests for 

configurations A , B, and C. In conf igurat ion D, the flooding rate for the th i rd repeat 

test was approximately 1.5 percent less than that for the four th repeat test for the f i rst 

70 seconds of the transient, but the bundle power for the th i rd repeat test was approxi­

mately 0.7 percent higher than that for the four th repeat test . In configurat ion E, 

there was less than ±0.5 percent var iat ion in the flooding rate between the th i rd and 

four th repeat tests. 

Therefore, i t was concluded that the results in f igure H-23 were influenced by the as-

run test conditions as wel l as the bundle geometry. 

H-4. REPEAT TEST HEAT TRANSFER ANALYSIS FOR SECOND AND THIRD 

REPEAT TESTS 

To provide a re lat ive comparison among all six bundles, the mean standard deviations 

for the second and th i rd repeat tests were calculated for the t ime frame of 20 to 

250 seconds, as shown in f igure H-24. This figure shows variat ions f rom bundle to 

bundle which were inconsistent w i th the posttest bundle examinat ion. In part icular , 

conf igurat ion C had the least amount of rod bow and configurat ion A had the greatest 

amount of rod bow, but both had approximately the same mean standard deviat ion. 

However, a close examination of the test data provides some consistency wi th the 

posttest observations. 

Conf igurat ion C had a relat ively large mean standard deviation of 0.0530 (f igure H-24) 

for the fo l lowing two reasons. During the f i rst 50 seconds of the reflood transient, 

there was approximately a 4-percent di f ference between the second and th i rd repeal 

tests in the f looding rate. Late in the transient (approximately 150 to 200 seconds), a 

sharp decrease in the temperature response for 13 thermocouples on rods I D , 2D, and 

2E provided a large standard deviat ion. This temperature decrease, as shown in f ig ­

ure H-25 for rod 2E at 1.93 m (76 in.), occurred in both tests but at d i f ferent t imes, 

thereby providing a large heat transfer coeff ic ient rat io during this t ime frame ( f ig ­

ure H-26). By neglecting these 13 thermocouples in the calculat ion, the mean standard 

H-24 
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deviation was reduced f rom a value of 0.0530 to 0.0383 for the remaining 64 thermo­

couples, as shown by the dashed line in f igure H-24. The sharp temperature decrease in 

these heater rod thermocouples is at t r ibuted to quenching of the f i l le r rods. 

In conf igurat ion D, the test conditions which di rect ly af fected the bundle thermal 

response, such as f looding rate, power, and housing temperature, were very well dupl i ­

cated between the second and th i rd repeat tests. Also, a large number of thermo­

couples (23) in the blockage zone had fai led in configurat ion D; this subsequently 

reduced the data base to 62 thermocouples. However, i t was the good duplication of 

test conditions which provided the low mean standard deviation of 0.0296. 

In conf igurat ion B, the test conditions were duplicated very wel l between the second 

and th i rd repeat tests, but there were 14 thermocouples which exhibited the same 

thermal behavior as in conf igurat ion C. El iminat ion of these 14 thermocouples in the 

calculat ion reduced the mean standard deviation f rom 0.0633 to 0.0474 for the remain­

ing 64 thermocouples, as shown by the dashed line in f igure H-24. 

In configurat ion A, the test conditions between the second and th i rd repeat tests were 

not duplicated very wel l . The flooding rate was approximately 3.5 percent lov/er and 

the 1.83 m (72 in.) housing temperatures were approximately 10 percent lower for the 

second repeat test during the ent ire transient. However, there were no thermocouples 

which provided the signi f icant ly large standard deviations calculated for conf igura­

tions B and C. The sharp temperature decreases which were also measured in conf igu­

rat ion A occurred at essentially the same t ime for the two repeat tests. Therefore, the 

calculated mean standard deviat ion of 0.0527 need not be corrected. 

In conf igurat ion E, the test conditions between the second and th i rd repeat tests were 

duplicated very wel l . The flooding rate was only about 1 percent lower for the second 

repeat test during the entire transient. The bundle power and the 1.83 m (72 in.) hous­

ing temperatures were exactly the same for both tests. There were three thermo­

couples in conf igurat ion E which provided signif icant ly large standard deviations 

because of the sharp temperature decrease which occurred at sl ightly d i f ferent t imes 
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for the two repeat tests. El iminat ion of these three thermocouples reduced the mean 

standard deviation f rom 0.0514 to 0.0475 for the 68 thermocouples, as shown by the 

dashed line in figure H-24. 

In configurat ion F, the f looding rate was approximately 2 percent lower for the second 

repeat test during the entire test , but the power was approximately 0.75 percent higher 

for the second repeat test . There were six thermocouples which provided signif icant ly 

high average standard deviations because of the sharp temperature decrease occurring 

at sl ightly d i f ferent t imes in the two repeat tests. El iminat ion of these six thermocou­

ples reduced the average standard deviation f rom 0.0529 to 0.0481 for the remaining 78 

thermocouples, as shown by the dashed line in f igure H-24. 

The average heat transfer coef f ic ient rat io for a l l six bundles (f igure H-27) indicates 

that the average heat transfer coef f ic ient rat io variat ion was no greater than ± 2.5 per­

cent f rom bundle to bundle, 

H-5. CONCLUSIONS 

Based on the repeat test heat transfer data, i t has been concluded that the ef fect of 

heater rod bow was approximately the same as the ef fect of data repeatabi l i ty. Both 

ef fects were insignif icant re lat ive to the f low blockage effects early in t ime (to 

approximately turnaround t ime as shown by the enhancement factors in paragraph 6-4). 

