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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 thes
employees, makes any warranty, expresshi or implied, or assumes any legal liability 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 N RC pubhcations will be available frorn one of the following sources:

1, The NRC 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 info-rmation Service, Springfield, V A 22161

Althcagh the listing that follows represents the mayority of documents cited in NRC publications,
it is not intended to be esaustive.

Referenced documents available for inspection and copying for a fee from the NRC Pubhc Docu-
ment Room include NRC correspondence and ir,ternal NRC memoranda: NRC Office of inspection
and En'orcement bulletins, circulars, inforraation notices, inspection and investigation notices;
Licensee Event Reports: v ndor reports and correspondence, Commission papers; and appbcant anda

licensee documents and corresoondence.

The following documents in the NUREG senes 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 avaifable are Regulatory Guides, NRC regulations in the Code of
Federa! Regu'ations. and Nuclear Regulatory Commiston issuances.

I Docurrents available from the National Technical Information Service include NUREG senes
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 pubhc and soecial techn: cal hbraries include all open hterature tiems,
such as books, journal and periodical articles, and transactions. Federal Register notices, federal and I
state legislatron, and congressionat reports can usually be obtained from these libraries. !

Documents such as theses, dissertations foreign reports and translations, and nor' N RC conference i

proceedings are available for purchase trom the organization sponsoring the pubhcation cited.

Single cooies of N RC draft reports are available free upon written request to the Division of Tech }
nical Information and Document Control, U S Nuclear Regulatory Commission. Washington, DC i
20555.
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| Cootes of industry codes and standards used in a substantive manner in the NRC requiatory process
j are maintained at the NRC L:brary. 7920 Norfolk Avenue, Bethesda, Maryland. and are available

there for reference use by the pubhc. Codes and standards are usually copyrighted and may be
i purchased from the or.ginating organization or, if they are American National Standards, from the

American National Standards institute,1430 Broadway, New York, NY 10018.
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ABSTRACT

This mport presents data and limited analysis from the 21-Rod Bundle Flow Blockage
Task of the Full-Length Emergency Cooling Heat Transfer Separate Effects and Sys-
tems Effects Test Program (FLECHT SEASET). The tests consisted of forced and
gravity reflooding tests utilizing electrical heater rods with a cosine axial newer profile

to simulate PWR nuclear core fuel rod arrays. Steam ccoling ano hydraulic characteris-

tics tests were also conducted. These tests were utilized to determine effects of
various flow blockage configurations (shapes and distributions) on refloeding behavior,

to aid in development / assessment of computational models in predicting reflooding

behavior of flow blockage configurations, and to screen flow blockage configurations
for future 163-rod flow blockage bundle tests.
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GLOSSARY

This glossary explains definitions, acronyms, and symbols included in the text which
follows.

Axial peakina factor - ratio of the peak-to-average power for a given power profile

Blocked - a situation in which the flow area in the rod bundle or single tube is pur-
posely obstructed at selected locations so as to restrict the flow

Bottom of core recovery (BOCR) - a condition at the end of the refill period in which
~

the lower plenum is filled with injected ECC water as the water is about to flood the
core

,

Carryout rate fraction - the fraction of the inlet flooding flow rate which flows out
the rod bundle exit by upflowing steam

Carryover - the process in which the liquid is carried in a two-phase mixture out of a
contro'. volume, that is, the test bundle

Core rod geometry (CRG) - a nominal rod-to-rod pitch 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),

1

I

Cosine axial power profile - the axial power distribution of the heater rods in the CRG

bundle that contains the maximum (peak) linear power at the midplane of the active
heated rod length. This axial power profile will be used on all FLECHT SEASET tests as

a fixed parameter.

ECC - emergency core cooling

Entrainment - the process by which liquid, typically in droplet form, is carried in a
flowing stream of gas or two-phase mixture

v
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Fallback - Tthe process whereby the liquid in a two-phase mixture flows countercurrent
-

~to the gas phase -

FLECHT -- Full-Length Emergency. Core Heat Transfer test program

FLECHT SEASET - Full-Length Emergency Core Heat Transfer - Systems Effects and

Separate Effects Tests

Loss-of-coolant accident -- a break in the pressure boundary integrity resulting in' loss -

of core cooling water

PMG -- Program Management Group

Separation -- the process whereby the liquid in a two-phase mixture is separated and

detached from the gas phase

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

to the bundle heater rods

Spacer grids -- the metal matrix assembly (egg crate design) used to support and space

the heater rods in a bundle array

,

vi
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SECTION 1
SUMMARY

As part of the NRC/EPRI/ Westinghouse FLECHT SEASET reflood heat transfer and.

hydraulic program,(I) a series of forced flow and gravity feed reflooding tests, steam3

cooling tests, and hydraulic characteristics tests with flow blockage were conducted on

a 21-rod bundle whose dimensions were typical of current PWR fuel rod arrays. The
purpose of these tests was to screen various fuel rod flow blockage configurations which

are postulated to occur in a hypothetical loss-of-coolant accident (LOCA), to determine
which configuration provides the least favorable heat transfer cha*9cteristics. This.

blockage configuration will subsequently be placed in a larger 163-rod bundle (2) to
evaluate the additional effect of flow bypass.(3) The 21-rod bundle data will also be
utilized to develop a blockage heat transfer model. This blockage model will be
assessed through comparison and analysis of the 163-rod blocked bundle data.

1

In this particular test program, a f acility was built to accept a 21-rod bundle whose

dimensions are typical of the PWR fuel rod array sizes currently in use by PWR and
PWR fuel vendors. This test f acility was very similar to the f acility used in the 161-rod
unblocked bundle taskN) and the flow areas were scaled appropriately. The

1. Conway, C. E., et al., "PWR FLECHT Separate Effects and Systems Effects Test
(SEASET) Program Plan," fPC/EPRI/ Westinghouse-1, December 1977.

2. Hochreiter, L. E., et al., "PWR FLECHT SEASET 161-Rod Bundle Flow Blockage
Task: Task Plan Report," tPC/EPRI/ Westinghouse-6, September 1980.

3. The 161-rod blocked bundle was changed to a 163-rod bundle by substituting two
heater rods for two thimbles in order to provide better comparison with the 21-rod
bundle, as discussed in section 3.

4. Loftus, M. J., et al., "PWR FLECHT SEASET Unblocked Bundle, Forced and Gravity
Reflood Task Data Report," tRC/EPRI/ Westinghouse-7, June 1980,

1-1
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instrumentation plan was developed such that local thermal-hydraulic parameters could
be ' calculated from the experimental data. Sufficient instrumentation was inctalled in

the test f acility to' perform mass and energy balances from the data.

The forced reflood_ tests _ examined the two-phase flow effects of flow blockage on
. system pressure, rod power, flooding rate, coolant subcooling, and variable ficodino

rate. Steam cooling tests were also conducted to determine the single-phase _ flow
effects of blockage as a function of the Reynolds number. Hydraulic characteristics

-tests were performed to detr?mine the bundle friction f actor, grid loss coefficient, and
blockage loss coefficient.

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

including clad temperature, turnaround and quench times, heat transfer coef ficients,
flooding rates, exit steam flow, mass balance, differential pressures and calculated void

fractions, steam temperatures, housing temperatures, blockage temperatures, pressure
loss coefficients, and enhancement f actors. All the valid data are available in the NRC
Data Bank.

1-2,
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SECTION 2
INTRODUCTION

,

2-1. BACKGROUND

The flow blockage tasks _in the FLECHT SEASET program are intended to provide
sufficient data and resulting analysis such that the existing Appendix K,10CFR50.46,
flow blockage model (steam cooling requirements used in PWR safety analyses) can be

reassessed and replaced by a suitably conservative but more physically realistic safety
analysis model.

The FLECHT SEASET flow blockage test program has been coordinated with the pro-
grams conducted in Germany's FEBA tests (l) and Japan's SCTF tests.(2) The FEBA.

tests have been conducted on a 1 x 5 rod bundle and a 5 x 5 rod bundle with 62 percent

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

being conducted on eight full-size simulated fue! rod bundles arranged in a row with two

adjacent bundles blocked 62 percent in a coplanar f ashion.

Appendix K requires that any effect of fuel rod flow blockage must be explicitly,

accounted for in safety analysis calculations when the core flooding rate. drops below
25 mm/sec (1 in./sec). The rule also requires that a pure steam cooling ciculation be

'

performed in this case. To comply with this requirement, PWR vendors have developed

; semi-empirical methods of treating fuel rod flow blockage and steam cooling.
| Experimental data on single- and multirod burst test behavior have been correlated into

!

1. Ihle, P., et al., "FEBA - Flooding Ey seriments with Blocked Arrays - Heat Transfer;

| in Partly Blocked 25-Rod Bundle," presented at 19th National Heat Transfer Confer-
|

ence, Orlando, FL, July 27, 1980.

2. Adachi, H., "SCTF - Core-1 Test Results," presented at Ninth Water Reactor Safety
Research infor. nation Meeting, Gaithersburg, MD, October 26-30, 1981.

2-1
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a burst criterion 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 criterion indicate that the rod burst is random and noncoplanar.

and is distributed over the axial length of the hot zone. When calculating the flow
redistribution due to flow blockage, PWR vendors used multichannel codes to nbtain the

blocked channel flow.

Simpler models developed by Gambill(I) have also been used for flow redistribution

calculations. In its ECCS evaluation model, Westinghouse modeled noncoplanar block-

age as a series of planar blockages distributed axially over the region of interest, with

each plane representing a given percentage blockage. The flow distribution effect was
then calculated from a series of proprietary THINC-IVI2) computer runs and correlated

into a simple expression for flow redistribution. The hot assembly was used as the unit

cell in these calculations so that the individual subchannel flow redistribution effects
generated by the noncoplanar blockage at a given plane are averaged and each subchan-

:

nel has the same flow reduction. However, it should be remembered that the percent-

age of blockage simulated in these calculations was derived by examination of nonco-

planar multirod burst data.

The resulting flow redistribution is then used to calculate a ho' asc. nbly enthalpy rise

as part of the steam cooling calculation. The resuiti g fluid sink temperature and a
radial conduction fuel rod model are then used to predict the clad peak temperature.

Again, the flow redistribution or blockage effects and the steam cooling calculation are

only used when the cure flooding 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. Cambill, W. R., " Estimate of Effect of Localized Flow Blockages on PWR Clad Tem-
peratures During the Reflood," CObF-730304-4,1973.

2. Chelemer, H., et al., "An Improved Thermal-Hydraulic Analysis Method for Rod
Bundle Cores," Nucl. Eno. Des. 4_1, 219-229 (1977).

2-2
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A review of flow blockage literature (1,2,3,4) indicates that there are four primary heat

transfer effects which need to be examined for both forced and gravity reflooding:

Flow redistribution effects due to blockage and their effect on the enthalpy rise of--

the steam behind the blockage. Bypass of steem flow could result in increased
superheating of the remaining steam flow behind the blocrage region. The higher

the downstream steam temperature, the lower the rod heat flux and resulting heat

transfer behind the blockage.

Effect of blockage downstream of the blockage zone and the resulting mixing of--

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

water droplets will increase the liquid surface area so that the drops will become a

more effective heat sink for 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 transfer effects in the immediate blockage zone due to droplet impact,--

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

velocity due to blockage flow area changes. The droplet breakup is a localized
effect primarily caused by the blockage geometry; it willinfluence the amount of

steam cooling which can occur f arther downstream of the blockage.

.

!

L 1. Gambill, W. R., " Estimate of Effect of Localized Flow Blockages on PWR Clad
| Temperatures During the Reflood," COff-730304-4,1973.
|

2. Davis, P. R., " Experimental Studies of the Effect of Flow Restrictions in a Small
Rod Bundle Under Emergency Core Coolant injection Conditions," Nucl. Technol.11,
551-556 (1971).

3. Rowe, D. S., et al., " Experimental Study of Flow and Pressure in Rod Bundle Sub-
channels Containing Blockages," BNWL-1771, September 1973.

4. Hall, P. C., and Duffey, R. B., "A MetFad of Calculating the Effect of Clad Balloon-
ing on Loss-of-Coolant Accident Temperature Transients," Nucl. Set Sn,_q. 58 1-20
(1975).

2-3
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Effect of blockage on the upstream region of the blockage zone due to steam--

bypass, droplet velocities, and sizes

in summary, the flow blockage heat transfer effects are a combination of two key
thermal-hydraulic phenomena:

-- A flow bypass effect, which reduces the mass flow in the blocked region and conse-
~

quently tends to decrease the heat transfer

A flow blockage effect, which can cause flow acceleration, droplet breakup,--

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

which consequently tends to increase the heat transf ar

These two effects are dependent on blockage geometry and distribution and counteract
each other such that it is not evident which effect dominates over a range of flow

conditions.

2-2. TASK OBJECTIVES

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

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

determine the effects of flow blockage geometry variation on the reflood heat
transfer

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

To develop an analytical or empirical method for use in analyzing the blocked--

bundle heat transfer data

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

2-4
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To achieve these objectives, the fuel rod burst and blockage literature and test pro-
grams were studied to find the most representative blocksoe shapes, which would be

candidates for testing in the 21-rod bundle test f acility. The shapes which were chosen

. and the bases for the choices are given in section 3. Many different shapes and distri-
butions of the blockage sleeves are possible; these combinations have been reduced to a

total of six test, series in the 21-rod bundle through engineering judgment, examination

of postulated flow blockage effects (paragraph 2-1), and examination of the existing
flow blockage model or method of calculation suggested by Hall and Duffey.II) The six

-21-rod bundle test series are listed in table 2-1 with an' explanation of the different

effects which were expected to be observed f rom the experiments. The exact geomet-
ric description of each shape is given in section 3.

As shown in table 2-1, three of the five blockage configurations utilized a noncoplanar

blockage sleeve distribution. This type of distribution was employed since most of the

out-of-pile data indicated that burst occurs in a noncoplanar f ashion. A noncoplanar
blockage distribution has recently been observed in the in-pile NRU tests (2) being
conducted in Canada. In the FLECHT SEASET flow blockage program, coplanar block-

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

defined as bursts located at different elevations; however, the blockage strain may
overlap from rod to rod. The sleeves for all test series were smooth, and no attempt
was made to simulate the burst opening in the clad. Tests were conducted with no

blockage in the same facility at the same thermal-hydraulic conditions, to serve as a
i basis f or evaluation of the flow blockage heat transfer.

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

configurations relative to the unblocked bundle, single-phase hydraulic tests, steam
cooling, forced reflood, and gravity reflood scoping tests were performed on each of the
six bundles (with the exception that gravity reflood tests were not oerformed on the

!
|

I
1. Hall, P. C., and Duf fey, R. B., "A Method of Calculating the Effect of Clad Balloon-

ing on Loss-of-Coolant Accident Temperature Transients," Nucl. Sci. Eng. 531-20
(1975).

|

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

BLOCKAGE SHAPES AND CONFIGURATIONS '

TESTED IN 21-ROD BUNDLE

Test

Series Configuration Description Comments

A No blockage on the rods This configuration served as a

reference.

B Short concentric sleeve, This series pmvided for both

coplanar blockage on blockage effect and some bypass

center nine rods effects.

C Short concentric sleeve, This series was easiest to analyze,

coplanar blockage on all since it provides no flow bypass

21 rods effects with maximum flow blockage

effect at one axial plane.

D Short concentric sleeve, This test series examined a nonco-

noncoplanar blockage on all planar blockage distribution and

21 rods was comparable to series C.

E Long nonconcentric blockage This test series permitted a one-to-

sleeve, noncoplanar blockage one comparison with series D in

on all 21 rods which all rods were blocked.

Comparison of series D and E with

unblocked data indicated the worst

shape.

F Test series E with increased This test series increased the block-

blockage sleeve strain, nonco- age effect relative to series E.

planer blockage on all 21 rods

2-6
|
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final configuration). The hydraulic tests were used to characterize the bundle in a

hydraulic fashion by measuring the blockage pressure loss coefficient, grid loss coef fi-

cients, and the 21-rod bundle friction f actor. These hydraulic parameters were then
input to a COBRA-IVII) model of the 21-rod bundle test f acility. The COBRA-IV code

(appendix A) was then used to calculate the single-phase flow redistribution in and

around the blockage zone for each configuration. In this f ashion, the measured local

heat transfer was associated with a calculated local flow (single-phase) from COBRA to
explain the heat transfer behavior.

The COBRA-IV calculations performed were single-phase steam flow redistribution
cWul ations. Although the flow during reflooding was two-phase for most of the test

time, the flow regime which existed above the quench front was highly dispersed flow.
A typical void fraction above the quench f ront for the low flooding rate test conditions

was 0.95. Therefore, steam flow was in the continuous phase and the relatively few
dmplets were not expected to affect the macroscopic (subchannel average) steam flow
and/or flow redistribution. Sample calculations were performed and reported in the

FLECHT SEASET program plan on the effect of steam redistribution on droplets. It
was shown that, excent for the extremely small drops, the liquid phase does not redis-

tribute with the steam flow. The drops have sufficient inertia to continue their flight
through the blockage zone without cny significant deviations.

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

environment compared to two-phase reflooding heat transfer data. In this manner, both
the single- and two-phase effects of the blockage on the local rod heat transfer could

be evaluated. Similarly, the gravity-driven blocked reflood tests permit one-to-one

comparisons with the unblocked gravity reflood tests in the 21-rod bundle test f acility
to each blockage configuration.

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

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

1. Wheeler, C. L., et al., " COBRA-IV-I: An Interim Version of COBRA for Thermal-
Hydraulic Analysis of Rod Bundle Nuclear Fuel Elements and Cores," BNWL-1962,
March 1976.
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into the reactor core. Also, forced flooding rate tests are easier to analyze and can be

used more effectively to develop a flow blockage model or method of analysis through

comparisons with identical mblocked forced reflooding tests. The gravity reflood
scoping tests were performed to ensure that no additional hidden flow effects could
cause a worst-case heat transf er situation as compared to the forced flooding test

dat a. The data analysis emphasis in these experiments will be on calculation of the
fluid conditions at each instrumented bundle axial plane, to help develop a model and a

mechanistic explanation of the flow blockage effect in the bmdle. The mechanistic
model or empirical method of predicting blockage heat transfer will be eva!uated in the

larger 163-rod bmdle test, whe're ample flow bypass can occur.

2-3. TEST FACILITY

The tests performed in this task are classified as separate effects tests. In tiis case,

the bundle is isolated from the system and the thennal-hydraulic condtiors are pre-
scribed at the bundle entrance and exit. Within the bundle, the dimensions are full
scale (compared to a PWR), with the exception of overall radial dimension. The low

mass housing used in this test series was designed to minimize the wall effects. The

housing was heated by radiation from the bmdle to reduce the radal temperature
cyadient across the tnndle and to minimize premature housing quench. To preserve
proper thermal scaling of the FLECHT facility with respect to a PWR, the power to
flow area ratio was made to be nearly the same as that of a PWR ft.el assembly.

The locatiors of bundle instrtmentation, such as heater rod thermocouples and steam

temperattre probes, were desicped to be nearly the same f or each blockage configura-

tion. The instrumentation in the test facility loop, housing, flow system, and controls

was identical for all test series. Tirough replicate tests at the same conditions in the

same facility, the local heat transfer on a given blocked rod was compared to that on an

unblocked rod, to obtain the effect of the flow blockage. Comparisons of this type, on
a one-to-one basis with unblocked data, allowed the determination of which shape or

distribution results in the poorest heat transf er relatiw to the mblocked geometry.
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The tests in the 21-rod bundle flow blockage task utilized a core rod geometry, CRG,(1)

.-

that is typified 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.

c_

TABLE 2-2
.

COMPARISON OF PWR VENDORS' FUEL

ROD GEOMETRIES
-

I Rod Diameter Rod Pitch
; Vendor mm (in.) mm (in.)

Westinghouse 9.50 (0.374) 12.6 (0.496)
Babcock & Wilcoc

-
9.63 (0.379) 12.8(0.502)

Combustion Eng'.neering 9.70 (0.382) 12.9 (0.506)
T Exxon 9.45(0.372) 12.6(0.496)
-

.
_

. 2-4. REFERENCE REFLOOD TEST CONDITIONS
;

f Most of the tests in the 21-rod bundle test matrix were constant forced flooding reflood

The test conditions represent typical safety evaluation model assumptions andtests. *

h initial conditions.

--

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

approximately 30 seconds after initiation of a hypothetical break. At this time, the,

lower plenum, which had emptied during the blowdown, has refilled 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 ominal diameter of 9.5 mm (0.374 in.), representative of
various nuclear fuel venars' new fuel assembly geometries and commonly referredr

to as the 17 x 17 or 16 x 16 essemblies.n

L

2-9
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core. The applicable reference assumptions for the reflood transient for a worst-case '

analysis of a hypothetical LOCA typical of a Westinghouse 17 x 17 four-le op PWR or
other PWR vendor plant are as follows:

The core hot assembly was simulated in terms of peak linear power and initial--

temperature at the time of core recovery.

Decay power was ANS + 20 percent, ac specified by appendix K of 10CFR50.46 and--

shown in figure 2-1.

-- The initial rod clad temperature is primarily dependent on the full-power linear
heating rate at the time of core recovery. For the period f rom 30 seconds to core

recovery or when the reflood water begirs to flood the core, typical calculations
yield an initial clad temperature in the hot assembly of 8710C (1600 F).

Coolant temperature was selected to maintain a constant subcooling to facilitate--

the determination of parametric effects.

Coolant was injected directly into the test section lower plenum for the forced--

flooding rate tests, and into the bottom of the downcomer for the cravity reflood
tests. Injection into the bottom of the downcomer was used for better test f acility

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) for a dry containment

plant.

The tests were performed with a uniform radial power profile.--

The axial power shape built into the heater rod was the modified cosine with a-

power peak-to-average ratio of 1.66, as shown in figure 2-2.

1

l

. . . ,9

N.,

i
'
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The use of the 1.66 axial profile will allow comparisons with the 161-rod unblocked and

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

among these tests.

The initially proposed reference test conditions and range of test conditions are listed

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

2-5. HYDRALLIC CHARACTERISTICS TEST CONDITIONS

To evaluate the pressure losses associated with the rod friction, grids, and blockage
sleeves, isothermal single-phase (water) tests were conducted for the one unblocked

configuration and the five 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 flows from 4.7 x 10-4 to0

3.5 x 10-3 3m /sec (7.5 to 55 gal / min). This range of Reynolds numbers was based on the

calculation from the 161-rod unblocked bundle,U) which showed that approximately half

of the injectec water is evaporated into steam. These Reynolds numbers envelop flood-

ing rates from 10 to 38 mm/sec (0.4 to 1.5 in./ cec). 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, it was expected that the pressure loss

coefficients would not vary significantly for turbulent flow Reynolds numbers greater
than 10,000.

2-6. STEAM COOLING TEST CONDITIONS
,

1

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

bundle outlet steam phase Reynolds number of the constant flooding rate tests. The
temperature of the outlet steam was limited to approximately 204 C (4000F) to prevent0

1. N. Lee, et al., "PWR FLECHT SEASET Unblocked Bundle, Forced and Gra rity
Reflood Task Data Evaluation and Analysis Report," NRC/EPRI/ Westinghouse-10,
September 1981.
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TAB LE '2-3

REFERENCE AND RAN OF TEST CONDITIONS FOR

21-ROD BlNDLE FLOW BLOCKA& TASK

.. -

INdd j Rep of
,

Param eter Condi tion - 1 Conditions
i

0Initial clad temperature 871 C 260 C - 871 C
0(1600 F) (500 F - 1600 F)

Peak power- 2.3 kw/m 0.88 - 2.3 kw/m

(0.7 kw/f t) (0.27 - 0.7 kw/f t)

Upper plentm pressure _ 0.28 MPa 0.14 - 0.28 MPa

(40 psia) (20 - 40 psia)

Flooding rate:

- Constant 25 mm/sec 10.2 - 152 mm/sec

(1 in./sec) (0.4 - 6 in./sec)

-- Variable in steps - 152 to 20 mm/sec

(6.0 to 0.8 in./sec)

Injection rate (gravity
0.82 to 0.09 kg/secreflood)- variable in steps -

(1.8 to 0.2 lb/sec)

Coolant AT subcooling 78 C 3 C-78 C
0(140 F) (5 F-140 F)

2-14
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failure of the upper seals (made of polyurethane) on the heater rods. The tests were run

to steady-state conditions in order to eliminate the effect of energy storage in the
facility, and for ease of data analysis.

2-7. GRAVITY REFLOOD TEST DESCRIPTION

The gravity reflood tests _ were conducted to provide _ a simulation of the conditions

expected to occur in reflooding the core af ter a LOCA. Coolant was injected into the

simulated dowcomer at flow rates which are representative of the nuclear power plant
accumulators.(1) The downcomer was attached to the test facility lower plenum by the.

crossover leg, whien was designed to provide a pressure loss coefficient equivalent to

that of a reactor lower plenum and core inlet, or a value of approximately 11. The
system pressure was controlled downstream of the test facility in the simulated
containment and the hot leg flow resistance (of approximately 32.5) was simulated by a
partially closed gate valve upstream of the simulated contairment.

2-8. TEST MATRIX

The originally approved test matrix as developed in the task plan (2) consisted of

23 tests grouped into eight series, as shown in table 2-4. However, during the test pro-
gram, several modifications and/or additions were made to the test matrix as discussed
in the following paragraphs.

In the course of testing the first bundle, a defective turbine meter provided for a
higher-than-specified forced reflood injection flow 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 reflood tests were conducted with the high
flow and high power. To provide direct bundle-to-bundle comparison, the forced reflood
tests in all subsequent bundles were subjected to these same test conditions.

1. Waring, J. P., et al., "PWR FLECHT-SET Phase B1 Data Report," WCAP-8431,
December 1974.

2. Hochreiter, L. E., et al., "PWR FLECHT SEASET 21-Rod Bundle Fit.w Blockage
Task: Task Plan Report," NRC/EPRI/ Westinghouse-5, March 1980.
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TABLE 2-4
|
|

TEST MATRIX FOR 21-ROD BUNDLE FLOW BLOCKAGE TASK

Rod Initial Rod Prak . Inlet

Test Pressure Temperat ure Power f Inw Rate Subenohnq

f Wa (psia)) (DC (DF) fkw/m fkw/f t)) { kq/sec (it /sec) ("C ("F)) Paramet er Test Series
No.

|

1 0.28 (40) 131(267) 0.043(0.013) 0.011(0.01) O Steam .I

2 0.28(40) 131 (267) 0.ORR (0.027) 0.027 (0.06) O ennimq

| 3 0.28(40) 131 (267) 0.1 t (0.034) 0.034(0.075) O test

f
1 FInnrhnq Rate
'

f mm/sec (in/sec
,

4 0.28 (40) 871 (16001 0.08 f 0.27) 10 (0.4) 78 (140) Cmst ant 2

5 0.28(40) 871 (1600) 1.1 (0.4) 15(0.6) 7R (140) flourfirvi (ref erence) .

to 6 0.28 (40) 871 (1600) 2.3 (0.7) 20 (r'.8) 78 (140) rate

b 7 0.2R(40) R71 (1600) 2.3 (0.7) 25(1.0) 78(140) tests
*

[ 8 0.28 (40) 871 (1600) 2.1 (0.7) 3R (1.5) 78 (140)

! 9 0.28 (40) 871 (1600) 2.3 (0.7) 152(6.0) 78 (140)
.

10 0.28 (40) 871 (1600) 0.RR (0.27) 10(0,4) 78 (140) Pressure 1

11 0.28 (40) 871 (1600) 1.1 (0.4) 15(0.6) 78 (140) effect

12 0.28 (40) 871 (1600) 2.1 (0.7) 25 (1.0) 78 (140) test s

13 0.28 (40) 87t (160n) 2.1 f 0.7) 25(1.0i 3 (5) Subcoolinq 4

'
,

14 0.28 (40) R71 (1600) 2.1 (0.7) 152 (6) 5 sec 78 (140) Variable 5

stepped

| 20 (0.8) mward finw

15 0.2R(40) 871 (1600) 2.1 (0.7) 25 (1.0) 7R (140) Repent test 6

- - - .
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TABLE 2-4 (cont)

;;

TEST MATRIX FOR 21-ROD BUNDLE FLOW BLOCKAGE TASK
4

Rod Initial Rod Peak Inlet

Test Pressure Temperature Power Flow R ate Subcoohng

[hPa (psia)) (DC (DF)) (kw/m (kw/ft)) (kg/sec (Ib/sec)) (OC(T))No. Parameter . Test Series

16 0.28 (40) 871 (1600) 2.3 (0.7) 0.82 (I.8) 14 see 78 (140) Cravity

0.095 (0.21) re ficod

onward t ests

7

I 17 0.14 (20) 871 (1600) 2.3 (0.7) 0.82 (l.8) 14 see 78 (140)
i 0.095 (0.21)

onward

1

j y Flooding R ate

M f m /sec(gal / min))3
;
- M

h 18 0.10 (15) 21 (70) 0 6.3 = 104 (10) 79(142) Hydraulic
j 19 0.10 (15) 21 (70) 0 1.3 = 10-3 (20) 79 (142) characteristics

! 20 0.10 (15) 21 (70) 0 1.9 = 10-3 (30) 79 (142) t ests

! 21 0.10 (15) 21 (70) 0 2.5 = 10-3 (40) 79 (142) 8

22 0.10 (15) 21 (70) 0 3.2 = 10-3 (50) 79 (142);

i 23 0.10 (15) 21 (70) 0 3.8 = 10-3(60) 79 (142)

i

i
<

j

i

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

which was possible in the 21-rod bundle test f acility. The system pressure in the steam

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

the upper heater rod seal temperature limit of 1340C (2750F). The temperature rise of

the seal plate 'was greater than the difference between the saturation temperature of -
01300C (2670F) at 0.28 MPa (40 psia) pressure and the seal temperature limit of 134 C

(275 F).

The effect of the relatively cold housing on the bundle quench front and radial tempera-
0

ture profile was reduced by heating the housing to approximately 5380C (1000 F) peak

temperature prior to the initiation of reflooding. The housing was heated by pulsing the
heater rod bundle twice to approximately 6490C (12000F) peak temperature. All
reflood tests were conducted with a hot housing except for the 152 mm/sec (6 in./sec) -

forced flooding rate test, since the quench f ront progresses very rapidly and it was
believed that the initial housing temperature would insignificantly affect the bundle

behavior. -(See appendix B for an evaluation of the housing effect.)

The 3 C (5 F) subcooling test could not be run in the first bundle, apparently because of

the heat losses in the injection line which substantially reduced the temperature of the

coolant prior to flood. However, a 280C (50oF) subcooling test was run in the first bun-

die and in all subsequent bundles. In order to avoid pressure oscillations in the low sub-

cooling test, the initial peak housing temperature was only 454 C (8500F).

Four additional forced reflood tests were conducted in configuration F instead of the

gravity reflood tests, to provide a comparison between the 161-red unblocked bundle

and 163-rod blocked bundle at similar test conditions.

|

I
|

|

|
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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 rnd deformation

would reduce the fluid flow area in the rod array. The shape of the rod swelling and

burst is refe red to as a blockage shape. This flow area reduction (or flow blockage) is
governed by the shapes and spatial distribution of blockage. Therefore, to simulate the

thermal-hydraulic conditions of the fluid in the blocked rod array, blockage shapes and

their spatial distribution must be chosen properly. The number of selected blockage
shapes should be minimized to make blockage tests feasible, but it must be sufficient to

address the important effects of the flow blockage on heat transfer. The spatial block-

age distribution must also be chosen to represent realistic situations and to provide fun-
damental understanding of blockage effects on the local heat transfer.

The results of several single- and multirod burst tests were used to define the blockage
shapes to be simulated in the 21-rod blockage task. Discussions with 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 flow
blockage.

3-2. BLOCKAGE SHAPES

Several out-of-pile and in-pile burst tests have been performed to aid the understanding

of rod burst phenomena during a LOCA. Out-of-pile tests have employed several heat-

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

include a stiff internal heater rod (continuous rigid heating element) method, external

radiant heating, and direct resistance heating. The external radiant heating and direct

3-1
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resistance heatup methods are believed to distort the thermal response of the clad
deformation. The internal heater rod may reduce the clad temperature nonuniformity

which is expected in the real situation of stacked fuel pellets. Although an out-of-pile

test method is not ideal, it is generally agreed that an internal heater method is most
representative of the real situation. Therefore the results from the tests using internr,l' i

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

defining blockage shapes as well as available in-pile test results.

The available results from several red burst tests showed that there were two distine-
tive rod swelling patterns, depending on_ the burst temperature. This is due to the
existence of two phases of Zircaloy, whose material properties are quite different from

each other. Zircaloy is in the alpha phase at temperatures of less than 8320C (15290F)

and in mixed phase of alpha and beta types between 832 F and 970 C (15290F and
1779 F). Above 970 C (1779 F), Zircaloy is in beta phase. Alpha phase Zircaloy has0

anisotropic strain properties. The deformation of Zircaloy at high temperatures is very
0sensitive to minor temperature irregularities since about 15 C (27 F) temperatum dif-

ference will about double the strain rate. The anisotropic strain properties of Zircaloy

cause the rods to shorten in proportion to the amount of circumferential strain. Thus,

if a hot spot occurs on one side of the clad, the rod will bow with 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 difference 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-
,

erties. As the clad strains circumferentially, there is no rod shortening and no rod

bow. Thus beta phase bursts tend to be more concentric.

Therefore, two typical 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. Detailed exp!anations of the choices are given in the 21-rod bundle
flow blockage task plan.(1)

1. Hochreiter, L. E., et al., "PWR FLECHT SEASET 21-Rod Bundle Flow Blockage
Task: Task Plan Report," NRC/EPRI/ Westinghouse-5, March 1980.

3-2
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3-3. BLOCKAGE CONFIGURATIONS

The 21-rod bundle tcsk examined the reflooding phtnomenon for rtimple blockage con-

figuratiens in order to obtain a fundamental understanding of the heat transfer change
effected by blockage and to select a worst blockage shape in terms of heat transfer.

l'his selected shape will be used in a separate large blocked bundle test with ample
bypass.(1) The effects of blockage on heat transfer are due to flow bypassing in the

blockage zone and local flow behavior in and downstream of the blockage. Bypass flow

is expected to reduce heat transfer in the blocked mgion because of reduction of fluid

flo.v, but rbe geometry blockage itself may increase heat transfer as a result of
increased turbulence and droplet disintegration. These two heat transfer eff ects are

counteracting; for a clear understanding it is necessary to determine which effect can
'

dominna under which thermal-hydraulic conditions. Therefore, this test series studied

$setr a determine the relative importance of flow bypass and local blockagethese et

geometry en t ' flood heat transfer.

For these purposes, this test pmgram utilized two blockage shapes (concentric and non-

concentric), different strains, and two blockage distributions (coplanar and nonco-
planar). In the coplanar blockage distribution, all the sleeves on the rods are at the
same axial elevation; the noncoplanar distribution does not have all the sleeves at the

same elevation.

The following six blockage configurations were tested:

- Unblocked (configuration A)(2)

-- Concentric sleeve, 32.6 percent maximum strain, coplanar on nine rods
(configuration B)

1. Hochreiter, L. E., et al., "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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Concentric sleeve, 32.6 percent maximum strain,~ coplanar on - all rods-

(configuration C) -
.

Concentric sleeve, 32.6 percent maximum strain, noncoplanar on all rods-

-(configuration D)

Nonconcentric sleeve, 36 percent maximum strain, noncop!.anar on all rods--

(configuration E)

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

(configuration 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 ree9? ting

from a high-temperature beta phase burst of Ziraaloy clad. The coplanar sleeve loca-

tion was chosen because of its geometric simplicity, which is advantageous for data

analysis. Configuration B was expected to show the eff ect of a partial bypass of fluid

flow. Configuration C, with sleeves on all rods, was designed to study blockage effect

without bypass. Configuration D was noncoplanar, to simulate the expected blockage

distribution. The method of distributing sleeves in a noncoplanar way is discussed in

paraoraph 3 'J.

Configuration E used long no> concentric sleeves on 21 rods. The results of this test
were compared to those from configuration D to help determine the e'fect of sleeve
shape and geometry on reflooc' heat transfer. These comparisons showed that the non-

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

appendix C. Therefore the nonconcentric sleeve was used in configuration F with the

higher strain, to examine:he strain effect.

s
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3-4. Noncoplanar Blockage Distribution

A noncoplanar blockage test configuration erquims a method to axially distribute the
blockage sleeves. The following paragraphs MesJribe the method of distributing the
blockage sleeves on the heater rods. The objective was to locate blockage sleeves in

the bundle in such a manner that the statistics of the location coincide with the
expected deformation and bursts of a PWR.- The basis of this approach is the following

statement from the ORNL multirod burst test results: "Postlest deformation measure-
~

ments showed excellent correlation with the axial temperature distribution, with
- deformation being extremely sensitive to small temperature variations."(I)

Burman and Olson(2) have studied temperature distributions on rods in a bundle. Their

method can be employed to determine the statistics of burst locations ir the bundle.

The burst locations so determined were selected without considering the grid effect on

burst location which was observed in the German REBEKA tests.I3) It was found that

rod burst locations were shif ted toward the fluid flow dimetion because of enhanced
heat transfer downstream of the grids.

Incorporation of this hydraulic effect on burst location requires knowledge of the time
of rod burst. Rod bursts during blowdown are expected to occur at locations shifted

' downward, because of the downward fluid flow at the time. Burst at the end of blow-

down and during refill may not be affected by fluid flow because there is little fl Jid
flow at these times. During the reflood phase, rad bursts will occur at locations shif ted
upward.

1. Chapman, R.H., "Significant Results from Single-Rod and Multirod Burst Tests in
Steam With Transient Heating," paper presented at Fif th Water Reactor Safety
Research Information Meeting, Gaithersburg, MD, November 7-10,1977.

;

i

2. Burman, D.L., and Olson, C.A., " Temperature and Cladding Burst Distributions in a j
PWR Core During LOCA," Specialists Meeting on the Behaviour of Water Reactor 1

Fuel Elements Under Accident Conditions, Norway, September 13,1976, pp 73-77.

3. Wiehr, K., et al., " Fuel Rod Behavior in the Refill and Flooding Phase of a Loss-of-
Coolant Accident," CONF-771252-5, December 1977,

i
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Fuel rods in a PWR can burst at any phase of a LOCA transient, depending on power

distributio.', 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 ell 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 characteristics of one rod may be used to infer

the behavior of the rod bundle.

1

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:

(p - T)2 )j; -(p - t)2T"

)3 g
exp exp dt i dT (3-1)

2 2M 20 j=1,N o M 20
'

0 O.i T T 0 T
.

,

Here OT and p g 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 characteristics

(OT and V g) 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 location.

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.

3-10
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The local temperature can be divided into two components:
1

'

Tlocal = Tlocal + Tlocal (3-2)

where Elocal and T'ocal are the mean and the variation of local temperature, respec-!

tively. The mean temperature is obtained from the axial mean temperature distribu-
tion. The local temperattre variation is a Itnction of the following ef fects:

Manufacturing effects--

Initial fuel pellet density
Fuel pellet diameter

Fuel enrichment

Manufacturing variables whleh affect fuel densification

Clad local ovality
'

Fui. pellet chemical bonding

In-pile effects-

Fm. oellet radial offstet within clad
Fu elN crackfrig
Ftr. y nsification

Burst prabbilities at each rod increment can be computed by equation (3-1) with the
inputs c' Ur and tig.

Westinghouse has developed a statistical method for the distribution of sleeves in a 163-

rod bundle according to the probability distribution calculated above. However, this

method, cannot be applied directly to the 21-rod bundle, because of the small sample
!

number. Therefore, the method was modified for the small bundle. The method used
I

'

for the 21-rod bundle maintains the principle of the previous statistical arguments and

can be applied to the large bundle to remove the slight dependency of the axial block-
age distribution on sample random numbers.

1

.t- 3-11
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~ Multiplying the' probabilities by the. total rod number gives theoretical burst numbers at j
' the corresponding axid increments. 'These numbers are usually not integers._ There-
fore, for practical purposes, these numbers are transformed to integers to satisfy the
requirement that the total burst numbsr is the same as the total rod number. These
integer numbers indicate how many sleeves should be locat'ed at specific axial incre-

~

ments. This procedure is shown schematically in figure 3-3. An increment (1-th) is then

selected at random. Since it.is known from the above calculation that N rods havo .g

bursts at th'is increment,' N; rods are selected at random. Each of these selected rods
has a sleeve on the i-th incrament. Then another increment and corresponding rods are

selected at random. This procedure is repeated until all the axial increments where

bursts occur have been considered.

A computer program was written to execute this procedure for selection of sleeve
locations. This program, called COFARR (Coolant Flow Area Reductinn), calculates
subchannel blockage with_ given input strain information of the blockage sleeve. The

program is discussed in appendix D. ,

i

3-5. Input Data

.

The mean temperature distribution at time of burst and local temperature fluctuation

data are required to compute burst pmbability from equation (3-1). In addition, strain ;

information is required W compute actual blockage distribution and subchannel area.

Westinghouse requested that the three other PWR fuel vendors (Babecek & Wilcox,
Combustion Engineering, and Exxon) provide relevant information to calculate a noneo-

planar blockage distribution.

a mean temperature distribution at the time of burstWertinghouse calculated

(figure 3-4) by analyzing a LOCA. Burst was calculated to occur at the end of
blowdown. Babcock & Wilcox(I) calculated an axial temperature distribution for its

.

7d j

1. Personal communication fmm J. J. Cudlin, Babcock & Wilcox, to H. W. Massie, Jr.,
. Westinghouse, April 5,1978.

o
,

%
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2 (8.55 f t ) double-ended cold jeg break.' Babcock &2plant-(15'x 15 fuel) for a 0.794 m,

_
:Wilcox also analyzed a plant with 17 x 17 fuel for the same accident case. Clad rupture
was calculated to occur during blowdown.E Combustion Engineering (l); analyzed Its 16

x li5 fuel assembly for-a worst-temperature distribuuon unng LOCA licensing analysis.

b Jcodes. and input data. : Exxon (2) also~ used its' WREM ECCS .model to get a mean :

.J tem'perature distribution for a'15 x 15' fuel assembly at the Lime of rod rupture. Com- -

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

& Wilcox plants are expected to have the most peaked axial temperature distributions.i

The Westincpouse temperature distribution was chosen to be a reference case. Detailed '

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

i
.Manuf acturing quality asswance records were reviewed by Burman and Olson to deter-

.
.