Therefore, there is no need to consider the e f fec t of rod bow in the blockage data 

evaluation. The ef fects of rod bow, boundary conditions, and rod surface degradation 

could not be separated in this analysis. 
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APPEMDiX i 
HEATER ROD HEAT CONDOCTIOri ANALYSIS 

I - l . INTRODUCTION 

The e f fec t of axial and azimuthal heat conduction on the thermal response of the 

FLECHT SEASETT heater rods was invest igated ut i l iz ing the TAP-A computer code. 

This invest igat ion was undertaken to determine the fo l lowing: 

The e f fec t of axial heat conduction on the heater rod thermocouples wi th a 

quenched f low blockage sleeve 

The e f fec t of azimuthal heat conduction on the measured heater rod temperatures 

The f low blockage sleeve on a heater rod, as postulated prior to test ing, could quench 

much ear l ier than the heater rod. Subsequently the axial conduction in the heater rod 

could a f fec t the thermocouples immediately upstream and downstream of the quenched 

blockage sleeve. Since the thermocouple temperature data were reduced by a one-

dimensional computer code (DATAR) , i f s ignif icant axial heat conduction ef fects were 

present, the thermocouple data could not be properly reduced to obtain a heat transfer 

coef f ic ient . 

The subchannel blockage was expected to provide subchannel-to-subchannel f low var ia­

tions and, subsequently, azimuthal heat transfer variat ions. The thermocouple data 

could not be properly evaluated i f s igni f icant azimuthal temperature variations existed 

in the heater rod, unless the az imuthal locat ion of the heater rod thermocouples could 

be determined accurate ly. 
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1-2. A X I A L HEAT CONDUCTION ANALYSIS A N D RESULTS 

A two-dimensional TAP-A code model of a heater rod w i th and wi thout a f low blockage 

sleeve was set up to investigate the response of the clad immediately downstream of a 

"s ta t ionary" quench f r on t . This stationary quench f ront was simulated by increasing the 

outside f i l m coef f ic ient over a cer ta in port ion of the heater rod. In rea l i t y , the quench 

f ron t travels at a veloci ty of approximately 2.5 mm/sec (0.10 in./sec) at the midplane 

fo r a 28 mm/sec (1.1 in./sec) f looding rate test. 

The TAP-A code heater rod models were 76 mm (3 in.) long and 9.50 mm (0.374 in.) in 

diameter, and consisted of three radial nodes and 300 axial nodes of 0.25 mm (0.010 in.) 

thickness. The three radial nodes in the heater rod model consisted of a Kanthal heat­

ing element, boron ni t r ide insulat ion, and stainless steel clad. The unblocked heater rod 

model is shown in f igure I - l . The blockage sleeve was simulated by a 0 .51mm 

(0.020 in.) th ick , 17.5 mm (0.69 in.) long tapered cylinder and a 0.51 mm (0.020 in.) 

th i ck , 10.9 mm (0.43 in.) long uniform cyl inder, as shown in f igure 1-2. In the variable-

w id th gap between the heater rod and the blockage sleeve, simultaneous radiat ion and 

conduction was provided through the steam. The remainder of the sleeve was assumed 

to be in per fec t contact w i t h the heater rod. The emissivi ty of the rod and the sleeve 

were both assumed to be 0.50, since minimal surface oxidat ion occurs beneath the 

sleeve. The propert ies of all the mater ia ls were input into the code as a funct ion of 

temperature. 

Each of the models was subjected to a typ ica l ref lood transient s tar t ing at an in i t ia l 

clad temperature of approximately 951°C (1600'-'F). Al though the power was held con­

stant throughout the transient at a ra te of 2.3 k w / m (0.70 k w / f t ) , the heat transfer 

coef f ic ient provided for a typ ica l ref lood temperature transient. The steam coolant 

temperature was assumed to be 100°C (212°F). 

The 18 mm (0.69 in.) long port ion of the blockage sleeve which protruded into the f low 

stream was assumed to quench (by subjection to a large outside f i lm coef f ic ient ) . The 

remainder of the sleeve and the heater rod downstream of the sleeve were subjected to 

the nominal outside f i lm coef f ic ien t . Both of these f i l m coef f ic ients are shown in 

f igure 1-3. The unblocked heater rod model was subjected to essentially the same 

1-2 
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boundary condit ions; however, the clad quench temperatures of the two models were 

sl ightly d i f fe rent . The ef fec t of clad quench temperature on heater rod thermal 

response was also investigated by varying the t ime during the ref lood transient when 

the large f i lm coef f ic ient was imposed. The fo l lowing shows the clad quench tempera­

tures for both models: 

Clad Quench Temperature 

°C (°F) 

Rod Model Case 1 Case 2 

Unblocked 432 (810) 335 (635) 

Blocked 446(835) 341 (645) 

The results for the unblocked rod are shown in f igures 1-4 through 1-8 for the two clad 

quench temperatures of 432°C and 335°C (810°F and 635°F). The axial clad tempera­

ture distr ibut ion for the 432°C (810°F) quench temperature case at 10 and 40 seconds 

af ter quench is shown in f igure 1-5. The ra t io of axial to radial heat f low in the clad is 

shown in f igure 1-6 at 10 and 40 seconds af ter quench for the 432°C (810°F) quench 

temperature case. The locations of the rod thermocouples corresponding to 25 mm 

(1 in.) min imum spacing are shown in the f igures. As shown in f igure 1-6, the ra t io of 

axial conduction to radial convection is at a maximum of approximately 30 r ight at the 

quench f ron t . Ax ia l conduction in the clad is quickly f e l t , such that there is a 

10-percent e f fec t at 10 seconds after quench at approximately 25 mm (1 in.) down­

stream of the quench f ron t . This corresponds to a veloci ty of approximately 

2.5 mm/sec (0.10 in./sec), which is equal to the velocity of a travel ing quench f ron t . 

However, i t requires another 30 seconds for a 10-percent e f fec t to be f e l t at another 

15 mm (0.60 in.) downstream, which is much slower than the velocity of the travel ing 

quench f ron t . The ra t io of axial to radial heat f low in the clad for the 335°C (635'-'F) 

quench temperature is shown in f igure 1-8 at 10 and 40 seconds after quench. The axial 

conduction in an unblocked rod appears to be a weak funct ion of the quench 

temperature. 

The results for the rod w i t h the blockage sleeve are shown in f igures 1-9 through 1-16 

fo r the two clad quench temperatures of 446°C and 341°C (835°F and 645°F). The 
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axial clad and sleeve temperature distr ibutions for the 446°C (835°F) quench tempera­

ture case at 10 and 40 seconds af ter quench are shown in f igures I-IO and I - l l , respec­

t i ve ly . The ra t i o of axial to radial heat f low in the clad and in the sleeve are shown in 

f igures 1-12 and 1-13 at 10 and 40 seconds af ter quench, respectively, for the 446°C 

(835°F) quench temperature case. 

As shown in f igures 1-12 and 1-13, the ra t io of axial conduction to radial convection in 

the sleeve is at a maximum of approximately 30 r ight at the quench f ron t . The ef fec t 

of axial conduction in the sleeve is less than 10 percent at approximately 5 mm 

(0.20 in.) downstream of the quenched region of the sleeve. The rat io of axial conduc­

t ion to radia l heat f low in the clad is approximately 1 at the quench f ron t . The thermal 

resistance of the steam gap between the rod and the sleeve l imi ts the axial conduction 

in the clad beneath the quenched sleeve. The response of the sleeve and the clad whi le 

in per fect contact w i th each other is shown to be the same. A t the end of the sleeve, 

the ra t io of axial to radial heat f low in the clad is 0.03 at 10 seconds af ter quench and 

0.65 at 40 seconds after quench, as shown in f igures 1-12 and 1-13, respectively. A 

10-percent e f fec t in the clad at 40 seconds af ter quench is f e l t at 14 mm (0.55 in.) 

downstream of the sleeve. 

The rat ios of axial to radial heat f low in the clad and sleeve for a quench temperature 

of 341°C (645°F) are shown in f igures 1-15 and 1-16 at 10 and 40 seconds, respectively. 

The same general response occurs in both the sleeve and clad at the 341°C (645°F) 

quench temperature as at the 446°C (835°F) quench temperature, except that the 

e f fec t of axial conducticn is much less. A 10-percent e f fec t in the clad at 40 seconds 

after quench is f e l t at only 1 mm (0.05 in.) downstream of the sleeve. The axial con­

duction in a rod w i th a quenched blockage sleeve appears to be a strong funct ion of the 

quench temperature. 

1-3. CONCLLBIONS FROM A X I A L CONDUCTION ANALYSIS 

I t was found that the e f fec t of axial conduction was greater fo r the unblocked heater 

rod than for the blocked heater rod for the quench temperatures invest igated. This 

di f ference in thermal response is at t r ibuted to the insulating e f fec t of the blockage 

sleeve on the heater rod. However, as the quench temperature increases, i t is expected 
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that the e f f ec t of the axial conduction w i l l be greater in the blocked rod than in the 

unblocked rod, since radiat ion wi l l dominate conduction in the steam gap between the 

rod and the sleeve, and wi l l increase the heat t ransfer f rom the rod to the sleeve. 

Since this analysis was based on a stationary quench f ron t , i t is believed that conserva­

t ive results have been obtained for an unblocked rod. In the presence of a t ravel ing 

quench f ron t at a veloci ty of approximately 2 mm/sec (0,10 in./sec), a heater rod ther­

mocouple at 50 mm (2 in.) downstream of the quench f ront would be affected sooner by 

the quench f ron t than by axial conduction, as shown in f igure 1-17, assuming that a rat io 

of axial to radial heat f low of 0.10 is acceptable. A heater rod thermocouple at approx­

imately 25 mm (1 in.) downstream of the quench f ron t would be af fected at about the 

same t ime by the quench f ront and by axial conduction for the range of quench temper­

atures invest igated. 

However, i n the f low blockage test program, i t was ant ic ipated that the hollow block­

age sleeve attached to the heater rod could quench prior to the arr ival of the travel ing 

quench f ron t . In th is case, axial heat conduction through the clad could a f fec t the 

heater rod thermocouples immediately upstream and downstream of the sleeve. As 

shown in f igure 1-17 at a t ime of 40 seconds af ter the sleeve quenches, as far as 25 mm 

(1 in.) downstream of the quenched sleeve, the heater rod clad is af fected for a clad 

quench temperature of 446°C (835°F) and at 12 mm (0.50 in.) for a clad temperature of 

341°C (645°F). This result indicates that axial conduction is a strong funct ion of the 

clad quench temperature in this range of temperatures for a rod w i th a quenched block­

age sleeve. 