. mine the realistic distribution for ~ pellet parameters which would have an effect on
weal temperatwe vadation, such as enrichment (negligible), initial' density, sintering -

f. characteristics, diameter, and surface roughness. The -variations thus obtained were

-input into Westinghouse standard design codes to determine their effect. on operating'

7
temperature. Perturbation studies were analyzed to determine the effect of small

I variations in initial power and temperature on the clad temperature at -the time of ~

j burst, for cases in which burst occurred during refill. The initial temperature distribu-

| tions were then modified to account for these effects. The resulting responses were

statistically combined to obtain the overall temperature uncertainty just prior to the

| accident due to manuf acturing variables. The resulting standard deviation in tempera-
0 0ture was found to be approximately 9.80 C (17.6 F).

!

Of the various incertainties in pellet temperature due to in-pile effects, only the.

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

f finite difference program, the effect of pellet eccentricity on pellet average tempera-

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

r

; - eccentricity. The resulting temperature distribution was convoluted with that arising
: i

;

! 1. Personal communication from J. H. Holderness, Combustion Engineering, to H. W.
| Massie, Jr., Westinghouse, April 11,1978.
,

j 2. Personal communication from R. E. Collingham, Exxon Nuclear, to M. W. Hodges,

|
USNRC, August 3,1978,

i
!
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from manufacturing uncertainties and the convoluted sum corrected to account for the
i

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 manuf acturing variables, the total standard deviation in local
~

0temperature becomes 13 C (240C) at the time 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 70C (120F) 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 tests 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 f rom various rod burst tests. 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 f rom 26 to 42 percent were observed. The
German in-pile test showed relatively low strains, ranging fmm 8 to 32 percent.

I

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 with the ' data of _the REBEKA test.0,2) Therefore, a strain of j

36 percent was chosen as a reference case for tests with nonconcentric sleeves. A j

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

relation between the concentric and nonconcentric sleeves is discussed in the following

paragraphs.

3-6. Relationships Between Different Configurations.

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

above. The results obtained from these tests were intended to be used to determine a
blockage shape heat transfer and to obtain'a better understanding of heat transfer in
blocked bundles. Therefom one must establish the bases of comparison between differ-

ent test conditions for these purposes.

Two distinct pairs of test configurations are significant: concentric versus nonconcen-

tric sleeve shapes and coplanar versus noncoplanar sleeve arrangements.

i 3-7. Concentric Versus Nanconcentric Sleeve Shapes -- As noted above, the 21-rod test

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

favorable heat transfer. To select the sleeve shape, it 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 earlier, the sleeve locations for configurations D and E are the same, since

the inputs of mean temperatum and standard deviation are the same for both cases.

1. Erbacher, F ., et al., " Interaction Between Thermohydraulics and Fuel Clad
Ballooning in a LOCA, Results of REBEKA Multi-Rod Burst Tests With Flooding,"
presented at Sixth Water Reactor Safety Research Meeting, Gaithersburg, MD,

.

November 1978.
|
' 2. Wiehr, K., "Results of REBEKA Test 3," presented at Zircaloy Cladding Research

Review Meeting, Idaho Falls, 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 for the concentric sleeve to

provide a meaningful comparison between the two sleeves. The following two alterna-

tives were considered:

-- Maintain the maximum blockage from the single concentric sleeve the same as that

of the nonconcentric one.

-- Maintain the bundle-wide maximum blockage the same.

Each alternative is a valid basis f or comparison. However, the second case requires

that the strain be determined as a function of number of sleeves and axial sleeve distri-

bution. That is, this comparison provides a very restricted case. The first case is not

affected by these parameters and considered to be mom general.

Therefore the strain of the concentric sleeve was selected to have the same maximum
flow blockage as the maximum blockage of the nonconcentric sleeve, as indicated in
figure 3-6. This gives the maximum strain of the concentric sleeve as 32.6 percent.

The resultant tests of configurations D and E were evaluated by calculating the
enhancement f actor, Ne, which is defined by the following equation according to the
Hall and Duffey approach:{I) I

h Db
p=G- Ne (3-3)

o of

where h and G are the heat transfer coefficient and fluid flow rate, respectively; m is a

constant. Subscripts b and o represent blocked and unblocked bundles, respectively.
Detailed discussions are provided in section 6.

1. Hall, P. C., and Duffey, R. B., "A Method of Calculating the Effect of Clad
Ballooning on L oss-of-Coolant Accident Temperature Tra nsients," Nucl. Sci.
Eng. 511-20 (1975).
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A. CROSS-SECTIONAL VIEW AT MAXIMUM BLOCKAGE FOR
I CONCENTRIC SL'EEVE

,

f I
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f
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B. CROSS-SECTIONAL VIEW AT MAXIMUM BLOCKAGE FOR
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Figure 3-6. Blockage Sleeve Maximum Strain
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: 3-8. Coplanar.Versus' Noncoplanar Sleeve Distributions - 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, keeoing tre
pressure ; drop constant is difficult, because' the total pressure .dmp is expected to be

small and :it is difficult, to predict such a -small pressure drop.with good accuracy.
~

- Keeping the' strain. constant is straightforward. It is also a sensible way to study heat-

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

arrangement is a special case in which the noncoplanarity (or local temperature uncer-
tainty) is zero.

.

3-9. Sleeve Distributions

The following paragraphs describe the actual sleeve distribution used in each bundle as

a result of the analysis of the preceding paragraphs.

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

and configuration C had sleeves on all the rods. . The sleeves on the eight corner rods
were modified to fit into the housing, as shown in figure 3-7. The centers of the con-

centric sleeves were located at 1.85 m (73 in.) from the bottom of the bundle for both
Cases.

3-11. Configurations D, E, and F - A noncoplanar sleese distribution was calculated

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

As indicated above, the same sleeve distribution was used for all these configurations.
That is, the middle of a Fleeve was located at the middle of the indicated node on each
rod.

The sleeves on the eight comer rods for these configurations were also modified to fit
into the housing, as in configurations B and C.

i
|

|

L

l
'
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' 3-12. Bulge Directions for Nanconcentric Sleeves -- Data from Westinghouse multired
~

burst: tests (l) showed a thimble effect on circumferential burst location (appendix E).

The burst locations were 'not random, and were usually directed away frora t* *r'St es. .

This indicated that the thimbles were good heat sinks, causing nonuniform circumfere w

tial temperature distributions on neighboring rods. It must be noted that a burst occura
at the hottest point of a rod; major flow blockage due to burst is on the opposite Nde of

the burst location.

Observations from the Westinghouse tests indicate that burst can occur toward either

adjacent subchannels or rods. For the present purpose it was proposed that bursts be
restricted to occur only toward adjacent subchannels for the following reasons:

-- Blockage study is not intended to investigate detailed variations in a subchannel but
to determine average subchannel behavior.

-- The additional parameter of burst orientation makes data analysis complicated
without an apparent improvement of understanding.

-- There are physical limitations in installing the blockage sleeves on the rods.

The above finding and proposal provided the bases for selecting bulge directions of the
nonconcentric sleeves in the 21-rod bundle. First it is necessary to find 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 effort had been made to couple the 21-md bundle to the 163-rod bundle to
maximize data utilization,(2) it was better to consider the relative location 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 Zircaloy Clad Fuel Rods During a
Multirod Burst Tests," WC AP-7495-L,Simulated Loss-of-Coolant Accident -

April 1970.

2. L. E. Hochreiter, et al., "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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(figure 3-9). For this case it was straightforward to find out the hottest subchannel (or
subchannels) associated to each rod, because of the unique distribution of the thimbles.

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

bundle, as indicated by dots in figure 3-9. The bulge directions of some rods were

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

with multiple choices could be chosen from the possible locations so that the four
center subchannels have high blockages. The locations of the peripheral rods with

multiple choice could be chosen arbitrarily from the possible locations. The resulting

bulge directions are shown in figure 3-8.

3-13. Bundle-Wide Blockage Distributions - The resulting bundle-wide blockage distri-

butions of configurations C through F were calculated, and are shown in figure 3-10.

,
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SECTION 4
SYSTEM DESCRIPTION

4-1. INTRODUCTION

The FLECHT SEASET 21-rod bundle test f acility was, in general, a scaled-down version
of the FLECHT SEASET 161-rod unblocked bundle test f acility,II) as shown schemati-

cally in figure 4-1. The test f acility consisted of the following major components:

A heater rod bundle and flow blockege sleeves-

-- A low mass housirg, an upper plenum, and a lower plenum

- A coolant injection system and a steam injection system

-- A phase separation and liquid collection system

A downcomer and crossover leg-

All of the above components were thoroughly instrumented, in order to measure flow

blockage effects within the bundle and respective boundary conditions at the bundle
inlet and outlet.

The test section, upper and lower plenums, liquid collection tanks, and the downcomer

and crossover leg have approximately the same volume to flow area ratio as the 161-rod

unblocf<ed bundle f acility.

1. Loftus, M. J., et al., "PWR FLECHT SEASET Unblocked Bundle, Forced and Gravity
Reflood Task Data Report," NRC/EPRI/ Westinghouse-7, June 1980,NUREG/CR-1532,
Volumes 1 and 2.
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The facility is capable of performing steam cooling, forced flooding, and gravity reflood
tests similar to those performed in the 161-rod unblocked bundle f acility, and also

capable of performing hydraulic characteristics tests. Paragraphs 4-2 through 4-5

briefly describe each type of test.

4-2. HYDRAULIC CHARACTERISTICS TESTS

The hydraulic characteristics tests were performed at the beginnina of each test series
to determine the pressure losses associated with rod friction, grids, and blockage
sleeves. The test section, exhaust piping, and components were filled solid with roonw

3temperature water. Steady-state flows between 6.3 x 10-4 and 3.8 x 10-3 m /sec (10

and 60 gal / min) were established through the test section, utilizing the coolant injection

4 system. The housing differential pressure transmitters measured the pressure drop for
each 0.30 m (12 in.) increment. Testing was terminated af ter at least 60 seconds cf

steady-state data had been collected.

4-3. STEAM COOLING TESTS

The steam cooling tests were performed to measure the single-phase now Faat transf er

effects of the flow blockage. Steam flow was initially established in the '.est section

utilizing the steam injection system while system pressu*e was maintained by the
pneumatically operated control valve located in the exhaust line. A constant low power
(1.37 to 6.07 kw) was set in the rod bundle with an auto transformer. The steam cooling

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

4-4. FORCED REFLOOD TESTS

The forced reflood tests were performed to measure the two-phase flow heat transfer

effects of the flow blockage during forced flow injection. The forced reflood tests uti-

lized all the major f acility components, with the exception of the steam injection sys-

tem, downcomer, and crossover leg.

4-2
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4-7_ nyer Rod Bundle

The bundle was composed of 21 instrumented heater rods and f our solid triangular

fillers (figure 4-2) and eight FLECHT-type grids (figure 4-3).

Details 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 listed in table 4-1.

In the heater rod design utilized f or configurations A through D (figure 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-

pie f ailures. 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
integrity, the heater element coil diarneter was decreased from 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.).

All the heater rods in the 21-rod bundle test program were annealed af ter manuf acture

at low temperatures [4500C (842 F) for 60 hours] to remove the residual stresses. The

annealing process was believed to reduce premature thermocouple f ailure by counter-

acting grain structure embrittlement caused by cold working of the thermocouples
during the manuf acturing process.(1) An infrared scan of each heater rod was also per-

formed by Oak Ridge Naticaal Laboratory to check heater coil integrity and density of

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

btndle test program to eliminate heater rod f ailures and thermocouple f ailures, which

had occurred in the 161-rod unblocked bundle tests. These procedures were apparer,tly

successful, since there were no heater rod f ailures and minimal thermocouple f ailures 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 affect rod
per f ormance.

1. McCulloch, R. W., et al., Proceedings of the International Symposium on Fuel Rod
Simulators - Development and Application, Gatlinburg, T N, October 1980,
pp 435-439.

4-6
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f : ' - C, oolant flow from the 0.38 in3 (100 gal) capacity water supply accumulator entered the
'

,

2 tbst section housing through a series of hand valves and thmugh a pneumatically oper-

"ated control valve and a series of solmoid valves. Coolant flow was measured by a tur- !

l
bine meter located in the injectix,jine. Test section pressure was initially established
by a steam boiler connected to the upper plenum of the test section. During the reflood

test, the boiler was isolated frcrn the system and pressure was maintained by a pneu-

matically operated control valve located in the exhaust line. Liquid effluent leaving
the test section was separated in the urper plenum and collected in a close-coupled car-

ryover tank. An entrainrnent separatdr located in the exhaust line was used to separate l
Iany remaining liquid entrained in the vapor. Dry steam flow leaving the separator was !

measured by an orifice meter before it was exhausted to the atmosphere. A more.

detailed explanation of f orced reflood f acility operation is presented in paragraph 4-32. j

4-5. GRAVITY REFLOOD TESTS

The gravity refloud tests were performed to measure the two-phase flow hect transfer

effects of the flow blockage during the PWR-simulated gravity flow injection.

For gravity reflood tests, the downcomer and crossover pipe were connected to the test

section lower plenum. Coolant was then injected into the test section through the
downcomer. A full-bore gate valve, installed in the exhaust line, was partially closed
for these tests to simulate the PWR hot leg flow 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. Facility operation was
essentially the same as that in forced reflood tests.

4-6. FACILITY CONPObENT DESCRIPTION |

1

The various components of the 21-rod bundle test f acility are described in the folloviinq

paragraphs. The key instrumentation for each component is also listed.

4-5
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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

/ 000N - HEATER ROD
9.50 mm (0.374"),

00000
00000

OO0 7
FILLER
9.52 mm X 9.52 mm
(3/8" X 3/8")
304 SS

-

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

TFERMOPK 4 CAL PROPERTIES' OF HEATER ROD MATERIALS (a):

_

Thermal
Density , Specific Heat Conductivity -

, , ,

3 3Material kg/m (Ibm /1t ) J/kg 0C(Btu /lbm- F) , /m 0C(Btu /hr-ft OF).W

Kanthal 7144.24 456.36 + 0.45674 T
(446) for T <6490C

(0.109 + 0.000059 T
0f or T <200 F)

4161.68 - 3.243 T 16.784 + 0.0134 T |
f or 6490C <T <871')C ' (9.7 + 0.0043 T)

(0.994 - 0.00051 T
for 12000F <T <16000F)

664.86 + 0.0904 T
for Tg71 C'

(0.1588 + 0.000012 T
for T 16000F)2

Baron 2212.15 2017.74 - 1396.26e (- 0.00245 T) 25.571 - 0.00276 T
nitride (138.1) [0.48193 - 0.333492e (14.7778 - 0.000889 T)

(-0.0013611 T)1

Stainless 8025.25 443.8 + 0.2888 T 14.535 + 0.01308 T
steel (501.0) for T <315 C (8.4 + 0.0042 T)

(0.106 + 3.833 x 10-5 T
for T <599.25 F)

484.4 + 0.1668 T
f or T 315 C2

(0.1157 + 2.2143 x 10-5 T
for T 599.25 F)2

c, See ta '.e E-1 f or data sources.

..
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The triangular fillers were split and pin-corrnected to each other midway between grids

to accommodate thermal growth, and weldad to the grids to maintain the proper grid
location. The fillers reduced the amount of excess flow area (1) in the housing, and also

supported test bundle instrumentation leads. The excess flow area was approximately

12.4 percent with the fillers. Bundle assembly and filler details are shown in fig-
ures F-4 and F-5. The fillers were instrumented with several thermocouples (except in
the first bundle), to measure filler thermal response. The grid design, essentially the

same as that utilized in the 161-rod unblocked bundle, is shown in figure F4.

4-0. Flow Blockage Sleeves

The blockage sleeve shapes tested consisted of concentric short sleeves and
nonconcentric long sleeves as previously described in section 3 and shown in
figure 4-4. Configurations 8, C, and D utilized the short concentric blockage sleeve

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

was hydraulically expanded into a meld. Configuration B, with coplanar blockage on the

nine center rods, utilized the hydroformed short, concentric sleeve shown in
figure F-7. Configuration C, with coplanar blockage on all 21 rods, used 13

hydroformed short, concentric sleeves like those in configuration B; the eight corner
rods used machined short sleeves with t vo flats as shown in figure F-8, to fit adjacent
to the triangul r filler rods. For the noncoplanar, all-rods-blocked configuration D, the

hydroformed ard machined comer sleeve design of figures F-7 and F-8 was used.

Configurations E nnd F, all rods blocked, noncoolanar blockage, utilized long noncon-

centric hydroformed and machined sleeves. In configuration E, the hydroformed sleeve

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

design (figure F-10) was used. Configuration F was the same as configuration E except

that the circumfe'rential strain (blockage) was increased, as shown in figures F-11 and

F-12.

1. Excess flow area is that area which is in excess of the area occupied by 21 rods in a
large rod array.

4-10
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On instrumented blockage sleeves, a gr ove w'as milled into the sleeve well at the point'

of maximum strain, and thermocouples were then Nicrobrazed into the groove. The

effect of instrumenting the blockage sicuyes.was found to be negligible in a single-rod
''

test, as' discussed in appendix G.
,

-

wt

. 5leeves were attached to the rods by applying a weld bead to the heater rod sheath
through a hole predrilled in the sleeve wall.' The weld bead was high enough so td.at the .

m - s .

- sleeve could not slide over it. N - % _.

'

. ,,
,

%

- Since an annular gap may exist between this flow blockage sleeve and the heater r,od,
steam may flow thmugh this osp. The amount of steam flow between the sleeve and

the rod was calculated utilizing a simple parallel flow path model. The bundle fric-
m.

tional pressure drop pmvided the flo'w between the sleeve, and the rod was modelled
..

' ' (for the short, concentric sleeve) as shown below:
-

%

b

13 mm (0.5") -> < GAP
u

T._
' '

Vbundle 25 mm (1.0,")
'

"
.. :: 7.6 mm (0.030")

- x . n

13 mm (0.5") c SLEEVE ID
u

'

= ROD OD' ~

'
.

The bundle conditions were assumed to be 8650C (15900F) and 0.28 MPa (40 psia), and a

velocity of 12 m/sec (40 f t/sec). The width of the gap was varied in this calculation

between 0.1 mm (0.005 in.) and 0.6 mm (0.025 in.). The results of this calculation are
shown in figure 4-5 as a function of gap width. The mass flow between the sleeve and

' the rod was calculated as Dpercentage of the bundle mass ficw rate. The bundle

"
s.

%

A.
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[ 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 8150C

(15000F). 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 clore 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 subsequently enclosed with thin stainless steel

sheathing to protect the insulation f rom 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 test series,it was necessary

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

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

formed on each of the housings to determine the average inside diameter. Also, af ter

4-14
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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 bucklino 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 f rom the bundle flow area of approximately 20 cm2
(3.2 in.2) to the upper plenum cross-sectional area of 323 cm2 (50 in.2) 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

TABLE 4-2

HOUSING DIAMETER AND BUNDLE FLOW AREA

Housing Diameter Averaoe Bundle Flow
3

Housing No. Configuration [cm(in.)) Area (cm (in.2))
2

1 A 6.88 (2.71) 20.8 (3.22)
B 20.6 (3.19)

4

2 C 6.88 (2.71) 20.7 (3.21) ;
D 20.5 (3.19)

3 E 6.93 (2.73) 20.6 (3.20)
F 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-phase flow was further separated by means of tre upper plenum baffle

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

Flow was injected irto 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 lowc seal plate, was pertorated with 192
3.6 mm (0.14 in.) diameter holes to provide a more uniform flow distribution into the

rod bundle. *

4

. n

4-10. Carryover Tank

The fmetion of the carryover tank was to collect liquid overflow from the test sec-
tien. The carryover vessel was a dual-dameter vessel which provided sufficient capara

ity f or high-flow-rate tests and also accurate measurement for low-flow-rate teste.
The large-diameter vessel was 7.6 cm (3 in.) diameter schedule 40 carbon stee! 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 transmitter to mea-
sure liquid carryover. A volumetric check of the carryover tank indicated an average

2cross-sectional area of 0.00225 m2 (0.0242 ft ) for the small-diameter vessel and
20.004842 m2 (0.05212 f t ) for the large-diameter vessel.

4-11. Steam Separator

Tt:e 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 meaningf ul single-

phase flow meastrement could be obtainer' 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 m3 (1.004 f t}). The separator utilized centrif ugal action tc

~

force the moisture against the wall, where it drained to the bottom. The water was
collected in a seperstor & sin tank directly connected to the bottom of the separator.
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The drain tank shell was a 3.8 cm (1.5 in.) carbon steel pipe and the volume was
30.018 m3 (0.065 f t ). The steam separator was instrumented with a differential pres-

sure transmitter to measure separated liquid.

4-12. Exhaust Line

Test section effluent discharged to the atmosphere through 5 cm (2 in.) exhaust line
piping, as shown schematically in figure 4-1. A nozzle penetration on the upper plenum

provided the attaching point for the exhaust line piping. Sandwiched between the two

mating flanges was a plate which served as a structural attachment for the upper
plenum baffle, as shown in figure 4-6. This baffle served to improve the liquid carryout

separation and minimize liquid entrainment in the exhaust vapor. Af ter passing through

the upper plenum baffle 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 orHice flange a 'embly utilized to measure flow rate. Clamp-on
strip heaters on the pipe were used to heat the pipe to 260 C (500 F), to assure single-

phase steam flow through the orifice. Steam then exhausted to the atmosphere through

a pressure control valve. The control valve was an air-operated V-ball control valve of

the type used successfully on the 161-rod unblocked bundle test series to minimize the

pressure oscillations during a test run. Aspirating steam probes were located in each of

the two 90-degree elbows to measure the temperature of the exhaust steam. A full-

bore gate valve installed at the entrainment separator inlet flange was employed to

simulate the PWR hot leg flow resistance of 32.5 for the gravity reflood tests. Fig-
ure F-16 shows details of the exhaust line.

4-13. Coolant Injection System

The coolant injection system provided water to quench the rod bundle during reflood
testing. Coolant injection water was supplied by the 0.378 m3 (100 gal) accumulator

through a series of valvas and turbine meters, as shown in figure 4-1. Nitrogen over-

pressure on the accumulator provided the necessary driving head to attain the required

4-18
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injection rates. The injection line was constructed of stainless steel tubina downstream

'af the filter to prevent contamination of the test section. Figure F-16, sheet 1, shows
details of the injection system.

Constant or stepped ir!ection flow was accomplished by the proper sequencing of sole-

noid valves, which were located in a piping manifold arrangement (figure 4-1). A pneu-,

matically operated control valve was used to fine tune and maintain the specified flow

during the test. In the automatic control mode, the valve used a feedback signal f rom
the injection line turbine meter to maintain the preset flow. Two injection line turbine

meters were used for ECCS simulation flow rate measurement, one with a range of 1.6
x 10-5 to 3.2 x 104 3m /sec (0.25 to 5.0 gal / min) for forced flooding tests and one with
a range of 1.6 x 10-5 to 9.5 x 10-4 3m /sec (0.25 to 15 gal / min) for gravity reflood
tests. A flow check was performed prior to each reflood test to ensure that the turbine

meter was operating properly.

A full-bore 38 mm (1.5 in.) diameter bidirectional turbine meter with a rance of 3.1
x 10-5 to 9.5 x 10-4 3

m /sec (0.5 to 15 gal / min) was installed in the crossover leg durina

gravity reflood tests to measure flow into the test section and any reverse flow from
the test section into the downcomer.

For hydraulic characteristics tests, a 3.8 x 10-5 to 3.8 x 10-3 3m /sec (0.6 to 60 gal / min)
turbine meter was installed in the injection line tc measure flow 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 gravity reflood tests, as shown in figure F-16. The crossover leg and lower plenum
were designed to provide approximately the same flow resistance (a value of 11) as in

the PWR lower plenum and core irilet. The downcomer and crossover leg were fabri- |

cated from 5 cm (2 in.) schedule 40 pipe with a 90-degree long radius elbow in between.

A flexible' rubber pipe connected the crossover leg to the lower plenum ar:d allowed for

downward thermal expansion of the test section. The horizontal crossover leg was
2.21 m (87 in.) long and the vertical 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 bidirectional turbine meter was located in the crossover leg. The downcomer was

instrumented with a differential pressure transmitter to measure accumulated liquid.

4-15. Facility Heating Boiler

The boiler was a Reimers Electric steam boiler with a steam capacity of approximately

1.51 x 10-3 kg/see (125 lb/hr) at 1000C (212 F). The boiler was used to pressurize the

f acility and for pretest facility heatup. This was accomplished by valving the boiler
into the upper plenum of the test section. A solenoid valve was used to isolate the
boiler from the test f acility at initiation of testing, at which time the steam generated

in the test section in combination with the centrol valve in the exhaust line was suffi-
cient to maintain f acility pressure.

4-16. Steam injection System

The steam injection system was composed of a large-volume tank with immersible
electric 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 injection boiler was an existing component previously used on

another test program.

4-17. BUNDLE RtPLACEMENT

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 perf ormed in parallel with

testing of the preceding bundle to minimize downtime between test series. Each bundle
was built in the horizontal position in a fix ure called a strongback, as shown in
figure F-17.

A deficiency which was apparent upon removal of all the bundles from the housing was

the separation of the fillers at the pin joints at the 1.80 m (71 in.) elevation. It 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, increasing the clearance between

the rods and grids after test series A was not sufficient to alleviate the problem. Some
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.4-21. Multiple-Pen Stripchart Recorders

Four Texas Instruments stripchart recorders were used to record bundle power; selected

bundle thermecouples; 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 th~e computer. Stripcharts
were also needed during the heattp 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 660C (1500F) 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 f actor 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-

j nected to a preamplifier and flow rate monitor for conversion of turbine blade pulses
| into flow rate in engineering units. The turbine meter flow rate monitor analog signal,

|

was proportional to the speed and direction of flow in the downcomer crossover leg. j
|

! Calibration of the turbine meter by the manuf acturer provided for data conversion to

volumetric flows for the turbine meter analog signal
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System static and differential pressures were measured with Rosemount model 1151
pressure transmitters. The differential pressure transmitters measured water level in

the vessels, bundie pressure drops, and pressure drops across orifice sections and other

system components.

Standard thermocouple calibration table entries and the corresponding coefficients
were used '.o compute the temperature values. All other channel calibration files were

straight-iine interpolations of calibration data. The slope, intercept, and zero for the

least-rquares fit of a straight lire to the equipment calibration data were computed for

eacS channel and entered irto its calibration file. The CDAS sof tware 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 toroine

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

injacted flow. Two of these thermocouples were utilized in aspirating steam probes
pir.ced in the elbows of the exhaust line on either side of the steam separator. These
steam probes were designed to measure vapor nonequilibrium in the test section exit

anc 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 wall thermocouples monitored by the computer were placed on the carryover
tank, steam separator, steam separator drain tank, and exhaust line. This instrumenta-

tion was utilized to control the heatup period such that component wall temperatures

were at saturation temperature. This instrumentation was also used to estimate the
heat release from the fluid to the loop components during the test.

The four turbine meters were utilized to measure the flow rate of injected water in the j

hydraulic characteristics, forced flooding, and gravity reflooding tests. One turbine
meter was used to measure the injected flow for the eydraulic characteristics tests;
another meter was used for the forced flooding tests; and two turbine meters, one in j

the injection line and one in the crossover leg, were used to measure flow for the grav-

ity reflooding tests. The turbine meter in the crossover leg was bidirectional, to mea-

sure both forward and reverse flow into and out of the test section. Together, these
turbine meters utilized four computer channels.

The 11 differential pressure cells were used to measure loop pressure drops, flow, or
separated water accumulation. The accumulator tank had a differential pressure cell

which was utilized as a backup to or E check on the injection line turbine meters. The

steam injection system for the steam cooling test utilized an orifice plate coupled with
a differential pressure cell, fluid thermocouple, and pressure cell to measure the
injected steam flow. 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 with differential pressure cells to measure liquid accumulation. The exit !

steam flow was measured downstream of the steam separator utilizing an orifice plate,
differential pressure cell, fluid thermocouple, and pressure cell. Four additional differ-

ential pressure cells were utilized in the gravity reflood tests to measure mass accumu-

lated in the downcomer, and to measure differential 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 utilized to measure the absolute pressure at the

orifice plates on the bundle inlet for steam cooling tests and outlet for reflood tests,
and in the upper plenum or steam separator for the gravity reflood tests.
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The loop instrumentation was set up to provide redundant measurements and eliminate

computer channel reassignments between forced flooding tests and gravity reflood
tests, as required in previous FLECHT tests. This instrumentation design provided for

ef ficient f acility turnaround f or conducting the tests.

4-24. Bundle Instrumentation

The bundle instrumentation consisted of heater rod thermocouples, steam temperature

measurements, blockage sleeve thermocouples, differential pressure cells, power mea-

surements, and plenum fluid thermocouples.

The locations of the heater rod thermocouples, steam probes, and blockage sleeve

thermocouples f or each of the six bundles are shown in figures F-18 thmugh F-23 in

appendix F. Also included is the complete listing of computer data acquisition system

channel assignments.

4-25. Heater Rod Thermocouples

All 21 heater rods in this task were instrumented with eight thermocouples each, for a

total of 168. All available thermocouples were connected to the computer. The place-

ment of the heater rod thermocouples was based on the following objectives:

- Achieving an overall axial distribution the same as in the 161-rod unblocked bundle

reflood tests

-- Achieving a radial distribution such that rods in both the center and periphery of

the bundle were instrumented

-- Achieving a sufficient number of thermocouples upstream and downstream of the

blockage zone to determine the axial effects of blockage sleeves

The heater rod thermocouples in the blockage zone for configurations D and E and their

locations relative to the blockage sleeves are shown in a three-dimensional perspective

in figures 4-10 and 4-11, respectively.
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- For configurations A.through D,'the azimuthal orient ations 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 orientation was not an important consideration; therefore,-
no attempt was made to azimuthally orient thermocouples in configurations E and F.

~ Checks were perfonned 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 mtations as high as 25 degrees were seen at the lower end where the rods

were 'by necessity left free to grow and rotate. This irdicated that, although it was
possible to assemble a bundle with known initial azimuthal thermocouple locations, it
was not possible to accurately predict thermocouple azimuthal locations af ter a bundle ,

was thermally cycled. It was also possible that rod mtations higher than the posttest
cold measurement could have occurred. These rod rotations would not have had any

effect on the nonconcentric sleeve blockage, since the bulge could mtate an insignifi- >

cant amount in the flow channel.

4-26. Steam Temperature Instrumentation

Steam temperature data required for data analysis and evaluation efforts were mea-
sured by means of a steam probe specifically designed for the 21-rod bundle task and

'
unshielded thermocouples. This instrumentation provided data for evaluation of the
following:

.

|
Mass and energy balances--

S

}
'

Nonequilibrium vapor properties-

!

Radial and axial steam temperature variation j; --

Effect of flow blockage sleeves
.

-

Unlike the steam probes in the 161-rod unblocked bundle task, which were located
within a thimble tube'and aspirated steam to the atmosphere, the 21-rod bundle steam
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probe was enclosed within a 2.381 mm (0.09375 in.) hollow tube, and relied on the fric-

tional pressure dmp across a 0.64 cm (0.25 in.) length to drive steam flow. A simplified

sketch of the steam probe is shown in figure 4-12. A 0.81 mm (0.032 in.) thermocouple

was enclosed within a 2.381 mm (0.09375 in.) OD hollow tube of 0.2 mm (0.006 in.) wall

. thickness. The two flow holes spaced 6.4 mm (0.25 in.) apart were diametrically

opposed. The thermocouple junction was located midway between the two flow holes,

thereby providing radiation shielding and protection from water droplets. Figure F-24

shows the construction details of the self-aspirating steam probes as well as the details-
of the unshielded fluid thermocouples, which were aleo used - to measure vapor

I

temperatures.

Steam probe and bare fluid thermocouples were, in general, located in subchannels at

elevations where heater rod temperatures were being measured. They - were concen-

trated immediately upstream and downstream of the blockage zone to determine axial j

and radial effects of blockage on steam temperatures. The steam probes and fluid
thermocouples were attached to the nearest grid and centered in the subchannel. The

thermocouple leads lay on the top or bottom of the grid and ran to the corner fillers.

The leads subsequently were routed in scallops in the fillers and exitted the test section

thmugh seal glands in the top or bottom seal plates. Appendix J presents the evaluation

of the self-aspirating steam probe and unshielded fluid thermocouples.

4-27. Blockage Sleeve Instrumentation

The placement of blockage sleeves on the heater rod to simulate prototypical subchan-

nel flow blockage added a thermal resistance to the heater rod. Since this thermal
resistance is a function of the sleeve temperature, it was necessary to measure the
temperature of the blockage sleeve so that the heat transfer to the coolant could be
determined. Also, it was desirable to know the quench temperature and quench time of

the sleeve.

A 0.81 mm (0.032 in.) diameter thermocouple was embedded in selected blockage
sleeves at the point of maximum strain. The thermocouple lead was routed downstream

of the blockage sleeve along a filler rod and through the seal plate in the same manner

as the steam probe and unshielded fluid thermocouples.

!
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Figure 4-12. Steam Probe Design for 21-Rod Bundle
Flow Blockage Task
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4-23. Differential Pressure Measurements

Differential pressure measurements were made every 0.30 m (12 in.) along the length of

the bundle to determine mass accumulation in the bundle during reflood tests. Differ-

ential pressure transmitters [t3.7 MPa (*15 in. H O)] were utilized to obtain an2

. accurate mass accumulation measurement representative of an average across the

bundle. An additional cell measured the overall pressure drop from the bottom to the

top of the heated length.

These transmitters were also used to measure the frictional and form losses across the
grid, rods, and blockage sleeves in hydraulic characteristic tests, which were perf ormed

prior to the single-phase steam and heat transfer tests. These pressure transmitters
were accurate to t0.20 percent of full scale.

4-29. Power Measurements

Three instrumentation channels were devoted to measurement of power into the
bundle. One was used as a primary measurement f rom which power was controlled by

the computer software. One independent power measurement was used for data reduc-

tion purposes f or forced and gravity reflood tests. The third power measurement chan-
nel was used exclusively for the low-power steam cooling tests.

4-30. Upper Plenum Instrumentation

The upper plenum (figure 4-13) was an important component of the FLECHT loop. The

upper plenum was utilized to separate the liquid and steam phases in close proximity to
Athe test section so that accurate mass and energy balances could be accomplished.

differential pressure cell connected between the top and bottom of the upper plenum
was used to measure liquid accumulation within this component. Liquid collected at the

bottom'of the upper plenum bef ore draining into the carryover tank. System pressure

was controlled by a pressure transmitter located in the upper plenum for all tests

except gravity reflood tests. Another pressure transmitter was connected to the com-

puter for measuring system pressure.
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Two upper plenum thermocouples were designed to measure the fluid temperature at

upper plenum exit and in the upper plenum extension. These thermocouples indicated

the location and presence of liquid in the ' upper plenum and housing extension. An
aspirating steam probe located in the upper plenum at the bundle exit was utilized to

measure vapor nonequilibrium temperature. . Three wall thermocouples were used to

ensure that the plenum was at a uniform temperature prior to and during testing. A
thermocouple was imbedded in one of the upper heater rod O-ring seals to monitor the
seal temperature. A seal temperature limit of 135 C (2750F) was ostablished for the

steam cooling tests to prevent f ailure of the polyurethane sealing matecial.

4-31. Lower Plenum Instrumentstion

The lower plenum was instrumented with a wall thermocouple for helping to establish
~

initial test conditions, and a fluid thermocouple located in the center of the lower
plenum extension (figure 4-13) for measuring inlet subcooling as water ficoded the

bundle. Two additional fluid thermocouples located in the injection piping were utilized
as backups to the lower plenum fluid thermocouple.

4-32. FACILITY OPERATION

The following general procedure was used to conduct a typical f orced reficod test:

(1) Fill accumulator with water and heat to desired coolant temperature, 530C

(1270F) nominal.

(2) Turn on boiler and bring the pressure up to 0.62 MPa (75 psig) nominal gage

pressure.

(3) Steam heat the carryover vessel, entrainment separator, separator drain tank,
test section plenum, and test section outlet piping (loceted before the entrain-
ment separator) while empty to slightly above the saturation temperature corre-

sponding to the test run pressure. The exhaust line between the separator and
exhaust orifice is electrically heated to 260 C (5000F) nominal; the test sectionC

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

specified test run pressure by valving in the boiler and setting the exhaust line
control valve to the specified pressure.

(5) Scan all instrumentation channels by the computer to check f or defective instru-

mentation. The differential pressure and static pressure cell zero readinas are
taken and entered into the computer calibration file. These zero readings are

compared with the component calibration zeio reading. The straight-line conver-
,

sion to engineering units is changed to the new zero when the raw data are con-
verted to engineering units. This zero shif t process accounts for errors due to
transmitter zero shifts and compensates for reference leg levels, enabling the

engineering units to start with an empty reading.

(6) Power bundle twice to heater rod temperature of 6490C (1200 F) to achieve

housing 1.83 m (72 in.) wall temperatures of between 482 C and 5380C (9000F and

1000 F).

(7) Apply power to the test bundle at a peak rate of 1.3 kw/m (0.4 kw/f t) and allow

rods to heat up. When the temperature in any 2 of 28 designated bundle thermo-
0couples reaches the desired test flood temperature,871 C (1600 F), the computer

automatically initiates flood, sets power at initial value as specified, and controls

power decay. The exhaust control valve regulates the system pressure at the
preset value by releasing steam to the atmosphere.

(8) Ascertain that all designated rods have quenched (indicated by the computer
printout of bundle temperature).'

(9) Cut power from heaters, terminate coolant injection, and depressurize the entire
system.

(10) Drain and weigh water from all components.

l

1
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The procedure was exactly the same as above for the gravity reflood tests except for

the addition of the crossover leg and downcomer,in which the coolant was injected into
a water-filled crossover leg and downcomer (equivalent to the bottom of the heated
length).

4-33. KEY F ACILITY OPERATING LIMITATIONS AND SAFETY FEATURES I
|
!r

All vessels in the FLECFir SEASET 21-rod bundle f acility were designed and built to the

ASNE Boller and Pmssure Vessel Code. ' Fe:llity piping conformed to the latest edition

of the Code for Power Piping, ANSI B31.1. Facility operating limits were set by either
design criteria and/or component material limitations. Primary loop (test section and

exhaust piping and components) design pressure was limited to 0.65 MPa (80 psig)
,

because of the thin-walled low mass housing design, which was rated 0.65 MPa (80 psig)

with an 8150C (1500 ) midplane temperature. This te nperature was a maximum mate-

rial limitation set by the ASME Code. All 21-rod facility tests were run at or below
0.27 MPa (25 psig).

Both the steam cooling and water injection system piping and components were
designed for 6.65 MPa (950 psig) and minimum temperature of 1770C (350 F). The
systems were operated well within these design limits.

Heater rod 0-ring seals were made of ethylene pmpylene, which limited the test see-

tion uprer seal plate temperature to 1350C (2750r) during steam cooling tests. This, in
turn, limited test section exhaust steam temperatures to approximately 2040C (4000F).

The Kanthal heater rod element material limited operation of the test bundle heater
0 0rods to 1232 C (2250 F).

Personnel as well as facility safety were prime considerations in the design of the
FLECFiT SEASET 21-rod bundle f acility. Accordingly, the following safety devices
and/or features were designed into the facility:

Test section:-

Rupture disk with a burst pressure of 0.65 Nf3a (80 psig) at 22 C (72 F)
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Pressure switch, set to sound an alarm at 0.62 MPa (75 psig)

Carryover tank:--

Rupture disk with a burst pressure of 0.65 Wa (80 psig) at 220C (720FL_

Entrainment separator:-

Rupture disk with a burst pressure of 0.86 Wa (110 psig) at 22 C (720F)

Facility heating boiler:--

Relief valve set at 0.79 Wa (100 psig)

Steam cooling steam supply boilen--

Rupture disk with a burst pressure of 6.65 Wa'(950 psig) at 220C (72 F) .

Water supply vessel:-

Rupture disk with a burst pressure of 6.65 Wa (950 psig) at 220C (720F)

Upper heater rod 0-ring seal plate:--

Thermocouple temperature controller circuit to shut off bundle power and sound
alarm when seal plate temperature exceeds 1350C(275 F)

Heater rod bundle:--

Overcurrent limit to protect rods from failure from an overpowered SCR by shut-
ting off bundle power and sounding alarm

!
\

Computer-monitored and activated overtemperature trip set to shut off bundle
power and sound alarm at 12320C (22500F)

Provision for shutting off bundle power and sounding alarm in case of computer
power failure

Circuitry design to shut off bundle power in case of control panel voltage (100 v)
failure,
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SECTION 5.

TEST RESULTS
'

.

'

5-1. INTRODUCTION

The data from 87 forced reflood,10 gravity reflood, 24 steam cooling, and 43 hydraulic
'

characteristics tests perf ormed 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 reflood, and 22 steam cooling tests did not meet the test matrix
specifications for the reasons specified in table K-7 of appendix K.

5-2. DdTA REDUCTION
-

Data collected for each run at the test site were compiled on a bir,try magnetic tspe in
enginesting units by the CDAS. This magnetic f fje was proces ed by a CDC-7600

t

computer and the following series of data reductici procra71s were utilized for forced
and gravity reflood tests: '

Na ,.
'

DATA TAPE

g g CATALOG PROGRAM
g gFPLOTS FFLOWS QUENCH DATAR

!
s COMPARE I

The CATALOb program converted the data to a form compatible with the CDC com -
. puter. The FPLOTS program simp!y printed and plotted all the recorded data as a func-

.

tion of time.

The hydraulle characteristics and steam cooling tests utilized only the CATALOG and

FPLOTS programs from above. The as-run test conditions for these single-phase tests

5 -1
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are shown'in tabies 5-l' and 5-2. The test conditions were modified in configurations E I
'

and F for' matrix tests.01 and 02, to provide a wider range of Reynolds numbers. ' How-

ever, the power-to-flow ratio was held constant for all tests.- (See paragraph 6-12 f or.. ;

~

|.. actual flows.)' The -hydraulic characteristics' 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 following paragraphs describe .the other four reflood programs and a sampling of

reduced. data. The as-run test conditions for the'reflood tests are shown in table 5-3.
The irstrumentation error analysis' associated with the recorded data is discussed in

appendix L.