Two clad quench temperatures were investigated for both the unblocked rod and the 

blocked rod. The e f fec t of axial conduction was projected for higher clad quench 

temperatures based on a linear relat ionship between the two known quench tempera­

tures, as shown in f igures 1-18 and 1-19 fo r an inblocked rod and a rod w i th a quenched 

sleeve, respect ively. Figure 1-18 shows that the e f fec t of axial conduction in an 

Lnblocked rod is fa i r l y independent of the clad quench temperature, especially at 

10 seconds a f te r quench. For a rod w i th a quenched blockage sleeve, the projected 

e f fec t of axial conduction as a funct ion of the clad quench temperature (f igure 1-19) is 

f a i r l y s igni f icant . 
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1-4. MEASURED BLOCKAGE SLEEVE QUENCH TIMES AND TEMPERATURES 

A review of the measured clad temperatures underneath the short, concentric f low 

blockage sleeves indicates that the clad temperature at the t ime the sleeve quenched 

was approximately 593°C to 704°C (1100°F to 1300°F), as shown for rod 3C for bun­

dles B, C, and D in f igure 1-20. Although this measured clad temperature was higher 

than that ut i l ized in the axial heat conduction analysis, the blockage sleeves did not 

prematurely quench in the tests. The blockage sleeves quenched at approximately the 

same t ime as the unblocked heater rod thermocouples at the same elevat ion, as shown 

below by quench t imes for the 23 mm/sec (0.9 in./sec) f looding rate test in conf igura­

t ion B (run 42306B). This behavior was observed for al l the blocked bundles in the 

21-rod bundle test program; therefore, there was no problem associated wi th premature 

quenching of f low blockage sleeves. 

Heater Rod Thermocouple 

Locat ion m (in.) 

Blockage Sleeve 

Thermocouple 

Locat ion m (in.) 

Quench Time (sec) 

Heater Rod Blockage Sleeve 

3A 1.83 (72) 

IC 1.83 (72) 

2E 1.83 (72) 

5B 1.83 (72) 

5C 1.83 (72) 

2D 1.85 (73) 

3C 1.85 (73) 

3D 1.85 (73) 

4D 1.85 (73) 

385 

393 

398 

401 

385 

398 

393 

389 

403 

1-5. AZ IMUTHAL HEAT CONDUCTION ANALYSIS AND RESULTS 

A two-dimensional TAP-A code model of a heater rod was set up to investigate the 

response of the clad when subjected to an azimuthal heat transfer var iat ion. This 

azimuthal heat transfer variat ion could be caused by subchannel f low blockage, which 

provides f low variat ions in adjacent subchannels. 

The TAP-A code heater rod model ( f igure 1-21) was 9.50 mm (0.374 in.) in diameter and 

consisted of 6 radial nodes and 48 azimuthal nodes, each of which was 0.042 TT radians 
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(7.5 degrees). The six radial nodes consisted of a center node of boron nitr ide insula­

t ion, a heating element node of both boron ni tr ide and Kanthai (coi l heater), three nodes 

of boron ni tr ide insulation, and a cladding node of stainless steel. 

The model was divided into eight 45-degree slices, each of which had six azimuthal 

nodes and a corresponding outside f i l m coef f ic ient . The properties of all the materials 

were input into the code as a funct ion of temperature. 

The model was in i t ia l ly subjected to a typical ref lood transient start ing at an in i t ia l 

clad temperature of approximately 851°C (1600°F) w i th a uniform azimuthal outside 

f i l m coef f ic ient , as shown in f igure 1-22. The power was reduced f rom an in i t ia l l inear 

power of 2.3 kw /m (0.70 kw / f t ) as a funct ion of t ime according to the ANS + 20 percent 

power decay curve. The steam coolant temperature was assumed to be 131°C (267°F). 

Since the azimuthal var iat ion in the heat transfer coeff ic ient was not exactly known, 

several assumptions were made w i th respect to the magnitude of and respective heater 

rod area for the heat transfer coef f ic ient . In considering a f low-centered subchannel 

w i th high f low, as slrawn in f igure 1-23, i t was assumed that only the middle 45-degree 

section or 12.5 percent of the heater rod facing the subchannel would have a higher 

heat transfer coef f ic ient . The remaining 315-degree section or 87.5 percent of the 

surface area was subjected to the nominal heat transfer coef f ic ient . From a review of 

the 21-rod bundle blockage heat transfer data, the blocked heat transfer coeff ic ient 

could be as much as approximately 100 percent greater than the unblocked heat trans­

fer immediately af ter f lood in i t ia t i cn and subsequently decrease to the nominal value 

by approximately the turnaround t ime. This var iat ion in heat transfer coef f ic ient , as 

shown in f igure 1-22, was applied to the heater rod as a best estimate of the conditions 

which could exist in adjacent subchannels of the same bundle. A 50-percent variat ion in 

the transient heat transfer coef f ic ient was also investigated, as shown in f igure 1-22. 

The results of this analysis are shown in figures 1-24 and 1-25. Figure 1-24 shows the 

average cladding temperature as a funct icn of t ime for the cases w i th the uniform and 

nonuniform heat transfer coeff ic ients. Figure 1-25 shows the maximum cladding tem­

perature d i f ferent ia l as a funct ion of t ime for the two cases. These figures show that 

the azimuthal temperature di f ference is a very strong funct ion of the heat transfer 

1-27 



000307-73 

5001 !423°C (267°F) 

BOUNDARY TEMPERATURE] 

BN/KN 

1.21 mm (0.0475") p-

2.863mm (0 .1127 ' l S» 

3.503 mm (0.1379") ^ 

4.14 mm (0.163") ^ 

4.75 mm (0.187' 

5003 

Figure 1-21. Two-Dimensional TAP-A Model of Heater Rod 

1-28 



000307-74 

50 100 150 

TIME (sec) 