The-test numbers comprise six characters each. The first character, 4,~ refers to the -

21-rod bundle test program, the second and third refer to the sequential bundle cycle
number, the fourth and fif th are the test matrix number, and the sixth character refers

to the blockage configuration. For example, run 41909A is matrix test number 09 in the

19th cycle of configuration A 21-rod bundle tests.
,

5-3. FFLOWS Progran, and Results

The FFLOWS program was utilized primarily to calculate the mass balance for each

reflood test. The mass balance was calculated by the following formulatiore

s epercent mass imbalance = x 100
, ed

where .

mass difference = injected mass -(collected liquid mass + mass in bundle + steam

mass out + steam probe mass)

collected liquid mass = upper plenum mass + carryover tank mass + steam

separator mass

5-2
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TABLE 5-1

AS-RUN CONDITIONS FOR HYDRAULIC CHARACTERISTICS TESTS
.

Test Upper Average
Matrix Test ' Plenum Flow Coolant
No. and Run Pressure Rate Temperature Reynolds
Bundle No. [ MPa (psia)) -(m /sec(gal / min)) [ C0(O )) Number

~

3
F

18A 40618A 0.13(1 9) 6.3 x 104(10) 23(73) 2645
18B 40818B 0.20(29) 6.69 x 10-4(10.6) 26(78) 3037
18C 40718C 0.12(18) 6.37 x 104(10.1) 30(86) 3205
18D 40718D 0.14(20) ~6.37 x 10-4(10.1) 23(74) 2685
18E 42818E 0.15(22) 6.75 x 10-4(10.7) 27(81) 3126
IBF 40618F 0.12(17) 5.90 x 10-4(9.35) 25.7(78.2) 2617

19A 40419A 0.13(1 9) 1.3 x 10-3(20) 23(74) 5431
198 406198 0.26(37) 1.32 x 10-3(20.9) 25(77) 5866
19C 40519C 0.15(22) 1.25 x 10-3(19.8) 30(86) 6251
19D 40519D 0.14(21) 1.27 x 10-3(20.2) 23(73) 5300
19E 43219E 0.11(16) 1.29 x 10-3(20.5) 26(79) 5793
19F 40419F 0.097(14) 1.20 x 10-3(19.0) 28.7(83.6) 5682

20A 40220A 0.12(18) 1.9 x 10-3(30) 25(77) 8518
40720A 0.17(24) 1.9 x 10-3(30) 22(71) 7835

20 8 40420B 0.20(29) 1.87 x 10-3(29.7) 26(78) 8452
40920B 0.19(27) 1.96 x 10-3(31.1) 25(77) 8759

20C 40320C 0.12(18) 1.91 x 10-3(30.3) 30(86) 9525
40820C 0.12(18) 1.92 x 10-3(30.4) 29(85) 9571

20D . 40220D 0.12(17) 1.96 x 10-3(31.1) 24(75) 8430
408200 0.12(18) 1.97 x 10-3(31.2) 23(73) 8246

20E 42920E 0.28(40) 2.00 x 10-3(31.7) 27(81) 9260
43420E 0.12(18) 1.93 x 10-3(30.6) 25(77) 8458

20F 40220F 0.17(25) 1.84 x 10-3(29.2) 28.1(82.5) 8389
40720F 0.121(17.5) 1.88 x 10-3(29.8) 25.7(78.2) 8650

5 -3



q c . - -

*

..n

F

w

.;
' ~ ' TABLE 5-1 (cont) -|

AS-RUN CONDITIONS FOR HYDRAULIC CHARACTERISTICS TESTS

: Test Upper A'verage

L Matrix - . Test Plenum Flow ' Coolant .

No. and Run Pressure Rate Temperature ReynwJ3

[m /sec(gal / min)) (C0(OF)) NumberBundle No. [ MPa (psia}} 3

21 A 40121 A 0.19(27) 2.5 x 10-3(40) 26(78) 11464
,

21B 403218 0.18(26). 2.49 x 10-3(39.4)' -24(76) 10941

| 21C 40221C 0.22(32) 2.48 x 10-3(39.3) - 30(86) 124 %

h 21D 40121D 0.28(40) 2.49 x 10-3(39.5) 25(77) 10993.

21E 43021E 0.19(28) 2.57 x 10-3(40.8) 27(80) 11762

21F 40121F 0.176(25.5) 2.48 x 10-3(39.3) 27.4(81.4) 11403

22A 40322A 0.18(26) 3.2 x 10-3(50) 24(75) 1%95

22B 40522L 0.28(40) 3.17 x 10-3(50.3) - 24(75) 13757

22C 40422C 0.23(33) 3.24 x 10-3(51.3) 29(84) 15918

22D 40422D 0.17(25) 3.17 x 10-3(50.3) 26(78) 12996

22E 43122E 0.27(39) 3.2 x 10-3(50) 26(79) 14158

22F 40322F 0.21(30) 3.11 x 10-3(49.3) 28.1(82.5) 14598

23A 40523 A 0.21(31) 3.8 x 10-3(60) 23(74) 16287

23B 407238 0.34(50) 3.76 x 10-3(59.6) 25(77) 16759

23C 40523C 0.28(40) 3.72 x 10-3(58.9) 31(87) 18870

23D 40623D 0.22(32) 3.8 x 10-3(60) 23(73) 15774.

40322D(a) 0.28(40) 3.8 x 10-3(60) 23(73) 15749

23E 43323E 0.28(41) 3.51 x 10-3(55.6) 25(77) 15394

23F 40523F 0.23(34) 3.77 x 10-3(59.8) 28.1(82.5) 17682

a. Misnumbered test; should be 40323D

,

5 -4
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. A mass balance plot for the reference run in configuration A (run 42430 A) is shown in

figure 5-1. The percent mass imbalances at the end of injection for all of the reflood
tests in all six bundles are shown in figure 5-2. The average mass imbalance was found

to be approximately 2.4 percent at the end of injection for all f orced reflood tests, and
approximately 1.4 percent for all gravity reflood tests. Although there were some tests

which had mass imbalances between 5 and 10 percent at the end of injection, the mass
imbalances for these tests during the run were generally less than that at the end of

' injection.

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 Resul'.s

The heater rod and housing thermocouple data for reflood tests were reduced by the-
QUENCH program. The QUENCH program was designed to determine the characteris-

tics of temperature histories cf the thermocouple data. These characteristics include

the initial temperature, maximum temperature, quench temperature, turnaround time,

and quench time. The temperature history of the hottest rod thermocouple for the
reference run in configuration A (run 42430 A) is shown in figure 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 statistics of ther.e characteristics for

each instrumentatico elevation, such as average turnaround time. These statistics are
tabulated for each reflood test in appendix K.

The QUENCH program also calculates a quench f ront curve (f rom a cubic spline curve

fit) from the average of the quench times at a given elevation, anu ubsequently calcu-
lates a quench f ront velocity which is utilized in the FLEMB code for calculatina en

energy balance (section 6). Examples of the calculated quench curve and quench front

velocity are shown in figures 5-4 and 5-5, respectively, for run 42430A.

The details of the criteria used for choosing quench time and temperature are provided
in appendix M.

.

5 -5
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TABLE 5-2

AS-RUN CONDITIONS FOR STEAM COOLING TESTS

Test Upper Rod Flow Average

Matrix Test Plenum Peak Rate Coolant Inlet
No. and Run Pressure Power [kq/sec Temperature Reynolds

Bundle No. ( MPa (psia)) (kw/m (kw/ft)) (lb/sec)) [ OC ( F)) Number. -

f 01 A 44401A 0.145(21.1) 0.0525(0.0160) 0.014(0.031) 110(230) 4790
' 01B 41401B 0.141(20.4) 0.0522(0.0159) 0.0141(0.0312) 111(231) 4700

01C 41201C 0.140(20.3) 0.0531(0.0162) 0.014(0.031) 111(232) 4630

01D 43401D 0.141(20.4) 0.0531(0.0162) 0.0143(0.0316) 110(230) 4645

01E 40601E 0.141(20.5) 0.043(0.013) 0.012(0.026) 110(230) 3796'u,

b 01F 40901F 0.142(20.6) 0.0413(0.0126) 0.0119(0.0263) 113(236). 3811

02B 43202B 0.143(20.7) 0.103(0.0313) 0.0280(0.0618) 112(233) 9180 ;

02C 43902C 0.140(20.3) 0.105(0.0320) 0.028(0.062) 112(233) 9260 l

02D 41202D 0.148(21.4) 0.104(0.0318) 0.028(0.062) 112(234) 9054

02E 40102E 0.144(20.9) 0.075(0.023) 0.021(0.046) 112(233) 6695

02F 41002F 0.1410(20.45) 0.0741(0.0226) 0.0207(0.0456) 112(234) 6629

03A 44303A 0.143(20.8) 0.13(0.040) 0.034(0.076) 114(238) 11590

038 41103B 0.141(20.4) 0.131(0.0399) 0.035(0.077) 114(237) 11330

03C 41003C 0.147(21.3) 0.13(0.040) 0.035(0.077) 112(234) ~11460

1

- _ _ _ _ _ _ _ _ _ _ _ - -



TABLE 5-2 (cont)

AS-RUN CONDITIONS FOR STEAM COOLING TESTS

Test Upper Rod Flow Average
Matrix Test Pleaum Peak Rate Coolant Inlet

'(kg/see Temperature ReynoldsNo. and Run Pmsstre Power

[MPa (psia)) kw/m (kw/f t)' (Ib/sec)) ( C (O )) Number |
Bundle No. F

|

03D 41103 D 0.148(21.4) 0.125(0.0382) 0.035(0.077) 122(251) 10958
03E 40503E 0.143(20.7) 0.125(0.0380). 0.034(0.076) 112(233) 11061
03F 41103F 0.1406(20.39) 0.129(0.0393) 0.0344(0.0759) 118.5(245.4) 10822

y 29A(a) 44529A 0.141(20.4) 0.03(0.009) 0.00807(0.0178) 109.8(229.6)- 2760
I 29B(a) 431298 0.139(20.1) 0.029(0.0089) 0.00807(0.0178) 111(231) 2680

"

29C(a) 41329C 0.144(20.9) 0.03(0.009) 0.0082(0.018) 113(235) '2680'
29D(a) 41529D 0.146(21.2) 0.031(0.0094) 0.0082(0.018) 118(244) '2586
29E") 43929E 0.138(20.0) 0.0310(0.00945) 0.0086(0.019) 112(233) 2755

I

44029E 0.137(19.9) 0.0307(0.00935) 0.0086(0.019) 112(234) 2751
29F(a) 41229F 0.'1414(20.51) 0.029(0.0089) 0.00853(0.0188) 113.2(235.8) 2724

a. See page 6-26.



(W 8 U SSVW

-- O O O O O -O O O
-2 C o O O O O O O O

s o. O. O. O. O. O. O.O O. .

O O O *

O,ma O O O
m m - Owm ~ w u,

00*l19 |
-

a : 00'009 !j- iw '~

O .

< <
< r

O O --m <
< O
a .

)p)
<

< ~ z
*>- ( ?

..
' z w \w '

00'005o e
m z< u, <

< w, m

>n <
<

z e
<,_ - " <<

m M C US < C
< y mWwp

< 00'004 %~
-- cwr w < m e< a
Q 3Caj , < z e< z<O Oo gm"u < v o< o w C&uO m .e4

< Q - eOm a = 00*00E cce O t;- < w< e- a ,
I ymQ n i

< -, w e >- .
,_ - U1 < g< g y

LAw w t- <
< , a c< u
wzO 00'002 3g

h u, u.<
< w>g<
< 1 <4wu

wZD <
<

a Il 11
k # M U) |

<

- 00*001~

1
,

a: -

<
<

i

>i

000ES"

|

|

- O O O O O O O
m O O O O O O O

O O O OD O. O. O. O.O. * .
.

| N O O O O O O .

| m m m N N ~ ** D O

' (90 SSVW
|

5 -8

.. . _ _

.. _.



_ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ - _ _

I

'._ q

000307-8

11

10 - 17e

9 -

8 -

7 - 32A

188 208

5 - '"

278

MA 33Cg

19C 29B Ayc|23C~
III

238 198 25A 32D
_ 16F 20D 27C _

2 - 26C 37C-

y 230 26A 31A 24C

2 27A 12E 248,

( - 22 8 25C 29A 21A 288 32C 15E
J 28A 11E 30D 17E 358 31 D

0 , 220 30A 2QE MF 39A 410 4) A 378DC, , , , , ,

E 13E 10E 36A 29C 22E

' ' ' ' * ' ' '

31C 348E -1 - 16E4 26F 28E
3E 22A 19A 24E

250 3eF
-2 -

msg 43D.30E
24D 1"F 40F

18E 8E
19E 36E,

27E

4 _
18F

y

20F 27D
-5 - siF

-6 -
3, ,

22F

-7 - ,,o

-8 -

,

9 -

I I I I I I I I I I I l l I-10

04 05 06 07 08 09 10 11 12 13 14 15 16 17

REFLOOD TEST MATRIX NUMBER

Figure 5-2. Forced and Gravity Reflood Tests Mass Imbalance

5-9



... .

1500.0 2732.0
FLECHT SEASET 21 - R00 BUNOLE TEST SERIES

RUN 42430A CHANNEL 85 2500.0
HE ATER R00 T/C 3tl.96 ( 3C6-5 )

1250.0

u MAXIMUM TEMPERATURE 1094.0*C (2001.5 F) C
2000 0

1000.0 --w INITIAL [ ' 'u

$ TEMPERATURE cc
o a

854.2'C (1569.7'F) 1500.0w wa
750.00 f

N
a

-
-

3
U E Ya 8 o* *

OUENCH TEMPERATURE *w * *
E' $ 500.00 E 510.2 C (950.4'F)- $

*1000.0
,

Ha. n.
I O W I
W 5 E Wo F

250.00 $ gM 500.00
z zg
5 Ed

,

'

~
> an

0.0 32.000""'"

8 8 8 8 8 8 EE
*

. a d a d d a c%
8 d S 8 8 8 E'

TIME - SEC

Figure 5-3. Hot Rod Thermocouple Characteristics, Run 42430 A

__



TABLE 5-3a(s)

SUMMARY OF RUN CONDITIONS AND RESULTS FOR REFLOOD TESTS

As-Run Test Cmditims Results

A vers y.

R od A verner Housing Hottest . Hot Rod Hot Rod Hot Rod Hot Rod Hot

Test Upper Initint R od Coninnt Initin! Rod and Initial Maulmum Temper- Turn- Rod Rundle

Matrix Test Plenum Temper- Peak Flooding T empe r. Temperature Nominal Tempe r. Temper- ature around Quench Quench

No, and Rm Pnassure at ure Power R ate st ure at1.81 m Elevation ature sture Rise Time Time Time

Bundle No. (MPa) (OC) (k w/m) (mm/sec) ("C) ("C) (m) ("C) (OC) . (OC) . -(sec) (sec) (sec)

CONSTANT Fl.OOO!NG RATE EFFECT TESTS

04 A 42804 A 0.273 873 1.0 13 50 522 3C-l.96 8% 983 125- 95 338 536

048 422040 0.274 878 0.98 13 52 548 3 C-1.88 828 961 133 107 327 583

W 04C 42804C 0.273 876 0.98 13 49 529 3C-I.98 854 965 112 91 367 551

h 04D 424040 0.278 878 1.0 11 51 541 3 C. I.911 836 970 133 97 604 548

04E 42704E 0.278 874 0.98 13 49 542 3C-2.13 818 960 143 99 362 528

04F 43104F 0.276 877 1.0 13 49 536 3 C-2.03 872 956 85 93 340 555

05A 42705A 0.2 ;3 873 1.5 18 50 498 3C-1.96 859 1024 164 85 321 452

058 421058 0.274 880 1.5 19 49 486 3 C-1.98 854 992 138 86 346 474

05C 42605C 0.275 884 1.5 19 50 487 3C-1.78 871 1000 128 75 282 458

05D 423050 0.279 878 1.5 18 51 492 3 C-1.911 827 1019 188 .110 542 481'
'

; 05E 41305E 0.276 872 1.5 19 49 471 3 D.2.03 829 993 164 102 350 467-

OSF 42105F 0.279 874 1.44 19 50 479 3 C-1.78 874 968 96 67 260' 448

!
f

06A 44606 A 0.273 872 24 23 50 502 3C-1.96 860 1157 2% 99 426 632

068 423068 0.274 875 24 23 50 529 3 C-1.98 860 1128 ~ 268 117 463 677

06C 42506C 0.268 874 24 23 50 519 3C-1.78 867 1819 253 98 35.2 643

06D 422060 0.278 878 24 23 50 503 3 C-1.98 870 1133 262 116 433 662

06E 41206E 0.279 871 24 23 50 509 3 D.2.0 $ 796 1103 307 133 470 639

06F 42006F 0.278 875 24 23 50 ' 525 3 C-2.03 860 1074 213 91 416 601

e. Deta are presented in English units in table 5 3b.

.
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TABLE 5-3a(*)(cont)

SUMMARY OF RUN CONDITIONS AND RESULTS FOR REFLOOD TESTS

As-Run Test Conditions Results

A verav

Rod Awrne Housing Hot test Hot Rod Hnt Rod Hot Rod Hot Rort Hot -

Test Upper Init6 al Rod Conlant Initint Rod and Initial Maximum Temper. Tum- Rod 1 Bundle -!
J

Matriu Test Plenum T emper- Peak Flonding T empe r. Temperature Nominal - Temper. Temper- ature amund Quench Quench

No. and Run Pressure at ure Power Rate nture at1.83 m Elevation ature sture Rise Time Time Time

Bundle No. (MPa) (DC) (kw/m) (mm/sec) ("C1 (DC) (m) (DC) (DC) ("C) (sec) (sec) (sec)

CONSTANT FLOODING RATE EFFECT TESTS (cont)

07 A 42207 A 0.273 871 2.3 28.2 52 222 3C-1.96 871 1019 148 55 274 396

42430 A(b) 0.276 872 2A 28.2 50 501 3C l.96 864 109R 235 82 354 513

07B 419070 0.276 874 24 2R.4 50 533 3C-1.98 860 1065 206 95 387 $57
y

M 07C 42107C 0.270 884 2A 27.7 51 49R 3 C-l .78 871 1070 199 69 . 318 559

07F 41907F 0.277 871 24 29.07 49 502 3C-2.03 866 1029 - 162 85 ' 363 518

08A 42108A 0.269 872 2.3 39.4 52 221 3 C-1.96 872 963 92 24 204 308

4320R A 0.200 R73 2.3 38.1 50 525 3C-1.96 858 991 133 54 252 367

088 4180A0 0.273 R73 2.3 17.3 49 537 3 C-1.9A M62 970 109 38 278 194

08C 42008C 0.275 893 2.3 37.8 49 514 3C-1.78 869 971 101 19 - 224' 384

00 0 4180AD 0.278 RR4 2.3 37.R 52 502 40 1.78 869 981 113 34 574 428

08E 41008E 0.281 R72 2.3 37.R 49 511 2R-1.70 862 947 86 3? 208 355

08F 4160RF 0.279 R75 2.3 3R.I 50 526 20-1.70 870 947 ' 76 17 207 353

09 A 41909 A 0.270 R71 2.3 147 54 217 3C-l.96 R63 R76 Il 3 72 101

090 417090 0.273 R77 2.3 147 51 111 3 C-1.96 877 RR9 - 11 1.5 45 110

09C 41909C 0.275 RR1 2.3 152 51 20R er-1.70 BRO A9% I4 4 59 10R
I

09 0 430090 0.279 8 72 2.3 147 52 291 3 C- 1.9R 8 72 RAI 9 2.5 11 109

09E 42509F 0.279 R79 2.1 142 %1 261 2C- 1.70 879 R91 12 1% 59 IOR

%2 151 1 C-2.01 87R RRR 11 2.% 47 Ils09F 41509F 0.276 R7R 2.3 146
|

a

b. Misnumbered test
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TABLE 5-3a(a)(cont)

SUMMARY CF RUN CONDITIONS AND RESULTS FOR REFLOOD TESTS

As-Run Test Cmditims '; Result s

A verarr

R od A verarr Hnusinq Hot test Hot Rnd Hnt Rod HntRnd Hnt Rort Hot
Test (Jmer Initial R od Innlant Initial Rod and initial Maximisn Temper- T urn- R nd f4undle

Matriu T est Plenum Tempe r- Peak Finndinq T empe r- T empernt ure Nnmanal T empe r. T empe r- at ure around Qiench Quench
No. and Rm Pressure ature Power Rate ature at 1.R1 m F levatim ature ature Rise Time T eme Time
f4undle No. (MPn) (DC) (kw/m) (mm/see) ("ri ("r1 (m) (nC) ("r) (Or) (sec) (ser) (sec)

PRESStJtE EFFECT AT CONSTANT FLOODING R ATE TFSTS

10A 43610 A 0.142 R72 0.R? 10 il 5%2 1 C- l .96 RSS 9R2 127 119 494 754

100 428108 0.137 R7R 0.R9 10 12 %6R 1r-I AR 835 968 111 147 477 775

[ 10C 43110C 0.137 871 0.89 10.1 29 M6 1C- l .R 1 812 964 152 136 747 721

U 10 0 429100 0.143 R77 OA9 10 11 538 1 C-1.911 841 969 126 12'l 747 74n

10E 41810E 0.141 R71 0.R9 10 il 538 10 2.01 85% 967 Ili 141 %69 756

( IDF 42810r 0.139 877 n.R9 In il 543 1r-1.78 87% 9%7 77 76 419 794

II A 43511 A 0.142 g73 1.1 15 12 523 1 C- 1.96 R50 In29 179 117 476 6%4

110 42711R 0.11R 875 I4 I5 Il %2R TI*l AR R24 995 171 141 442 658

llc 432ilC 0.1% 874 1.1 15 12 511 1 C- 1.9R R64 9ng 124 Inq 417 660

|
11D 427110 0.144 875 1.1 15 il 511 3r-1.911 RR5 Inni 174 119 661 628

llE 41711E 0.14 2 876 1.3 is 12 slR 10-2.n1 R%n 992 tal I?9 ,12 672
'

IIF 427tlF 0.141 876 1.1 15 11 511 1 r-2.01 R69 972 Int 10.4 471 660

I?A 43tl2A 0.119 873 24 27.9 12 %2R 1 r- 1.06 R51 !!!9 267 100 % 10 773

120 43412R 0.140 876 2A 28.2 il %2R 1 r-l .7R R76 In79 2nt 99 est R7%

12C 42912C 0.117 878 2A 27.9 12 %46 3r-l 7R R7n InRi 21% Ino 4RI Rn6

12 0 42512n n.141 877 2A 27.9 11 5 96 1 r-1.911 n ta InsR 2f4 7% R66 Rn7

12E 41612F 0.140 878 2A 27.9 12 %24 2n.1.70 R64 In?n 170 o% 424 Rs7

12F 42612r 0.119 877 2A 27,9 t? %24 70-1.7n R71 In2r. 1% 71 412 7%s

.I

'l
|
,

u ___
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TABLE 5-3a(a)(cont) '

SUMMARY OF RUN CONDITIONS AND RESULTS FOR REFLOOD TESTS

As-Run Test Conditims Results

s

A veraqe

Rod A verage Housing Hot t est Hot Rod Hnt Rod Hot Rod Hot Rod Hot
T est Upper Initial R od Coolant ini'ial Rod and initial Maximum Temper- T urn- Rod flundle

Matrix Test Plenum Tempe r- Peak Floodmq Temper. T empe. at ure Nominal Temper. Tempe r- ature around Quench Quench
No. and Run Pressure at ure Power R at e ature at 1,81 m Flevation ature ature Rise Time ' Time Time
Rundle No. (MPa) (nC) 4w/m) (mm/sce) (DC) (DC) (m)- '(DC) (DC) (og} (ggg} (gpg) (ggg)

SLf1 COOLING EFFECT TESTS

13A 43013 A 0.273 871 2A 27.9 107 417 1C-1.96 846 1073 227 79 443 603
13B 435138 0.274 874 2.6 28.4 110 441 1C-1.98 861 1051 192 77 416 -624

4 13C 42411C 0.281 880 2A 27.9 98 402 3 C-1.78 864 1049 186 69 376 599
*

~45 116 '55913 0 438130 0.277 873 24 27.9 98 421 1C-1.98 870 1017 147

13E 419130 0.280 871 2.6 27.9 100 442 10-2.03 855- 1023 170 68 455 609
13F 43811F 0.277 870 2.6 27.9 99 446 1C-l.78 871 990 118 41 342 512-

VARIABLE FLOODING R ATF FFFECT TESTS

14 A 42514 A 0.281 873 2.6 160 5 see 49 486 1C-1.96 862 1048 186 101 374 559

23 mward

14 8 420148 0.275 872 2.6 147 % sec 49 519 1 C- 1.98 860 1034 17% 106 ' 4'14 620
21 onward

14C 42314 C 0.274 876 2.6 151 5 sec 49 501 1r-1.98 861 1024 164 89 419 6 36

22 mward

14 0 420140 0.274 878 24 153 5 sec 50 499 4 D-1.98 871- 1040 171 76 747 617

22 onward

14E 42014 E 0.279 872 2A 142 % sec 49 491 3 D-2.01 829 1040 211 102 440 600

23 nnward

14F 41914F 0.278 872 2A 143 5 sec 49 501 3 r-2.01 857 971 116 91 '159 515

24 onward

- . . - - _



TABLE 5-3a(s)(cont)

SUMMARY OF RlN CONDITIONS AND RESULTS FOR REFLOOD TESTS

As-Rm Test Cmdities R esults

s

A verarya

Rod A verner Housing Hottest Hot Rod Hot Rod Hnt Rort Hnt Rort Hot
Test Upper Initial Rort Coninnt Initial Rorf anet Initial Maximum Temper- Turn. R od Bundle

Matria Test Plenum Tempe r. Penk Flooreno Tempe r. Temperature Nominal Tempe r. Tempe r. at tere around Quench Quench
No. and Rm Pressure at ure Power Rate at ure att.Ri m Elevation ature st ure Rise Time Time Time
Bundle No. (MPn1 (OC) (kw/m) (mm/seci ("r1 (nC) (m) (DC) (OC) (DC) (sec) (sec) (sec)

REPEAT TESTS*

fh)ISA 42907 A 0.274 871 24 27.9 51 490 1C. I .96 847 1096 249 RO 364 517
43715A 0.279 8 72 24 29A 52 5 14 3 C. I.96 859 linn 239 84 363 520

[ ISB 424158 0.274 875 24 2R.2 49 511 1C.I.98 8 54 1075 222 91 180 547
U 429158 0.275 875 24 27.9 50 529 3 C. I .99 Rn4 1071 219 96 195 569

15C 42715C 0.275 874 24 28.2 49 21 1C.1.7R R10 1n70 205 79 305 550
43315C 0.274 874 2.54 2R.2 49 ill 1C. I .7R 867 107) 205 75 114 572

15D 42615D 0.279 872 2.5 2R.2 49 500 1C.1.911 R29 10%2 221 71 604 520 |

43115 0 0.279 872 24 27.9 % 511 1 C.1.98 R64 in52 IBA 59 359 537
432150 0.277 873 24 27.9 51 515 201.7R 821 1047 224 74 6% 546

15E 41515E 0.274 873 24 27.9 51 517 3D.2A1 810 In72 216 110 422 5%
42215E 0.279 875 24 2 R.2 il 516 1rt2.n1 R43 In49 206 98 409 541
423ISE 0.290 873 2A 29.2 49 509 10 2J11 Rio In4R 211 101 403 533 1

|42415E 0.279 872 2A 28.2 %n snt 10 2.01 A4% In4a 2n4 Ins 40% %42
IV 42215F fl.276 R73 2A 27.9 51 %4 20.I.70 R72 In26 154 61 271 51%

42915F 0.276 R7R 2.% 28.2 49 521 20 1.70 871 1011 142 59 262 49%

43935F 0.279 R7R 2.% 27.9 M %26 1r.1.7R 87R 1004 126 4% 2 90 491
4401%F 0.279 R75 2A 27.9 4R %29 1r. l .98 Rm 1006 I V, 62 29% 479

h. Misnumbered ted

1
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TABLE 5-3afa)(cont)

SUMMARY OF RUN CONDITIONS AND RESUL TS FOR REFLOOD TESTS

As-Run Test Cmdatims R esults

A vern ar

R od A verarr Houstrui Hot test Hot R nd Hnt R nd Hot Rod Hnt Rod Hot
Test Upper Initial R nd Cmlant initial Rod and initial Maximum Temper- T urn- R orf Elundle

Matriu Test Plenum T empe r- Peak Injection Temper- Temperature Nominal Temper- T empe r- ature around Quench Quench
No. and Rm Pressure ature Power R at e nt ure at 1.R3 m Flevatim attne ature Rise Time Time Time
flundle No. (MPa) (OC) (k w/m) (kq/sec) ("C) (nC) (m) (DC) ("C) ("C1 (sec) (sec) (sm)

GR AVIT Y RETLOOD TESTS (ennt)

17A 44117 A 0.142 871 2.3 0.821 14 see 12 545 1C. ).R 3 866 887 ?? 8 251 425
0.095 mward

1 711 43717f1 0.141 875 2.3 0.830 14 see 11 502 1C-1.78 875 890 14 6 210 401,

h 0.10 mward

17C 41RI 7C n.142 872 2.1 0.88015 ser il 505 4 C-1.70 875 RR4 9 1 209 424
0.095 mward

17D 44317D 0.143 R73 2.3 0.R0715 see 12 506 3 C- l .96 873 RR7 13 6 69 411
0.095 mward

17E 43817E 0.144 R74 2.1 0.R1215 see 12 521 2C. I.70 870 RR7 16 11 247 178

0.095 mward
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TABLE 5-3b(a)

SUMMARY OF RUN CONDITIONS AND RESULTS FOR REFLOOD TESTS
,

Results
As Run Test Conditions

,

A verage

Rod Avernae Houang Hottest Hot Rod Hnt Rod Hnt Rod Hot Rori Hot

Test Upper initial Rod Conlant Initial Rod and initial Maximum Temper. T urn- R od Oundle

Metria Test Plenum T empe r. Peak Finoding T empe r. Temperature Nominal T emper. T emper- ature emund Quench Quench

No.md Run Pressure ature Power Rate nt ure at 72 in. Clevatim ature ature Rise Time Time Time

BuncRe No, ipsie) (DF) (kw/ft) (in./sec) (DF) (DF) (in.) (OF) (OF) (DF) (ser) (see) (see)

CONSTANT FLOODINGRATE EFFECT TESTS

04A 42804 A 39A 1604 0.32 0.52 122 971 1C-77 1576 1Rnl 225 95 33R 536

046 42204R 39.7 1612 0.10 n.52 125 1016 3 C-74 1522 1762 240 107 327 583

[ 04C 42804C 39 4 1609 0.30 0.52 121 984 1C-78 1569 1770 201 91 16 7 551

04D 42404D 40.3 1612 0.11 n.51 124 1006 1C-75.25 1541 1779 24n 97 '604 548
a

04 E 42704E 40.3 1605 0.10 n.U I2n lonR 3C.R4 150% 176n 257 99 162 528

04F 43104F 40.1 1611 0.11 0.52 12n 997 1C-no 1602 1753 153 95 140 5%%

OSA 42705A 194 1603 0.45 n.72 122 929 1C-77 1579 -1875 296 R$ 321 4%2

058 4210%R 39A 1617 0.45 0.71 120 906 1C-79 1570 1818 249 86 146 474

OSC 42605C 39.9 1621 0.45 0.73 122 909 1C.70 16nn 1812 210 7% 2R2 458

05 0 42305D 40.5 1612 n.45 n.70 124 917 1C-75.25 1520 185R 319 110 %42 481

05E 41305E 40.1 1601 0.45 0.71 120 ARn 1 0-80 1524 1Rio 29% 102 150 467

050 42105F 40.4 1606 0.440 n.71 122 R94 1C-70 1605 1777 172 67 260 44R

06A 42606 A 19A 1601 n.79 0.91 122 915 3C-77 1581 2114 531 99 424 612

06R 42306R 19 A 1607 0.7R n.91 122 9R4 1C-78 15Rn 2042 482 117 461 677

06C 42506C 3 R.9 1606 0.78 n.91 122 967 1C.70 1591 2046 456 99 352 641

06D 422060 40.1 1612 0.7R n.Tl 122 918 1C-7R 1599 2072 472 116 411 662

06F &l206F 40.4 1600 0.79 n.92 122 949 10-R0 1445 2017 552 111 470 619

06F 42nn6F 40.1 16n7 0.7R n.90 122 977 tr.nn 15R1 1965 1R4 91 4 16 601

Data are presenterl in metric unHe in Inhia 5-1m.s.

- - _ - _ - _ - _
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TABLE 5-3bf8)(Cont)
x

; SUMMARY OF RUN CONDITIONS AND RESULTS FOR REFLOOD TESTS
2

Adun Test Conditims Results

4

A verage

Rod A verag Housing Hot test HtLDod Hot Rod Hot Rod Hot Rod Hot
Test Umer Initial R od Coolant initial Rod and Initial Maximum T emper- T urn- R od Bundle

Matrix Test Plenum T emper. Peak Flooreng T empe r- Temperat ure Nominal Tempe r. 7 empe r. ature amurvf Quench Quench
No. and Rin Pressure ature Power R ate at ure at 72 in. Elavation ature sture ' Rise Time Time Time
Bundle No. (p sia) (DF) fkw/ft) (in./sec) ("F) ("F) (in.) ("F) (DF) (OF) ' (sec) (sec) (sec),

!

CONSTANT FLOODING R ATE EFFECT TESTS (cont)

07 A 42207 A 39A 1600 0.70 1.11 125 431 3C-77 1600 1867 267 55 274 3%

42430A(b) 40.0 1601 0.78 1.11 122 911 3 C-77 1587 2009 423 82 354 513

} [ 078 41907 8 40.1 1605 0.78 1.12 122 992 3C-78 1580 1949 170' 95 397 557
' $ 07C 42107C 19.2 1621 0.78 I.09 124 928 3 C-70 1600 1959 359 69 118 559

07F 41807F 40.2 1603 0.78 1.105 121 914 3C RO 1591 IRR4 292 R$ 161 518

OBA 42108A 39.0 1601 0.70 1,55 125 429 1C-77 1602 1765 166 24 204 10R

43208 A 40A 1604 0.70 1.50 122 977 1C-77 1576 IR16 240 54 252 167

08') 418088 39A 1601 0.70 1.47 128 999 10-78 1581 1779 197 1R 278 144

08C 42008C 39.9 1619 049 1.49 121 957 Tr-7n 1597 17An IRI 19 224 1R4

f 08D 4I808 0 40.1 1623 0.70 1.49 |26 916 4 D-70 1597 1ROI 204 14 574 428

OBE 41000E 40.R I602 0.70 1 49 121 952 2047 15R1 1717 154 19 208 355

08F 41600F 40.4 1607 0A9 f .50 122 978 2fi-67 1599 1716 114 17 207 151.-

09A 41909 A 39.2 1600 0A9 5.R0 lin 421 3r-77 15R6 1609 21 1 72 103 '*

090 417098 39 4 1609 049 5.79 124 611 1r-77 1610 1612 24 1.5 .45' lin
,

09C 41909C 19.9 161R 0.69 5.98 121 407 4 C-67 1617 1649 26 4 59 TOR
;

09 0 430090 40.4 1602 OA9 5.7R . 125 560 10-7R 1602 161R in 2.% 11 109

09 F 42509E en.4 1614 0.70 5A0 124 502 2r-67 1614 1646 ?? 1.5 %9 108 .

09F 41509F 40.0 1611 0A9 5.71 125 661 1r-80 1611 1640 19 ?.5 47 16'

i

i
h. Misnumberert test

;

_ _ _ _ - - _ - - - -
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TABLE 5-3b(a)(cont)

SUMMARY OF RUN CONDITIONS AND RESULTS FOR REFLOOD TESTS

As-Rtn Test Con 6tims Results

A ve rarya

R od A vernae Housnq Hottest Hot Rod Hot Rod Hot Rod Hot Rod Hot

Test Upper Initial R ort Conlant Ir tint Rnrfnnd initial Maximum Temper- T urn - R orf f1undle

Mattii W Plenum T empe r. Penk Injectim T empe r- Tempernture Nominal Tempe r. T empe r. ature a rounrf Quench Quench
,

No. and Yun Pressure at ure Power R ate at ure at 72 in. F levatim ature at ure Rise Time Time Time

Bundle No. (psi 9 (DF) (k w/f t1 flh/seci ('T) (DF) (in.) (DF) (DF) (DF) (sec) (sec) (sec)

CR AVIT Y R14000 TESTS (ennt)
:-

16E 43616E 40.6 1603 0.70 1.R015 see 125 964 4 0-67 1601 1621 1R - 3 129 225

0.21 onward

V

N 17A 44117 A 20.6 1600 0.70 1.9114 see R9 1011 1C-72 1591 1629 40 8 251 425

0.21 onward

17B 43717B 20.4 16nR 0.70 1.R114 see RR 936 1C-70 1608 1634 26 6 210 403

0.22 mward

17C 43817C 20.6 1601 0.70 1.9415 ser- RR 941 AC-67 1607 1624 li 1 209 424

0.21 mward

17 0 441170 20.R 1604 0.70 1.7815 sec 90 941 3C-77 1604 1626 24 6 69 411

0.21 mwnrrt

17E 41Rl7E 20.9 1605 0.70 1.79 15 see R9 969 2C-67 1599 162R 79 11 247 179

0.21 mward

._- --
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j- 5-5. DATAR Program and Results.

!

~

The DATAR program was used to calculate the heat " transfer coefficients for the -i

reflood tests. The program employs a finite difference method to solve 'the inverse-
conduction problem utilizing the measured rod power, temperature, and physical dimen ~

sions to calculate the rod heat flux. The change in the thermocouple diameter af ter the'

first four configurations was accommodated in the DATAR code rod model by incorpo-

rating the thermocouple diameter, coil diameter, wire diameter, and Kanthal fraction.
The calculated heat transfer coefficient 'is ' referenced to the measured saturation

' temperature. The heat transfer coefficient for the hottest rod thermocouple from run

42430A is shown in figure 5-6. .The sharp decrease in the heat transfer coefficient
immediately af ter flood is attributed to the step increase in the power. The power was

lower than specified prior to flood in order.to dry out the steam probes during a slow
heatup rate. The-effect of this power step is believed'to negligible, as discussed in
appendix M.

To provide heat transfer coefficient data more suitable for ' analysis and evaluation, the

data were smoothed (or averaged) over a total time of 10 seconds. This smoothing

technique consisted of. replacing each data point with an average'value of the original
data point and a specified number of points before and af ter the time of interest. An

example of the original data and smoothed data is shown in figure 5-7 for the hottest
rod thermocouple from run 42430A.

The details of the DATAR program calculations, as well as the details on the data
. smoothing technique, are given in appendix M.

The heat- transfer coefficient error analysis as previously performed for the 161-rod
unblocked bundle (figure 5-8) is applicable to the 21-rod bundle,'since the heater rod

dimensions and materials are exactly the same for the first four test configurations. In
configurations E and F, the thermocouple diameter was increased to 1.0 mm (0.040 in.)

from 0.69 mm (0.025 in.) and the heating coil diameter was subsequently reduced, but it

is believed that the errors associated with these changes are negligible.
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5-6. COMPARE Program

The COMPARE program was utilized to compare data within a test run, between test
runs, and/or between test series by clotting the respective data as a function of time.

The automated comparison of data provided for not only quick and efficient validation

of tests, but also thomugh analysis of large quantities of data. In the 21-rod bundle
tests, data from spproximately 125 tests were validated for the six configurations
during the testing and rebuilding period of approximately lli months.

The COMPARE program was utilized to calculate the heat transfer coefficient ratio

between blocked bundles and the unblocked bundle in the analysis of the flow blockage
effects, and in the calculation of the enhancement f actor, as described in section 3.

5-7. SUMMARY OF RUN CONDTTIONS AND TEST RESULTS FOR REFLOOD TESTS

The as-run conditions and the summary results for the reflood tests are listed in
table 5-3.

The summary results for the forced and gravity reflood tests include the fo!!owing
information:

Location of the hottest temperature recorded during the test, which is charac---

terized by the radial location of the rod in the bundle and the thermocouple nomi '

nel elevation with respect to the bottom of the heated length

Initial and maximum temperatures of the hot rod--

Tumaround time, which is the time af ter the start of flooding at which the hot rod--

maximum temperature cat recorded

Hottest rod quench time, which is the time af ter the start of flooding at which the--

temperature of the hottest rod started to decrease very rapidly

5-31
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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 !ast.

A sample of gravity reflood test results is provided in parat;raph 5-10.

5-8. HYDRAULIC CHARACTERISTICS TEST RESULTS

The data from the hydraulle 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 af ter 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 f ashion. On the 0.53 m (21 in.) elevation grid, only the dimples for the
'

outside 12 rods were reduced, in order to provide rod-to-rod spacing in the lower half of

the heater rod bundle. The gr'_s 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 ,

I

!

I
|

i
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Figure 5-9. Average Bundle Friction Factor Versus Reynolds Number
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Figure 5-10. 0.53 m (21 in.) Grid Lms C fficient Versus Reynolds Number
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Figure 5-11.1.07 m (42 in.) Grid Loss Coefficient Versus Reynolds Number

5-35

. - _ _ _ _ _ _ _ _ .