200 250 

Figure 1-22. Typical Reflood Heat Transfer Coef f ic ient , TAP-A Azimuthal Heat 
Conduct ion Model 

1-29 



000307-75 

FLOW-CENTERED 
SUBCHANNEL 

Figure 1-23. Flow Subchannels 

1-30 



1200 2200 

I 

o 1100 — 

UJ 

Ui 

O 

o 
UJ 
O 
< 
CC 
m 
> 
< 

1000 

900 

800 

700 — 

600 

# NOMIMAL HEAT TRANSFER AT 
OUTSIDE SURFACE 

A 1.5 X Hp^oiV! OVER 12.5% 
OUTSIDE SURFACE 

/ \ 2.0 X HMOIV! 1 0 H N O M OVER 12.5% 
OUTSIDE SURFACE 

2000 ^ 

UJ 
CC 
D 
h -

1800 CC 
UJ 
a. 
2 
UJ 

O 
1600 -

Q 
Q 
< 
O 
UJ 

1400 5 
CC 
UJ 
> 
< 

1200 

100 200 

TIME AFTER START OF FLOODING (sec) 

300 

Figure 1-24. Average Ciaddinq Temperature Versus Time 



10 

A 1-5 X Hf^oM OVER 12.5% OUTSIDE SURFACE 

<0> 2.0 X H pjOM-* ' ' '0 X H^oM OVER 12.5% OUTSIDE SURFACE 

15 

1 

N3 

o 
o 

2 — 

100 200 

TIME AFTER START OF FLOOD (sec) 

300 

10 £ 
o 

Figure 1-25. Maximum Cladding Temperature D i f fe ren t ia l Versus T ime 



coef f i c ien t . However, for the best-est imate heat transfer coef f ic ient , the maximum 

temperature d i f fe ren t ia l is only 0.69°C (1.25'-'F), which is less than the uncertainty of 

the measurement. 

1-6. CONCLUSIONS FROM AZIMUTHAL HEAT CONDUCTION ANALYSIS 

From the above results, i t was concluded that the azimuthal temperature variations in 

the ref lood tests would be insigni f icant , and therefore knowledge of the azimuthal 

locat ion of heater rod thermocouples was not required. Fur thermore, i t was concluded 

that the heater rod responds to the f low in the surrounding four subchannels such that 

the CCBRA-IV- I code subchannel r ^ u l t s could be averaged to provide rod-centered 

subchannel results. 
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APPENDIX J 

SELF-ASPIRATING STEAM PROBE PERFORMANCE 

3-1. INTRODUCTION 

A new type of steam probe was required for the 21-rod bundle task because of the lack 

of th imble tubes typical ly ut i l ized, as in the unblocked bundle task,^ -̂  for measuring 

superheated steam temperature in a nonequilibrium mixture. 

The same measurement technique was ut i l ized for the 21-rod bundle probe as for the 

unblocked bundle probe. The technique ut i l ized was to separate the superheated steam 

f low f rom the entrained droplets as quickly as possible and over the shortest f low 

path. The signif icant difference between the unblocked bundle steam probe and the 

21-rod bundle steam probe was that the former aspirates to atmospheric pressure, 

thereby providing a signif icant pressure drop for f low through the probe; the la t ter 

depends on a f r ic t iona l pressure drop across the steam probe length as the driving force 

for steam f low. 

J-2. THERMAL ANALYSIS CF STEAM PROBE 

The thermocouple junct ion was placed midway between the two diametrical ly opposed 

f low holes, to minimize the inside f r ic t ional losses and to provide maximum radiation 

1 . Loftus, M. J . , et ai . , "PWR FLECHT SEASET Unblocked Bundle, Forced and Gravi ty 
Reflood Task Data Report ," NRC/EPRI/Westinghouse-7, June 1980. NUREG/CR-1532, 
Vols. 1 and 2. 
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shielding and protect ion f rom water droplets. The fol lowing schematic diagram of the 

steam probe shows the parameters involved in this hydraulic model; 

FREE STREAM 
B 

In parallel f low paths, the pressure drops across both f low paths are equal: 

^ "^f ree stream ~ steam probe (J-1) 

The pressure drop in the free stream is assumed to be attr ibutable to bundle f r ic t ional 

pressure losses? 

AP f ree stream 
/fLA/ f r e e s t r ea rn 
PJ 2 g„ (J-2) 

The pressure cfrop in the steam probe is at t r ibuted to the entrance, ex i t , and f r ic t iona l 

pressure losses in regions A and B, as i l lustrated in the above sketch; 

^ "s team probe " " ^ r e g i o n A '*' ^ ^region B (J-3) 

J-2 



where 

' S A L ' ^ W P ^ 
'Pregicn A = ^ * ^kT \ ^ J '^-^' "SA 

'm'-"] fe4 
'^region B = IfsB * - E ^ n - 2 ^ i ""« 

Therefore, assuming constant vapor density, 

r^hl . = (i^cA + - ^ V^A + KcD + - ^ v L (J-6) 
^D. / f ree s t r eam \ bA Dq^ / SA \ bB Dq^ / S B 

where 

f = friction factor = 64/Re 

D^ = hydraulic diameter of bundle = 0.00832 m (0.0273 ft) 

Kg^ = shield exit pressure loss coefficient = 1.0 (maximum) 

K ^ = shield entrance pressure loss coefficient = 0.5 (maximum) 

^SA ~ hydraulic diameter of region A = Dg - 0.81 mm (0.032 in.) 

D ^ = hydraulic diameter of region B = Dg 

Dg = inside diameter of shield = 2.08 mm (0.082 in.) 

L = distance between flow holes = 6.4 mm (0.25 in.) 

By applying the continuity equation within the probe, 

'^SA'^SA = ' ^^ ' ^SB ^•^-'^^ 
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equation (J-6) can be solved for the maximum veloci ty , V g ^ , in the shield. Assuming 

the steam velocity in the f ree stream to be 12.2 m/sec (40 f t / sec ) , " ' ^ - ' the steam 

veloc i ty across the thermocouple was calculated to be 0.41 m/sec (1.33 f t /sec) . I t 

should be noted that the f ree stream velocity u t i l i zed in this analysis represents a low 

est imate and that an increase in this veloci ty w i l l also increase the veloci ty through the 

shield. 

The temperature measured by the thermocouple w i th in the steam probe was adversely 

a f fected by the radiat ion heat t ransfer f rom the surrounding high-temperature heater 

rods. A suff ic ient steam f low through the probe is required to "coo l " the thermocouple 

to the temperature of the steam. The fo l lowing calculat ion was performed to deter­

mine the cooling effectiveness of the steam f low, as previously calculated. 

An energy balance'--''' on the shield yields the fo l lowing heat f low equation: 

s o o 

' ^ s h i e l d to steam "*" "^sh ie ld to thermocouple ~ "^rod to s h i e l d ^ ' 

by convec t ion by r a d i a t i o n by r a d i a t i o n 

An energy balance'^^ on the thermocouple junct ion, which is assumed to be at the same 

temperature as the thermocouple sheath, yields the fo l lowing: 

e ft 

'^ thermocouple j u n c t i o n to steem ~ "^sh ie ld to thermocouple j u n c t i o n 

by convec t ion by r a d i a t i o n 

The previous f ive terms are defined as fol lows: 

q u- 1^ . . = h(T . . , . - T , ) (J-10) 
^ s h i e l d to s t e a n s h i e l d steam 

by convection 

1 . L i l l y , G. P., et a l . , "PWR FLECHT Cosine Low Flooding Rate Test Series Evaluation 
Repor t , " WCAP-8838, March 1977. 

2. L i l l y , G.P., et a i . , "PWR FLECHT Skewed Prof i le Low Flooding Rate Test Series 
Evaluat ion Repor t , " WCAP-9 ie3 , November 1977. 

3. Steady-state conditions are assumed in this calculat ion, because of the slow 
response of the system during ref lood. 
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where h = (hA)ojjtsijg + (hA)jnside shield to st .earn 

- ^/c^VsH ' "̂ T/n 
^shield to themncouple ~ /I - ^ci_j\/Aj/p\ -i 
by rad ia t ion — ]i-^ + 

(J-11) 

"^rod to sh ie ld ~ ^SH ^SH ^VR ~ " ^ H , 
by rad ia t ion ^ 

(J-12) 

since AgH « /\^o& 

"thenrocouple junct ion 
to stesm by rad ia t ion 

'^theimocouDle ^ / C junct ion ^"'"T/C " " ' 'sW ^^'^^^ 
j unc t i on 
to stean 

^sh ie ld to thermocouple ~ ^fC junct ion ^ ^J/C TSH ' T / c ) ^^'^^^ 
junct ion by rad ia t ion 

The outside f i lm coefficient for the shield was determined by the following correlation 

for laminar flow over a plane surface:^-'̂ ^ 

sh ie ld to L 
steam 

!< (0.664 R e ^ l / W / ^ (J-15) 

The inside f i lm coefficient for the shield was determined by the following correlation 

for laminar flow insiae a cylindrical pipe: 

(1) 

shie ld to 
stean 

g 1.86 (RB Pr ^ 
1/3 

(J-16) 

1. Chapman, A. J., Heat Transfer, 3rd edition, Macmillan, New York, 1974. 
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The thermocouple junction was assumed to be a sphere in an open flow stream; there­

fore the film coefficient was determined by the following correlation:^ '̂  

h ^ , , = g (2 + 0.03 Pr°-^^Re°-^^ + 0.35 Pr^'^^^e^'^^) (J-17) 
theimocouple D 
junc t ion to 
s t e a n 

The respective heat transfer areas are as follows: 

- Shield outside area - 4.75 x lO'^ m^ (5.11 x lO""* ft^) 

- Shield inside area - 4.15 x 10"^ m^ (4.47 x 10"^ f t2) 

~ Thermocouple junction area - 1.03 x 10"^ m^ (1.11 x 10"^ ft^) 

- Thermocouple sheath area - 9.38 x 10"^ m^ (1.01 x lO"^ f t^) 

The steam properties were assumed constant at a temperature of 760°C (1400°F). The 

emissivities of the shield and the thermocouple were assumed to be 0.8.^'^'' 

The following equations (in metr ic units) were developed from the preceding energy 

balances in equations (J-8) and (J-9) and respective correlations: 

TgH + 2.212 x 10-11 ( j ^ ^ ̂  273)^ = T J / Q + 14.12 x l O ' l l ( j ^ ^ ^ + 273)^ 

(J-18) 

+ 7.99X 10-11 (Tj^ + 273)^ 

TSTM = T j / c - 7.35 x lO-H (Tgn + 273)^ - ( T j / c ^ 273)^ (J-19) 

1. Kutateladze, S. S., Fundamentals of Heat Transfer, 2nd edition, Academic Press, 
New York, 1963. 

2. McAdams, W. H., Heat Transmission, 3rd edition, McGraw-Hill, New York, 1954. 
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In English engineering units, the above equations are 