- _ - - _ _ _ _ _ _

000307-12

2.4

9 1.57 m (62 in.) GRID'
-

g
E 2.11 m (83 in.) GRID

2.2 -

S
2.1 -

2.0 -

1.9 -

,

H

$ 1.8 -

o
E

1.7 -

o

$ 1.6 -

9

1.5 -
;

1.4 -

5
1.3 - 5

O
1.2 g-

S g1.1 -

| | | | | | | | g |1.0

2 3 4 5 6 7 8 9 10 12 14 16 18 20

3Re (x 10 )

Figure 5-12.1.57 and 2.11 m (62 and 83 in.) Grid Loss Coefficients
Versus Reynolds Number, Configuration A
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Figure 5-13. 2.59 m (102 in.) Grid Loss Coefficient Versus Reynolds Number
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Figure 5-14. 3.15 m (124 in.) Grid Loss Coefficient Versus Reynolds Number
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Figure 5-15. Blockage Loss Coefficient Versus Reynolds Number
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1.85 m (73 in.).: The 2.59 m (102 in.) and the 3.15 m (124 in.) grid loss coefficients for

all six test series are shown in figures 5-13 and 5-14, respectively. The blockage loss
coefficients for the five blocked bundles are shown in figure 5-15.

The difference in loss coefficients between grids was attributed to the number of steam

temperature instruments which were attached to each grid. A complete analysis of
these hydraulic characteristics test results is provided in section 6.

I

5-9. STEAM COOLING TEST RESULTS
1

|

lhe data from the steam cooling tests were reduced using the STMCOOL program. The

STMCOOL program calculated the heat transfer coefficient based upon the vapor
temperature and subchannel flow as calculated from 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 gravity reflood test results are shown in figures 5-16 and 5-17. Figure 5-16
*

shows the bundle flooding rate as calculated from a mass balance on the downcomer for

configuration A (unblocked) and configuration E, with the long nonconcentric 36-

percent peak strain sleeves. This figure shows that the bundle flooding rates are'

approximately the same for the unblocked arid blocked configurations. Figure 5-17,
which shows the clad temperature immediately downstream of the blockage for config-

urations A and E, indicates a lower clad temperature for the blocked configuration.
These results are consistent for all the blocked configurations.
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SECTION 6
DATA ANALYSIS

6-1. INTRODUCTION

The data from the hydraulic characteristics tests, the steam cooling tests, and the
forced reflood tests were analyzed to the extent necessary to calculate the single-phase

and two-phase flow enhancement f actors.

The analysis of the hydraulic characteristics test data includes a comparison to avail-

able friction factor and grid loss coefficient correlations, and explanations of the
differences. The measurad blockage pressure loss coefficient was compared to the

calculated pressure loss coefficient 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 configuration i- :vidually. The
steam cooling unblocked test data below 1.52 m (60 in.) were correlated as a function 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 with the calculated flow redistri-

bution from the COBRA-IV-I code to calculate the enhancement f actor, Ne, as
described in section 3.

Similarly, the enhancement f actors for the forced reflood tests were calculated for

thermocouples in and downstream of the blockage zone as a function of time. The basis

for selecting the blockage sleeve shape projected to provide the least favorable heat

transfer characteristics in the large 163-rod blocked bundle is also presented.

6-1
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6-2. HYDRALA IC CHARACTERISTICS TEST DATA ANALYSIS

'N data from the hydraulic characteristics tests were analyzed using a simple hydrau-.

. model and the COBRA code. The calculation of the friction f actor and grid losst

.cfficients utilized superheated steam in the COBRA cede, and calculations using

water properties were also performed. In some cases, data correlations are proposed.

6-1 Bundle Friction Factor

The friction factor data for the 21-rod bundle and housing have been correlated as

follows:

f = 1.691 Re-0.43 f or 3 x 103 < Re < 104--

-- f = 0.117 Re-0.14 for 104 < Re < 2 x 104

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 COLPf 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 measttred 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 friction f actor was used in this analysis.

I
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.

|

c
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Figure 6-1. Average Bundle Friction Factor Versus Reynolds Number
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TABLE 6-1
~

CONFIGURATION D CALCULATED AND PEASURED HYDRAULIC.
,

CHARACTERISTICS |

-

Friction Facter Grid Loss Coefficient

Re Calculated (a) Measured Calculated Measured

5.3 x 103 0.03355' O.037 1.1574 1.46

1.5 x' 104 .0.0248 0.0293 0.8195 1.121

a. By COBRA-IV-I code using Moody friction factor with water flow

6-4. Grid Loss Coefficient

The loss coefficient of non-mixing-vane grids in bundles has been correlated by
Rehme(I) as

2K=C c <

r y

for high Reynolds numbers, where c is the blockage ratio of the grid projected cross-
sectional area to the flow area. Through a detailed review of Rehrne's data at lower

Reynolds numbers, a more complete correlation has been formulated:

c for 103 < Re < 104K = 196 x Re-0.33 2--

r

K = 41 x Re-0.16 g for 104 < Re < 1052- -- r

K = 6.5 c 2 f or 105 < Re-- r
:

!

.

1. Rehme, K., " Pressure Drop Correlation for Fuel Element Spacers," Nucl.Technol.17,
15-23 (1973).

! 6-4
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Comparison of the above correlation with many other data sets indicates that it should

be increased by a factor of about 40 percent. The data from the 21-rod tests can be

generally predicted well by the above correlation when it is increased by 40 percent.
Thus

K=1.4K r

The comparisons of data with the present prediction (based upon bundle-averaged c2

and configuration A geometry) are shown in figures 6-2 through 6-5. For bundles with a

reduced number of dimples (configurations C, D, E, and F), the comparisons are also
favorable.

The grid behind the blockage [2.44-2.74 m (96-108 in.)]may be correlated better by

K = 1.6 K r

The increase of loss coefficient may be attributed to the fact that the generated wake
behind the blockage has not decayed completely.

The COBRA code was modified to include the above formulation for grid loss coeffi-
cient for each subchannel. Although the above formulation is derived from the bundle

averaged condition, the comparisons between the data and the COBRA subchannel

analysis are in good agreement for some sample cases. Therefore, the present
formulation could be used in subchannel analysis as well.

The measured and COBRA-calculated grid loss cocfficients with water flow are shown
for two Reynolds numbers in table 6-1. The calculated grid loss coefficient is 17 to
26 percent lower than the measured grid loss coefficient. In a steam flow COBRA

calculation, the calculated grid loss coefficient was only 10 percent lower than the
measu' red grid loss coefficient (in water flow) at a Reynolds number of 12,000.

6-5
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6-5. Coplanar Blockage Loss Coefficient

Configuration C contained short concentric blockage bleeves on all 21 rods at the same

elevation. The data for this test are shown in figure 6-6. This type of blockage is

similar to the grid, except that the geometry resembles a venturi rather than an orifice.
Therefore, the loss coefficient of this type of coplanar blockage was correlated follow-

Ing the previous grid loss coefficient formulas. In f act, the data of configuration C in

figure 6-6 can be correlated well by

K = 0.7 K r

Configuration B contained short concentric blockage sleeves on nine central rods at the

same elevation. Flow bypassed the blockage similar to the flow in two parallel tubes
with different flow resistances. The same pressure drop was aesumed in the blocked

and the unblocked zones. The overall loss coefficient was calculated in terms of the

friction f actor in the unblocked zone and the loss coefficient in the blocked zone. Since
both sets of inf ormation are available, as discussed previously, the overall loss coeffi-

cient can be calculated. For the typical case of configuration B, the calculated result

is

K = 0.54 K r

As shown in figure 6-6, the comparison with data is very f avorable.

6-6. Noncoplanar, Concentric Blockage Loss Coef ficient

Configuration D contained a noncoplanar distribution of short concentric blockage
sleeves on all 21 rods. Since the sleeves were smooth, the flow separation was not

expected to be very severe. The loss coefficient has been calculated by COBRA using

the Moody friction factor f or the rods and blockage surfaces (which are increased
because of blockage geometry). The calculated loss coefficient is very close to the

data, as shown in figure 6-6 f or all Reynolds number ranges. For this type of smootn

noncoplanar blockage, it was concluded that the loss coefficient was due to the increase

of the skin friction in the blockage zone.

6-10
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6-7. Noncoplanar, Nonconcentric Blockage Loss Coefficient

A similar calculation was perf ormed for the nonconcentric blockage in configurations E

and F; however, the calculated loss coefficient was approximately 25 percent and

50 percent, respectively, of the experimental results. This difference between the cal-?

culated and measured blockage loss coefficients was attributed to the flow separation

which occt:rs downstream of the bulge. To provide an accurate simulation of the non-

concentric flow blockage in configurations E and F, the COBRA-IV-I code was modified

to provide a pressure loss coefficient for each nonconcentric bulge. It was assumed
that the pressure loss due to the bulge was a function of distance downstream from the

bulge similar to the heat transfer exponential decay downstream of the grid.(I) This is

mainly because both the pressure loss and the heat transfer augmentation are directly

related to the gradual decay of the turbulence in the wakes along the stream.

The modeling of the blockage in COBRA-IV-I utilized the modified Rehme correlation,

as previously described in paragraph 6-4. This pressure loss coefficient was then distri-
buted downstream of the bulge utilizing the relationship

-0.13 (Z/D)Ka e

such that the local loss coefficient becomes

(Z/D)i+1
-0.13(Z/D) dK, = C e

(Z/D)i

and the overall loss coefficient is

(L/D)
-0.13(@) dK=C e

0

1. Yao, S. C., et al., " Heat Transf er Augmentation in Rod Bundles Near Grid Spacers,"
presented at Winter Annual Meeting, American Society of Mechanical Engineers,
Chicago, IL, November 16-21, 1980.
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Therefore,

KC=g
-0.13(Z/D) dg

0

Substituting the above relationship for C into the relationship for the local loss
coefficient, K , the local loss coefficient becomes

- -

(Z/D)g y

-0.13(Z/D) d-
(Z/D);

K(Z) = 1.4 K g)

-0.13(Z/D) de
g 3Dj

-
-

The Reynolds number and blockage f actor were calculated at the elevation of maximum

blockage. The axial distribution also includes a simulated entrance loss effect with

50 percent of the magnitude of the highest value. The general representation of the
term within the brackets in the above equation is shown below:
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The results from the COBRA calculation (with steam) and the hydraulic characteristics

tests are shown in table 6-2 for a Reynolds number of 14,000. .

!
'

TABLE 6-2 s

CALCULATED (a) AND NEASURED HYDRAULIC CHARACTERISTICS

FOR CONFIGURATIONS E AND F AT Re = 14000
i

,

Grid Loss Blockage Loss ,s

Friction Factor (b) Coefficient Coefficient ~

Configuration Calculated Measured Calculated Measured Calculated Measured

| E 0.026 0.028 1.04 1.1 2.16 2.47

F 0.026 0.028 1.03 1.1 3.07 2.9

a. Using steam in COBRA-IV-I code
b. COBRA-IV-I code using Moody friction f actor

Because these results were f airly reasonable, the COBRA blockage modeling described

above can be utilized 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 from the 161-rod unblocked bundle.(1) The COBRA-IV-I computer

code was utilized to calculate the subchannel vapor temperatures and the mass flows.

In this f ashion, the effects of the housing, the filler rods, and subsequent subchannel

mixing could be taken into account. The measured heater rod temperatures and bundle

power were subsequently coupled with the calculated vapor temperatures and mass
flows to calculate the corresponding heat transfer coefficients.

1

1. Wong, S., and Hochreiter, L. E., " Analysis of the FLECHT SEASET Unblocked Bundle
Steam Cooling and Boiloff Tests," NRC/EPRl/ Westinghouse-8, January 1981.
NUREG/CR-1533.
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The steam cooling test data were reduced and analyzed in the f ollowing two steps:
.

The data below the 1.52 m (60 in.) elevation for all six bundles were analyzed--

toget her.
.

,

-- The data between the 1.52 and 2.44 m (60 and 96 in.) elevations were analyzed f ere

each configuration individually.,,
..

,

it was possible to use the above two teps because the data for all six configurations
represented the unblocked condition below 1.52 m (60 in.) and could theref ore be

reduced and analyzed together. i, Iso, the COBRA-IV-! model of the blockage zone
required small nodes 25 mm (1 in.) to accurately calculate the flow redistributions

. around the. blockage sleeves. Since the data below 1.52 m (60 in.) were rneasured in
~ '

approkimately 0.30 m (12 in.) increments, a much larger node 1.52 mm (6 in.) could be '

, _

utilized. The data above 2.44 m (96 in.) were not analyzed, since reverse heat transf er

ocetstred as a result' of the low power at these elevations. The subchannel vapor tem-
peratures and rriass flow rates calculated from the O to 1.52 m (0 to 60 in.) models were

. Utilized as boundary conditions foi the respective 1.52 to 2.44 m (60 to 96 in.) models.

;

6-9. Data Reduction Method
s

+ #

The STMCOOL code (described in paragraph 6-10) was written to calculate the local

Nusselt and Reynolds numbers in the 21-rod bundle test section, based on the calculated

COlbid\-IV-1 results and the measured data es shown ;in figure 6-7.

The unblocked data were correlated as a function of Reynolds numbers in the same way

as the 161-rod unblocked bundle data. The enhancement f actor (described in section 3)
was calculi.ite,d for the blockage data. The ' data correlation as a furiction of elevation,.

.

blockage, and Reynolda number will be provided in a later evaluation report.

6-10. COBRA lV-1 Kfodels

The COBRA-IV-I code was set up and run with the assistance of Battelle Nort hwest

Laboratory to calculate subchannel vapor temperatures and mass flows. Figure 6-8
s

~' s

2
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shows the subchannel simulation of the unblocked 21-rod bundle test section for the
COBRA-IV-I code. The measured pressure, inlet steam temperature, inlet mass flow

rate, and power were utilized as boundary conditions. The heater rod radial power
factors based on the measured heater element resistances, and bundle-averaged axial

power profiles, as calculated from the heater rod quality assurance data, were incor-

porated into the COBRA model for each of the six test configurations.

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 flux into

the 12 peripheral subchannels. The energy loss was a function of bundle power and
elevation, as shown in figure 6-9.

6-11. STMCOOL Code

The STMCOOL code was written to calculate the local Nusselt and Reynolds numbers as

follows:

GD
.

h
Re = p

Na = bK

where

Re = vapor Reynolds number

G = vapor mass flux

M = vapor viscosity

Dh = hydraulic diameter
Nu = Nusselt number

h = heat transfer coef ficient

| K = vapor conductivity
|
|
,
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The heat transfer coefficient was given by

it

%
h=T (-

where

( = wall heat flux
Tc = clad temperature

Ty = vapor temperature

The vapor mass flux, G, was calculated by the COBRA-IV-I code. The measured buncile

iniet steam flow was distributed among the 28 subchannels to maintain an equal pres-

sure gradient. The mass flux used in the STMCOOL code was the average of the mass

fluxes in the four COBRA code subchannels surrounding the particular heater rod.

The hydraulic diameter, D , was defined by a rod-centered subchannel and in theh

STMCOOL code was the average of the hyt.raulic diamete s in the four COBRA code

subchannels surrounding the particular heater rod. The vapor properties p and K we'

evaluated at the film temperature, since the wall-to-vapor temperature difference was
s m all between 6 C and 28 C (10 F and 50 F) .

The wall heat flux was calculated from the measured power as f ollows:

ii
((i-throd,Z)=R F Z7r

where

R = ratio of the power of the i-th rod to the average rod power

FiZ = axial power f actor of the i-th rod at elevation Z

m asur PP = average linemt power =
2 x

6-20
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d = diameter of heater rod

The clad temperature, T , utilized in the above formulation was the measured rodc

temperature. The difference between using the measured rod temperature at the inside

surf ace of the clad and the outside surf ace temperature as cale,ulated by the DATAR
code was less than 1 percent of the rod-to-vapor ten.perature differential. All of the

measured rod temperatures were reviewed to ensure that steady-state conditions had

been achieved. It was assumed that no more than 0.60C (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 CWRA-IV-Iy

code. The vapor temperature used in the STMCOOL code was the average of the vapor

temperatures in the four CWRA code subchannels surrounding the particular heater
rod. Vapor temperature measurements were made at various elevations and radial
positions in the bundle, but in insufficient quantities for detailed heat transfer calcula-

ti ons. However, comparisons of calculated and measured vapor temperatures from 0.89

to 2.46 m (35 to 97 in.) generally showed good agreement, as shown in figures 6-10
through 6-12 for configuration C. The subchannel locations for the measured vapor
temperatures in these figures are identified in figure 6-8.

l

In the lowest-flow steam cooling tests, the measured vapor temperatures were consis-

tently higher than the CWRA-code calculated vapor temperatures. It was believed
that condensation in the injection between the flow measurement location and the

bundle inlet reduced the steam flow through the bundle, and thereby provided higher
measurements of the vapor temperature than would have been expected. The steam

flow was subsequently reduced in the CTRA 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 figure 6-13 for rm 41329C. Similar flow reductions were required in the low-

flow steam cooling tests for the other five configurations, although the percentage
reduction varied for each configuration as shown below:

6-21
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Corrected Bundle

Configuration Run Flow Reduction (%) Inlet Reynolds Number

A. 44529A 30.9 1907

B. 43129B 10.6 2396

C 41329C 23.9 2039

D 41529D 20.6 2053

E 43929E 31.8- 1879

44029E 34.5 1802

F 41229F 32.6 1836

In each of the above tests, the flow was reduced approximately 29 percent except for

rtn 431298, which was reduced 10.6 percent. The measured vapor temperatures and the

calculated vapor temperatures for run 431298 are shown in figure 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 icw-flow-test measured
vapor tempratures. It was therefore concluded that this test should not and would not

be considered for further 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 figure 6-15 for all 23 valid

steam cooling tests. These results are generally greater than the reaults of the Dittus-
Boelcer turbulent flow heat transfer correlation,(1) and the results for fully developed
laminar flow in a rod bundle where the Nusselt number equals 7.86.(2) 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. Dittus,I . W., and Boelter, L. M. K., " Heat Transfer in Automobile Radiators of the
Tubular Type," Univ. Calif., Berkeley Publ. Eng. 2, 13,443-462(1930).

2. Kim, J. H., " Heat Transfer in Longitudinal Laminar Flow Along Cylinders in Square
Array," in Fluid Flow and Heat Transfer Over Rod or Tube Bundles, ASfE, 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 correlation, developed from a linear regression fit using 375 data points,
is represented by

/3 = 0.1805 Re .5788
0

for 1115 5 Re $ 11075p

A comparison of 21-rod bundle,161-rod bundle, and Dittus-Boelter heat transfer corre-

lations is shown in table 6-3.

TABLE 6-3

COMPARISON OF HEAT TRANSER CORRELATIONS

Ratio of Nusselt Numbers
Nu (21-Rod)(a) Nu (21-Rod) Nu (161-Rod)

Re Nu (161-Rod)(b) Nu (DB)(c) Nu (DB)

2,500 1.047 1.390 1.330
10,000 0.913 1.023 1.122

a. Nu (21-rod) = 0.1805 Re .57880

b. Nu (161-rod) = 0.0797 Re .67740

c. Nu (Dittus-Boelter) = 0.023 Re .80

The Nusselt number, as normalized to the following correlations with the same Prandtl

number, is shown in figures 6-16 through 6-38 as a function of elevation:

0Re > 2500, ) = 0.023 Re .8 (Dittus-Boelter)_

Re 1 2000, 73 = 7.86p
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'

fC

s

^<

;I

!' 2000 < Re < ' 2500, = -8.799 t 0.00833 Re (!Inear
Pr Inter polati on between . above *

two correlations)

'' Each individual 21-rod bundle heater rod is designated by a letter as shown in the
,

figures.

As sho'wn in t' ese figures, the data for both corner and inside rods generally "collaps.e"h

'fo similar.vr. lues which are usually greater than the reference correlation utilizing 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 typically greater than data at the lower elevations for all tests. This
increased heat transfer at the 1.52 m (60 in.) elevation may be attributed to the large

'

i quantity of steam' temperature instruments (six) attached to the 1.57 m (62 in.) grid
j. 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 flux and rod temperature, the calculated vapor temperature, the
Nusselt number, and the Reynolds number at each instrumentation location below

1.52 m (60 in.) for all valid steam cooling tests are given in appendix K.

6-13. Blocked Region Model Results

To determine the effects of flow blockage on rod bundle heat transfer, it 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.) elevation, are plotted in i

figure 6-39 as a function 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.)

! elevation. It is believed that several factors contribute to the rpsults above 1.52 m
(60 in.), which are different from those below 1.52 m (60 in.). The COBRA-IV-I code

i does not allow for incorporation of individual rod axial power dissribution and the heat
'

loss from the 12 peripheral subchannels would have an integrated effect on both the

vapor temperatures and the velocities, thereby affecting the results at the midplane

elevations more than at the lower elevations. The COBRA-calculated flow conditions
|
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l

for each of the different subchannels, as shown in figure 6-40 for rtri 44401 A at 1.80 m

(71in.), indicate a significant variation in both the Reynolds number and the vapor
temperature from stbchannel to subchannel. The corner stbchannel is in laminar flow

while the center subchannel is in transition flow. However, in the process of averaging

the flow conditions to obtain a rod-centered subchannel, the differences among the
subchannels becomes much less significant, as shown in figure 6-41.

The Nusselt numbers as normalized to the previous correlations for all the valid steam

cooling tests are plotted as a function of elevation in figures 6-42 through 6-64.

As shown in figure 6-42 for run 44401A, the corner heater rods have a nreater normal-

ized heat transfer than the inside rods. However, by increasing the bundle Reynolds
number from 4790 for run 44401A to 11590 for run 44303A, the differences between the

corner rods and the inside rods become much less significant, as shown in figure 6-43.,

This result may be attributed to the flow associated with each heater rod. In

run 44401 A, the corner rod is calculated by COBRA to be in laminar flow (Re < 2000)

while the inside rod is in transition flow (Re > 2000); however, in run 44303 A, the corner

rod is in transition flow while the inside rod is in turbulent flow (Re > 10000). If this
situation actually exists in the bundle, the thermal response of the heater rods could be

affected more by the combination of laminar and transition flows than by the combina-
tion of tr,ansition and turbulent flows. In runs 44401A and 44303A, the normalized heat

transf er 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 figures 6-45 through 6-51. The heat transfer data downstream of

the coplanar blockage without flow bypass (configuration C) were greater than data
with the flow bypass (configuration B). The improvement in the heat transfer behind

the coplanar blockage decreases with increased distance downstream of the blockage
and also decreases with increased Reynolds number.
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Re = 1935 Re = 6529
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Figure 6-40. COBRA Subchannel Reynolds Number and Vapor Temperature at
1.80 m (71 in.), Run 44401 A
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I In the noncoplanar bicekage-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

~

I approximately 1.85 m (73.in.), as shown in figures 6-52 through 6-64. This could simply
be a result of the limited amount of data available at this elevation, or it could be~

symptomatic of.the COBRA code flow redistribution calculations. _ For example, the
subchannel velocity as calculated by COBRA could be greater than the actual velocity,

,

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 from the ' blockage centerline. Within this " envelope" of data, no . apparent,

trends were observed.

,

- The measured heat flux 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 tht:cmocouples in appendix K.
.

,
The enhancement factor, as peviously discussed iG section 3 and defined as follows:

i
,

h ~*
b

-
;

tt = p kg /
<

O O

-

! was calculated for the five blockage configurations utilizing the STMCOOL code. Since

the as-built thermocouple locations varied from bundle to bundle as described in appen-

dix N, the unblocked measured heat transfer, h , and the calculated mass flux, G , wereo o

interpolated to provide data at locations comparable with 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-flow differ-

ences,11 of the 20 blocked configuration tests had axial rod temperature distributions
' ' below - the blockage zone which were different from those of the corresponding

| unblocked configuration tests. Also, of the nine tests which had comparable axial
.

! temperature distributions, four were conducted at Reynolds numbers which were more

than =26 percent different from those of the corresponding unblocked configuration
<

f
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tests. Therefcre, in order to avoid introducing bunde-to-bunde and Reynolds number

effects, the heat transfer data upstream of the blockage region were utilized to calcu-
late the enhancement f actor. The upstream heat transfer data for these 15 tests were

simply averaged, as listed below:

(Nu/0.023 Re .8) upstream
0Rm

41201C 1.20

40601E 1.20

40901F 1.17

43202B 1.25

43902C 0.90

41202D 0.90

40102E 1.25

41002F 1.05

41003 C 0.90

41103D 1.10

40503 E 1.10

41103 F 1.0

43929E 1.4

44029E 1.4

41229F 1.25

For rm 414018, which could utilize the mblocked configJration data, a comparison
with the enhancement factor based on the upstream data indcated f airly good results

for the 13 noncorner heater rods, as shown in table 64. The eicpt corner heater rods

dd not provide a good comparison between the two methoch of calculating enhance-
ment f actor. The enhancement f actors for each of the blocked configuration tests are

shown in figures 6-65 through 6-84 as a f unction of elevation with the actual thermo-

couple elevation. The enhancement f actor based on the upstream heat transf er data is
denoted on the vertical axis for the above figures. The enhancement factors for the

coplanar blockage configJrations (configJrations B and C) f or the irside heater rods
were between values of 1 and 1.95 immedately downstrearn of the blockage and subse-

quently decreased to values of 0.85 to 1.30 with increcsing distance downstream of the

6-82
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TABLE 6 4

COhPAR15ON OF ENHANCENENT FACTORS, RUN 41401B ~ ~
,

P Noncorner Enhancement Factor

Rod and Elevation Bmde A Data Upstream Data (a)

4 C 1.70 m (67.1 irs) 1.15 1.075

3C 1.78 m (70.2 in.) 1.09 1.01

4D 1.79 m (70.5 irt) 0.99 1.15

3C 1.81 m (71.1 in.) 1.11 1.03

3E 1.83 m (72.1 in.) 1.05 1.04

3C 1.88 m (74.2 in.) 1.28 1.13

2C 1.90 m (75.0 in.) 1.29 1.21

3 D 1.91 m (75.2 in.) 1.50 1.40

281.96 m (77.1 irs) 1.12 1.27

3 D 1.96 m (77.1 in.) 1.43 1.35

2C 1.98 m (78 in.) 1.18 1.10

3B 2.01 m (79.3 in.) 1.05 1.0

3D 2.01 m (79.2 Irs) 1.29 1.21

3 A 2.01 m (79.3 in.) 0.93 0.98

a. Nu/0.023 Re .8 = 1.250

bl ockage. However, the enhancement f actors f or the corner heater rods were generally

less than a value of 1 if the blocked data were normalized by the correspondng
mblocked data, and conversely, were generally greater than that of the irside rods if

the blocked data were normalized by the upstream data. The enhancement factors for

the irside heater rods were consistently greater f or the coplanar blockage configuration
without flow bypass than for the configuration with flow bypass.

The enhancement f actors for the noncoplanar blockage conficyJrations (configura-

tionsD, E, and F) for both the inside and corner heater rock varied significantly in

6-103

- --. . , - _. .___.-.- .- . ._- , _ _ - . . .



._

macylitude within and downstream of the blockage. In reviewing the data, f.here

appeared to be no consistent relationship between the enhancement factor and the
blockage sleeve location. The noncoplanar blockage detribution would cause the ther-

mal response of the heater rods to be affected by adjacent blockage sleeves. However,

a f airly consistent trend observed was the relationship between the local COBRA-
calculated Reynolds number and the enhancement factor. As the local Reynoli num-
ber decreased, the enhancement f actor increased, although not necessarily proportion-

ally.' This is quite similar to the coplanar blockage cases, in which the improvement in

the heat transf er generally decreases with Reynolch number. These enhancement

f actors will be correlated as a f tsiction of elevation, Reynotch number, and blockage for

publication in the data evaluation report.

6-14. FORED REFLOOD TEST DATA ANALYSE

The following paragraphs discuss COBRA dmulation of the tests and calculation of the

enhancement f actor.

The enhancement f actor (Ne) was defined in section 3 as

h *
b

p =1 G- Ne (6-1)

k/0

according to the Hall and Duffey approach. The subscripts b and o represent the

blocked and mblocked bmdles, respectively. The heat transfer coefficient (h) is
obtained f rom DATAR code results, G is mass flux, and m is a constant exponent, which

could be 0.8 if the Dittus-Boelter correlation is tsed as a basis.

6-15. COBRA-IV-I Simulation

The fluid flow condition above the quench front during a reflood test is a dispersed

nonequilibrium flow. The local mass flow rate and quality are also chancjng with
time. Even though an ideal simulation of the flow above tte quqnch front should

6-104
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include all these effects, some of them may be second-order for the present purpose
and the problem can be simplified significantly.

Since the dispersed droplet flow usually has a high void fraction, the flow can ae rea-

sonably assumed to be single phase. Since droplets resist flow diversion at blockages,
this assumption will give conservative results,in the enhancement f actor calculation.

The mass flow and heat addition effect have been studied by Westinghouse,(I) EG&G,(2)

and Prelewicz,(3) with the following results:

-- Mass flow rate change does not affect flow redistribution at the blockage in any
significant way.

Heat addition can change flow redistribution to some extent, but the ratio between--

the blocked bundle and unblocked bundle (G /G )is not affected significantly.b o

Based on the above observations,it was decided to simulate the reflood test as a single-
phase steam flow test with a constant flow rate and isothermal condition. For this
case, equation (6-1) can be written as

h
b bb (6-2)

U,ih -
g 9

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 Firiw Blockage Model",
EG&G-CAAD-5376, March 1981.

3. Prelewicz, D. A., and Caruso, M. A., " Evaluation of Flow Redistribution due to Flow
Blockage in Rod Bundles Using COBRA Code Simulation," ERPI-NP-1662,
January 1981.

1
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The simulated flow conditions are stmmarized in table 6-5. Because of the noncoplanar

blockage distribution, the entire cross section of the bundle was simulated as indcated

by channel and rod numbers in figure 6-85. The simulated axial length was 1.75 m

(691n.) between the 1.30 and 3.05 m (51 and 120 !n.) elevations, as indcated in fig-
j

ure 6-85. The axial node length was taken to be 25 mm (1 in.)

|

TABLE 6-5

l COBRA SIMULATION FLOW CONDITIONS j

|
'

,

Presstre 0.28 NFa (40 psia)

[ Fluid temperature Slightly superheated steam
2 2Flow rate 453 kg/m -sec (1000 lb/ft -hr

Lineer velocity ~ 9.1 m/sec (30 f t/sec)

| Re = 12,500

! Power Isothermal
!

!

This node length should provide reasonable simulation.(1) Flow blockage was simulated

by flow area variation only in configurations B through D, and with both flow area
variation and presstre loss coefficient for configurations E and F, as previously
described in paragraph 6-7. The grid loss coefficients were estimated based on Rehme's

method. The input parameters for the COBRA simulation, including area, gap varia-
tion, and pressure loss coefficient tables, are provided in appendix A.

6-16. Determination of Enhancement Factor
r

it was found that the circumferential temperature variation on rods was not significant

(see appendix I) and the temperattre on a rod was affected by the fluid flow in the four

adjacent subchannels. Therefore it is logical to use the average fluid flow rate in the

four channels surrounding a rod. That is, rod-centered subchannels (figure 6-06) should

1. Letter to R. E. Tiller from J. A. Dearlen, January 12, 1981.
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Figure 6-85. COBRA Simulation of 21-Rod Bundle
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Figure 6-86. Subchannel Definitions
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T

be consi& red in calculating the enhancement factors. The flow rate in the rod-
centered subchannels are calculated by the COBROD code, which reada the COBRA

results and obtains rod-centered subchannel average flows.

The computer program COWARE has been modified to calcul' ate the enhancement

factor according to equation (6-1). A schematic diagram of the logic used to calculate

the enhancement factor is shown in figure 6-87. The resulting enhancement factors
using m=0.8 for the ref erence tests 28 mm/see and 0.28 Wa (1.1 in./sec and 40 pala)

~

are presented in figures 6-88 tbrough 6-132 for configurations C through E.

The enhancement f actors f or configurations B ,and F for the reference tests and config-

urations 8 tbrough F for other test condtions [23 mm/see and 0.28 MPa (0.9 in./sec and
40 psia) are presented in appendix O.

,

'

:
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Figure 6-126. Enhancement Factor for Run 41515E, Rod 3D,2.02 m (79.6 in.) Elevation
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4 " SECTION 7
' '

CONCLUSIONS
:

P

The objectives of the 21-rod bundle flow blockage test program were judged to have

been successfully met. Thermal-hydraulle data from one unblocked 21-rod bundle
configuration and five blocked 21-rod bundle configurations, including both coplanar and

noncoplanar blockage distribution, 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 flow redistribution. The long nonconcentcic blockage sleeve was
projected to provide the least favorable heat transfer characteristics in the large
163-rod blocked bundle.

In addition, isothermal characteristics tests and low-power, low-temperature steam
cooling tests were successfully conducted on all six bundle configurations. The results

from the hydraulic characteristics tests were utilized to provide a good simulation of

the 21-rod bundle in tha COBRA-IV-I code. The single-phase steam cooling tests will

provide the basis for evaluating the two-phase reflood data and developing a blockage
heat transfer model.

As with 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 limit the ueeful-

ness of the data. The small size of the 21-rod bundle test facility tends to enhance the

housing or wall effects. The wall, although heated, still provides a radiation heat sink

to the heater rods. The radiation effects were rainimized 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

i

|

l
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i

1

effect of the housing would becomo a second-order effect for the normalized heat
transfer data for the outer rods and an even smaller effect f or the central nine rods.

Normalization of the data is perhaps the simplest method for examination of the flow
blockage effects on the resulting heat transfer, if the 21-rod bundle were to be
modeled with a best-estimate computer code, then the additional radiation heat sink

effect would have to be modeled in that code. Again, since the test philosophy was to

repeat test conditions exactly from confiouration to configuration, the computer code

could be normalized to the mblocked data, and then used to analyze the blocked data.

The housing effects in each test are es entially the same.

The gravity reflood scoping tests apparently have higher flooding rates than exoected.

The result is a masking of the effects of flow blockage. Approximate scaling of the

| loop resistance and estimation of the steam binding effect were apparently insuf ficient

| to compensate for the large flooding rates into the bundle. However, the 21-rod bundle
I gravity reflood data are still valuable and can be used as a code assessment tool for

gravity re flood situations.
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APPENDIX A

COBRA MODEL

COBRA-IV-1 was utilized extensively in determining the sleeve type for the use in the

large bundle test. This code is well summarized in the 21-rod bundle task plan.(I) in

this appendix, pertinent information is provided for all blockage configurations tested in
this program.

The input for configuration 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 implicit method with inlet flows specified, and the results were
written on a catalog tape. This catalog tape was used to provide initial conditions for
the simulations of configurations B through F. These bundlas were simulated by the
explicit method with the initial 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 coefficients for the grids and the blockage sleeves

are provided in tables A-7 and A-8 for configurations E and F, respectively.

,

1. Hochreiter, L.E., et al., "PWR FLECHT SEASET 21-Rod Bundle Flow Blockage Task:
Task Plan Report," NRC/EPRl/ Westinghouse-5, March 1980.NUREG/CR-1370.
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TABLE A-4

AREA AND GAP VARIATIONS OF CONFIGURATION D

s/L . aata ves3A780m 76C70a5 70s suSCMammtL (!)
( 13 ( 2) ( 3) ( 63 ( 5) ( 6) t 7) ( 8) ( 93 (101

0.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.v. .
.232 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
.J38 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.0C0 1.sCO
.243 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.400
.269 937 .856 1.000 1.000 .841 926 1.ON 1.Or,0 1.000 1.0cv
.255 937 .791 1.000 1.000 419 .470 1.N0 1.000 1.000 1.u00
.261 937 766 1.000 1.000 .796 .847 .d73 .956 1.000 1.uct
.267 937 791 1.000 1.000 796 .670 .896 .416 1.000 1.GGu
.272 .937 .856 1.000 1.000 .881 926 .453 764 1.000 1.000
.278 1.000 1.000 .4?6 937 1.000 1.000 779 .625 1.000 1.004
.284 1.u00 1.000 791 937 1.000 1.000 766 .633 1.000 1.000
.290 1.000 1.000 766 .873 1.000 1.000 .820 .641 1.000 1.0G0
.296 1.000 1.000 791 .473 1.000 1.000 .470 .666 1.000 1.0c0
.301 1.000 1.000 .856 .473 1.000 1.000 926 .642 1.000 1.0Cs
.307 1.000 .45e .856 937 .472 453 926 .401 .770 779
.313 1.000 .791 791 637 .773 .760 .470 .865 .639 .610
.319 937 764 766 937 666 .696 .467 .933 .555 .515
.325 937 791 .791 1.000 .618 760 .470 1.000 .515 .303
.330 937 .456 .856 1.000 672 .453 926 1.000 .599 .632
.336 .937 1.000 1.000 1.000 .601 926 426 1.000 771 .:'3
.362 937 1.000 1.000 1.000 .865 .470 .870 1.000 .414 .404
.264 937 1.000 1.000 1.000 933 .867 .867 1.000 911 973
.356 937 1.000 1.000 1.000 1.000 .470 .870 1.000 1.000 1.GGG
.359 1.000 1.000 1.000 1.000 1.000 926 .929 1.000 1.000 1.660
.365 1.000 1.000 1.000 1.000 1.000 1.000 1.600 1.000 1.000 1.660
.3 71 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.0C0 1.000
.377 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.u00 1.eco
.383 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.0cc 1.G00

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.0c0 1.LLO

s/L asSA vaalA710se 76C70a5 704 5USCMamm(L (1)
(ii) (12) (13) (16) (15) fie) (17) (18) (19) (2Q,

0.000 1.000 1.000 1.000 1.000 1.000 * 000 1.000 1.000 1.000 1.sv0.

.232 1.000 1.000 1.0uo 1.000 1.000 1.000 1.000 1.000 1.000 1.0(0.238 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.cuo 1.0(0.263 * 000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.wwe.

.249 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.c60

.255 1.000 1.000 1.000 1.000 1.000 1.000 1.C00 1.000 1.000 1.0cv

.261 1.000 973 973 1.000 1.000 1.000 1.000 .973 973 1.0cc

.267 1.000 .896 .896 1.000 1.000 1.000 1.000 .896 .896 1.000.272 1.000 .453 .453 1.000 1.000 1.000 1.000 .453 .853 1.G40

.278 1.000 .453 .853 1.000 1.000 1.000 1.000 .453 .d!! * L. ,.

.266 1.0C0 .396 .39' l.000 1.000 1.C00 1.0ve .496 . c ., '.;;.

.290 1.000 973 967 911 .911 967 973 973 .673 t..o

.266 1.cuo 1.000 .896 .818 .818 788 .346 1.000 1.000 1.; A

.301 1.000 1.000 .453 771 .771 706 .853 1.000 1.0v0 1.ec y
.307 .453 1.000 .453 771 .686 .559 .779 1.000 1.0v0 1, . ;
.313 .760 1.000 .396 .818 .667 .327 766 1.c00 1.cv0 1.a.319 .696 1.000 967 .840 .733 .661 796 .973 .b-
.325 .760 1.000 .496 .813 .191 .760 . 7.% .W 7-
.330 .853 1.000 .853 771 .456 .453 779 .853 .706 ... cue
.336 .a!3 .779 779 .771 1.000 1.000 779 706 .633 .600,

! .342 .760 .610 .766 .418 1.000 1.000 .766 .634 .657 . 95
| .364 .694 .561 .420 911 1.000 1.000 .420 .668 794 .se0
| .356 740 - .610 .870 1.000 1.000 1.0T .870 760 .470 1.000

.359 .853 .779 926 1.000 1.000 1.000 926 .453 92+ 1.000

.365 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

.371 1.000 1.000 1.000 1.000 1.000 . 000 1.000 1 000 1.000 1.000

.377 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

.383 1.000 1.000 1.000 1.000 1. 0L". 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.C00
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TABLE A-4 (cont)-

AREA AND GAP VARIATIONS OF CONFIGURATION D

sit aeta vastattom FaC10es 70s SUSCMasusSL (I)
(213 (22) (23) (24) (253 (24) (27) (288

0.000 1.000 1.000 1.000 1.000' 1.000 1.000 1.000 1.000
.232 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000.
.234 1.000 1.000 1.000- 1.000- 1.000 1.000 1.000 1.000
.263 1.000 1.000 1.000 1.000 1.000 1.000 '1.000 1.000
.269 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
.255 1.000 1.000 1.000 1,000' 1.000 1.000 1.000 1.000
.241 1.000' 1.000 973 956 1.000 1.000 1.000 1.000
.247 1.000 1.000 .896 .814 1.000 1.000 1.000 1.0G0
.272 1.000 1.000- .853 '.764 1.000 1.000 1.000 1.000
.278 1.000 924 .F06 .625 ' 1.000 .854 .770 .937

. 286 1.000 .870 .436 .433 1.000 791 .439 437
.290 .884 .420 668 768 .937 7M .584 937
.296 440 7M .F60 .419 937 191 .439 937
.301 .566 .F79 .453 .881 .937 .454 .F70 937
.307 625 779 1.000 1.000 .873 .854 1.000 1.000
.313 679 7M 1.000 1.000 .473 791 ?.000 1.000
.319 .480 - .F96 973 901 .473 7M 1.000 ' 937
.325 .819 7% .896 .865 937 .F91 1.000 937
.330 .481 779 .853 .801 .937 .454 1.000 937
.336 1.000 .453 .853 .401 1.000 1.000 1.000 937
.362 1.000 .896 .496 .845 1.000 1.000 1.000 937
.368 1.000 973 973 901 1.C00 1.000 1.000 9??
.356 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.0C0
.359 1.000 1.000 1.000 1.000 1.000 1.000 '.000 1.000
.345 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
.371 1.000 1.000 1.000 1.000 1.000 1.000- 1.000 1.000
.377 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
.383 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

s.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

s/L Gap SPAClas4 waatatten FAC1085 FOA ASJACint SuSChaassSL3 (!,J)
' 1, 2) ( 1, 5) ( 1, 9) ( 2, 3) ( 2, 4) ( 3, el ( 3, 73 ( 6, 43 ( 6 16) ( 5, s)

0.000 1.000 1.000 1.000 1.000 1.000 1.000 1.600 1.000 1.w#o0 1.Lv0
.232 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.C00
.234 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
.263 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.CCO

.J69 .050 .050 1.000 1.000 762 - 1.000 1.000 1.000 1.000 762

.255 .050 .050 1.000 1.000 .467 1.000 1.000 1.000 1.000 .!e7

.241 .050 .050 1.000 1.000 .500 1.000 1.000 1.000 1.006 .500

.247 - .050 .050 1.000 1.000 .567 1.000 1.000 1.000 1.000 .Sc?