TgH + 3.792 x 10-11 ( j ^ ^ ^ ^^^f ^ j ^ ^ ^ ^ 2.421 x IQ-H (Tj/^^ + 460)^ 

(J-20) 

+ 1.372 X 10-11 ( j ^ .460)^ 

T S T M = T - r / c - 1 - 2 6 x 1 0 - 1 1 (Ts,_^ + 460)^ - (Jjfc + 460)^ (J-21) 

The above two equations contain four unknown temperatures: shield, thermocouple, 

rod, and steam. Therefore, rod temperatures of 982°C, 1093°C, and 1204°C (1800°F, 

2000°F, and 2200°F) were assumed, as well as various thermocouple and shield temper­

atures, to satisfy the above equations. The ratios of the thermocouple temperature to 

the steam temperature for the three rod temperatures are shown in f igure J-1 as a 

funct ion of the steam temperature. As shown by this f igure, relat ively small errors, 

4 percent and less, are introduced in this steam temperature measurement technique 

for the expected range of operation.^ -̂  The error in the temperature measurement is 

increased by approximately 1 percent for an increase of 0.1 in the emissivity of both 

the shield and the thermocouple, and s imi lar iy, is decreased approximately 1 percent 

for a decrease of 0.1 in the emissivi ty. The error in the temperature measurement is 

rather insensitive to the f i lm coef f ic ien t . A ±50-percent change in the f i lm coef f ic ient 

results in approximately a + 1.5-percent change in the temperature measurement error. 

J-3. TESTS OF SELF-ASPIRATING STEAM PROBE 

Several tests were conducted to evaluate the thermal response of the self-aspirat ing 

steam probe prior to i ts insta l lat ion in the 21-rod bundle. The f i rst test ut i l ized a 

single-rod ref lood fac i l i t y in which the self-aspirat ing steam probe was placed in the 

f low annulus between the heater rod and the th in wall housing. An unshielded 

1 . Rosal, E. R., et a l . , "FLECHT Low Flooding Rate Skewed Test Series Data Report ," 
WCAP-9108, May 1977. 
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thermocouple was also placed in the flow annulus on the other side of the heater rod at 

the same elevation. A flooding rate of 38 mm/sec (1.5 in./sec) was initiated when the 

heater rod temperature reached 1093°C (2000°F). 

The heater rod temperature, housing temperature, steam probe temperature, and 

unshielded thermocouple temperature transients are shown in figure J-2. By performing 

an energy balance on the unshielded thermocouple as follows, assuming the thermo­

couple can be modeled as a sphere, 

« e « e 

g , . . + q j - ^ - = q ^- + Q i • ( J - 2 2 ) 
^radiat ion ^radiat ion ^convection ^stored 

fron rod from hous- frem T/C in T/C 
to T/C ing to T/C to steam 

^R-T/C A T / C ^^ (TR^ - '^T/Cj + f^H-T/C ^T/C ^^ ^ H ^ " 1 T / C ^ ) 

dT., 
(J-23) 

T/C 
^T/C-STM^ (T j / c - TgTtvi) + f^p " 5 ? " 

and knowing the rod temperature, housing temperature, and thermocouple temperature, 

the actual steam temperature, Tgjfyj, was calculated and subsequently compared to the 

temperature measured by the self-aspirating steam probe. The rod-to-thermocouple 

shape factor, F'p^_j/Q, was initially assumed to be 0.5 but was changed to 0.33 to 

achieve good comparison between the calculated and measured steam temperatures 

prior to flood. The housing-to-thermocouple shape factor, F'j.^_j/p, was assumed to be 

1. These results, also shown in figure J-2, indicate that the steam temperature as 

measured by the steam probe is within a few percent of the actual steam temperature. 

The second test conducted to evaluate the thermal response of the self-aspirating 

steam probe consisted of placing the respective probe in the 161-rod unblocked bundle 

of the FLECHT SEASET program. The seif-aspirating steam probe was placed at the 

2.74 m (108 in.) elevation by replacing a view port with a blank flange to which the 

steam probe was subsequently attached. The self-aspirating steOTn probe was located 

within several rod rows of two thimble tube aspirating steam probes. These thimble 
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tube steam probes were in approximately symmetrical positions. Two tests at constant 

flooding rates of 25 mm/sec (1 in./sec) and 38 mm/sec (1.5 in./sec) were conducted at 

871°C (1600°F) initial clad temperature and 2.3 kw/m (0.70 kw/ft) peak initial power. 

The comparisons of the self-aspirating steam probe and the thimble tube steam probes 

for the two re flood tests are shown in figures 3-3 and J-4 for the 25 mm/sec (1 in./sec) 

and 38 mm/sec (1.5 in./sec) flooding rate tests, respectively. These figures show that 

the self-aspirating steam probe measures a vapor temperature which is between the 

vapor temperature measured by the two thimble tube aspirating steam probes. Also 

shown in these figures is a heater rod temperature near the steam probes. 

J-4. REVIEW OF 21-ROD BUNDLE STEAM PRCBE DATA 

The self-aspirating steam probe and unshielded thermocouple were placed in sym­

metrical subchannels in the first 21-rod bundle at the three elevations shown in fig­

ures J-5 through J-7. (These figures include the respective computer channel numbers 

for the instruments.) The steam temperature as measured by each instrument and adja­

cent heater rod temperatures for the 22 mm/sec (0.9 in./sec) forced flooding rate test 

at the 1,98, 2.29, and 3.05 m (78, 90, and 120 in.) elevations are shown in figures J-5, 

J-6, and J-7, respectively. These figures generally indicate similar temperature 

responses for the self-as pi rating steam probe and unshielded thermocouple. The 

response of each instrument was consistent with the adjscent measured heater rod tem­

peratures. The unshielded thermocouple tends to measure greater temperature oscilla­

tions than the self-aspirating steam probe, as would be expected because of the 

protection from water droplets which the shield provides to the steam probe. However, 

the self-aspirating steam probe typically quenches before the unshielded thermocouple 

because of the shield trapping water droplets during the low steam flow at the end of 

the test. These results are fairly consistent with variation in the flooding rate for the 

inblocked bundle configuration. 