.272 .050 .050 1.000 1.000 762 1.000 1.000 1.000 1.000 .74

.278 1.000 1.000 1.000 1.000 1.000 .050 762- .050 1.0;c 1.;.;

.286 1.000 1.0C0 1.000 1.000 1.000 .050 .!c7 .05c 1.00; 1.w0

.290 1.000 1.C00 1.000 1.0L0 1.000 .050 . ;0 ;.;;; .0:e i.u:0

.De 1.000 1.C00 1.00; 1.0 ' : 1. 0" .01.1 .347 C.7 7 .0!n * C c..

.301 1.003 1.000 1.000 1.000 1.000 .050 762 0.000 .050 1.0C0

.307 1.000 1.000 1.000 .821 762 1.000 742 .050 .050 .F62

.313 1.000 1.000 1.000 .499 .547 1.000 .567 .050 .050 .5c7

.319 1.000 .050 .050 .453 .500 1.000 .500 .010 .050 .f(0

.!25 1.000 .050 .050 .499 .54F 1.000 .56F 1.000 1.000 .Se7

.330 1.000 .050 .050 .421 762 1.000 762 1.000 1.000 762

.334 1.000 .050 .050 1.000 1.000 1.000 1.000 1.u00 1.000 1.000

.362 1.000 .050 .050 1.000 1.000 1.000 1.000 1.000 1.0C0 1.000

.368 1.000 .050 .050 1.000 1.000 1.000 1.000 1.000 1.000 1.000

.356 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000- 1.000 1.000

.359 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

.345 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

.371 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

.377 1.800 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

.303 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 1.000

i
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TABLE A-4 (cont)

AREA AND GAP VARIATIONS OF CONFIGURATION D

UL GAP SPACING vaal Af ton F ACf 005 FC8 A0J ACENT SueCuamm(L5 (! J)
4,15) (10,11) (10,1eJ( 5,10) ( 6, F) ( 6,113 ( F, 8) ( F,12) ( 8,133 ( 9,10) (

0.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.QC0
.232 1.000 1.000 1.000 * 000 1.000 1.000 1.000 1.000 1.000 1.000.

.238 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.CLC

.263 1.000 1.N 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.Gca

.269 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

.255 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.0C0 1.000

.261 1.000 1.000 1.000 902 .902 .902 1.000 1.000 1.000 1.CCO

.267 1.000 1.000 1.000 .639 .639 .639 1.000 1.000 1.000 1.CCO

.272 1.000 1.000 1.000 .518 .518 .514 1.000 1.000 1.000 1.000

.278 1.000 1.000 1.000 .260 .518 .518 1.000 1.000 1.000 1.000

.286 1.000 1.000 1.000 .206 .639 .639 1.000 1.000 1.000 1.000

.290 1.000 1.000 1.000 603 902 .806 1.000 1.000 1.000 1.000

.296 1.000 1.000 ' 1.000 .567 1.000 .639 1.000 1.000 1.000 1.CCO

.301 1.000 1.000 1.000 .742 1.000 .518 1.000 1.000 1.C00 1.000

.30F 762 742 .762 1.000 1.000 .518 .F62 .821 646 4e6

.313 .567 .567 .567 1.C00 1.000 .639 .567 .699 136 136

.319 603 .500 .500 1.000 1.000 902 603 .653 .C01 .001

.325 .206 .567 .567 1.000 1.000 1.000 .206 .699 136 .136

.330 .260 743 762 1.000 1.000 1.000 .260 .421 646 446

.336 .518 762 .F62 1.000 762 1.000 .514 1.000 1.000 1.000

.362 .639 .567 .56? 1.000 .567 1.000 .639 1.000 1.000 1.CCO

.364 902 .500 .500 1.000 .500 1.000 902 1.0C0 1.C40 1.CC4

.356 1.000 .567 .567 1.000 .567 1.000 1.000 1.000 1.000 1.CCC

.359 1.000 762 762 1.000 762 1.000 1.000 1.000 1.000 1.000

.365 1.000 1.000 1.000 1.000 1.000 1.000 1. LOO 1.000 1.000 1.000

.371 1.000 ?.000 1.000 1.000 1.000 1.000 t.0C0 1.000 1.000 1.000

.3FF 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

.383 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.0C0 1.000
1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

F ACTORS PCA 'A0JACINT SU$CHAmm(L5 (!|J)
t/L GAP SPACING VAA1Af!CN

(11,12) (11.17) (12 133 (12,18) (13,163 (13,193 (16 20) (1 ,16) (15 25) (16,173
0.000 1.000 1.000 1.600 1.000 1.000 1.000 1.600 1.000 1.6C0 1.0C0

.232 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.400

.238 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.0C0 1.000

.263 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

.269 1.000 1.000 1.000 1.000 1.000 1.000 1.CCO 1.000 1.CCO 1. i.;C

.255 1.000 1.000 1.0C0 1.000 1.000 1.000 1.000 1.000 1.G00 1.wa

.261 1.000 1.000 902 1.000 1.000 1.000 1.000 1.000 1.000 1.G L

.267 1.000 1.000 .619 1.000 1.000 1.000 1.000 1.000 1.060 1.000

.2 72 1.000 1.000 .514 1.000 1.000 1.CCO 1.0?O 1.cto 1.ct: 1.000
.278 1.000 1.000 .516 1.000 1.000 1.00u 1.000 1.0CC i. C0 1.000
.2!6 1.CCO 1.CCO .639 1.CCC 1.C00 1.0C0 1.000 1.C00 1.00C * ;J
.290 1.CCO 1.CCO .iC2 1.000 902 1.cCo 1.0C0 .902 .010

.

.i.2
.296 1.0u0 1.000 1.000 1.000 .639 1.000 1.000 .639 .050 .639
.301 1.000 1.000 1.000 1.000 .518 1.000 1.000 .518 .010 .518
.307 1.000 762 1.000 1.000 .518 1.000 1.CCO .260 .C50 .260
.313 1.000 .567 1.000 1.000 .639 1.000 1.000 .206 .050 .2C6
.319 1.000 .500 1.000 1.000 .506 902 932 603 .C50 603
.325 1.000 .54F 1.000 1.000 .639 .639 750 .567 1.000 .567
.330 1.000 .F62 1.000 1.000 .!18 .518 .666 742 1.000 .762
.336 646 .F62 762 646 .518 .260 666 1.000 1.000 1.000
.362 136 .567 .567 136 639 .2C6 750 1.000 1.000 1.000
.364 .001 .500 .500 .001 .902 603 .932 1.000 1.000 1.000
.356 .134 .567 .567 .136 1.000 .567 1.000 1.000 1.000 1.000
.359 646 762 .762 646 1.C00 .742 1.0'X) 1.000 1.000 1.000
.365 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
.371 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.0C0
.377 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
.383 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.0C0

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
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TABLE A-4 (cont)

AREA AND GAP VARIATIONS OF CONFIGURATION D

2/L GAP SPAC!nG v4AIAT10m FACTO #S Fon soJACth7 sus (Mamm8Ls it,J)
18) (17,22) (18,19) (14,23) (19,20) (19,263 (20,28) (21,22) (21,2!s(14,21) (17,001.0 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.cca0.000 1.000

.232 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.004

.238 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000- 1.000 1.0GG

.243 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.0CQ

.249 1.000 1.000 1.000 1.000 1.000 1.000 1.000 . 1.000 1.000 1.000

.255 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.GGJ

.241 1.000 1.000 1.000 .902 902 1.000 902 1.000 1.000 1.000

.247 1.000 1.000 1.000 .639 .639 1.000- .439 1.000 1.000 1.0 0

.272 1.000 1.000 1.003 .518 .518 1.000 .518 1.000 1.000 1.(mo

.278 1.000 1.000 1.000 .518 .518 1.000 .518 1.000 1.G00 1.004

.286 1.000 1.000 1.000 .639 .639 1.000 .639 1.C00 1.000 1.004

.290 806 1.000 .902 902 902 1.000 902 1.000 902 .050

.294 .278 1.000 .439 1.000 1.000 1.000 1.000 1a000 .439 .050

.301 .035 1.000 .518 't.000 1.000 1.000 1.000 1.000 .518 .050

.307 .035 1.000 .518 1.000 1.000 1.000 1.000 1.000 .240 0.000

.313 .278 . 1.000 .439 1.000 1.000 1.000 1.000 1.000 .20e 0.000

.31' .806 902 .404 1.000 902 .804 .902 .050 603 0.000

.325 1.000 .439 .439 1.000 .639 .278 .439 .M0 .567 .0f0

.!)0 1.000 .518 .518 1.000 .Ste .035 .518 .J50 762 .050

.334 1.000 .260 .518 .762 .518 .035 .518 .050 1.GGO 1.000

.362 1.000 .20e .639 .567 .639 .278 .639 .050 1.000 1. cue

.368 1.000 603 902 .500 .902 .404 902 .050 1.000 1.000

.356 1.000 .Se7 1.000 .547 1.000 1.000 1.000 1.000 1.000 1.000

.359 1.000 762 1.000 .762 1.000 1.000 1.000 1.000 1.000 1.000

.365 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

.371 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

.377 1.000 1.000 1.000 1.000 1.00C 1.000 1.000 1.000 1.000 1.000

.343 1.000 1.000 1.000 1.V00 1.000 1.000 1.000 1.000 1.000 1.cGO
1.000 1.000 1.000 1.C00 1.000 1.000 1.000 1.000 1.000 1.000 1.00u

stL GAP SPacim6 VAAIAf!ON FACT 0A5 Om ADJACENT $U0Cuanutts (1 J)
..

(22,23) (22,24) (23,26) (23,27) (26,283 (25,243 (20,27) (2f,2e!
0.000 1.000 1.000 1.000 1.000 1.000 1.7)0 1.000 ' 000

.232 1.000 1.000 1.000 1.000 1.000 1.0J0 1.000 1 C00

.238 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

.243 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

.269 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

.255 1.000 1.000 1.000 1.000 1.000 1.000' 1.000 1.000

.241 1.000 1.000 902 1.000 1.000 1.000 1.000 1.000

.247 1.;CO 1.000 .439 1.000 1.000 1.000 1.000 1.000

.272 1.000 1.0C0 .518 1.000 1.0C0 1.000 1.C00 1.0C0

.279 762 . 162 .240 686 .050 1.000 .421 .450

.284 .567 .567 .20e 134 .050 1.000 .699 .050

.290 .500 .500 603 .001 .050 1.000 .e53 .050

.294 567 .567 .567 .136 .050 1.000 .699 .050

.301 742 742 762 644 .050 1.000 .421 .050

.307 1.000 762 1.000 1.000 1.000 .050 1.000 1.000

.313 1.000 .567 1.000 1.000 1.000 .050 1.000 1.000

.319 902 .500 1.000 1.000 .050 .050 1.000 1.000

.325 439 .547 1.000 1.000 .050 .050 1.000 1.000

.330 .518 762 1.000 1.000 .050 .050 1.000 1.000

.334 .518 1.000 1.000 1.000 .050 1.000 1.000 1.000

.342 .439 1.000 1.000 1.000 .C50 1.000 1.000 1.000

.368 902 1.000 1.000 1.000 .050 1.000 1.000 1.000

.356 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

.359 1.000 1.000 1.000 1.000 1.00C 1.000 1.000 1.000

.365 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

.371 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

.377 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

.383 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
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TABLE A-5

AREA AND GAP VARIATIONS OF CONFIGURATION E
.

I

4 mit assa vastat:0e Faclous roa sum (MA8mEL tl)
4 il ( 25 4 31 8 45 t $1 4 63 ( Fa ( 83 4 98 (10) till (128 till fiel0.000 - 1.Ou0 1.000 1.t*O 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000.2u6 1.000 1.000 1.id o 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

,

i .212 .937 .928 9.(Ac 1.000 .985 .988 1.000 8.000 1.000 1.000 1.000 1.000 . 1.000 1.000.217 .937 .912 1.ide 1.000 .933 .975 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000.223 937 .496 1.tde 1.000 .918 .960 .995 992 8.000 1.000 1.000 995 .M5 1.000.229 .937 .879 1.guin 1.000 .902 .945 .982 .968 1.000 1.000 1.000 .982 .M2 1.000.235 .937 .853 1.(se 1.000 .8SF .938 .947 .944 1.000 1.000 1.0u0 .MF .MF 1.000.241 .937 .784 .9FB .937 .474 .924 .941 .847 1.000 1.000 1.000 ' .953 953 1.000
4

* .244 937 .FIF .912 .93F .869 .914 .912 .825 1.000 1.000 1.000 .938 938 1.000.252 937 .643 .6v6 .8F3 .860 .908 .888 748 1.000 9.000 1.000 .994 923 .937.258 937 .600 .87% .873 .351 .899 .845 .703 1.000 1.000 1.000 .858 908 .921.264 .937 .600 .853 .473 .459 .899 .843 .458 1.000 1.000 1.000 .772 079 .#4.270 93F .415 .775 .473 .840 .885 .Ste .419 .915 .965 .9FF .720 .854 .88)* .275 .93F .657 .687 .873 .424 .845 786 .500 .883 .924 .949 .700 .833 .849. .241 .8F3 .696 .597 .473 .F45 .844 .FFI .5F4 .844 .876 .920 .720 .824 .814i .247 .0F3 .F26 .536 .873 731 .822 .F56 .5F0 793 .817 .891 .FF2 .813 .732* .293 .873 719 .511 .873 .709 .008 750 .574 .744 . Fat .855 .438 .F99 .439; .292 .873 718 .469 .873 .695 .794 74F .589 .709 .723 .769 .862 .FF2 .5624 .304 .873 714 492 .573 .679 .700 .F44 .607 .673 .685 .4F1 . Set .F45 .5214 .310 .473 .714 .469 .873 .669 .764 744 .635 .606 .650 .571 .833 744 .494! > .316 .93F .708 .51' .873 .498 . 44 744 .715 .520 .418 .494 .003 .F44 489e .322 .937 70s .5 % .873 .689 750 754 755 .443 .610 468 .F68 744 .489
,

*~
t .328 .93F .727 .597 .473 .695 .739 .F8F .795 402 .626 .498 .750 750 .494"

.335 .93F 745 .667 .473 .700 .747 .406. .427 .397 .642 .554 .438 749 .521
.

'

.339 .93F .744 775 .873 .723 .755 820 .859 .439 .674 .40F .558 744 .542', .345 937 .782 .e53 .937 .746 .762 .431 .924 .517 . Foe .454 .505 778 .439i .351 937 .815 .879 .93F .779 .790 845 941 .62F .F55 .690 .505 .001 .732! .357 93F .849 .896 93F .813 .428 868 .957 728 .808 .735 .558 .830 .Sto; .362 .937 .883 .912 1.000 .844 .865 890 1.000 .810 . Set 700 .438 853 .tet-

.3c4 .937 915 918 1.000 .890 .901 912 1.000 .See .918 .824 .F15 .876 .8875 .374 93F 1 .(10 0 1.td 4 1.000 .924 938 931 8.000 .904 967 .843 786 .899 .904i .300 .937 1.000 1.(n o 1.000 .941 .945 945 1.000 .921 .982 .891 .834 927 .921.304 .937 1.000 1. dim 3 1.000 .957 .960 960 1.000 93F 995 .920 .400 955 .937i'

.393 11000 1.000 1.0i0 1.000 1.000 .975 975 1.000 1.000 1.000 .949 .924 975 1.000.397 1.000 1.000 1.0:43 1.000 1.000 948 988 1.000 1.000 1.000 .9FF .965 988 1.000; .403 1.000 1.000 1.000 1.000 1.000 1.000 1.000 8.000 1.000 1.000 1.000 1.000 1.e00 1.000
1.000 1.000 1.000 1.0tm) 1.000 1.000 1.000 1.000 1.000 1.000 1.000 9.000 1.000 1.000 1.000

,
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TABLE A-5 (cond

AREA AND GAP VARIATIONS OF CONFIGURATION E

ell 48&A VA8telI00s IAttom$ #0e lut( q t 433(20) t2ll (221 823) , .00,3, ,4gg7, ,*=(24) (253 (24 (Eles i n5) uvl495)
1.f73

,

000 ,.000 ,.000 *e 1. = 1.000 1.0a 1.000 1.000 1.0000.000
.20e 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*me.

.212 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1,000 h000 1.000 1.000 1.000 $000 3*000

.2IF 1.000 t.000 I.000 t.000 t.000 1.000 t.000 1.000 1.000 1.000 g;000 1'000 1* 8 00
i'000995 992 1.000 1 000 i.000 i..223 1.000 1.000 1.000 .W5 .995 1.000 1.000 1.000

*92 96 i 000 1 000 M M..229 i.000 1.000 1.000 92 .9 2 i.000 1.000 i.000
i.000 .,967 - 944, ,. 1 00,0.000.235 s.000 3.000 1.000 947 967 s.000 i.000

, 0, g g. ,000..
:50.24i s.000 3.000 i.000 953 .953 i.000 1.000

F . 25 i.000 *,,
.244 1.000 1.000 i.000 93: 93s i.000 1.000 .975
.252 937 .991 .995 894 .927 1.000 949 .955 343 .793 .937 896 * SH 9 37

.258 921 943 .942 8 58 .920 1.000 .909 .927 310 742 .937 , gig *gg$ '937

.244 904 935 947 .FF2 912 1.000 .eF0 .a99 .F74 731 937 *e53 FF3 '9 3 F

.270 .474 .445 ..? 720 904 1.000 .FFF .ses 751 .710 .si) .FF5 '499 '937*

.275 .e40 .a24 .982 .F00- .s95 3.000 .Flo .eze 727 .6sr . sis .enF ety 9si

.281 .775 775 .452 .F14 .894 .931 .473 .799 .714 .644 .873 .597 5 35 *473

.247 .490 .730 .F45 754 .375 .s99 .435 .744 692 .639 .aF3 .534 .4m3 * sis

.293 .548 .684 .443 .406 .854 .844 .59F .750 444 .43F .873 .511 .tes * sis

.299 463 .454 .530 .sta .a2 .s32 .545 .44F .695 .643 . sis .4a9 .535 *sF3

.304 .368 .622 419 .824 .784 .79F .533 .464 707 .454 . sis .492 .419 sF3

.310 .357 .622 .320 301 .Fes .737 .548 .442 727 .478 .8F3 .489 .499 *875

f .314 .335 .422 .262 778 752 .640 .542 .462 750 .F03 .873 .511 .773 * sis

.322 411 .434 .240 .748 .734 .574 .585 .474 .F34 .F34 .873 .534 .315 *eF3

.323 .522 .670 .22e .490 .F26 .504 .484 .499 .819 .764 .873 ' .597 .349 'e F 3-
-

.333 .644 .70F .253 .418 706 .471 454 .723 .344 .731 .873 .687 .ses *873p

.339 733 .753 .244 .554 715 .504 705 .F68 881 .405 .373 .775 .915 'eF3

.345 .415 .197 .370 .517 723 .574 754 .810 912 365 .873 .453 1.000 *93F

.358 .854 .454 471 .525 739 .660 .411 .846 920 .874 .873 .477 1.ose '937

.357 .090 981 595 .578 743 .F37 844 .883 927 .002 .b73 .tv6 1. Gee '937

.342 912 .949 759 .440 791 .797 933 .912 934 .893 .93F .932 1.gg *9 3y

.348 928 .977 409 .F44 .429 .832 .949 .941 .953 910 937 .928 1.am 'v 37

.94.2 9,e.r 926, 1, 000 9,p7 1.000 t .Ede
.3F4 1.000 1.000 .e91 322 .see .see 1.000

.9 2 94 i.000 i,000 000 3,

.3ui 1.000 1.000 92i .si2 90s .e99 1.000 ,

.384 1.000 1.000 955 916 951 .931 1.000 .995 995 .957 1.000 't.000 1.000 *937

.391 1.0E3 I.000 975 949 .975 1.000 1.000 1.0c0 1.000 1.000 1.000 ~ 1.000 1.000 t tte

.397 1.000 1.000 9e8 977 .940 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

403 f.000 1.000 1.000 1.000 1.000 1 . 01 0 1.Inc 1.000 1.000 1.000 g .084 3.gg g ,ge g ,gge

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.ene 1.000 1.000 1.000 1.000 1.000 1.mc 1.Ege

_ _ _ - _ _
_ _ _ = . , _ _ _ _ _ . _ _ _ = m_
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TABLE A-5 (cont)

AREA AND GAP VARIATIONS OF CONFIGURATION E

6.,. l 6 m t.I10 ul0g ,'0. . m u 4 . m li...m
0.000 'M 'M 'I d '1b' 't!# '1?& ';?&. ';?g ';.&., ';'000& ';'.000& ';'. s

' '
!

.20 1.000 1.me i .0ml 1.000 . 0o0 1.000 1.m 1.000 1.0 1. 1 1 000

.212 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 g.000 1.000 1.000

.2IF 1.000 t.000 t.000 1.000 t.000 1.000 t.000 1.000 t.000 t.000 t.000 t.000

.223 1.000 982 982 942 1.000 1.000 1.000 1.000 1.000 1.000 .982 1.000

.229 1.000 931 931 931 1.0JO 1.000 5.000 1.000 1.000 1.000 .934 1.mm

.235 1.000 881 881 441 1.000 1.000 1.000 1.000 1.000 1.000 .481 1.000

.241 1.000 78F .830 830 1.000 1.000 1.000 1.000 1.000 1.000 .830 1.000

.246 1.000 .485 .FF9 .FF9 1.000 1.000 1.000 1.000 1.000 1.000 .779 9.000

.252 1.000 .401 . 46 728 1.0u0 1.OuG 1.No 1.000 1.000 1.000 .746 1.000*

.258 1.000 .525 720 652 1.(44 1.000 1.0tN) 1.0(e 1.000 1.000 .F20 1.me

.264 1.000 453 .695 .575 1.000 1.000 1.000 1.000 1.000 1.000 .695 3.01c

.270 95F 402 .669 499 .957 970 914 914 1.000 '.957 .669 1.0 e
275 906 351 .644 423 906 935 .412 .812 1.000 .906 .444 f.0le

.241 .455 .351 .669 415 .438 900 .Fil . Fit 1.000 .855 669 1.0 e

.24F 405 .351 .f 95 415 .F36- 865 .609 .609 1.000 .005 .695 1.000

.295 .F58 .3FF ,F20 415 639 842 517 .517 1.000 .758 .720 1.000

.299 690 428 .702 415 .563 485 466 466 .914 .650 .702 .914

.304 .614 487 .685 423 .447 .F97 415 415 .412 .614 .685 .882

.310 53F .563 .685 499 428 780 .364 .364 .itt .537 .485 .713

.316 461 639 .685 .575 .377 762 .313 .313 .609 .461 .685 .eu9
) .322 ' 415 .F36 .690 .652 .351 762 .313 .333 .517 415 .690 .517

.328 415 838 .715 728 .351 780 .364 .364 446 485 .F85 .444e

Os .333 .415 906 .707 779 .351 .'97 .415 415 .415 485 .707 .415-

.339 415 95F .682 .430 402 815 .446 466 .364 .415 .682 .M4
. 57 .343

.345 415 1.000 .65F .881 453 832 .517 .517 .313 415 *

.351 461 1.000 .65F 931 .525 865 .409 609 .313 441 .457 .313

.35F .537 1.000 .482 982 .601 900 .711 711 .344 .53F 482 .344

.342 614 1.000 .F07 1.000 .685 935 .812 412 .415 .484 70F .415

.344 690 1.000 .F33 1.000 787 970 .914 914 .4t6 450 .F33 .446

.374 .754 1.000 .758 1.000 .888 1.000 1.000 1.000 .51F 758 .F54 .517

.380 405 1.000 .405 1.000 .931 1.000 8.000 1.000 .409 .805 .405 .609

.386 855 1.000 .955 1.000 .982 1.000 1.000 1.000 .Fil .855 .855 .Fil

.393 906 1.000 906 1.000 1.000 1.000 1.000 1.000 .412 906 906 .882

.397 957 1.000 .95F 1.000 1.000 1.000 1.000 1 . 01 0 .914 .957 957 .984

403 1.000 1.000 1.000 1.000 1.000 1.000 1.0tM) 1.000 1.000 1.UG 1.000 1.0 e

1.000 1.000 1.000 1. bug 1.000 1.000 1.000 1.0u0 1.000 1.lM) 1.000 1.000 1 . 04 4
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TABLE A-5 (cont)

AREA ANC GAP VARIATIONS OF CONFIGURATION E

,

*

r.arscacs4 vassal:0mFacloas#0aasancemjsue(namnus(s.part

'I'@ 'i?M 'i's 'i?M 'l!& 'i.2 'i!# 'i.& 'i'& 'ite 'ite 'lig0. 0
1.0 ..uun .0. i. - 1. - 1.0. 1. . l. 1. . , . 0.
i.0 .S . .i .0. 1.000

..

.2., i. - i. - i. - i . 0. .0 1.0. .. .000 0 1.000
1. 000.m i .0.

i .D.uo 1.0.0 .i .0. 1.000, 1. 00,
.. .0oD 1. - 1. - i.000 1 000 .0.m i .0. . . . 1.000 .. . 1.o00 .. 0 .. . .. .98 98 l. ..m i .0. . . . . i. - i.0 .. l. . l. 0 3. 1.0. .931 931 .. .

.235 1.000 8.sMm) 1.000 1.000 1.000 1.000 1.000 1.000 1.000 .881 . Set 1.000
'

.241 1.000 1 400 1.000 1.000 1.000 1.000 1.000 1.000 1.000 .830 .850 1.000

.244 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 . Fit .F79 1.000

.252 .982 1.000 1.000 982 .050 .552 964 1.000 .982 .746 .F44 1.000

.258 931 1. Divi 1.000 931 .050 931 .843 1.000 931 .F20 .F20 1.000

.264 .881 1.000 1.000 .841 .050 881 .Foi 1.000 .881 .495 .695 1.000

.270 .830 1.000 1.000 .F8F .050 787 .440 1.000 .830 .449 .449 1.000

.275 .F79 1.(M10 1.000 .685 .050 .685 .558 1.000 .FFS .444 .444 1.000

.281 .728 .982 .988 .601 .050 .601 .493 9e2 .728 .649 .659 964

.287 .452 .w31 952 .525 .050 .525 440 .931 .452 .695 .674 .843

.293 .575 .888 917 455 .050 .453 .389 .884 .575 .F20 . cut .Fel

.299 .499 .787 .882 402 .050 402 .338 787 499 .702 .576 .tto

.304 .423 .485 .84F .351 .050 .351 .204 .485 .423 .485 558 .550
| 110 .415 . col .824 .358 .050 .351 .334 .601 .415 .6u5 .574 491

.334 .445 .525 .404 .351 .050 .358 .389 .525 .415 .485 .401 440M .322 .415 453 .789 .377 .050 .3FF 440 453 .415 .&90 426 .3sva

. ' . .328 .415 402 778 428 .050 428 493 402 .415 .F15 .458 .334
y .3ii .423 .3St 753 .487 .050 .487 .554 .351 .423 .70F .444 .2s4

.339 .499 .351 .Fil .563 .050 .563 .440 .351 .499 .682 .649 .338

.345 .575 .355 .789 .639 .050 .639 . Fat .351 .575 .657 .495 .389

.351 .652 .377 .806 .F36 .050 734 ,843 .37F .652 .65F .F20 .440

.357 .724 . 4.'8 .824 .834 .050 .438 .944 .424 728 .482 .F46 .49)

.342 .F79 .487 .847 906 1.000 906 1.000 .48F .FF9 707 .F79 .558

.348 .830 .563 .582 957 1.000 .957 1.000 .563 .830 - .735 .ind .c40

.374 .881 .(19 91F l.000 1.000 1.0(e 1.000 .639 .881 .758 .bdi .761

.380 .933 .F36 .952 1.000 1.000 1.000 1.000 .F3e 931 .8u5 933 .e63

.346 .982 .838 .988 1.000 1.000 1.000 1.000 .838 .982 .455' 9d2 944

.391 1.000 90t. 1.000 1.000 1.000 1.000 1.000 906 1.000 906
1..M4
1. 1.(du)

.397 1.000 .957 1.000 1.000 1.000 1.000 1.000 .957 1.000 .95F 0 1.tums
403 1.000 1.000 1.000 1.000 1.000 1.000 5.000 1.000 1.000 1.000 1.0dul 1.thms,

1.0uo 1.000 1.0tas 3.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.0tal

!

;

!
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i
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TABLE A-6

AREA AND GAP VARIATIONS OF CONFIGURATION F

HL 6886 V6Almittel f 6CIGAS f on sugguaamst (3)'

( 13 8 Il ( 33 ( 43 8 53 ( 63 i F4 4 Si i 95 tiel (stb 4328 till ti4l0.000 t.000 t.000 1.000 t.000 t.000 t.000 1.000 %.000 t.000 $.000 1.000 t.000 t.eas t.See.206 1.000 t.000 1.000 1.000 1.000 t.000 1.000 1.000 t.000 t.000 1.See t.500 1.See t.eae'
.212 .93F .924 1.000 1.000 .946 984 1.000 1.000 1.000 . 1.000 1.000 1.000 1.eut 1.000.217 .957 905 1.000 t.000 .927 949 1.000 t.000 t.000 t.000 t.000 5.000 1.000 t.00s, .223 .93F .885 1.000 1.000 .908 .951 .994 990 1.000 1.000 1.000 .994 .9M 1.000'

.229 .93F .863 1.000 1.000 .888 932 ofs FF 960 1.000 1.000 1.808 .9FF .977 1.000
'

.235 .93F .833 1.000 1.000 .847 914 .940 930 1.000 1.000 1.000 .944 .944 1.000.241 .937 .754 926 937 .855 902 .927 .844 1.000 1.000 1.000 .942 .942 1.000.246 .937 .673 905 .937 .841 .890 .898 .F92 1.000 1.000 9.808 .923 .923 1.400.252 93F .542 885 .873 .827 .478 .859 .703 1.000 1.000 1.808 .874 .903 .935
<

I 258 .937 .531 .843 .873 .813 .865 .824 .443 1.000 1.000 9.OuS .Sul .874 .v851 .244 .93F .538 833 .873 .813 .865 .798 .582 1.000 1.000 9.000 .726 .844 .bv5.2F0 .93F .550 .F39 .873 .003 .849 .759 .527 909 .958 .972 .444 .613 .nst! .275 .937 .597 .434 .873 . Fee 82F .FIF .4F0 .869 .906 .93F .640 .Fel .852j .241 .473 .at .525 .873 .724 804 .699 .464 821 .84 F .502 .664 .7F4 .778
-

.287 .873 .674 .452 .873 .484 779 .688 .459 .758 .734 .864 .F24 .757 .668.293 .873 . 64 421 .4F3 .455 .Fel .475 .467 ,694 .703 .820 .805 .F44 .5FF| .299 .873 . 57 .397 .873 .634 741 .674 .488 .64F .d 49 .Fl4 .834 .F67 .484.304 .873 .399 .473 .612 717 .671 .512 .594 .593 .594 .829 .672 .433
.

.350 .873 40 .397 .873 .593 .692 .672 .573 .510 .541 .470 .794 .472 .404'

.314 .937 .627 421 .873 .612 .662 .679 .6ll 400 .490 .376 .757 .672 .394! f .322 .937 .62F .452 .873 .599 .644 .489 .494 .309 .478 .341 .F82 .672 .394.328 .937 .454 .525 .st3 .60F .657 .725 758 .267 .504 .3F3 .639 .474 .404
. .-.

y) .333 .937 .684 .434 .ht3 .614 .670 .749 .604 .267 .528 .43F .547 .671 .4354 .339 937 .715 .739 .us3 .450 .662 .746 .843 .324 .578 .49F .446 .690 .4841 345 .937 743 .633 .927 .4b4 .493 .779 9tF 424 .42F .550 .3FF .708 .577; .351 .937 784 .843 .es? .730 .F29 .797 .95F .554 .493 .594 .377 .738 .488
*

' .357 .937 .82F .bb5 .96F .775 .FF9 .628 .955 .480 .F41 .457 .444 .783 .FF8'
342 937 .849 4u5 8 . im.d .622 82F .859 1.000 .F79 .629 .Fli .547 .413 .852* .348 93F .909 924 8.in4 .873 .874 .864 1.000 .841 .bv) .FF6 .445 .444 .874.374 .937 1.000 1.600 1 . 4 66 . 0 .98F 944 .984 1 .0 10 .h95 .940 .829 .734 .874 .895

,

.300 .937 1.000 1.000 l . tad .9FF 932 .932 1.000 985 .9FF .844 .F97 .994 .915
4

.3c6 .93F 1.000 1.0u0 1.E=4 .955 951 .951 1.000 935 .9v4 .902 .652 .945 .935j 398 1.600 1.000 1.000 1.(d4 1.000 949 .949 1. Die 1.000 1.Ou0 .93F .904 949 1.0ha! .59F 1.000 1.000 1.000 1.4a4 1.000 994 .904 1. Flee 1 . 0400 1.000 .972 .948 .te6 1.Eme403 1.000 1.000 9.fds0 9 .4 mal 1.000 1.000 1.000 1.0u0 1.000 1.000 1.0(.0 1.0h0 1.0u0 3. tantt.000 t.000 t.000 t.000 t .im.u 1.000 t.000 t.000 1.thno 1.000 1.000 t.uuJ t.000 t.Due 8.dkuli

a

1

!
<

I

i
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i TABLE A-7 E

a
-

2GRID AND BLOCKAGE SLEEVE COBRA INPUT (c ) AS A FUNCTION OF j
ELEVATION FOR COff!GURATION E

_
.

SPACER DATA
!P AC ER TYPE NO. 1 2 3 4 3 6 7 8 9 10 4

$ PACER DAT4 0
SPACEP Tf7E NO. 11 12 13 14 15 '5
LOCATION ( X /L ) . 159 275 .290 .304 319 .334 .447 .402 .377 .391
LOC A TION (4/L) .4C6 .420 .434 .464 754 jj
SPEC FR TYPE 1
CHANNEL DAAG CHANNEL ORAG CHAhNE L DA AG LH44mc6 JdaG d

NO. COEFF. NO. COEFF. NC. COEFF. nd. .0ErF. 1
1 .058 2 .041 3 041 4 .u63
5 105 6 066 7 066 o .143

.

9 .G41 10 .066 11 .066 12 ,G6c
13 .130 14 .041 15 104 16 .176 '

17 .17e 18 .153 19 102 20 .041 "'

21 .187 22 .102 23 . 130 24 .lu7 e
25 .068 26 .041 27 .041 28 .073

,

SPACER TfPE 2 -

CHANNEL DRAG CHANNEL OkAG CHAhMEL DR AG b MA N H ts JanG ''

NO. COEFF. NO. COEFF. hC. COEFF. nJ. wdEFF.
1 0.000 2 .028 3 0 000 4 0.wGC 2
5 0.C00 6 0.000 7 0.000 6 J.604 -

9 0 000 10 0.000 11 0 000 12 .wc4 ;;
13 0.C00 14 0 003 15 0.000 16 0 000 __;
17 0 600 18 009 19 0 000 20 J.wCL '

21 0.000 22 0.000 23 0.000 24 0 000 3'
25 C.C00 26 0.000 27 0.000 2u 0.004

R
SP4CFS TfPE 3 -

CH4hhEL DRAG CHANNEL ORAG CHahMEL DAAG LHAndLL JnAG
NO. C0EFF. NO. COEFF. NO. COEFF. NO. sJtFt.

.
--

1 0.000 2 021 3 .016 4 0.wbc qq
5 0.000 6 0.400 7 0.000 8 0.000 ,,9 0.000 10 0.000 11 0.000 12 .016

13 0.000 14 .010 15 0.000 to 0.uus db
17 0.000 18 .018 19 0 000 2J J.v00 am
21 0.000 22 0.000 23 0.000 24 J.400 sg
25 0.000 26 .016 27 .018 to 0.004 , ,,

um
$P4CfD TYPE 4 [2

CHANNEL DdAG CHANNEL OdAG CHAhNEL DAAG L HANN t L dhAG
--

NO. COEFF. NO. C0iFF. NO. COEFF. NJ. C0tFF.
1 0.000 2 .016 3 .033 , v.uwC I
5 0.000 6 0 000 7 0 000 8 0.000 -

9 0.000 10 0.000 11 0.000 12 .w13
E_;13 0.C00 14 .021 15 026 1o w.Jbo

17 .018 18 013 19 0 000 2w 0.000
,

21 0.C00 22 0.000 23 0 000 24 w.wuc
-

25 0.C00 26 033 27 037 28 0.000 [
_

$P AC FR TYPE 5
CHANNEL 04AG CHANNEL DRAG CHAhNEL DR AG LHanNcL JaAG

_

NO. C0EFF. NO. COEFF. NC. COEFF. ns. .uctr. I
1 C.000 2 .012 3 .042 4 w.wot
5 0.00C 0 0.000 7 0 000 a w.J4C
9 .017 10 0.000 11 015 A2 .w1C ;

13 0.CCO 14 .016 15 .000 16 0.wwL _

17 .C66 18 .010 19 0.000 2e u.wut

=

_
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TABLE A-7 (cont)
_

2
GRID AND BLOCKAGE SLEEVE COBRA INPUT (c ) AS A FUNCTION OFE

ELEVATION FOR CONFIGURATION E . .

W
I

21 0 000 22 0.000 23 3.000 24 v.wwt
,-- 25 0 000 26 .042 .' 7 .028 2e d.vut

$ PAC EP TYPE 6
-- CHANNEL CAAG CHANNEL ORAG CPANNEL DAAG LMaantL s=AG ;
EI NO. C .1E F F . 40. 'OEFF. NO. CJEFF. No. .uiFF.C

1 0.000 2 .CC9 3 .052 % 0.wot
5 0.000 6 0.000 7 0 000 o u.wuc
9 .C33 10 0.000 11 .029 A2 .ct

a 13 0.000 1* .029 15 096 lu w.Lwt

__
17 124 18 0C8 1. 9 0.030 20 . 19

,
21 3 000 22 0.0C0 23 0.000 eg v.uwt
25 0.C00 26 .053 27 021 in J.u00

h
[ SP4C FR TYPE 7
.

CHANNEL JRA4 C H A NN EL ORAG CHa hME L DAAG sHannes saac
NO. CJEFF. MS. CCEFF. h0. COEF F . NJ. CutrF."

1 0 000 2 .007 3 .040 4 w.wot
5 0 000 6 0.000 7 0.000 o J.uGC
9 .025 10 0 000 11 .022 14 .w20

13 0.n00 14 .042 15 .072 to 0. woc
17 .139 18 .020 15 0.000 to 038
21 0.000 22 0.00u 23 0 000 24 0.000
2* 0.C00 26 .040 27 016 2d w.J00

?P AC FB TYPE 6
CHANNEL DAAG CHANNEL DRAG CHANNEL ORAG LHAmNtl JnaG

_

Nr. COEFF. NC. COEFF. NL. CdEFF. NJ. wutFt.
1 0.000 2 .005 3 030 * w.000

'

5 0.000 6 0.003 7 0.000 d s.0ut
9 .019 10 0.000 11 017 t2 .033

13 0.000 14 .032 15 .054 to J.uch
1 7 .14* 18 .u32 19 0 000 to .029
21 3.000 22 0.000 23 0 000 24 3.s00
25 0.CJO 26 .030 27 .012 20 0.wb6

'- SP4 Cyp TYPE g
CHANNEL OdAG CHahMEL OWAG CHAkNEL 0<40 thatatt JanG

NO. CMFF. NO. CutFF. NL, COEFF. mv. CutFt.
1 0.000 2 02. 3 .017 * J.wwt'

5 3.000 6 0.000 7 0.030 m s w00
'

9 .Cl* 10 0.v00 11 01 3 ic .025
- 13 3.000 14 .J24 15 .041 in J.wot

17 109 le .024 19 0 000 2J .w42
21 0.000 22 0.000 23 0,000 2' w. LC

25 C.C00 26 .023 27 .009 to w.wwL

'T SP4C go Ty*E10
CH4NNil 34AG C Hh MNEL CdAG CPAbNt L DRAG .HAmNtt JM,6 y'r-

f NO. CJEFF, NG. COLFG. NC. C3tFF. aJ. .Jirt.

| 1 0.000 2 0.000 3 .017 * s.wut
5 0.C00 6 0 .0 00 7 0.000 e u. 00
9 .011 10 0.000 11 .309 12 .vic

13 0 000 15 . G 10 15 031 Ao w.wwt
17 002 le .016 19 0.000 40 .vit

- ?1 0.C00 22 0.003 23 0.000 2, 0.wwt
25 0.000 26 .017 27 007 4o v.wCL

i
"

.
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TABLE A-7 (cont)

]e

GRID AND BLOCKAGE SLEEVE COBRA INPUT (/) AS A FUNCTION OF
ELEVATION FOR COWIGURATION E -

SP AC FR TfPE11
CHANNEL CAAG . CHANNEL DRAG CHANNE L DR AG CHaNMtL J A AG

40. CJEFF. NO. COEFF. ML. COEFF. ns. .oEFF.
1 0.000 2 0 000 3 .000 4 0.00G
S 0.C00 6 0 .000 7 0.000 e J.000
9 .00s -10 0 000 11 .007- 14 .012

13 0.000 14 .011 15 .023 16 J.a00
17- .062 le .012 19 0. 00 0 20 .J12
21 0 000 22 0.000 23- 0 000 24 0.000
25 0.00C 26 .008 27 0. 000 28 0.uG&

SPACEp TYPE 12
CHANNEL DRAG CHANNEL DRAG CHAhMEL DR AG kHAaNL6 GRAG

NO. COEFF. NO. COEFF. NO. COEFF. NJ. 60F8F.
1 0.000 2 0 000 3 .006 4 J.wLC
5 0.000 6 0.000 7 0.000 8 .s.0w4' 9 .006 10 0 000 11 005 12 .609

13 0 000 14 00d 15 011 lo J.wCL
17 042 18 .009 19 0.000 20 .909
21 0.C00 22 0.000 '23 0 000 24 6.600
25 0 000 26 .006 27 0. 00 0 2e 0.ws4

SPACEp TYPE 13
CHANNEL DRAG CHANNEL DR AG ChAhME L DR AG CnnaNtt OkAG

NO. COEFF. NO. COEFF. NO. COEFF. na. ;0iFF.
1 0.03C 2 0.0 00 3 0.000 $ a.wGb
5 0.000- 6 0 000 7 0.000 8 0.00G
9 0.000 10 0.003 11 0. 00 0 12 .uG7

13 0.000 14 .006 15 0 000 lo 0. woc
17 .023 18 007 19 0 000 20 .wo?
21 C.C00 22- 0.003 23 0.300 24 w.wut
25 0.000 26 0 0C0 27 0 000 28 0.uct

$ PAC ER TYPE 14
CHANNE6 04AG -CHANNEL DR4G CHAhNtL DRAG LHAnNtL UkAG

NO. C1EFF. NO. COEFF. NC. CJiFF. mw. 00ftt.
1 073 2 .041 3 .041 4 .w73
* .187 6 .102 7 102 8 .167
9 .041 10 153 11 .215 12 .415

13 .153 14 .C41 15 .041 10 .13L
17 .130 18 .130 19 .066 20 .941
21 .167 22 .102 23 .102 24 .143
25 .068 26 .041 27 .041 28 063

SPACfD'ffPE15 |
CH4HNEL ORAG CHANNEL DRAG CHAhNE L DR An (HA.4 N E L ORAG .

40 CdEFF. NO. C U E(F . N C. COEFF. NJ. CusFF.
1 .063 2 .041 3 041 4 .663
5 .143 6 .066 7 .066 8 .143
o .041 10 .130 11 .066 12 .006

13 .130 14 041 15 .041 10 .43L
17 .197 18 .066 19 .066 20 .041,

21 .187 22 .102 23 366 24 . lot
'

i 2? 073 26 .041 27 .041 2d .0be
|

I
i
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TABLE A-8

CRID AND BLOCKAGE SLEEVE COBRA INPUT (c2) AS A FUNCTION OF
ELEVATION FOR CONFIGURATION F

5 PACER DAT4
$P AC FR TYPE NO. 1 2 3 4 5 6 7 8 9 10

SPACER DATA
SPACEe TYPE NO. 11 12 13 14 15
LOCATION tX/LI . 1 59 .275 .290 .304 3 19 .333 347 .362 .377 .391

LDCA TION (R/LI .406 420 .434 .464 .754

SPACER TYPE 1 .

CHANNEL ORAG CHANNEL ORAG CHANNE L OR4G CHANNEL ORAG
NO. COEFF. NO. 'COEFF. NO. COEFF. NO. COEFF.

1 .058 2 .041 3 .041 4 063
5 .105 6 .066 7 066 8 .143
9 041 10 066 11 .066 12 .066

13 .130 14 .041 15 104 16 178
17 .178 18 .153 19 .102 20 .041

21 187 22 .102' 23 .130 24 .187
25 .068 16 .041 27 .041 28 .073

SPACEP TYPE 2
CHANNEL ORAG CHANNEL DRAG CHAhMEL OR4G CHAtNEL GRAG

NO. * COEFF. NO. COEFF. NO. COEFF. NO. COEFF.
1 0 000 2 .030 3 0 000 4 3.000
5 0 000 .6 0.000 7 0 000 0 0.00C
9 0.000 10 0 000 11 0 000 12 .009

13 0 000 14 0 000 15 0 000 10 0 000
17 0.000 18 .009 19 0.000 20 0 000
21 0 000 22 0.000 23 0 000 24 0 000
25 0.000 26 0.000 27 0 000 28 0 000

$P4C FR TfpE 3
CHANNEL DRAG CHANNEL ORAG CHANNE L OR AG CHANNEL ORAG

NO. COEFF. NO. COEFF. NO. CO EF F . NO. CDEFF.
1 0 000 2 .023- 3 .020 4 0.000
5 0.000 6 0 .000 7 0.000 8 0.000
9 0.000 10 0.G00 11 0.000 12 .019

13 0.000 14 .012 15 0 000 16 0 0u0
17 0.000 18 .018 19 0 000 20 0 000

21 0 000 22 0.000 23 0.000 24 0 00C
25 0 000 26 .020 27 .024 28 0.00C

$ PAC En TYPE 4
CHANNEL ORAG CHANNEL DRAG CHAhMEL ORAG CHANNEL ORAG

N0 COEFF. NO. COEFF. NO. CJEFF. NJ. COEFF.
1 0.000 2 .0 17 3 .039 4 0 000
5 0.000 6 0 000 7 0.000 8 0.000 |

9 0.000 10 0 000 11 0 000 12 .014
'

13 0 000 14 024 15 037 16 0.000
17 026 18 .014 19 0.000 20 0 000
21 0.000 22 0 000 23 0.000 24 0 000
25 0 000 26 039 27 .047 28 0 000

SPACER TYPE 5
CHANNEL ORAG CHANNEL ORAG CHANNE L DR AG CHANNEL ORAG

NO. COEFF. NO. COEFF. N C. COEFF. nd. COFF?.
1 0 000 2 .013 3 050 4 0.000

5 0.000 6 0.000 7 0 000 8 0.000
9 .022 10 0 000 11 020 12 .011

13 0 000 14 .018 15 .065 16 0.000

17 .116 18 .010 19 0 000 20 0.000

A-28
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I Ts4BLE A-8 (cont)

' <

GRID AND BLOCKAGE SLEEVE COBRA INPUT (c2) AS A FUNCTION OF
ELEVATION FOR CONFIGURATION F:

[ 21 0.000 22 0 000 23 0 000 24 0.b00& 2* 0.000 26 .050 27 .036 28 0 000

[ SPACFR TYPE 6
: CH4NNEL DRAG CHANNEL ORAG CHANNEL DR AG CHANNEL DRAG5 NO. COEFF. NO. COEFF. N O. COEFF. NJ. COEFF.r

1 0.000 2 .010 3 .064 4 0 000g 5 0 000 6 0.000 7 0.000 8 0.000
5 9 044 10 0.000 11 .040 12 .uob
; 13 0.000 14 .034 15 141 10 0.000
: 17 .236 18 .00s 19 0 000 20 .025-

21 0.000 22 0 000 23 0.000 24 0.00C
E 25 0 000 26 .063 27 027 28 0.J00

= SPACER TYPE 7'

CHANNEL ORAG CHANNEL ORAG CHahMEL OR AG CHAANtL ORAG"

NO. COEFF. NO. COEFF. N O. COEFF. NJ. C0EFF.-

1 0 000 2 007 3 .048 4 0 0001 5 0.000 6 0.000 7 0.000 8 0.u00- 9 .033 10 0.000 11 .030 12 .026
7 13 0 000 14 050 15 .106 16 0 000
[ 17 .298 18 .024 19 0.000 20 050g 21 0.000 22 0 000 23 0.000 24 0 000

25 0.000 26 .048 27 .020 28 0.000
SPACER TYPE 8

CHANNEL ORAG CHANNEL DRAG CHANNE L OR AG CHANNEL GRAG
MO. COEFF. NO. COEFF. NC. CO EF F . NJ. J0EFF.

1 0.000 2 .006 3 .036 4 0.000
5 0,000 6 0.000 7 0.000 8 0.000-

9 .025 10 0.000 11 023 12 .044E 13 0.000 14 .038 15 .080 46 J.00017 266 18 .041 19 0 000 20 .03821 0 000 22 0.000 23 0 000 24 0 000
g 25 0.000 26 .036 27 .015 28 0 000
-

SP AC FR TYPE 9k
CHANNEL OR AG CHANNEL ORAG CHAhMEL ORAG CHAdNEL QKAG

NO. COEFF. NO. C OE FF . NG. COEFF. rt- 40EFF.
1 0.000 2 0 000 3 .027 $ 0.000
5 0.C00 6 0.000 1 0 000 0 J.0009 .019 10 0 000 11 017 12 .033

13 0.000 14 .028 15 .061 16 0 00c
17 201 18 .031 19 0 000 20 .029
21 0.C00 22 0.000 23 0 000 24 0.0G0
25 0.000 26 .027 27 .012 28 0.000

SPACER TYPE 10
CHANNEL ORAG CHANNEL DRAG CHANNEL DRAG CHANNEL ORAGNO. COEFF. NO. COEFF. NC. COEFF. No. COEFF.

1 0.000 2 0.000 3 .021 4 0.060
5 0.000 6 0.000 7 0.000 8 0.uco9 .014 10 0.000 11 .013 12 .022

13 0 000 14 .021 15 046 16 0.00017 151 18 .021 19 0 000 20 .022
21 0.000 24 0.000 23 0.000 24 0.uco25 0.000 26 .021 27 009 28 0.uob

-
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TABLE A-8 (cont)

'

2
GRID AND BLOCKAGE SLEEVE COBRA INPUT (c ) AS A FUNCTION OF

ELEVATION FOR CONFIGURATION F
|

SPAC ER TYPE 11
CHANNEL DRAG CHANNEL ORAG CHANNEL ORAG CHANNEL OR AG

NO. COEFF. NO. COEFF. N C. COEFF. NO. COEFF.

1 0 000 2 0.000 3 010 4 0.000
5 0.000 6 0 .0 00 7 0.000 0 0.000

9 .011 '10 0.000 11 07 3 12 016
13 0.000 14 013 15 .034 16 0.000
17 114 18 .016 19 0.000 20 016
21 0.000 22 0 000 23 0. 00 0 24 0 000

25 0 000 26 010 27 0.000 28 0 000

SP ACER TYPE 12
CHANNEL DRAG CHANNEL DRAG CHANNEL ORAG C HANN EL ORAG

NO. CDEFF. NO. COEFF. NC. COEFF. NO. CDEFF.

1 0.000 2 0.000 3 . 000 4 0 000
5 0 000 6 0.0C0 7 0.000 8 0 004
9 .008 10 0.000 11 . 00 7 12 .013

13 0.000 14 .010 15 016 16 0 000

17 .079 18 .012 19 0.000 20 .u12
21 0 000 22 0.000 23 0 000 24 0.000
25 0.000 26 008 27 0.000 28 0 000

$ PAC ER 77PE13
CHANNEL ORAG CHANNEL OR AG CHANNEL DRAG CHANNEL GRAG

CO FF. NO. COEFF. NO. COEFF. NJ. COEFF.
ENO.

1 0 000 2 0.000 3 0 000 4 0 000
5 0.000 6 0.000 7 0 000 8 0 000

9 0 000 10 0.000 11 0.000 12 .C10
13 0 000 14 .007 15 0.000 16 0 000

17 .042 18 .009 19 0.000 20 .009
21 0 000 22 0.000 23 0.000 24 0 000
25 0 000 26 0 .000 27 0.000 28 0.00G

$PACFP TYPE 14
CHANNEL DRAG CHANNEL DRAG CHANNEL DRAG CHANNEL ORAG

NO. COEFF. NO. COEFF. NO. COEFF. Nu. COEFF.

1 .073 2 .041 3 .041 4 .v73
5 .187 6 .102 7 102 6 .187
9 041 10 .153 11 .215 12 .215

13 .153 14 .041 IS 041 16 .130

17 .130 18 .130 19 .066 2J .041|

f 21 .187 22 .102 23 .102 24 .143

2$ .068 26 041 27 041 28 .o63

SP CER TYPE 15A

CHANNEL ORAG CHANNEL DRAG CHAh::EL DRAG CHANNEL ORAG

NO. COEFF. NO. COEFF. N O. COEFF. NJ. 40EFF.

1 .063 2 .041 3 .041 4 .063

5 .143 6 066 7 .066 8 .143

9 041 10 .130 11 .066 12 .066

13 .130 14 .041 15 .c41 16 .130

17 187 18 066 19 .066 20 .041

21 187 22 .102 23 .066 24 .10S

25 .073 26 - .041 27 041 28 058

|

|

!
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APPENDlX B
THERMAL ANALYSIS OF 21-ROD BUNDLE HOUSING

B-1. INTRODUCTION

i

The 21-rod bundle cylindrical housing was designed with 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
minimize excess flow area. However, the following comparison of housing mass (nomi-

nel dimensions) per heater rod for the 21-rod bundle and the 161-rod unblocked bundle

indicates simplistically and qualitatively that the housing effect was significant in the

21-rod bundle:

Bundle Mass / Rod kg/ rod (Ib/ rod)

21-rod 0.102 (0.226) f or 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 properties, are equally important.

In the 21-rod bundle, the relatively cold housing provided a heat sink not only for the

outer row of heater rods, but also f or the center rods. The housing could also quench

prior to,the bundle; this could cause vapor destperheating. Therefore, an analysir was

performed to determine the effect of the colder housing temperature on the bundle
heat transfer data and the extent to which a heated housing would reduce this effect.

B-1
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- B-2. METHOD OF-ANALYSIS '

The following.two methods were utilized to assess the effect o.f the housing on the

. heater rod bundle:

A calculation of the expected heater rod and housing temperatures for the 21-rod- . - -

bundle and 161-rod unblocked bundle, utilizing a cylindrical shell model

. Examination of the measured temperature and quench times of heater rods with--

and without a heated housing

B-3. ANALYTICAL MODELS

The effect of the housing on the bundle thermal behavior was quantitatively assessed by

a simple energy balance on the bundle and the housing. The heater rod bundle was
. lumped into three . concentric cylinders with the housing as the outside cylinder, as

shown in figure B-1. Therefore, for the rod bundle,

change.in ene rgy energy , ener gyal generated + in out
=

For the cylinder,

. A- (pC A T ) = q''' + (q in) - (q out)
dt p nn n radi at. ion radiat. ion

- (q out) convection

dT" #
PC A =q + cA F T d
p n dt n n n-1 to n n-1 n

- cA F T d - (C) fr 12 h (T -Tsat)
4 D

n+1 n to n+1 n n+1 n

i.

.

B-2
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CYLINDRICAL
SHELL

!

O (O
i

<
> , ;,

.
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I

i

g
i I 1 | ) I j j i

'
/

/| \ | | \ | |
'

)/
/

0\ | \ |

v HOUSING

4 FILLER ROD

-H6ATER ROD
SHELL OUTSIDE RADIUS THICKNESS NUMBER OF HEATER RODS IN SHELL

1 4.75 rnm i~).187") -

1
2 17.3 r<.rn ''.0.683") 3.91 mm (0.154") 6
3 29.95 mm (1.179") 5.28 mm (0.208") 14
4 38.84 mr (1.529") 4.72 mm (0.186") 0

TOTAL 21

e

Figure B-1. 21-Rod Bundle Shell Model
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where

A Fn n-1 to'n * n,i n-1 to n

1= p 1

cP +P
. P
+

c P ,in-1,0 . n-1,0 n

P
n,i

*

Pi
(P1)P

n, .p
c / n-1,0 c

2wr n,i

_'I IP- n,i ip.y
\E /\rn-1,0) *

and

A n to n+1 = P ,0 Fn n to n+1n

1*
p -1 o

ePn,0 n,0 eP ;

P
n,0

*
P )

1 + E '/ "'l+P ): *( n+1, i / i

'
,

2*I
(

_
n,0

l Ip n,0

1 + f(1 +
| r n+1,1

l'

i
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- C = number of heater rods lumped into cilindrical shell
e

r

D = heater rod diameter

2pC Ap n = heater rod heat capacity
'

'= (pC A) boron + (pC A) Kanthal +~(pC A). stainless
'

P nitride. P . heater P -steel
. insulation clad.

= 195.6 J/kg- C _(0.04674 Btu /lb OF)

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
internal = in by - out by
energy radiation convection

d 4 43 Dg (pCp 4 T } * Uh F T

H}l ' # if h (TH
-T ,,t)~

H H n
a

6
- IH 4 DpC b dt bH T

n H Ti h (T ~ sat)
~#* ~

n

.

. where

!

A IH=PHH FH

.. _
1 |

~

p 1 p |
L. cP +P cP

*

i n,0 n,0 H
i

P
_

H
~

3 P
! E+1 | .gH

P "C / n,0

:
I

L B-5

;>

t' . s . _ ,,-.,- ,,, ,,,,,-, - ,.-.- .._,,..- -.,. .---.,-.. ,.~, - - . - ..-,,



E'

>

!

.

2nrn
=

fp 3r p|g+1!H +7-
\ / n

D = nominal housing inside diameter

The mass of the four triangular filler rods, which was 20 percent of the housing mass,

was lumped into the housing mass. The emissivities of the heater rods and housing were
assumed to be the same, at a value of 0.70. The same transient reflood convective heat

transfer coefficient was applied to both the heater rods and the housing. The decay
rate was equivalent to the ANS + 20 percent power decay curve.

A similar model was developed for the 161-rod unblocked bundle in order to determine

the effect of bundle size on the bundle thermal response. The 161-rod heater rod

bundle was lumped into eight concentric cylinders with the housing as the outside
cylinder (figure B-2). The same boundary and initial 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 figures B-3 through B-6. Figure B-3
shows the initial radial temperature distribution for the following three 21-rod bundle
cases:

Nominal power and unheated housino--

Nominal power and heated housing--

High power and heated housing--

Because of the housing design temperature limit of 815 C (1500 F) at the midplane and

538 C (1000 F) at the ends, the housing was heated initially to a maximum of approxi- |

mately 538 C (10000F).

B-6
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THIMBLE

,
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9 0

TOTAL 161

'

Figure B-2.161-Rod Bundle Nine-Node Model
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21-ROD BUNDLE 21-ROD BUNDLE 21-ROD BUNDLE
(LOW POWER, (LOW POWER, (HIGH POWER,

COLD HOUSING) HOT HOUSING) HOT HOUSING)
900

1600X-"X--- -my---,
_

,

X

1500
X X -

8@ -

X 1400-

- 1300
700 -

- - 1200

-
- . 1100 E6 600 o. .

o_ w

$ - 1000 $w

E
Q X X cc
tr 500

- 900 E-

f 33 -
,-

- 800

400 -

- 700

- 600

300 -

X RUN 42207A X RUN 42327A X RUN 42430A - 500

AVG 1.83 m AVG 1.83 m AVG 1.83 m
(72 in.) DATA X (72 in.) DATA (72 in.) DATA

_

l | I I | |

1 2 3 4 1 2 3 4 1 2 3 4

. RADIAL NODE

Figure B-3. Measured and Calculated Radial Temps iture
Distribution for 21-Rod Bundle Configura-
tion A at Flood Time
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- 1600
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- 1500
800 -

- 1400
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- 1300

- 1200
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_ 1100 E
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ED - 1000 m& >-4 <
E 500 - m

g - 900 g
W w

>=

- 800

400 -

- 700

-

300 -

X RUN 31504 AVG 1.83 m (72 in.) - 500
DATA

200 - - 400

| | | | | | | |

1 2 3 4 5 6 7 8 9

' RADIAL NODE

Fiqure B-4, Measured and Calculated Radial Temperature
Distribution f or 161-Rod Unblocked Bundle
at Flood Time
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21-ROD BUNDLE 21-ROD BUNDLE 21-ROD BUNDLE
(LOW POWER, (LOW POWER, (HIGH POWER,

COLD HOUSING) HOT HOUSING) HOT HOUSING)

1200 2200
----

- 2100
---- --__

1100 -

.- 2000O
X

9 9
- 1900 I

lo
1000 K- O '

A X - 1800
X _ 37og

900 -

- - 1600

- - 1500 g6 800 -

o_ _

1400 yy -

3 3
H &

1300 gy 700 -
-

r
1200 33 -

s X r

600 -
- 1100

- 1000

500 -

- 900
X RUN 42207A X RUN 42327A X RUN 42430A

AVG 1.83 m AVG 1.83 m AVG 1.83 m
(72 in.) DATA (72 in.) DATA (72 in.) DATA- 800

400
-O RUN 42207A O RUN 42327A O RUN 42430A

AVG 1.98 m AVG 1.98 m AVG 1.98 m
(78 in.) DATA (78 in.) DATA

t (78 in.) DATA I I II I

1 2 3 4 1 2 3 4 1 2 3 4

f}ADI AL NODE

Fiaure B-5. Measured and Calculated Radial Temperature
Distribution f or 21-Rod Bundle Configura-
tion A at Turnaround Time
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Figure B-6. Measured and Calculated 161-Rod Bundle Radial Temperature
Distribution at Turnaround Time
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Also 'shown in figure B-3 is~the' measured radial temperature distribution for the corre-

i sponding 21-rod bundle test conditions. The calculated and measured results should be

. compared. only on a relative basis because of the -difference in the respective heat

transfer coefficients utilized (as discussed below). These figures indicate that when the

121-rod bundle housing is' heated tu approximately 538 C (1000 F), the temperatures of0

6the second and third rows of heater rods are increased by approximately 140C (25 F) .
0 0and 39 C (70 F), respectively,' thereby reducing the radial temperature gradient.- The

straight line in figure B-3 and all subsequent figures represents the calculated temperar
!' ture distribution ,for the case with no housing.

Figure B 4 shows both the ca'lculated and measured initial radial temperature distribu-
| tion 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 'with 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 oradient ; was not

!' ~ possible.

Figure B-5 shows the radial temperature distribution at the turnaround time for the

previous three 21-rod bundle cases. Figures B-Sa and B-Sb show that when the housing

| Is heated, the maximum heater rod temperature is increased by approximately.22 C0
'

(400F). Also, the radial temperature gradient across the 21-rod bundle is reduced by

| approximately 28 C (500F). However, since there was a large difference, approxi-0

mately 1060C (190 F), in the hot rod temperature between 21-rod bundle with a heated

housing and the 161-rod bundle (figure B-6), the rod power was subsequently increased

to 2.6 kw/m (0.78 kw/ft) in order to compensate for (it was believed at the time) the
excess flow area. This rod power increase reduced the hot rod temperature difference

between the two bundles to approximately 50 C (90 F). It was learned later in the

- testing that the flooding rate was approximately 10 percent higher than specified.

Comparisons of the measured heat transfer coefficients from the 21-rod bundle and
J161-rod bundle tests and the heat transfer coefficient utilized throughout this analysis

are shown in figures B-7 and B-8 for heater rods close to housing and away from hous- r

.ing, respectively. The heat transfer coeffic.ient utilized in this analysis was simply a
pre-21-rod bundle test estimate of the reflood heat transfer.

B-12
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FLECHT-SE ASE T HE AT TR ANSFER COEFFICIENT
RUN 42430A 31504 31504 31 504 5
'"'"" 35'8 '0/2 57/3 68/= 7,- 250.00 j'

RO'D 3E 4 5
' ' '

O 21-ROD 161-ROD ,g,999 7
? BUNDLE BUNDLE / '

i

)/~ ~

d200.00 3,

h 1.82 m (72'') ELEVATION $
j [ }30.000

E 150.00 #
Eg

m. M /
o
vm

100 00 w'w- e-

[ 10.000,
- 50.000
0
y - HEAT TRANSFER COEFFICIENT'

UTILIZED IN HOUSING ANALYSIS

0.0 - - -- ' - - ' I -^'''''^^^^^""'"---0.0
8 8 8 8 8 8

a a a a ae
d 8 S C 8 0 2

TIME ( SECON05 i

Figure B-7. Heat Transfer Coefficient Comparison, Outside Rods
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'B-5. QUENCH FRONT RESULTS

The quench fronts for the following two 21-rod' bundle tests were compared to the
quench front for the corresp'onding 161-rod bundle test (run 31504):

Nominal power and unheated housina - run 42207 A' --

High power and heated housina'- run'42430A--

The test with nominal power and heated housing (run 42327 A) was terminated af ter hot

rod turnaround because of a computer data acquisition system failure; therefore a,

quench front comparison was not possible. The quench front comparims between the

two 21-rod bundle tests and the 161-rod bundle test are shown in fioures B-9 and B-10.
The tioures show that the 21-rod bundle heated housing test (run 42430 A) provided a

better comparison to the 161-rod bundle test. Although the test. conditions were not

exactly comparable _ among the three runs, it was believed at the time that to provide a

quench front in the 21-rod bundle that was similiar to that of the 161-rod bundle, the
rod power should be increased and the housing should be heated. The reflood tests in

the first 21-rod bundle were conducted at these conditions until it was learned that the
flooding rate was higher than specified, at which point the power was reduced to

'
nominal.

B-6. CONCLUSIONS

As was expected, the housing had a significant eff ect on the thermal response of the

21-rod bundle. Although this effect was reduced by heating the housing to 538 C
(1000 F), the large temperature gradient between the heater rods and housing of

approximately 3710C (700 F) still had effects which could not be ignored. However,
this housing effect was approximately the same in each of the six bundles; therefore,

the measured data can be utilized on a comparative basis. Furthermore, by accounting

for the energy stored in the housing and subsequently released by the housing, the
measured data can be utilized more generically.

4
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APPENDIX C
BLOCKAGE SLEEVE SELECTION

C-1. GErf R AL

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 utilizes the COBRA results
- discussed in section 6. COBRA simulations of flows in the 163-rod bundle with 21-rod
islands (see figure 3-9) were also performed, because the chosen sleeve will be used in
the large bundle tests.

C-2. FLOW DIVERSION IN 163-ROD BUNDLE WITH BLOCKAGE

The sleeve choice should be based on resulting heat transfer in tests with enough bypass

flow area to allow fluid bypass. The tests of the 21-rod bundle do not provide bypass

flow area. Therefore, flow diversions in the large bundle with blockage islands (fig-
ure C-1) were calculated using COBRA-IV-I to estimate the heat transfer coefficients

in the large bundle as described below. COBRA simulations of this laroe bundle were

performed on half of the bundle to take advantage of bundle symmetry. All the simula-

tion conditions were the same as those of the 21-rod bundle except for the channel and
! gap addresses. There were also slight changes in flow blockage factors 'or the peri-

pheral subchannels of the blockage islands, since there was excess flow aren in the
peripheral subchannels of the 21-rod bundle.

The results, shown in figures C-2 through C-5, show clearly that flow diversion from the |

blockage islands is important. Figure C-2 shows the total flow rate ratios in the
blocked island, figure C-3 the total flow rate ratios just outside the blocked island, and

figures C-4 and C-5 show the total flow rate ratios one and two rows away from the
blocked islands, respectively.

C-1
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C-3. ESTIMATION OF HEAT TRANSFER COE7FICIENTS IN THE LARGE BUNDLE

The heat transfer coefficients in the larae bundle with the partial blockages can be
estimated using the following relationship:

,

(i,Z,x,163) (U(i,Z,x,163)
U (C-1)*

h( i ,Z ,A,163 ) \ (i,Z,A,163)

where

r
i = rod identification

~

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 transf er coefficient
..

Ne = enhancement f actor
'

U = velocity
_

'

m = exponent (0.6-0.8)

The velocities in equation (C-1) are calculated by COBRA and the enhancement f actor

can be calculated from the 21-rod bundle test data, assuming that the f actor is the ~

same for both bundles. That is,
'

-

(i,Z,x,163) = N (i,Z,x,21) ?
(C-2)

'

- _

*
h(i,Z,x,2p U(i,Z,x,21)=

h(i,Z,A,21 U(i,Z,A,21)

-

-

C-7 -
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Since the heat transfer coefficients in the unblocked large bundle are available, equa-

tion (C-1) permits calculation of the expected heat transfer coefficients in the large
buncle with blockages. A schematic diagram of the procedure used to obtain the heat

transfer ratios is shown in figure C-6.

Some of the results of the reference tests using the constant 0.8 as the exponent m are

shown in figure C-7 for the blockage islands corresponding to bundle configurations C,

D, and E. (Configuration C is considered to discern the sleeve distribution effect.) The

figures show that the enhancement factors reach a peak during the first 20 to 30 sec-
onds and then decrease to a f airly uniform value. It appears that W blockage effects

on heat transfer during these two periods are different from each other. Comparisons

of heat transfer among the three bundles at early and late times in the test are shown

in table C-1. The comparisons of the heat transfer are summarized as follows:

-- For later times (>3L sec), below 1.98 m (78 in.), configuration E is the lowest for all

inner thermocouples (thermocouples on the inner nine rods). Configuration E is

generally the lowest for outer thermocouples, in most cases.

-- For early times (<30 seconds), many cases show D<E.

- At 1.88 m (74 in.), where all cases have blockage, E is the lowest even during the

early time.

-- At 1.96 m (77 in.), usually D=E for the early time period.

-- During the early period above 2.59 m (102 in.), the ratios oscillate. This is possibly

,

due to small-magnitude errors in the heat transfer coefficient.

1

-- At the later time for 2.59 m (102 in.), E is the lowest except at rod 10.

-- At 2.82 and 3.05 m (111 and 120 in.), trends are mixed.

Because of the observed contradictory behavior between the two periods, it was not

immediately clear which sleeve should be chosen. To resolve this difficulty, it was

C-8
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TABLE C-1

CALCULATED HEAT TRANSFER COMPARISONS

Run 42430A' - Run 42r06 A Run 43112A Run 42804 A

28 mm/sec 23 mm/see 28 mm/sec 13 mm/sec
(1.1 in./sec) (0.91 in./sec) ~ (1.1 in./sec) (0.52 in./sec)

0.28 MPa - ' O.28 MPa 0.14 MPa 0.28 MPa
(40 psi) (40 psi) (20 psi) ~ (40 psi)

Elevation
Rod ' m (in.) Early Later Early Later Early Later Early Later

2D 1.88(74) E=D<C E<D=C E<D<C E<D<C D=E<C E<C<D E<D<C E<C<D

2D '1.96'77) E=D=C E<D=C E*D=C E<D<C D=C=E E<C<D E=D< C E< D=C

4C 1.9B(78) E<D<C E<D<C E<D<C E<0=C- - - -

38 1.98(78) C=D<E E<D<C D<C<E E<D<C D<C<E E<D<C E=D=C E=D=C

3C 1.98(78) C<D=E E<D<C D=C=E E<D<C D=C=E E<D<C C<D=E E<C=D

3D 2.13(84) C=D<E E<D=C D<C<E ? D<C<E E<C<D C=D<E C<E*D

2C 2.29(90) D<C=E D=C=E D<E<C C<E*D D<C<E D=C=E D<C=E D<C<E

38 2.29(90) C<D=E E<D<C D<C<E D<E<C D=C<E D=C=E E<D=C E<D<C

38 2.44(96) E=C=D {E<D<C E<D<C E<C<D- - - -

SC 2.44(96) C=O=E C=D=E D=C=E D=C=E C=D<E E<C<D E=C=D-

IC 2.59(102) E<C<D E<C<D E<C<D E=C=D- - - -

3D 2.82(111) D=C=E - D=C=E; D=C=E - C=E=D- -

| 4C 2.82(111) E=D<C - D <E <C E<D<C C=E*D- - -

ID 1.90(75) E=D=C E<C<D E<D<C E=C=D E<C<D E<C<D E<C<D-

SD 1.90(75) D<C<E E <C <D D=C<E E<D<C D <C <E E<C<D E<C<D E <D <C

4A 1.93(76) C<D<E E=C<D C<D<E E=D=C C<D<E E=C<D E<C=D E<D=C

.
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TABLE C-1 (cont)

CALCULATED HEAT TRANSFER COMPARISONS ,

Run 42430 A Run 42606 A Run 43112 A Run 42804A .

Elevation

Rod m (in.) Early Later Early Later Early Later Early Later

1D 1.96(77) C <D <E E=C=D E <D <C E=C=D C=C <E E=C<D C <D=E E <D <E

2D 1.96(77) E=D=C E<D<C D<E<C E<D<C D=C=E E<C<D D=E<C E<D<C

5D 1.96(77) C <D <E E= C <D C <D <E E=D<C C=D <E C=E=D E= D <C E= D=C

4A 1.98(78) C<D<E C<E<D C<D<E C=E=D C<D<E C<E<D C<D<E C<D<E

4E 1.98(78) C<E E<C C <E E<C C <E C=E C<E C<E

1C 2.13(84) C<E<D D<E<C E=C E=C C <E E=C C<E C<E

28 2.13(84) C<E E=C D <C <E C=C=E D <C=E D <C <E D <C <E-

AD 2.13(84) E=C E<C E=C E<C C<E E<C - -

5B 2.13(84) C=E=D E=C<D - E <D <C D <C <E E <C <D D=E<C D=C=E

2E 2.29(90) C<E<D E=C=D C<D<E - C<D<E C<E<D C<D=E C<E<D

3A 2.29(90) C=D C=D - - C=D C=D C<D D<C

3D 2.29(90) E=C E<C E=C C<E C<E C=E C<E C<E

AB 2.29(90) D <C <E E <D <C D<C<E E=D<C D <C <E E<D=C D <C <E -

SC 2.29(90) C=D<E E<C<D E=D=C E=D=C C=D<E C=E<D C<E=D C=E=D

3E 2.29(90) C<E<D C <E <D E<D E<D D <E E<D E<D E<D

IC 2.44(96) C<D<E E<C<D C=D=E C=D=E C=E=D C=E<D C<E=D C<D<E

2E 2.44(96) C<E<D C<E<D C <E <D C <E <D C <D <E C<E<D C<D=E C = E<D

3D 2.44(96) E=C=D E=C=D E=D=C C <D <E D<C<E C=E<D E<C<D C<D=E

4D 2.44(96) - - - C<E C=E C=E - E=C

C-14
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TABLE C-1 (cont)

CALCULATED HEAT TRANSFER COMPARISONS

Run 42430A Run 42606 A Run 43112 A Run b2804 A

Elevation

Rod m (in.) Early Later Early Later Early Later Early Later

SB 2.44(96) D<E<C D<E<C EmD<C D=E<C D<E<C E<C<D D<E<C D<C<E

ID 2.59(102) - D<E<C D<E<C D<E<C D=E<C D<C<E- -

2C 2.59(102) E<D E<D E<D E=D- - - -

4B 2.59(102) E<D<C - E<C=D - E< C< D C=E=D- -

SB 2.59(102) E= D E<D - E<D - E<D- -

SD 2.59(102) - - D<C<E - - E=C=D E<C=D-

2A 2.82(111) E<D E<D E<D E<D E<D C<D - -

4E 2.82(111) C<E C<E C<E C<E C<E C<E - C=E

1C 3.05(120) D<C<E D<E=C D=C=E- - - - -

1D 3.05(120) E<D<C - E< D< C D<E<C- - - -

2C 3.05(120) C<E<D - C=D=E C=E<D- - - -

- - - E< D< C - E< C< C 'AB 3.05(120) - -

SB 3.05(120) C<D<E- - - - - - -

5D 3.05(120) C<D<E- - - - - - -

necessary to learn the effect of the early-period behavior on the peak clad temperature

up to the turnaround time, 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 following discus-
sion, only blockage configurations D and E are considered, since it was found that con-

figuration C blockage usually did not give poorer heat transfer.

C-15
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C-3. ESTIMATION OF TEMPERATURE HISTORY IN LARGE BUNDLE

Assuming that each rod is homogeneous radially, for simplicity, a one-dimensional heat

balance equation can be written as

A f _ --- = O' - hS ( T - Tg) (C-3)

where

A = rod cross-sectional area

p = rod density

Cp = rod heat capacity _
T = temperature

"

t = time
O = heat generation rate

' h = heat transfer coefficient at rod surf ace

S = rod peripheral length

Tsat = saturation temperature

The terms ApC and S can be estimated using the rod design information (see appen-p
dix P), and O' f rom the rod design and power decay f actor curve. The heat transfer
coefficient can be estimated by

h(t)=(h)163*({161(h)
h

b (C-4)
b g

where h is the heat transfer coefficient in an unblocked bundle. In equation (C-4), hoo
should ideally be taken from the large unblocked bundle test, but unfortunately there

flooding rate of approxirnatelywere only two overlapping test conditions at a
25 mm/sec (1 in./sec). For these two cases, h(t) was estimated by using (h lo l61. Four

other cases were also studied using the heat transfer coefficient obtained from the

21-rod bundle, configuration A test. This procedure was programmed into HEATUP

(appendix P). The results are compared in table C-2. Actual temperature rise infor-

mation is provided in tables C-3 through C-8.

C-16

. _ _ _ _



,,

[

TABLE C-2
<

: c SUMMARY OF TEMPERATURE RISE COWARISONS

.
FOR LARGE BUNDLE WITH PARTIAL BLOCKAGE

,' Flooding No. of . No. of No. of
'

Rate
,

. Pressure Source Thermocouples Thermocouples Thermocouples
mm/see MPa of h Where A TE Where A To D. where A TD

(in./sec) (psia) (bundle) >aT '
D .>aT =ATE. E

.

1.1 0.28 (40) 161(b) 3y y 3

1.1 0.14 (20) 161(b) 11 0 -1

1.1 0.28 (40) 21 9 3 3

1.1 0.14 (20) 21 4 5 6

0.9 0.28 (40) 21 11 3 1-

0.5- 0.28 (40) 21 8 3 4

'

a. Within 110C (200 )F

; b. Considering 21-rod island corresponding to 21-rod bundle tests

i

,

These results show that, in most cases, blockage in configuration E'will 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.

.

1

| Figure C-8 plots the measured turnaround time versus the flooding rates. As expected,
I the lower the flooding rate, the longer the turnaround time. The longer turnaround
! time means more significant contribution of the later period effect, in which configura-
! tion E consistently showed poorer heat transfer.

Therefore, it is concluded that the long nonconcentric sleeve should be used for the
l large blocked bundle tests. !

i
i-

!
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TABLE C-3

CALCULATED TEMPERATURE RISES,

CASE 1(a)

D Island E Island -

Elevation AT AT
, ,

Rod m (in.) Channel OC(OF) Channel OC(OF)
,

2D 1.88 (74) 50 238.1 (428.7) 39 342.6 (616.8)
1D 1.90 (75) 61~ 305.2 (549.4) 44 353.2 (635.9)

5D 1.90 (75)- 68 295.0 (531.1) 46 323.0 (581.4)
4A 1.93 (76) 78 257.6(463.7) 51 286.4 (515.5)
1D 1.96 (77) 82 268.5 (483.4) 58 297.6 (535.7)
2D 1.96 (77) 84 176.2 (317.2) 61 272.2(490.0)
SD 1.96 (77) 89 266.5 (479.7) 66 274.8 (494.7)
38 1.98 (78) 96 210.5 (379.0) 71 234.6 (422.4)
3C 1.98 (78) 97 190.1 (356.6) 72 262.5 (472.6)
4A 1.98 (78) 100 257.1 (462.9) 73 257.4(463.4)
3D 2.13 (84) 115 266.5 (479.7) 98 292.7 (527.0)
SB 2.13 (84) 117 220.6(397.2) 103 322.1 (579.9)
2C 2.29 (90) 122 367.4 (661.3) 111 341.1 (614.1)
2E- 2.29 (90) 123 375.0(675.0) 113 395.4 (711.8)
38 2.29 (90) 125 344.2 (619.6) 115 350.1 (630.3)

SUMMARY

( A T)E>( A T)D ( A T)p( A T)E ( A T)D=( A T)E

11 1 3

a. (h )161o
27.9 mm/sec (1.1 in./sec) flooding rate
0.28 MPa (40 psi) pressure

C-18
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TABLE C-4

CALCULATED TEMPERATURE RISES,

CASE 2(a)

D Island E Island

Elevation AT AT

Rod m (in.)' Channel OC(OF)] (OC(OChannel F)

2D 1.88 (74) 50 179.1 (322.4) 39 317.5 (571.6)
1D 1.90 (75} 61 283.3 (510.0) 44 393.2(707.9)
SD 1.90'(75) 68 310.4 (558.7) 46 369.4 (664.91
4A 1.93 (76) 78 262.8 (473.1) 51 291.6 (525.0) |
'

ID 1.96 (77) 82 179.6 (323.4) 58 -

|2D ' .96 (77) 84 132.4 (238.4) 61 168.0(302.4)
SD 1.96 (77) 89 213.2 (416.2) 66 293.0 (527.5)
36 1.98 (78) 96 148.7 (267.6) 71 -

3C 1.98 (78) 97 129.4 (232.9) 72 -

4A 1.98 (78) 100 210.0 (378.0) 73 240.1 (432.2)
3D 2.13 (84) 115 197.1 (355.9) 98 246.1 (443.0)
SB 2.13 (84) 117 160.2 (288.3) 103 275.5 (499.6)
2C 2.29 (90) 122 250.5 (450.9) 111 262.9 (473.3)
2E 2.29 (90) 123 274.7 (494.5) 113 390.1(702.3)
3B 2.29 (90) 125 255.1 (405.2) 115 364.2 (655.6)

I

SUMMARY

( A T)E>( A T)g ( A T)o)( A T)E ( A U =( A T)ED

11 0 1

a. (h )161a

27.9 mm/sec (1.1 in./sec) flooding rate
0.14 MPa (20 psi) pressure

C-19
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TABLE C-5 |

CALCULATED TEMPERATURE RISES,

CASE 3(a)

D Island E Island

Ele vation , AT AT
, ,

OC(OF)Rod m (in.) Channel C(OF) Channel
,

20 1.88 (74) 50 141.3 (254.3) 39 215.1 (387.2)

1D 1.90 (75) 61 152.8 (275.1) 44 302.4 (364.3)

SD 1.90 (75) 68 164.3 (295.7) 46 189.0 (340.2)

4A 1.93 (76) 78 135.2 (243.3) 51 149.4 (269.0)

1D 1.96 (77) 82 147.9 (266.3) 58 171.3 (308.4)

2D 1.96 (77) 84 109.7 (197.4) 61 171.3 (308.3)

SD 1.96 (77) 89 161.9 (291.5) 66 158.7 (285.7)

3B 1.98 (78) 96 153.9 (277.0) 71 145.7 (262.2)

3C 1.98 (78) 97 161.1 (290.0) 72 188.9 (340.0)

4A 1.98 (78) 100 158.8 (285.8) 73 137.8 (248.0)

3D 2.13 (84) 115 169.0 (304.2) 98 147.8 (266.1)

SB 2.13 (84) 117 135.4 (243.8) 103 157.3 (283.1)

2C 2.29 (90) 122 212.4 (382.3) 111 179.3 (322.7)

2E 2.29 (90) 123 147.7 (265.8) 113 180.5 (324.9).