In subsequent bundles, the number of unshielded thermocouples was increased and, 

consequently, the number of self-aspirating steam probes was reduced. This substitu­

tion was made since the response of the two instruments was similar and the rod 
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temperatures v/ere much lower than expected in the unblocked conf igurat ion, such that 

radiat ion ef fects were smaller. The differences in steam temperature instrumentat ion 

among six bundles are l isted in table J - 1 . 

The self-aspirat ing steam probes and unshielded thermocouples quenched prior to the 

heater rod thermocouples, as would be expected. However, there was a sionif icanl 

d i f ference in quench t imes among the temperature instruments. The steam probes and 

unshielded thermocouple were attached to the grid straps and pointed in both the 

upstream and downstream direct ions. The instrumentat ion which pointed in the down­

stream direct ion quenched much earl ier than the instrumentat ion which pointed in the 

upstream d i rec t ion. The quench t imes for the steam temperature instruments and the 

heater rods for runs 42430A and 41907B are shown in figures J-8 and J-9, respectively. 

This phenomenon is a t t r ibu ted to a quench f ront moving up the instrument f rom the 

gr id . This quench f ron t may simply be water droplets which wet the grid and are subse­

quently swept along the i retruments by the steam f low. 

The temperature measurements of those instruments downstream of a grid appear to be 

unaffected by the premature quench. The quench temperatures for the steam tem­

perature inst rumentat ion downstream of the gr id , as shown in f igure J-10, indicate that 

the instrumentaticT) quenches at a re la t ive ly high temperature. Therefore, the steam 

temperature data f r o m all the instrumentat ion can be ut i l ized in the evaluation of the 

blockage data. 

J -5 . CONCLUSIONS 

The sel f-aspirat ing steam probe performed sat is factor i ly although the test conditions, 

speci f ical ly the heater rod temperatures, were much lower than originally expected. 

The sel f -aspirat ing steam probe was in i t ia l l y designed to be shielded f rom the radiat ion 

heat transfer of the high-temperature heater rods and quenching by the water drop­

le ts . The unshielded thermocouples performed bet ter than original ly ant ic ipated, per­

haps also because of the lower heater rod temperatures, and/or the evaporation and 

breakup of water droplets in the blockage zone, which subsequently l im i ted the prob­

ab i l i t y of quenching by the water droplets. 
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TABLE J-1 • 

STEAM TEMPERATURE INSTRUMENTATION 

Subchannel 

Conf iaurat ion A 

Instrumentat ion 

Type,^^-^ Computer 

Channel No. 

Elevat ion 

m (in.) 

Configurations B-F 

Instrumentat ion 

pe,^^-' Compu! 

Channel No. 

Type,^^-' Computer Elevation 

m (in.) 

Per 

9 
10 
15 

cB 
11 

9 
8 
7 
8 
9 

11 
6 
6 

10 
7 
5 

10 
8 
9 

10 
5 

14 
15 
6 

11 
6 

SP,203 
SP, 202 
SP, 201 
SP, 200 
SP,199 
SP,198 
SP,197 
SP,196 
SP,195 
BF, 194 
SP, 193 
SP, 192 
SP, 191 
BF, 190 
SP, 189 
SP,188 
SP, 187 
SP,186 
SP,185 
SP,184 
SP, 183 
SP, 182 
BF, 181 
SP,180 
SP, 179 
SP,178 
SP, 177 

0.97 
1.22 
1.50 
1.50 
1.70 
1.70 
1.70 
1.70 
1.88 
1.98 
1.98 
1.98 
1.98 
2.29 
2.29 
2.29 
2.29 
2.44 
2.44 
2.44 
2.82 
2.82 
3.05 
3.05 
3.05 
3.35 
3.51 

:38 
;4& 
[59 
:59 
;67 
;67 
;67 
;67 
74 
78 
78 
78 
78 
;9o 
;9o 
;90 
;9o 
:96 
:96 
:96 
: i i i 
: i i i 
;i2o 
;i2o 
120 
:i32 
138 

BF, 177 
BF,178 
BF, 179 
SP,180 
BF, 182 
SP,184 
SP,183 
BF, 181 

BF,186 
SP,187 
SP,188 
BF, 185 
BF, 189 
SP, 191 
BF, 190 
SP, 192 
SP,195 
BF, 193 
BF, 194 
SP, 197 
BF, 196 
BF, 198 
SP, 200 
SP, 199 
BF, 201 
BF, 202 

0.89 (35 
1.19 (47 
1.47 (58 
1.47 (58 
1.70 (67 
1.70(67 
1.70 (67 
1.70 (67 

1.96 (77 
1.96 (77 
1.96 (77 
1.96 (77 
2.26 (89 
2.26 (89 
2.26 (89 
2.26 (89 
2.46 (97 
2.46 (97 
2.46 (97 
2.77 (109 
2.77 (109 
3.05 (120 
3.05 (120 
3.05 (120 
3.30 (130 
3.51 (138 

a. SP = steam probe 
BF = bare f lu id thermocouple 

b. Per = peripheral subchannel 
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