3B 2.29 (90) 125 184.0 (331.2) 115 189.0 (340.2)

SUMMARY

(a T)p( A T)D (a T)D>(a T)E (a T)f(a T)E

9 3 3
..

a. (h )21a
27.9 mm/sec (1.1 in./sec) flooding rate
0.28 MPa (40 psi) pressure

C-20
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TABLE C-6

CALCULATED TEMPERATURE RISt.5,

CASE 4(a)

D Island E Island

Elevation AT aT, , ,

Rod . m (in.) Channel OC( F) Channel OC(OF)

2D 1.88 (74) 50 127.6 (229.7) 39 182.9 (329.3)
1D 1.90 (75) 61 143.0 (257.4) 44 188.6 (339.6)
SD 1.90 (75) 68 165.0 (297.0) 46 166.8 (300.2)
4A 1.93 (76) 78 134.5(242.2) 51 140.9 (253.6)
1D 1.96 (77) 82 139.7 (251.5) 58 148.0 (266.5)
2D 1.96 (77) 84 130.2 (234.4) 61 145.0 (261.0)
SD 1.96 (77) 89 162.7 (292.8) 66 134.4 (242.0)
38 1.98 (78) 96 148.4 (267.1) 71 118.6 (213.5)
3C 1.98 (78) 97 154.6 (278.3) 72 154.2 (277.5)
4A 1.98 (78) 100 154.9 (278.9) 73 125.0 (225.0)
3D 2.13 (84) 115 135.4 (243.7) 98 91.6 (164.9)
5B 2.13 (84) 117 125.0 (225.1) 103 119.9 (215.8)
2C 2.29 (90) 122 161.0 (289.8) 111 109.8 (197.7)
2E 2.29 (90) 123 126.2 (227.1) 113 126.2 (227.1)
38 2.29 (90) 125 144.0 (259.3) 115 171.3 (308.4)

;

SUMMARY '

|

(A T)E>(A T)O (A T)CP(A T)E (A T)D9a T)E

4 5 6,

!

l

a. (h )21o

27.9 mm/sec (1.1 in./see) flooding rate
0.14 MPa (20 psi) pressure
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TABLE C-7

CALCULATED TEMPERATURE RISES,

CASE 5(a)

D island E Island

Elevation AT AT,
_ ,

Red m (in.) Channel C(OF) Channel C(OF)

2D 1.88 (74) 50 200.1 (360.2) 39 305.2 (549.5)

1D 1.90 (75) 61 213.1 (383.7) 44 285.6 (514.2) -

SD 1.90 (75) 68 224.4 (400.4) 46 295.1 (531.3)

4A 1.93 (76) 78 188.5 (339.3) 51 224.0 (403.3)

1D 1.96 (77) 82 196.0 (352.8) 58 328.1 (590.6)

2D 1.96 (77) 84 191.6 (344.9) 61 178.9 (322.1)

SD 1.96 (77) 89 215.4 (387.7) 66 288.6 (519.5)

38 1.98 (78) 96 210.5 (379.0) 71 173.8 (312.9)

3C 1.98 (78) 97 222.2 (400.0) 72 160.8 (289.5)

4A 1.98 (78) 100 215.7 (388.3) '73 238.5 (429.4)

3D 2.13 (84) 115 259.8 (467.6) 98 202.6 (508.8)

SB 2.13 (84) 117 204.3 (367.8) 103 314.7 (566.6)
..

2C 2.29 (90) 122 309.1 (556.5) 111 218.5 (393.4)

2E 2.29 (90) 123 210.6 (379.2) 113 232.1 (417.9)

38 2.29 (90) 125 269.3 (484.7) 115 288.2 (518.8)

3

UMMARY ..

.

( A T)EM A T)D ( ')D>( A T)E ( A T)D ( A T)E
%

11 3 1

.

a. (h )21n
23 mm/sec (0.9 in./sec) flooding rate
0.28 MPa (40 psi) pressure
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: TABLE C-8

CALCULATED TEWRATURE RISES,

CASE 6(a)

D Island ' E island

Elevation AT AT.

Rod m (in.) . Channel OC(GF) Channel OC(OF)
,

2D 1.88 (74) 50 80.8 (145.4) 39 131.2 (236.2)

1D 1.90 (75) 61 84.3 (151.7) 44 114.8 (206.7)

SD 1.90 (75) 68 82.3 (148.2)- 46 105.2 (189.3)
4A- 1.93 (76) 78 63.2 (113.8) 51 82.9 (149.3).
ID 1.96 (77) 82 81.5 (146.7) 58 86.3 (155.3)

.

2D 1.96 (77) 84 77.1 (138.8) 61 93.3.(168.0)
5D 1.96 (77) 89 76.9 (138.5) 66 78.9 (142.0)
38 1.98 (78) 96 81.4 (146.5) 71 81.1 (146.0)
3C 1.98 (78) 97 85.8 (154.4) 72 101.2 (182.2)
4A 1.98 (78) 100 85.2 (153.4) 73 69 (125)
3D 2.13 (84) 115 171.3(308.3) 98 147.1 (264.8)
5B 2.13 (84) 117 136.0 (244.8) 103 136.9 (246.4)
2C - 2.29 (90) 122 177.8 (320.0) 111 145.8 (262.4)
2E 2.29 (90) 123 158.5(285.4) 113 171.1 (308.1)
38 2.29 (90) 125 155.7 (280.2) 115 219.3 (394.7) i

SUMMARY
|

'

( A T)EX AT)D ( A TV A T)E ( A T)D*( A DE
;

'

8 3 4,

s. (h )71o
13 rwn/sec (0.5 in./sec) flooding rate
0.2f3 MPs (40 pai) pressure
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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 flow area blockage, given sleeve

strain information. A detailed explanation of the program can be found in the 21-rod
bundle task plan.fl) A short discussion of the input parameters and a listing of the
program are provided therein.

The Westinghouse mean temperature distribution was used with the correction of grid
effect .3 shown by Burman (appendix E). The resultant mean temperature distribution

is shown in table D-1. The standard deviation was taken to be 6.7 C (12 F) and a node0

length of 2.5 cm (1 in.) was used. With these inputs, COFARR calculated the sleeve
distribution as indicated in figure 3-8.

TABLE D-1

MEAN TEMPERATURE DISTRIBUTION

AxLal Height Temperatyre Axial He ght Temperature
m (in.) [ C ( F), [m (in. [ C ( F)]

1.57 (62) 914 (1678) 1.83 (72) 949 (1741)
1.60 (63) 920 (1688) 1.85 (73) 948 (1738)
1.63 (64) 925 (1697) 1.88 (74) 946 (1735)
1.65(65) 930 (1706) 1.90 (75) 938 (1721)
1.68 (66) 934 (1713) 1.93 (76) 933 (1712)
1.70 (67) 938 (1720) 1.96 (77) 929(1705)
1.73 (68) 942 (1727) 1.98 (78) 927 (1701)
1.75 (69) 944 (1732) 2.01 (79) 925 (1698)
1.78 (70) 947 (1736) 2.03 (80) 923 (1693)
1.8 0 (71) 947 (1737) 2.06 (81) 918 (1684)

1. Hochreiter, L. E., et al., "PWR FLECHT SEASET 21-Rod Bundle Flow Blockage
Task: Task Plan Report," NRC/EPRl/Westinghcusc-5, March 1980. NUREG/CR-1370.

|

D-1
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APPENDlX E
THIMBLE AND GRID EFFECTS ON BURST

E-1. GEbERAL
I

This appendix provides the analyses of Westinghouse multirod burst tests (I) and the orid |

effect on the Westinghouse mean temperature calculation.

E-2. EFFECT OF HEATING METHOD ON BURST AND B ALLOONING SHAPES IN

OUT-OF-PILE LOCA SIMULATIONS

l

It has been well established by ANL(2) and others that local temperature differences |

are extremely important in determining the size and shape of rod ballooning and burst

under LOCA conditions.

i
i

In a reactor, local temperature variations result from many sources, such as pellet
enrichment differences, local cap averaca differences, random cracking and radial
redistribution, and pellet radial offset. In addition to these rod internal eff ects, exter-

i

nel heat transfer consideration are also important. Among these are local crud |
patches and radiant losses to relatively cold sinks, such as control rod thimbles.

To properly simulate these effects out of pile is very difficult and requires com-
promises. Three principal methods have been used by various investigators:

1. Schreiber, R. E., et al., " Performance of Zircaloy-Clad Fuel Rods Durina a
Simulated Loss-of-Coolant Accide ,t Multirod Burst Te sts," WC AP-7495-L,-

April 1970.

2. " Light-Water-Reactor Safety Research Program: Quarterly Progress Report -
January-March 1977," ANL-77-34, June 1977.

E-1
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j Direct heating of the clad by electrical resistance or induction heating with or* --

); without internal mandrels or pellet columns

External radiant heating of the clad with internal mandrels or pellet columns--

Internal electrical heaters with or without annular pellets between the heater and-

clad

Direct heating of the clad by induction or resistance heating has a temperature smooth-

ing effect not typical of nuclear-heated rods. That is, the local heat deposition is a
function of the mass of the clad, whereas heat loss to the environment is a function of

surf ace area. If a hot spot develops in a joule-heated rod and the clad swells locally,
the wall thickness decreases, thus increasinq local resistance and shunting the electrical

current to the cooler, less def ortned side of the rod. At the same time, the increased

surf ace area of the bulge is radiating more heat to the environment. The net result is

negative feedback function, which produces a more uniform clad temperature distribu-

tion and thus laroer strains.

The net effect of induction heating is the same as that of joule heating, although the

reason for power shif ting is different.

External radiant heating does not have the same problems as direct clad heating; how-

ever, for this type of heating, the only sink f or temperature is the internal mendret or

pellet. These heat sinks are also available to the direct-heated clad and produce the
same results. If pellets are used, the random stacking will produce significant and very

localized clad temperature differences in both the axial and circumferential direc-
tions.fl) This is well illustrated by figure E-1 (taken f rom ANL-77-34). If an internal
mandrel is used and it is slightly nonconcentric to the cladding, the heat loss from the

cladding to the mandrel will be greater on the side with minimum clad-to-mandrel
This will produce a circumferential temperature gradient in the cladding. Belowgap.

,

1. Motley, F. E., et al., "The Effect of 17 x 17 Fuel Assembly Geometry on
Interchannel Thermal Mixing," WCAP-8299, March 1974.

E-2
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about 900 C (1650 F), Zircaloy strains anisotropically and will bow because of the0 0

greater strain on the hot side. tne direction of the bow will be concave on the hot

side. The hot side will tht:r m <e toward the mandrel, increasing heat loss on that

side. This is a stabilizing mst' ,u. tnd results in larger strains, at least in the lower

temperature range.

The randomness of pellet stacks arv thus clad hot spots prevents gross bowing for teste

using pellet stacks. Hence, this mechanism is not present to the same degree for those

tests with pellet stacks.

If rigid internal heaters are used in burst tests, they act in a manner similar to mandrelt.

except that the heat flow is f rom mandrel to clad. Clad hot spots will tend to coincide

with minimum gaps. The concave bowing of alpha Zircaloy will then reduce the cap on

the hot side, creating a self-enhancing reaction.

This results in large circumferential temperature variations and thus low swelling and
burst strains; however, the alignment of the hot side close to the heater promotes axial

extension of the ballooning, since there is less probability of cold ligaments to localize

straining.

Although it is believec that of all the test methods described, the use of internal
heaters produces the most prototypical amount of circumferential strain, it tends to

produce longer, mare gradual axial shapes. From the standpoint of axial shape, the use

of externally radiant-heated rods with internal pellets gives the best simulation of

nuclear heating.

The effect of radiant losses on localizing strain was examined by reviewing Westing-

house multirod burst test results. The 4x4 test bundles contained two unheated thim-
bles. .The direction of the burst of rods which were laterally or diagonally adjacent to

the unheated thimbles was evaluated. Of 68 bursts observed, only three burst in a

direction within 45 degrees of the thimbles. For random direction bursting, the

expected number would be 17. A frequency this low has a probability of about 7x10-6,
This demonstrates that the heat transfer between thimbles and adjacent rods is a

E-4
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significant factor in determining circumferential temperature distribution in adjacent
rods and thus in both the magnitude and direction of the strain,

in a Westinghouse 17x17 assembly, 68 percent of the fuel rods are adjacent to a
thimble. In a Westinghouse 15x15 assembly, the ratio is 60 percent.

E-3. EFFECT OF GRID ON AXIAL TEMPERATURE DISTRIBUTION DURINt. LOCA

The axial temperature distribution for a fucl rod during LOCA determines the location
i

of blockage due to rod bursting. This axial distribution is affected by the presence of
spacer grids, because of local power depressions and hydraulic effects.

For Westinghouse Inconel grids, the power depression has been determined near the

peak power incations by analysis of gamma scans from irradiated commercial fuel rods. ,

For a large-break LOCA in which fuel rods are calculated to burst shortly af ter the end
i

of blowdown, the perturbation in local clad temperature due to a perturbation in local

power has been determined to be 6 C (11 F) per percent Ap/p for a 17x17 three-loop
plant.

The following shows the perturbation in power and the corresponding temperature
perturbation as a function of distance from the center of a grid:

Distaire from Grid Center , A T
cm (in.) % Ap/p [ C ( F)

0 (0) 8 t 9 (88)'
2.5 (1) 5 31 (55)
5.1(2) 2 12 (22)
7.6 (3) 0.5 t.1 (5.5)
10 (4) 0 0 (0)

E-5
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APPENDIX F
FACILITY DRAWINGS

The FLECHT SEASET facility is illustrated in fioures F-1 through F-28, as well as
figures 4-1 end 4-9.

F-1

_-__ _ . . - . . _ . . ..- .-...-_--... . - . -_ , ..._-_. . .-



<$ Y. %

s

* /
* / /\

[! W4 te op e
,

\ !
1

\
'...,/

[4 d
>

I

I <
'

I

!.I
iH
[I e

|

F

' ~

LE }
- . --p

fvm

,.44

/G
mf',c,

,

9
,' n 2:5 I'

>

'W\
~ ~

_
easer., ma

wh ~~ --

.,Wy|
f ",
-~ _

""d dwg
h :' i abw._i_ ._

I '

-;
m' n::=~>. -

,

|||[
1

~ ~4
1.. /

9i ;' /MI. h .
4ts

-

( ,

b\
\

* ! =g\/ ad
I

'. -\~~v.w:.wa .\s.,
.

%
*

,

* -\ \
* .e . .. q

LCate f@ Of e(af t

%
E

o

,

4/
,

t4
,



~

-u.a:=. -. ...
..

N // _ pa-gu gg eyegy galig

C_ . kgme.m s.
, "1O i i u m . _,. .

i i*i- 7

s.v.es.ttr( /aee Car so.s ow6. f.ett Ci.6
M v esor vaattle0E0 to E a'* ~1 * CCis

g

6.M.aasG canta ve tMD miTh %wifw -

To t usEO sin C Altpetfions

C.dsF*LAf s0se Ftf 6-080
)s

i
-

6 E

i
a.. rim au u.s = s .. co.is. ;

C" " "** 310.**CE .0LE.*d 55 4V W.155 CteC.geuI

|- | t .gss e ns. 44 % . e.a. *s0TE O. W
d

-

t " ~ ~ , a u tu m sac, .r.

.s l.fic. .
.ou

ae satssuit wssrt urs a' .
C3. Clair 2 C0ama'p 'e F S, Ck 4 af atsu.* i e.

2.'.Aacca.a05..Aa0.s ,*(ue.C C.t* famCECE tti A,
- . - fE I s,

''*-

L
z.- - :.= ,.m,'"- ([ )j> W3 %2

tA (Atte. art 0sa O(FECT Stapu0 40$e" ' ' ~
i

.. ~_I ,.,,. s, p, <ti actr
. .-of,

--
~ t.nect c.< rt. .

,

c,x * ; =D %91vM,''hMI M2Vd."'
w

- ~ . .s - - -I _
- I l3

|j .mv ; e.e' rITf 5D EM) OP.e,e ~ 14..cym s" A5 VE*ED 'KIC
'"'"fl

g |2* . u. p
. ,,

| 3w.

I ./ I

||| F'' 'dL'

. e-

sr.:: =.r_ % .-
.. /~

p -=.= .r::.= .u > .

m. . m. r:r. .:.:: .e:
'

. ...
, _

.=.
.

12 - '

,

s L !.m
W j,s -
m / /

-

-.. 1 = ' v . w.e.w.,
= = - . -

.a

s'1 i.

1 .e. e ~'

<

n e: t @ 8A =.=_
.. _ , c ./., .~. _-. - .... . _ . .

.= ; m== 1 | en~ -

= .'

... .k , b b -' -j. / ri~
- .. . M N

o]
.

7 .,
gj._

.

A.-
-

-

.J i-
... _ . .

- - ==
m 4 ._ ._,

. . . . . . -. . . . - . . .. . . . . . . _..
*

[ / . rms..um azu.s at o.e.f.vc., y ex . ~ M.3
.

w,
| / s v.c to aov ecirce. tar 3"

..._.S. h.-|c / ''t.*r '.:?. :'.'Ie2
/

* f ,,,_.,j, M.y !!"7.'':::=',M ."' - .ac w --.

c. n:.a v.*n e n.-
\ . , % _ _ .__ ,,, s ~

,_ , . . . . .

'

r..,:e.z .rt ;::=r::n g,>-
t1 . 3 ,.,.

f.tr L *"E' . ..m=.s,
Ndb'

5 6 4Aaao a n,, 1
~
CWr. CahEPtrft (ENGiu 0F

. 04TAEt F.0es (se0 .- secs (5 mott yt.u.K.es. (% M u
4,

Figure F-1. FLECHT SEASET 21-Rod
Bundle Heater Rods
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COanWTEst DATA ACQuestTOs $YSTEnn computer CATA ACQutSITCN SYSTEM CQapi TER CAT A ACQd SITIOD8 is r51Ea4 CosnPETER CATA ACQ6tSITIOut SYSTte

ChahNE6 (*AN=EL L"
" ".Q LOC ATIOMW AT 60N LOC AT ION

ho NO esO F

6 h% T/C (A 12* we pa TK-50 7&* e90 SP TK 10C 42' 286 nw TK-90 s t'

2 Hu Ts : . 17' 91 NE T/C-4A 7&* 192 SP YK $A $5* 287 low Tt-880 t l'

3 w ;* -4r_
'

y', 96 HR T/C 4C 78* i93 BF TK 4C 97* 244 ifW T/C 270 l i'
4 ,.e T/C 4E d- 99 DEFECT 1wE CMaJemtL 194 ST TK-96 97* 2%9 MW T/C 90 62'
g kle T/C 48 24" *CO seR T/C-4E T6* Its SP TK toc 97*

___

290 14w T/C 270 12'

~ 4 m R T/C iC ir 4 * IOD HE TK 5C 7a* 13w EF TK SA 40 9" 294 LQsER Ptiput Fusc TK
197 SP T/C eCA 109* 292 L0utt PLEmum RALL T/C- | *et TK4D 24' sO2 SMFtE

~

a 99_ BF TK 14 B 120* 295 uPTEm PJNum naamas sung Tg

. _ .

g , ,e a iK C& 24' ic h $ PARE

4 ' %k T,C . z A $9' 10 4 $ PARE 499 $P_ TK G B 620* 294 alfvut Mist u%. [3T PL. TK
eO hil T/c-4A 39' IOS $PAEE 200 sp 1/C-15& 920* 295 UPPER PuaWe STEAn PuenE TK

it ws T/t 40 sr IOG SPARE 208 SF TK ilE. 450* 296 UPPER REhugh SEAL PULTE TK

12 km T/c 4E 39- 107 5GARE 202 Sp TK-(.& s56* 297 UPPER PLIinas 90 tua.A TK

is ,ea T/c-is er iOs ss*EE 20s as TK 2D 7s* 29a urne PLEnuam seO wAu T/C
4 He K-|C da' 10 9 W T/c tB 84* 2V4 && TK-5C T S* 299 urtta PLEmuan 210 mAu TK

as wa 1K-4D d e* 460 was TK #C B4* 205 BS TK-3D 75* 300 CaurtovEm TAaK EL Ful@ T/C

16 he i/C-SB 48' I8' HR T/C 2& 84- 2OG E65 '*/C 4 0 73* 50s CAasiowta TAnn Et smaA tic

s1 wa TK 2A GO" t12 we T/C 2E 64* 207 F*, T/C AJ T2' 302 CastrWNER Tasit EL suaLL T/C
aan uit T/C-5A 64* 208 FS T/C-AS 84* 305 STLys wunastaa EL FLuc TKse na TK-4A E O-

~

i sa HeTK 5a 84* 20+ F5 T/C 89 Go* 304 $YEad SpaanTOR EL unu TK#9 NdTK 4C GO*

20 me T/C 'E G3- aIS na T/L SD S4* 30 FG T/C SW T8' 305 STEAM SEsmeA10E EL amu Tg.

21 witTK iA G 7* IIG ht T/C 40 84* 200 FS T/C-Bf 84* 306 Okale TAssE EL. FLale T/C

22 Nd T/C-4A G 7* 187 MRTK+%E $4* 212 F%TK 8@ ill* 307 OTAsis Tant [L gAu Tf(

25 na T/C-4C G7* 688 wa T/C-SC 64* 245 SPAm[ 7 04 DRAst 1Asut EL

24 wa T/C-46 (e 7 " s.9 na T/C-lO 90* 2s4 SemAE 509 ACCumaA10e EL Fulio TK
n wR T/C i8 70* 820 ha TK 2& 90* 2IS SPAftE 340 51LAs 143 $E EL Flee 1/C,

26 wE TK-4C 10' 420 MG T/C-2C N* 2 3(e SPARE 548 urett PLDt/5Tu SEP ip TK
~27 ha TK 2D 70* s22 mR T/C 2E 90* 267 SPWtC 582 JPPEs ptEn/ slut set amu T)C

2a esas 1K- 32 70* 12 % we T/C- 5A 90* 218 SPARE 315 STa su/EmmassT uut s e TK
29 MR TK-4.) 70* 124 MeTP 56 90* 211 $ PARE S e4 Sla SEP/ Exam.ET uut amu T/C

30 wa T/C SS 70* 82 5 Ha TK 30 9C* 220 EPAR E 368 gMt m-==

3e wa 1A eD Ti* 12G at TK-SE 90* 2 21 $PAELE SIG @ k'E
52 me TsC-2C 7s* 7 27 wa T/C-46 90- 222 1.PA g g ggy gg Tu N
3S *et 1/C 2D 7 :' 52 6 He T/C-SC 90* 225 WAidE l#8 51m 3a2 syL CInFt1 FumD MC

34 wt T/C y 24* #29 me T/C SD 90* 224 SPARE 1st Im! us to taman pum Fias TK

$5 Mk T/C Si 7 e* 650 ha TK-s& 94* 225 SPAAE 320 L5%$7
~% dd 1/C-46 78* _s ta me T/C-sc 96* 226 KPAAE 528 My[M

57 eee TK- S D 7s* 152 MR T/C-24 9G* 227 ss%stE 122 Shmt
18 wu 1/C-in 72* 115 na T/C 2E tr.' 228 TJ%RE 325 SPAAE

.* . .; _; j ' + U '' *tR $5 ' Q h ' f ' ' -f'

_



. , . . . . ... , , =

40 na T/C 2 e 12* 153 uR T/C 3.: 96- 230 SPAfrE 325 200BE A PRasRARY POWER
41 HR T/C go 12* 13G WR 1/C-5D 96" 231 SPARE 52G 2dsE ' REtuleepsgr power
42 MR T/C-2E 72* 657 Met T/C-4 D 9G * 2 32 SPARE 327 STEAan C00LsaG Powse
45 ha T/C SA 73* 838 MRTK 53 9G" _ 235 SPARE 326 SPAstE
41 Mk TK-Se 72* 15f MA TK SC 96* 234 SPARE 329 El%RE
45 nw T/C $C 72* I40 NR TK-IB 80 2* 255 SPAAE 150 SimRE
4G me TA*5D 12* 441 NR T/C IC 602' 23G Sf*RE 551 TuttimE METER 5 GPat
47 MR T.C 4C 72* I42 hR 1/C-lD 402* 257 SPARE 532 TuRhaest METER 16 GPen

| 44 MQ TK 58 72* 14 5 hR T/C 2C 102* 258 $ PARE 333 'uR6 ssE MTER G0 GPen
| 49 HR f/C SC 72* e44 MR TK-3E 10 2* 239 usa TK 270* 2' 554 66-CitECT304AL Tuaans w1Es
i So wR T/C 30 14* e46 WR T/C 4B 102* 240 N. e w TK-180* 3' 33S O TO I FY NOu%HeG DPl

bt wR T/C 26 74* 44 6 wR TK 40 402* 24s MLw TK 90* d' 55r. 6 TO 2 FT Idou5 sng OP

$2 nk T/C 2C 74* 111 wR T/C-6& 602' 242 M Lw TK 210' 4' 537 210 $ FT. NousissG DP
SS MRTK 2D 14* 14 8 HR T/C50 e02* 24 5 itLw YK 21o* S' $5a 5 TO 4 6 T noni5neG DP
$4 == T/C-2E 74* 84 9 WR T/C 2A 8II* 244 ettw T/C 90* G* 539 4 TO 5 FT housain DP
SS MR TK-3A 74 * e50 MR TK 2B e e t* 245 N L w. TK- 210' G' 540 510 6 Ft 160stastG DP
S(o MR T/C - SS 74* 460 hR 1K. 25 416* 24G N 1 w. T/C 270* 7' 546 s TO 1 FT. nousaser. DP
$7 wu T/C SC 74* 152 Net T/C SA eit' 247 ns iw T/C 90* s' 342 7 T0 m F1 holesassG DP
S& HR T/C 5D 74' ISS M4TK 16 406* 248 M Lw. T/C 2W O' 548 8 70 9 F1 nous #NG DP
S9 HR T/C BE 74* 154 HR T/C 50 e e s* 249 mIw TK 270* 9' 544 9 70 so F1 enousassr. DP
Go we TK 48 74* sSS HR T/C 4A isl* 250 NIw TK+90* a0' 545 10 T0 se FY enouster. DP
Gi NR T/C 5C 74* iSG wet TK-4C t a s* 258 M.t w T/C 210* 10' 54G n 7012 FT Mopsiser. DP

l 62 HR 1/C 50 74* 157 MR TK 4E 4 e l' 252 maw.YK 270* 6 l' 547 uPPts Pituum DP
| t.S wR T/C ID 75 25* 15 6 um T/C SC e ll* 253 Nw TK 90 O' 546 OvERAL.L 440ussa8Ce DP

G4 Mk T/C 2C 75 2f * 159 HR T/C-it s20' 454 g ee w T/C 210 o' 349 CARRT0vER TaasR DP

GS he T/C 20 75 25* iGO HM T/C it 820* 26% |MW T/C-0 l' SSO STE Aan SEPARATOR DP

~jsest''TM43 iGG MR T/C SC 75.25* sG a MR T/C t0 120* 2 6e. l SSB DAAles Taset DP
G7 hR TK 5E 75 25* 162 NR T/t 2C 120" 7 37 ~ se ETl'

\ --
90 1' 552 ACCUMULATOR DP

I G6 Ha TK-4ts 75.2S* hs. 3 MR T/C SE e20* 258 u w T/C 210 2' BSS Essenes5T OmriCE OP to manr.s
1

~259 Nw T/C-0 3' sfA sTEAan IhJ STS OP LEwEtG9 MR T/C 50 Fai 2 5* IG4 HR T/C 46 820*
70 mR TK-2A %* teS wit T/C-40 420* 26.0 Wes T/C ISO l' SSS STEAas In.1 $T10sqPacE DP

14 wa T/C- 2 b M* % na TK-56 620* 2sa Mw TK 90 4' 56G MO FT EL-

72 na T/C 2D M* ~ 66 7 Me T/C SD e20* 262 Hw TK-270 A' 357 gowsgroggER LggtL OP m3
15 we 1A-2E 7G * 8 na T/C 2A 152* 263 Hw T/C-O S' 364 M @ My
74 hat T/C 5A h* 16 9 M4 TK 4A e52" 264 Nw TK 90 S' 369 MW1, M
TS na TK 56 M* rio hR T/C 4C 852' 265 kw T/C-4&O S' 3(.O EnnauST ceiFICE OP enan assEd

lG een T/C 3C %* 176 HR TK-4E 152* 2GG Nw T/C 270 S' 368 Eumme5T Las catsiCE passent

77 netTK-50 %* t12 hR TK-lO 438' 2G7 dw TK O 6' %2 M'uMYIIEEM
i --- la set TK-4A %* 473 mR T/C-2C 658" 2G8 Mw TK 90 6' Ks sitAn Ems. Las ratseems

f 19 wR T/C 4C %* 674 na T/C-3E e38" 269 Mw T/C-660 G' %4 51Eads 152 Flas Lat./MC.
y 60 wR TK-4E 7G' #75 Me T/C-46 454* 270 ww T/C 270 G*

ena hu TK-SC 7G* 576 WR T/C-40 s S4* 278 NW T/C-O 7* |
i

| e 62 WR T/C-#D 77* 17 7 SF TK vb 55* 272 Nw T/C 90 7'

y a5 me ?/C-;C 77* sia BF TK-tos 47' 273 afw T/C-160 7'
; * 84 wa T/C-20 77* 179 BF T/C aSB 58' 274 18w TK 270 7' ,f

I 85 nR T/C 5C 77* sto SP TK-s06 S&* 276 Mw T/C- O 8'
C>C3 OG he TK SE 77* 886 hF T/C-SS G 7* 27G Nw T/C 90 4'
h h 47 NR TK-4a 77* 7 82 SP TK-SPEC. 67* 277 Was TK-seo 8'
QC Qg 68 we TK 5D ??* 14 3 SP TK-96 G 7* 278 HW T/C 270 6'
O g, G y 39 see 1/C 2 A Ta* seg SP TK-ai& G7* 279 ww T/C'90 9'

ZCOH 90 he T/C 28 7d* 185 SP lt GA 77* 240 see TK 270 9'
s O O O m 9 a T/C 2D 78* 18 6 &F TM-aA 77* 246 eew T/C 0 40'

N 92 eev T/C 2E 74* 487 SP T/C 98 17* ~232 ww T/C 90 00'
mR T C 5A T8* the 5s* TK- 7A 77* 285 He T/C-eSO 10'93 /

% y [T] 94 M8 TK 58 T al * 149 BF T/C-GS 39' 264 Hw T/C-270 30' /

O *1 d 9S M8e T/C- 5C 78* 890 SF T/C 7B 89* 28S HW T/C-O 61'

CN N fl. * NE A'IR 000 T/C
| J gy >-* $ ** - STE Aan PROBE T/C

i c- 8 th *L - taOCs%E 5tEEvf T/C
.

L
l my so w - houSmG ihALL Tt

in e - seausaae( sestoLATIOne wrALL T/C
h F = &ARE FLaseO Tsc

;
'

. _ _ _ - - _ _ _ _ - _ _ _ _ _ . _ _ . . - _. . . - -.
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COMPUTER DATA ACQuislTION STSTE8A CQuPUTER CATA ACQut$1Teost Sv5TEin Computer DATA aCQuissfl0P' ST1TtaA Com'ETER DATA ACQutSITiost $TSTEARLMahmE' C""""' C"""'' CHANeeELTm mim OWmE3 NO MO LOC ATIO*4Jf1e NN 1/C /A 12' 9G he TK 50 74* a9s s e 1/C - toc. 49" 286 nw T/C 90 s i'
2 Hm TK 44 82* 91 We T/C 4A 74* 692 S P T/C- $ A eg9* 287 ww 1/t-igo i g*
3 he T/s'd it'

4 NR TfC 4[ 12 ' _
98 HR TK 4C 78* 193 BF TK 8C 97* _ 233 uw Tg 270 a g*
99 CEFECTlWE CMAhhEL 194 6 F. T/C=96 97* 2&9 MW TK-9Q (1'5 he T/C ia 24* iOO Ne T/C 4E 76= 395 $ P T/CiOC 97* 250 uw T/C 2 TO s2'~

G he TK sc 24*
^

act WR T/C.SC 76*
_

49G B.F T/C.6A sO9' 2 98 L0 MEA Ptfuum Flue 0 T/C7 hg T/C 40 24' |02 SMRE 197 EP TK ROA 109' 291 LDmEt PLEieun m TK4 **4 IN 5E 24- ,03 SPAst #98 B F. T/C.e4 6 510* 295 gFrth fuleum SWEEE 5090 TKg us TO 2A 39* 104 SPARE 499 %.R TK.46 _ n20* 294 illyEm piles u%. EET FL. TK
no NS T/C-4A 59* aOS SPAeg 200 SP T/C- 46 h 82 0 * 295 urett PLimas $7 Eau PROuE TKu we T/t ec 59' IOG EPARE 201 S. F T/C-tiB 830* 24 U'912 FLEush SEAL PLATE TA.s2 ha TK 4E 59- 607 Ssmet 204 6F T/C * G b 838 III OPPER 6' Lends gu ga4L TJC

#

g3 na T/C se 45* sos SPAnt 205 t 5. T/C- 4 0 IS' _ 29s usett PLEmum e60 WALL T/Ce4 mm y-IC 46'

$$ Het TK 4D 46*
~

40 9 6+R TK-IB 84* 204 & L. T/C 5C 75* 299 UPPER PLinum 210 enLL TKIBO HR TK IC B4* 205 E t 1/C 58 in* 300 CaatfovtR Tasa EL. stsc T/C16 na T/C Sb 48" i11 HR T/C.2B 84* 20G & S. T/C. 30 75* $0s tantata Tasen Et, w Tsc
#7 na fK 2A GO* til NR T/C 1C 84*

_
207 h s. T/C 20 7t* 302 (nairvowta Taast EL. ussal T/Cso see T/C dA 60* 115 HR TK 3A 84* 208 81 T/C-sc T 3" SOS steam wmaaToa tt FLuc fic !it wat w-4C GO- a nd MR T/C-ga 84* 209 F.5. T/C 88 GO' 304 $ man utneaTat EL mall T/C20 me T/C-4E G O*

"
e45 WR T/C 10 64* 280 5 %. T/C AB 71* 305 STEA4 usematot Et entL Yg

20 at T/C 2A G7* HG MR T/C 40 44* ttI F.S. T/C- E p 18' 306 DRMu Taset EL. Supe T/C
22 ut T/C 44 G7* H7 NRTK 5E 64* 242 F. E T/C BG $4* 307 otame TanE EL umLL tjC
25 ut T/C-4C G7* tee MR TK SC 64* 28$ F.S T/C. AS 84* 303 Onase Tasin EL
24 MW T/C-4E G7* eg9 Mit T/C 10 90* 284 F.S T/C*CS 94' tot a(ramm a10e EL Flue 0 TK25 uR T,C la 70* 120 NR TK 26 90* 2as F S. T/C*B9 Ill' 30 STEAM inI 5W EL. rtmio TK
2G MR TX-aC 10* 12e Me T/C 2C 90* 2a6 F.5 T/C CW 120* Sif WPPER PLIR/57m uP SR TK27 ht T.C-2D 70* s22 HR T/C 2E 90* 217 SPARE Ss2 entA ptin/sm ste MALL tX
76 eing T,C 3C 70* 125 a*at T/C- $A 90* 288 SPARE 385 STa uP/Eanaest umE 5 P T/C29 **a T/C 4D 70* 124 Mt YK 56 90* 219 SPARE lid 514 SEP/Ewisasi Lud umLL TK
30 wa T/C 14 70* 12 5 HRTK ED 90* 220 SPARE , 365 { T L8%)pma Gum
31 NE T/C s0 1s* 82G MR T/C BE 90* 124 $ paste SIG [ - Mu M

72 MR T C 2C ll* 427 wa T/C_4h 90* 222 SPAaK Sa7 @p N418e
35 mR 1020 7a* 12 8 mR TK SC to' 225 %PARL 148 %Te142fftOrdE5Fum01K
34 MR s/C 3C 7 l* 129 MR T/C 6D 90* 224 SPARE 319 IAI uut is souta pLie Ft. asp TK
15 na T/C-5E 7e* 130 wa T/C se 94* 225 SPAAE 32 0 gi%fG W
% Mg T/C-46 7 s* 15s we l/C-IC 96*

,

226 EPARE 528 MT@g*" '
57 esa TK 50 7a* esa MR T/C 26 9G* 227 SPARE 122 ssanE
58 des 1/C - s th 72* 815 na T/C 2E 96* 224 *, PARE 52 5 SPAnt
39 mR T/C sc 72* 134 wa T/C.5A 94* 229 SPARE 324 SPAer
ma na T.r . .'a n- _ in = ~ =a ~

- '- -
-



__ ..- -, a sw .s --usus NW EUNE A N P W
<a Hat TK-do 12' s5G NRTK+50 #G ' 250 SPARE T2G ZONE ;, estassomser powta
42 HR T/C-2E T2* 157 NR TK+4 D 9G* 2 52 SPARF. 327 STEAas C00umG poeta
(5 Ma TIC- SA 72* 858 m TK Sts 9G* 135 SPAeE 326 SPARE
44 Het IK-58 72' e57 HR TK 6C 9G* 254 SMRE 529 SMRE
45 nk T/C-5C 72* 44 0 NR TK 18 10 2" 255 SPARE 550 SphaE
4G weTC-4D 12* 448 MR T/C-IC 602' 25G SPARE 55e TusI6wE METER 5 GPan

/

47 eek TA-do 72* set ha T/C-lO 02* 257 $ PARE 5 52 Tusstest ihETER st GPm ,
48 NR TK-58 72* 44 5 HR TK 4C 102* 258 SPARE 555 TuR&imE anETEa G0 Gran
49 NR 3/C 5C 72* 14 4 MR TK*sE 802* 254 M e w TK 270* 2' $54 te-citEC?lonnL TunesiE anE1Et
50 MR T/C lO 74 ' ~ I45 wt TK 4B tot * 240 maw TK 830' 9' 555 0 TO 1 FT N0utueG DP
54 mR T/C 2b 74* e4G wu TK 4D 402' 246 meu TK 90* d' S5G 110 2 FT liOLSanr. DP
52 MR T/C 2C N* e4 7 hR T/C-56 102* 242 M iw T/C 270* 4' 357 210 5 FT. housssG DP
55 44 TK-2D 74* 7 48 HM TK SD 102* 24 5 et I w TK410* 5' 558 3 TO 4 FT massi% 0P
54 wR T/C-2E 74' a49 ut T/C-1A est* 244 6ttw T/C-90* G* 5[ 410Trt nou5ws DP

~

55 MR TK 3A 74* e50 wR T/C-26 e a s* 245 N & w T/C 210' G'
~5% 701 FT. moususG JP

E. ' i 10 6 Ft Noe5siG 0s-
Sr. MR T C 56 74* ist wR TK 25 le 6* 24G M s w T/C-170* l'/

57 we T/C bc 14* e52 hu T/C BA ana* 247 N I w TK 90* 8' 542 7 TO 4 F1 nessassG OP
56 waTK-30 74- e55 atTK 56 eas' 248 M i w. TK 27o' 8' 545 si TO 9 FT es0U$dNG DP
59 HR TK M 74* #54 HR T/C+ 50 til' 249 N I w TK 270* 9' S44 9 7010 FT. u0ussNG OP
GO Mii, TK .4 6 74* 15 5 Ma T/C-4A tit * TSO NIW IK*90* 10' 545 a0 70 H FT Houssar. DP
GB MR T/C SC 74* 156 HR TK 4C e l e* 254 W. L W 1K- 210* 40' 54G ai 70 il FT teousissG DP
r.2 MA 1/C 50 74* 157 M4 TK 4E 81l' 252 M t o T/C 170* 80' 547 uf*Et PLEmust DP
45 MR T/C-iO 'S 25* ISS ut T/C SC t il* 25) Nw YK 90 0' 548 OVERAtt wouS'8sCa DP
G4 MR T/C 2C 75 25' e59 h4 T/C 18 120' 254 Mw T/C 210 o' ' 34T CastvovEt TAmu DP

dG5 at T/C 20 75 16 0 wR T/C sc e20* 255 4W TK O l' 150 STEAan StrAuv0R DP !
'

tsG Me T/C 5C 75 25' IG 6 Hu TK lO e20* 2 51, ww T/C seo e' 558 Otain TAssa DP
G7 Me TK 5E 75.25' iG2 ha 1h 20 120* 257 u nit T/C40 2' 552 ACCunnutATOR op i

G& we TT 4Es 75.2 5* sw5 we TK sE 620* 258 N w T/C 270 2' 555 Enhalf57 OIBFICE IP ID RamGE f69 wa T/C.50 7525' tG4 wR TK 48 120* 259 Nw T/C-0 5' 354 STEAan lasJ SYS DP LEVEL
70 Me TK 2A 76* 5 HR TK-4D 020' 26 0 Nw T/C.a SO 5' 555 STraaL Im15Y5 08IF8CE DP
7s HR TK 2 ts 76* aGG ne TK-5B s20* 26p Hw TK 90 4' 55G %,TO FT E L-

72 HR TK 2 D 76* 4G7 MR T/C 5D 420' 262 Hw TK-270 4' 357 00mutomER LEVEL DP CARWITY ,

75 hR TK 25 7G- sG4 wt T/C 2A 352' 2G5 Nw TK-O S' 554 @)My
74 NR T/C 5A 7(m' 46 9 ne T/C 44 152* 2(.4 Mw TK 90 5' 559 M*)M'[p M

.|
W !

15 MA T/L 56 76* 870 HR T/C 4C 852' 2 r.5 we 'T/C e40 5' 5G0 Esuais57 cihtaCE OP ueGae tastd
70 na TK-5C 76* 47$ HR TK 4[ 452* 2GG ww T/C. 270 5' Sr.s tsinne5T Las casiCE petsseset
17 Me1K 3D 7G* 972 MR TK.40 658' 2G7 NE TK O G' 562 Ts,MM
78 Mt TK 4A PG * #75 mm T/C 2C 458* 2G6 Nw T,'C 90 G' 565 51 tan zur Las pasteust*T]

- 19 we TK-4C 7G'
~

s75 HR T/C-da eSe* 270 Nw TK 270 G'

"
IN MR 1/C 5E 158* 2G9 Mw T/C ISO G' 34 STE.asB 7t! FLou L45./5EC-

&O wa T/(-4C ?c '
h el na T/C SC 7G' 116~ WR T/C-$D e 5 8* 278 Nw T/C-C T'
*T] B2 MR T/C ID ??* s77 SF T/C. 78 55' 272 WW T/C+ 90 7*

h 85 aR T/C 2C 77* e78 BF T/C ion 47" 275 Mw T/C-ISO T'
;

O 84 Me T/C-2D 77* e79 SF 1/C -IS S 58* 2 74 16e TK.270 7' -j*
85 me T/C 5C 77' 14 0 S P TR lOEh 58* 2'/5 Hw T/C O 8' i
SG HB TK SE 77* 88 b F T/C- 8 B r.1 * 274 Hw T/C-90 4' kgg

C oC f- 87 wa YK-da 71* 182 $ PARE 277 Hw 1/C 880 8*
3O 3 48 lee TK- 5D 77* 18 5 S P T/C-9 6 67* 278 Nw TK +210 6'
9: E. 9: [TlO a9 - t/C 2 7.- i.4 S e T/C-. . G7- 239 Mw T/C. ,0 9' i

E. I 90 Ma 1/C-ib 74* t85 B F T/C G A 77* 280 esw 1K 270 9* h
96 NR T/C-2D 7B* 18 6 BF.YK.8A ??* 289 Nw TK 0 60' f

=

92 MR TK+2E Te* 187 5.P. T/C-96 ??* 282 Nw T/C 90 50' I

| V (f) *O p 95 wa T/C 54 78* tet SP T/C-sig 17' 235 no TK sto IO' *

f h E/1 94 hu T/C 56 76* s49 8 F T/C GC 6 98 264 Mw I/C 170 00*

q { 9S MR T/C SC 78' #90 hF I/C- 7G 89* 285 He T/C O sa' g

' b 3 ON 3 P - 5Tsa.Ee 800 T/C F.5. - FatA&.R $T4aP T/C -

u R. - wt AT iProse tic , i.45**J 03 >** n 5 - SACCsaGE 56EIVE TK 6 t - S e5 * EtFEREiect 10 gr* 8 to e - h07.sn's WALL TK C 240* TnE n005Jac.
CD % w e W - 4JuisanG embut Aficoe WALL T/C p '.'i g $ e

4 f. ~ taaf FLesO T Cj
R

J

t

I

l

J
- ~ _ , . _ --

_ _ . _ ~
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Computer DATA ACQui$1Tk1st $Y5fEA4|CtWmPETER DATA ACQ6ttlTlDis 5YSTE4ConvuTER DATA ACQuestTION SYSTEa> CompuTit DATA ACQuistT10pd SYSTE8A

'"" "' C"""[ |
'

LOCATiOM LOCATION LOCATION LOCATaOle

N64 T C 2A a2- 96 we TK Is 14' att SP T/C 10C 49' | _J4G uur TK-90 i t't f

2 He TK 44 62* 97 he TM-3C 74* t92 SP T/C 5A 39' | 287 Nw TK-iao t o'

5 M7 TK-4C 62* 98 HR TK 5D 7al * #93 SF T/C 8C 91* | 2as ww Tg 270 t s'
4 na y/C IC 24* 99 DEFECTsvE CMANNEL 894 &F T/C 96 91* | 249 MW TK-90 #2'

609* ] |
5 he 1/c-4E 24* 10 0 heTK-44 Ta* 495 SP T/C toc 91* 290 MW T/C 270 62'
G NR TK 5 6 24' OD5 MS TK 4C 78* 49G BF TK SA 291 Louta PLinum FLuc TK
T Nt T/C 2A 29* 102 Ma TK-40 14' 497 SP T/C-60A 60 9* | 29a Loser PLien siinLL T/C
4 HR 1K 4 A 39* 10 5 HR T/C- SC TE' 898 BF T/C-64b B20* | 295 arria sumus amanu sluse TK
g He TK 4C 59* IO4 $PARC 199 $P T/C-46 120" | 294 uppta Pttet. aSG. Ett PL TK
10 NQ T/C IC 4 th* aOS SPAes 200 SP T/C 65h 620* ] att ureta ptimum STtaa semeE TK
is we TA 46 46* 90G EPARE 20e BF TK el& t60* | 296 up9te stonen gsAL PLATE TK
32 MaTK Sb d a' so? SPARE 20% BF T/C Gb 438' | 297 ePPta PLiensa 90 ushiA TK
) ns6 T/C 2A GO* 40 8 Spang SOS BS TK-40 70* | _ 298 UPITR PL(Nugh 400 WALL 1/C

64 MR it 4 A GG* 109 eaa TK as 84* 204 85 T/C-2E 72* | 299 UPPtt Pttamun 210 anLt. YK
e5 NR TK-4C 60* 64 0 NR TK-IC 84* 205 BS T/C- 4 8 72* | 300 Cattvouta Tasa EL FLac T/C
a6 na T/C-2 A G7" ele Ha T/C 26 84* 20G BS T/C- eC 13* | 50s Caerunta Tasm EL umLL YK

77 Ha T/C Ja G7* 112 Na T/C 2C 64* 207 SS T/C-38 Ts* | 302 Casevouta TanE EL. W TK
e6 MR TK-4C 61* 114 MR T/C 3A 64* ~

209 F5 T/C BS GO' | 304 suiad sentavan (E umLL TK

208 BS T/C 3C TS* j SOS ETEas Wat 7 EL Fuse TK
19 Met TK- # C 70* 464 Ma T/C SS 84*

20 NR T/C 2D 70* Ils ut T/C-to 44* 280 F S TK- A 9 72* | 305 STIAm usaamfaa (L anLL TK
2e ma T/C-3C to- 116 utTK 4C S4* 2se FS TK BW 73* | 306 ceam Tassa EL FLess T/,:
22 na T/C 40 70* IIT NRTK-ta 44* 212 rn T/C-BW 64* | 307 Denne Tass gt toast T/C
2s == vC-ac 20- Ils wR T/C 5C 64- 2ss rs 1/c- A, s4* I 30. onAs wmL st
24 MR TK- 5 8 70" 149 HQ TMIB 90* 214 FS T/C Cp 96* | 309 merma n100 EL Flus 0 T/C
25 NR T/C ID Ts* 120 h4 Th* 4 D 90* 28$ FS T/C 83 t ii' | 310 $7tAs laL15% EL Flas TK
2G NR YK*2f- 71* 2e we T/C 38 90* 246 FS T/C-CW 820 * | S48 WPtt puk/51a MP S P TK
27 at TK 20 7t* 122 he T/C-2C 90* 2aT $ PANE | $42 upME ptin/513 gge aguL T/C
44 HR 1K 3C 7s* 12n weTK 24 90* _ 216 SPAAC | 3s3 STE MP/tunne57 Lit S P T/C
;9 e A Tt 5E 7t* 124 heTK SA 90* 289 $PAAE | 564 51a uP4msnasv use umsA T/C
30 T/C.4a 7- its we TK ss 90- 22o sPAna | sis par -
3. .. T/c 4o n- ; 2G a T/C-io 90- 2u sPaar | 2G C u= ===

52 ut TK S D it* -s27 wa T/C.3r 90* 222 SPARE | Se7 6 NW

55 mt T/C se 71* 12 4 at TK-44 90* 225 SPaat | US 51|m 2n2 Cit qsiFatt puso lyC
34 Na Tic #C 72* a29 ha 1/C-SC 90* 224 SPARE | Sif Im2 Lat le uista pum fLac TK
35 MR TK 26 12' 83 0 mRTK 50 90* 2M $PwAE | 32 0 M,MME M
3c, we T/C-2D 72* Its ut T/C st 9G* 226 $PAAE | 521 'm.g@g -

i.7 ela TK 2g 72* s32 MR T/C-tC 9G' 227 $ PARE 322 SNAE
*

~

58 Ha T/C-St T2'
.

ist ma TK-2E
. . . . ,., , . , !

-

.. . , , ,. :. g ,

. .. . * | ; -= *
'

*
. ,. , u . , . ,

,



19 ' Hit T/C-33 72- hD NR T/C 2E %' 229 SPARE 124 SPARE

-

! #0 MR T/C 3C 72' 455 NR T/C- 5A 94- 250 SPARE 325 20NE A PRannallT Pouse
48 NR T/C. 30 72' 436 NR IC- 5 4 96' 231 SPARE T2G test A aEmplDallT PowElt
42 NR T/C-40 71* 137 HR TK 30 9E * 2 52 SPARE 327 STEAat COOLING poser
41 NR T/C-4E 77* 438 NR TK-4E 9G' 235 5 PARE 326 SPARE
44 NRTK-Sa 72' 059 NR TK-56 96* 234 54#E 329 SpmAE
45 MR I/C*SC 72' 14 0 NR TK SC 96* 255 SPAltE 530 SimslE
4G HR T/C-ia u' ads HR T/C IC 102' 25G bl*RE Sal TuttesE METER 5 GPan47 NR TK-ID 14 ' 042 NR T/C-lO 102" 257 SPARE 332

Tunesset stETER 85 GPan _44 NR TK 28 74* 14 S HR TK 2C a02* 258 SPARE SSS TuRSNsE stETER G0 GPm
49 HR 1/02C 74' I44 MR TK-3E 102* 259 w I w TK 270* 2' 554 54 OstECT10sWL Tutamat anETER
50 NR t/C-2D N' idb NR TK 48 802* 240 N e w TK 880* 3' 335 0101 Ft MousseeG DP
ti nM T/C-2E M* 14G M4 TK-4E lot * 148 Ntw.TK 90* d' 456 e 70 2 FT NoussNG DP

! 52 NR T/C-5A N' I47 MR T/C-5B 402' 242 R tw T/C 210' 4' $37 2 70 5 FT. NoususG DP| 55 NR T/C-38 74* 84 8 NR T/C 50 102* 245 R Lw T/C 270* 5' 556 5 70 4 FT NossiNG DP
64 NM T/C-3C 74* 149 HR T/C-1B lil* 244 R.w T/C 90* G' 3 59 4 70 5 FT Noussit DP

_ 55 NN TK 3 D 74* 850 HK T/C 2A 1 I l' 5 N&w TK 270* G' 440 510 6 FT leas 518e4 DP
e >bfs Hit T/C, a g y* ggg pg }g.gg ggg

57 NR T/C 4B M* 15 2 wa 1/C* 2 E i11'
~24G H 4 w. T/C 270* 7' 34' G TO 1 FT. N0utassG DP

247 N i w T/C 90' 8' 542 7 To a F1 evollsailG DP
56 WR T/C 4D 14' 45 3 NR TK 1 A les' 248 M i w. Tk 270* S' 545 a to 9 FT NouSING DP
59 HRTK SC 74* , 15 4 NR T/C 3B lil' 249 NIW TK 270' 9' 344 9 7010 FT. NousaNG DP
40 NR TK $D 74* 15 6 WR T/C-3D lil' 250 N e w TK+ 90* 10' 345 10 70 as FT MousissG DP
Gs we T/C iD 75 25' 15G wt TK-4A e l l' 251 N t w TK. 210" 10' 346 u TO 42ft NOu61sse DP
G2 MR 1/C-2C 75 25' 15 7 NR TK 4C a l l' 252 seia TK 270* I I'

~

547 UPPER PLENun DP
#~(.5 HR T/C- 20 75 25' 8%8 NR T/C SC Ifl 253 Nw 'K 90 O' 544 OVERAu Nous 1884 DP e

G4 NR T/C 3C 75.25' e59 NR T/C IC g20* 254 Mw TC2M O' 349 CARRTovER Tases DP '

GS NR T/C 3E '5.25* sGO NR 1/C ID 120" 255 Mw TK-0 l'
~

350 STEAan SEPARATOR DP |
-

[fGG hit T/C 46 75 25' sGl MR TK* 2C 120* 15G Mw T/C-IEC V 351 DRAles TAaen DP
G7 NR TK 4D 7125' IG2 NR TA-3E 820* 257 N w T/C-90 2' 552 ACCuanuLATOR OP
G8 wa TK 5D 75.2 5' iG3 HR TK-48 820* 258 Nw TK 210 2' 555 EnseausT OmiFiCE op to anacs
G9 NR T/C 15 76' sG4 HR T/C 4E 12 - 259 Nw T/C 0 5' 554 STEAas IssJ ST5 DP LEVEL
70 HR YK-2A 76* 16 5 HR T/C-5 & B20' 260 Nw T/C-880 3* 355 51EA461R.1 $Ti QuiFact DP
7# Nd TK / a 76' #GC HRTK 50 120" 2GI Nw TK 90 4' 35G MMD " EL-
72 MR TM 20 M* 16 7 MRTK-2A 132' 262 Nw TK-270 4' 357 Dameromsa LEVEL DP GmslTV
73 NR e/C-2E 7G' 4 NR T/C-4A 832* 263 Nw TK O 5' 368 rpituls @ M,
74 NR TK nA M' 46 9 4R TK-4C 852" 264 Nw TK 90 5' 359 Rggi,WM
15 HR TK 38 76* 170 NR T/C D 85&' tres MA T/Clao 5' %O Emmans5f osir:CE 0P eNam aassa
7G NR TK 3C 76' 478 HR TK * 2C 1$8' 266 Nw T/C-270 5' 568 nNesST LusE CENFCE PWSSWAE

| ]
LO 78 NR TK 4A 70.'

_
72 NR TK 3 E 138' 2G7 Mw TK O E' %2 M' M -- * M77 NR TK-30 7G'

_

173 NR T/C-46 158' 2G8 Mw TK 90 G' 563 $1EAa 3RI Las emesismE
r

h 19 MR T/C 4C 7G' IN MR TK-50 ins * 269 MW T/C-8&O G' SG4 $1 Ease 151 FLos L85./SEC-
! O ~ SO NR TK-4D 76* s75 SPARE 270 Nw Tk 270 G'

7 88 NR TK-5C 7G' ITG SPAAE 2 78 Nw T/C-0 7' ,,

$3 82 HR T/C so 71* a77 ar T/C-98 55' 272 Nw T/C 90 7' f$f 45 NR TK 2C 77* a78 8F TK .08 47' 273 Hw T/C teO 7' )
84 MR T/C 2D 77* 179 8F T/C 158 58* 274 88w T/C-270 7' |

QpQ 85 NR T/C 3C 71* sto SP TK s08 58' 275 Hw T/C o s' |
C O C SG HR TK SE 77' 18e BFTA-SE G7' 276 Nw T/C 90 8' fd dM 47 NR UC da 77* sa2 SP 5Ptc. G7' 277 Nw TK-sso 8' {
gyy 88 NR TK-4D 71* IE S SP T/C - 98 G7* 276 Nw T&270 6'

_ _ _

|,
g.

7 {* g q 89 NR 1/C-5D 77* 164 SP T/C-stS G1 279 Mw T/C-90 C'#

O O O +0 hk TK la Ta* 185 SF T/ *% A . 77'. 280 Hw T/C 270 9'
}

3 g(f3"3*
91 NR T/C 2 A 78' 18G 'V Tg. 8A i t' 28. Nw T/.- 0 10' f

(/3 "O > 92 MR TsC 28 7en * tsr SP T/C 96 17* 282 Nw T/C 90 00'

h C/1 95 wa T/C 2D 74* ' tes SP T/C-ll& 72*
'

285 Nw TK ISO sO' |

{$ 94 HR T/C 2E 7&* ist BF T/C CC 89* 264 Hu T/C 170 00*j

.

)f ] 95 *,st T/C SA 18' 390 BF TK 7C 89* 245 Nw T/C O t t'

I & gn H N R.-Nt ATim 900 T/C i
M3 c+ e s P -STram PR081 TJC

j (D % sh - htOCs%E btEEvE TK
4 O N, g .le,OutiM,,G m,,ALL,(T/C,ong wagg gjc

w
oq3 q 5 gy 7O- 5 F. -SAat FLilio T/C f

1'
| t

1

L_ _ _ _ _ . _ _ _ _ _ _ __
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COme% STER DA1A ACQLntsf71084 ST$TEnh ComPuitt DATA ACQueSITIOps sysTM C0mp OATA ACQuissTO8 SYSTsu C0saPETE.R DATA ACQGISIT10It ST5 tem

C"""o"I'
CMatsmEL

"""o" CHAMMMLOCATION LOCAlicas LOCAT;ONLOCATmma es seato

e Nu 1/C- sit 82" 96 WR TK*2D 84* 19s $P T/C 80C 69* 286 MW 1/C-90 s t*

2 NR T/t 2 A 02- 91 teR TKa lC 34* #92 $P T/C SA 49' 287 NWW T/C+140 11'

5 N2 Vc 4C e2* 98 ME TK 30 84* IM BF 1/C 4C 91* 283 Nw T/C 170 14'

4 ue T/C at it' 99 0FFECTivE CMANNEL 694 SI I/( 9b 91* 2&9 Mw TK 90 62*
8

5 HR T/C sc 24" 80 0 He T/C SE 84 s*S SP T/C-s0C 91* 290 uw T/C 270 s2'
i G ua TK 38 24' #0e h4 T/C A A fl 4 * 89G BF T/C-5A aO9* 29s Lonta PLinus FLuso TJC

| 1 pt TK-58 24' e *J 2 HR T/t-40 84* 497 SP T/C-tOA 109" 291 LDsEt PLEmma man T/C

4 usa IK-t 8 3e * ICS hR TK+ 5 6 84* 898 BF TK 64& 12 0* 295 nPrtt PLinum asetz flue TK
9 Met T/C 2 A $9' 00 4 MR T/C SC 84* 699 S* T/C-G& 12 0* 294 upset rita is%.Est FL, TK

IO NR TK 4C 59' sot SPatt 200 SP T/C-tSS 12 0* 29s usett plaman STues puest TK

: we TK-4E 59" IOG SPARC 20s Sc T/C tet e50* 296- UPPEt 8ttaugh W PLATE TK
12 NR T/C * lC 44* B01 68ARE 204 BF TK-66 e 3 &* 297 ePPER Ptaman 90 Whu TK
33 Ha T/C 3B 44* 10 6 SPARE 20S SS T/C-4D 70* 296 UPPER PLtnam se0 usha 1/C
se He it 5A de* eO9 He TR-to 90* 204 BS T/C SC 1s* 299 treta *Laaman 210 man TK
.5 w.i TK-ia w- nO == w-as so- 20s a$ T/C-2 c ii. s * Be Cat =En Ta = Et sum 0 T/C
iG ne T/C-2 A GO' lli HR T/C+ 2C 90* 2OG BS T/C 48 72* 50s Caatiosta inset EL seu TK
37 wa 1/C-4C 60* e12 MR T/C 2D 90* 207 BS T/C-nc- A TS* ] 302 utrvesta TaaK EL son T/C
16 Na TK-4E 60* fit MtTK 2f 90* 20e ES T/C-3C 6 75* _505 STtan winesvaa EL Fuao 7/C
19 HA T/C-2 A G 7* I:4 na T/C-SA 90* 209 h51/C SC-C 15* 304 $15aan upmaatan EL anu 1/C

20 we T/C 28 Gl* #15 MR TK SE 90* 210 FS f/C ag r.0" 105 STsAs sEsascon EL eau TjC
to ut T/C 2C G7* tIG ut T/C 5C 90* 2ee FG T/C A5 12* 306 cease Tass EL FLeG T/C
22 ue T/C 2t GT* aat ma TK-10 90* 2:2 PS T/C-ag Ta* 307 cenam Tasa EL unu 1/C
23 NR 1/C-4A G78 lig NA T/C 3E 90* tt3 PS YK 89 84* 30s estass iasist gt

24 MRTK-4& G7* 189 HR T/C 4A 90* 264 FS TR Ag 64* 309 acrummm10e EL FLuto T/G
2$ NR TK 4C Gi* 120 MR TK 48 90* tsS p S T/C-Cp 2G* 360 STEAa laI 5W EL Fuse TK
2G he TK 4E 61* a2a wR TK 40 00* 2f6 f 1/t-he Ha* Sif uPPEt rLIm/tta 1EP LP TK
27 est T/C 2C TO' e22 Na T/C 5C 90* tt7 SPARC Ss2 urM.R PLIu/51|L 5E9 umu T/C
to MR TK 2 D 10* s2n he TK 50 90* 216 SPAAE 3e5 STa ur/tamaes7 W SP T/C

79 MA T/C SC 10* 124 WW 1/C IC %" 269 Ss*AAf, 364 51a SEP/EnnesET uma uma T/C

30 HR T/C 30 To* 126 NR TK 2 0 9G* 220 SPARE 3is T tag rm -.
38 ut T/C-4D TO* t2G WR T/C 2 E 9G* 220 SPARE 3t6
$2 Me TK-sD 71* 627 wt T/C $6 *G* 222 hPARE 587 IL'R io Lampm mm
35 M4 1/C 4 E T2* 82 6 me TK-3C %* 225 EPeat 1se %11m la19fE GBuFES Fuss 1K
34 NR T/C-3E 72* 629 he T/C 30 96* 224 SPAsat 3s9 Im2 sat is samaa ptsa Fuse TK

$$ een T/C 46 12* 130 M% T/C )( 9G* 22$ SPARE $2O N --g

3s ne T/C 6C 72' its we T/C-4B M* 22k EPARE 528 'awpii,g'ibr ~ ~
47 seR TK s 8 T3* 812 mR T/C 4D 9G* 227 $8%P I' 522 'iPERE

._

58 we T/c-2A T1= en un Tem ac" m -- - --



19 HR T/C 2D 14' 134 MA T/C 5C %'
~

229 $ PPM 524 $ PARE
40 HR T/C-%C 77 155 NR T/* IC 4 : 2' 230 SPARE 525 20mE A MtunART PonER
4. a NR TK-4C 7 ;* 13G NM e/C * l O 102* 231 N T2G toit ' asesionssi power
42 HR T/C <.0 7;* 157 NN TK 2, 1 -. 2 * 2 52 SPFRE 527 STEAa4 C00LiuG PonER
(n MR T/C 1B Tf ISS HR TK-2C .4 2 ' 55 SPARE 32.8 SPARE
44 wu T/C lO TS* f59 HR T/C 2E 802* 254 SPARE 529 $ FARE
45 na 1/C-2E 75' 14 0 MR TK4A 102*

~

235 SPARE 550 SIm8it
4G NR T/C * 5 0 75* 141 HR T/C 5B 102* 25G SPARE 538 Tut &WE METER $ GPat
47 MR T/C lO 76* 142 HR T/C-4A 602* 251 5$Aa7 3 52 Tl;khilst AETER IS GPIA
48 MitTK 28 76* 14 3 HR T/C-46 102' 258 SamE 55a TuatsnE MTER Go GPan
49 M4 T/C-1A 76 * 14 4 4R TK-Se so2" 2 59 ei tw. TK 2ic5 2' s34 k0itECTeoilAL TuanasiE MTER
SO HR TM-3D 76* 14 6 NR TK 50 sot * 240 h a w TK 180* l' 53S O TO I FT. Hou%sseG OP~

Se nt T/C 4A 7G* i4G HR TK lb ti1* 24 it k w. T/C 90* d' 550s a 10 2 FT u0t#5ING OP
S1 MR T/C-48 1G* e47 mR T/C-2A 6et* 242 es tw. TK 210* d' 517 210 5 Ft N0uSiseCe DP

. SS NR T/C-4D 16* ~14 8 NE 1/C-2 O ttl' 24 )~ is I W T/C 210* S' 358 5 70 4 FT IIMneG DP
54 w8s r/C 5C 76* 449 NR T/C bC $18* 244 Ra.w. T/C 90* C' 159 4 70 $ Ft nous.mE DP
SS He TK t D 76' 150 um T/t- 5 0 i t e* 24$ utvr.TK 21o* G' 540 $ 10 s *I rossaieG OP
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APPENDIX G

BLOCKAGE SLEEVE TESTS

G-1. INTRODUCTION

In the 21-rod bundle task plan,(1) the results from a single-rod reflood test ' vere

reported on a nonprototypical, hydro-formed flow blockage sleeve. These tests ere

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
flow blockage sleeve, which was instrumented with a 0.51 mm (0.020 in.) diameter
thermocouple. This test was conducted to determine the effect 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

grid, and out to the periphery of the bundle. This test showed that the blockage sleeve
quenched prior to the time 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 with persons conducting the FEBA tests, it was learned that the blockage
.

'

sleeve could be instrumented by routing the thermocouple lead downstream of the

sleeve in the flow subchannel without affecting the test data. However, in order to
instrument the 21-rod bundle flow 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 third single-rod test was conducted, as described in

this appendix, to determine the deformation characteristics of the blockage sleeves to
be utilized in the 21-rod bundle test program, and to evaluate the effect 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
Task: Task Plan Report," NRC/EPRI/ Westinghouse-5, March 1980.NUREG/CR-1370.
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A total of f our blockage sleeves were placed in the high-power regions of the heater rod

to determine the deformation characteristics of the various sleeve desions. The heater

rod with blockage sleeves was subsequently installed in a thin-wall insulated tube.
-These flow blockage sleeves, shown in figure G-1, are as follows:

Short, concentric, thick, instrumented sleeve centered at 1.911 m (75.25 in.)--

- Short, concentric, thin, uninstrumented sleeve centered at 2.011 m (79.19 in.)

-- Short, concentric, thick, uninstrumented sleeve centered at 2.13 m (84 in.)

Long, nonconcentric, thick, instrumented sleeve centered at 2.343 m (92.25 in.)-

G-2. TEST DESCRIPTION

All four blockage sleeves were annealed for 67 hours at a temperature of 454 C (850 F)

prior to testing to relievt the residual stresses. The heater rod was also annealed. The

thick sleeves were approximately 0.76 mm (0.030 in.) thick and the thin sleeve was

approximately 0.38 mm (0.015 in.) thick. The two instrumented sleeves were slotted 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 flow subchannel. The thermocouple lead was flat-
tened approximately 0.13 mm (0.005 in.) in the region where it was attached to the
blockage sleeve to prevent the thermocouple lead from projecting into the flow stream.

This technique, shown in figure G-2, is similar to that utilized by KFK of Germany in its

25-rod bundle FEBA flow blockage experiments.

Each of the blockage sleeves was attached to the heater rod by drilling 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, I

as reported in the 21-rod bundle task plan.

G-2
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Each of the four blockage sleeves was inspected and measured af ter every five thermal
cycles. To perfomi 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 following:

Overall sleeve length--

-- Diameter of sleeve at 0 and 90 degrees at the cente of the sleeve

Diameter of sleeve at 0 and 90 degrees at each end of the sleeve-

The thermal cycling consisted of an adiabatic heattp period at a rate of 2.3 kw/m

(0.7 kw/f t) until the in|tial clad temperature was achieved; power was subseouently
reduced to a rate of 1.8 kw/m (0.55 kw/ft) and flooding was initiated. After 180 sec-

onds of constant flooding, the power was reduced to a rate of 1.4 kw/m (0.42 kw/ft)
until all thermocouples had quenched, at which time the power was turned off. The
following 25 cycles were conducted:

|Initial Clad Temperature Flooding Rate
Cycles (OC(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 cycling was more severe than that observed in the 21-rod bundle I

. tests; therefore it is believed that more deformation would have occurred in these
| single-rod tests than in the bundle tests.
i

|
!

! G-3. TEST RESULTS
i

The results from the sleeve deformation tests are presented in tables G-1 and G-2 and
plotted in figures G-3 and G-4. Figure G-3, which shows the sleeve elongation as a

G-5
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TABLE G-2

DEFORMATION OF INSTRUMENTED BLOCKAGE SLEEVES
,

.

|'
Diameter at Diameter at Diameter at Overall .I ISleeve Center "I Downstream Edh} LJpstream End(b) Si,,,,

Sleeve Time of (mm (in.)] (mm(in.)} (mm (in.)] Length
4

I Descriptlnn Measurement 00 900 00 90" 00 900 (mm (in.))

Short, thick, Defore test 12.6 (OA96) 12.6 (0.495) 10.9 t 0.4)D) 10.8 (OA27) 10.9 (OA28) 10.9 (DA 30) 58.34 (2.297)
instrumented Af ter 5 cycles 12.6(0.496) 12.5(0.492) 10.9 (OA 30) 10.9 (OA28) 10.9 (O A 30) 11.0 (OA33) 58.47(2.302)
sleeve After 10 cycles 12.6 (OA98) 12.6 (0.495) 10.9 (OAll) 11.0 (0.433) 11.0 (0.432) 11.0 (0.434) 58.70 (2.311)
centered Af ter l5 cycles 12.6(0.497) 12.6 (DA9R) 10.9(0.430) II.l (OA37) 11.l (0.437) 11.l (0.438) 59.95 (2.321)
at1.911 m After 20 cycles 12.6 (0.498) 12.0 (0.502) I1.1 (0.437) 11.4 (0.447) 11.3 (0.443) 11.3 (0.444) 59.39 (2.338)*

(75.25 in.) Af ter 25 cycles 12.6 (0.496) 12.9 (0.506) 11.3 (OA44) I1.5 (0.451) 11.5(0.452) 11.4(0.448) 59.92(2.359)

h Long, thiek, Before test 13.9 (0.548) 11.7 (0.459) 10A (0.409) 10.3(0.405) 10.3(0.406) 10.3 (OA07) 190.7 (7.506)
4

. M
j iristrumented Af ter 5 cyeles 13.9 (0.548) 11.6 (OA58) 10A (0.408) 10.3(0.404) 10.4 (OA10) 10.3(0.407). 190.9(7.516)

sleeve Af ter 10 cycles 13.9 (0.546) 11.6 (0.457) 10.4 (0.410) 10.4 (0.408). 10.5 (OA13) 10.5 (0.413) 191.4 (7.535)
centered Af ter l5 cycles 13.8 (0.542) 11.7 (0.461) 10.5 (OA l2) 10A (OA10) 10.7 (OA20) 10.6 (OA19) 192.0(7.559)-
at 2.318 m After 20 cycles 13.7 (0.538) 11.8 (0.465) 10.6 (0.416) 10.6 (0.416) 10.9 (0.428) 10.8 (0.426) 192.9 (7.593)
(91. 25 m) Af ter 25 cyeles 13.6(0.535) 11.8(0.464) 10.5 (OA15) 10.6 (OA19) 11.2 (DA39) 11.0 (DA32) 193.7(7.625) -

:

i
i a. 3.18 mm (0.125 in.) upstream of thermocouple

b b. 6.4 mm (0.25 in.) f rom end of sleeve

l'
1

a

i

i

)
i
:.
,
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0.7 0.028

A SHORT, THIN SLEEVE AT CENTER 0.026
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E SHORT, THICK, INSTRUMENTED SLEEVE AT CENTER - 0.022
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0.018,
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function of thermal cycling, indicates that all four sleeves elongated similarly. The

long sleeve grew approximately three times as much as the short, thin sleeve; however,
the long sleeve is more than three times the lenath 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 arew 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. Af ter 25 cycles, the physical condition of the three short sleeves, as shown
in figures G-6 through G-8, was found to be insignificantly aff ected by the thermal

cycling.

The temperature results from the sleeve instrumentation thermal resoonse tests are
shown in figures G-9 through G-12 f or the 38.1 mm (1.5 in./sec) flooding rate test

(cycle 6) and in figures G-13 throuah G-16 for the 20.3 mm (0.8 in./sec) flooding rate
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 test. Figure G-10 shows the temperature transient f or the heater rod thermo-

couples immediately upstream and downstream of the blockage sleeve. Fiaure G-11

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. Fiqure G-12, which shows the quench 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 test. 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 rate tests. It is believed that the

long, nonconcentric blockage sleeve and thermocouple came into contact with the

G-10

- _ - _ _ - . _ _ _ _ _ _ _ _ _ . . _
_ _ _
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housing wall dJring these long-duration tests. If the rod were centered within the

| housings, there would be only a 1.98 mm (0.078 in.) qap between the sleeve and the
housing.

The sequence of quenching was consistent from cycle to cycle, although the quench

times varied by as much as *15 percent for the 20.3 mm/sec (0.8 in./sec) flooding rate

tests. This variation was attributed to the manual control of the facility.

The quench curve for the previous single-rod test described in paragraph G-1 is shown in

figure G-17. This fiaure shows that the quench time for the instrumented short, thin
sleeve is much earlier than the heater rod thermocouple quench times.

All the thermocouoles survived the 25 cycles except for the two housing wall thermo-

couples. The 1.911 m (75.25 in.) elevation wall thermocouple failed af ter the 15th cycle
'

and the 2.318 m (91.25 in.) elevation wall thermocouple failed af ter the 20th cycle. To

quantitatively assess the environment to which a thermocouple was subjected, the
integral of the time-temperature curve for that thermocouple was calculated. The
temperature data for the heater rod thermocouple between the short, thick instru-
mented sleeve and the short, thin sleeve at the 1.962 m (77.25 in.) elevation was ana-

lyzed based on the integral of the time-temperature curve when the rod temperature
was above 538 C (10000F). The respective 161-rod unblocked bundle data for those

14 reflood tests planned for the 21-rod bundle were analyzed to determine the life
expectancy required. Table G-3 summarizes these resu!Ls.

G-4. CONCLUSIONS

It was concluded that the method utilized to instrument the short, thick blockage sleeve

did not affect the thermal response of the heater rod and that the short, thick
instrumented blockage sleeve had an acceptable amount of deformation in these severe

single-rod tests. The integral of the time-temperature curve indicates that the block-
age sleeve thermocouples would survive the planned 21-rod bundle test matrix.

G-23
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TABLE G-3-
|

TFERMOCOtPLE LIFE EXPECTANCY ;
,

Integral of Time -
~

Integral of- Tempere*.ure Curves

-Time-Temperature for 14 Planned

: Curve Reflood Matrix Tests
Test and Cycle OC-sec ( F-sec) C-cee ( F-sec)

38.1 mm/sec (1.5 in./sec) 1.7 x 10.5 (3.0 x 10 ) -5
--

flooding rate test, cycle 61

20.3 mm/sec (0.8 in./sec) 2.3 x 105 (4.2 x 10 )5
__

flooding rate' test, cycle 13

Total (s) . 4.70 x 10 1.71 x 106 6

(3.07 x 10 ) [1.83m
6(8.46 x l'0 ) 1,962 m 6

(77.25 in.) rod - (72 in.) rod
thermocouple thermocouple

a. It was assumed that the integral of the time-temperature curve was approximately
the same for each of the respective cyc{es; therefore, the totalis equal to 10 cycles

F-sec + 13 cycles x 4.2 x 10 F -sec.. x 3.0 x 10

G-25
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However, it was found that the long, nonconcentric sleeve bowed significantly on the
side opposite the sleeve bulge. -The bow:ng of the long sleeve _ was attributed to the -

Light fit between the sleeve and the heater rod. It was postulated that the sleeve grew

axially with 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 subsequently bowed the weaker side of the sleeve.

Another test was conducted on the long, nonconcentric blockage sleeve to determine

the amount of bowing attributable to the thermal cycling. The long sleeve was mounted
1on a short length of tubing, heated to approximately 1093 C (2000 F), cooled in air, and {

0 0subsequently quenched at a temperature of approximately 816 C (1500 F) in a hot
water bath.' After every five cycles, the sleeve was cooled to room temperature and I

measured f or bow. The measured amount of bow was found to be less than that mes-
sured from the single-rod tests.

The postlest visual examination of the 21-rod blocked bundles revealed that the flow

blockage sleeves retnined their nominal shape and, generally, the blockage sleeve
thermocouples survived the testing. (There was one failed blockage sleeve thermo-
couple out of a total of 30 thermocouples in all five blocked bundles.) The lona, non-
concentric blockage sleeve on the center heater rod was removed from configuration F

and subsequently inspected. It was found that the postlest dimensions of the lona, non-

concentric sleeve were within the tolerance limitations allowed for manuf acturing.

|
1
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APPENDlX H
BUNDLE GEOMETRY ANALYSIS

H-1. INTRODUCTION

The posttest examination of the 21-rod bundle revealed that in all six bundles, the pin
connecting the filler rods broke at the midplane elevation. The filler rods were found
to be bowed into the bundle; this subsequently caused some heater rod bow on the
periphery of the bundle. The lower grid assembly, which consisted of the lower three

grids and respective filler rods, was subsequently separated from the upper grid assem-
bly by approximately 25 to 51 mm (1 to 2 in.) for each bundle. The heater rod bow

observed in the postlest examination was limited to the bundle midplane, where the

filler rods had separated. The remainder of the bundle was observed to be essentially
unt anged from its nominal pretest geometry, except for heater rod and filler rod

surf ace oxidation. Observations and measurements concerning postlest bundle geom-
etry are listed in table H-1. Photographs of the center section for each bundle are
shown in figures H-1 through H-6.

The first two bundles were cast in epoxy by ORNL and subsequently sliced in 25 to

51 mm (1 to 2 in.) thick cross sections. Each cross section was photographed, as shown

in figures H-7 and H-8 for the 1.85 m (73 in.) elevation. For configuration A, the sub-

channel flow creas were calculated and input into COBRA. The postlest geometry flow
was stosequently compared to the nominal pretest flow. The flow variation from
nominal geometry to postlest geometry is shown in figure H-9 for the subchannel sur-
rounding the center rod. This subchannel shows a maximum flow variation of less than
15 percent.

H-1

I
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TABLE H-1

POSTTEST BUNDLE GEOMETRY OBSERVATIONS

Distance Lower Grid

Assembly Dropped Visual Observations of Postlest

Configuration mm (in.) Bundle Geometry

A 51 (2) 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 fille rs, were broken at the filler

separation.

B 64 (2.5)(a) Heater rod bow was not as arest as in
configuration A.

C 3.18 (0.125) Least heater rod bow of all six bundle s,
since the coplanar blockage prevented filler
rods from bowing into the heater rods

D 19 (0.75) Heater rod bow was approximately the same

amount as in configuration B.

E 25. (1.0) Heater rod bow was approximately the same

amount as in configuration B.

F 76 (3.0)(a) Heater . d bow was approximately the same

amount as in configuration B.

a. The lower grid assembly could drop a maximum distance of 51 mm (2 in.), since
mechanical restraints w?re installed in the lower plenum prior to configuration B
testing. It was assumed that at least 13 mm (0.5 in.) in configuration B and at least
25 mm (1 in.) in configuration F was attributed to drag induced in removing the
bundle from the housing.

H-2
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-The posttest examination of the bundle does not, however, provide an explanation for-

the geometry variation during the course of testing or for the geometry during a high-- .

|

temperature reflood test. The heater rod temperature and heat transfer data from the i
1

repeat tests -were subsequently evaluated to determine whether the bundle geometry ]
affected the bundle thermal response. I

H-2. REPEAT TEST TEMPERATURE ANALYSIS

The repeat test data from each of the six 21-rod bundles were evaluated to determine

the effect of filler rod and heater rod bowing at the bundle midplane on the bundle
thermal response. Insofar as experimentally possible, at least three- tests were con-
ducted at the same boundary and initial conditions at regular intervals during the forced

reflood testing. However, in configurations D and E, the first repeat tests both had
high initial injection flow rates. Although the first repeat test could not be utilized, an
additional repeat test was conducted immediately after the third repeat test in these
two bundles. This fourth repeat test was conducted to isolate the effects of " pure" data

repeatability. Pure data repeatability represents a measure of the bundle's thermal
response variation for successive tests under the same initial and boundary conditions.

A fifth repeat test (run 42415E) was conducted in configuration E, to determine the
effect of the power step at flood initiation (see paragraph M-12). A fourth and a fif th

repeat test were conducted in configuration F because of the additional forced reflood

tests that were conducted in place of the gravity reflood tests. The forced reflood
tests had much higher temperatures and could have produced additional heater rod

bowing.

The nominal test conditions for each of the repeat tests were as follows:

-- Flooding rate - 27.9 mm/sec (1.1 in./sec)

i

! Peak initial linear power - 2.4 kw/m (0.78 kw/ft)--

-- Initial clad temperature - 871 C (1600 F)

System pressure - 0.28 MPa (40 psis)--

|
;

H-12
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Inlet subcooling - 78 C (140 F)--

-- Average initial housing temperature at 1.83 m (72 in.) elevation - 510 C (950 F)

The following lists the respective valid repeat tests for each of the six bundles and the

sequential order in which they were conducted; the second and third numbers in the test

run number refer to the sequential cycle number:

Sequential Order and Test Number

Bundle First Second Third Fourth Fifth
A 42430A 42907A 43715A - -

B 41907B 424158 42915B - -

]
C 42107C 42715C 43315C - -

D 42615D 43115D 43215D -

E 41515E 42215E 42315E 42415E
F 41807F 42215F 42915F 43915F 44015F

The average initial housing temperature and housing axial temperature distribution
could not be exactly c. rolled because of the method of heating the housing. The
bundle was power-pulsed twice to a peak rod temperature of 649 C (1200 F), whichU 0

subsequently heated the housing by radiation and convection. The bundle was then
heated to a temperature of 871 C (1600 F), at which time reflood was initiated. The

average initial housing temperatures at the 1.83 m (72 in.) elevation at time of reflood

for each of the above repeat tests are compared below:

Average Initial Housing Temperature at 1.83 m (72 in.) Elevation

for Sequential Tests Listed Above C (OF)

Bundle First Second Third Fourth Fifth
A 501 (933) 490 (914) 534 (994) - -

B 533 ('i>2) 531 (988) 529 (985) - -

C 498 (929) 503 (938) 514 (957) - -

D 501 (933) 511 (951) 516 (960) -
-

E - 517 (962) 515 (959) 509 (949) 503 (947)
F 502 (936) 504 (939) 523 (974) 527 (980) 529 (984)

H-13
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From the postlest bundle examination, it was learned that the grid 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.), respectively, and provided a substantially 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 f or configurations A and B provided a much lower temperature

measurement from test to test. This eff ect would be expected with a grid covering the

respective thermocouple. The thermocouples at 0.61 and 1.22 m (24 and 48 in.) did not

exhibit this same thermal behavior. The thermocouples for configuration C (fin-
ures H-18 through H-21) do not show as much of a temperature change f rom test to
test, since the lower grid assembly only moved down 3.18 mm (0.125 in.). A similar

comparison could not be effectively perf ormed for configurations D and E, since the

first repeat test was invalid; however, similar responses were found in configuration F.

From the comparisons of configuration A and B thermocouple responses, it was con-

cluded that the filler separation and some lower grid assembly movement occurred

between the first and second repeat tests, since the largest temperature differential
occurs between these two tests. Although there was very little difference between the

second and third repeat tests, it was concluded that some lower orid assembly move-

ment could still occur. The grids are approximately 44.4 mm (1.75 in.) long and there

would be no measurable difference as long as the thermocouple was within the length of
the grid.

The eight steam probes at 1.70 m (67 in.) and below all failed in confiouration A

j between the second and third repeat tests. These failures were attributed to the f act

that the thermocouple lead was attached to the filler rods, end broke af ter being elon-

gated when the filler rods separated and moved down. In configurations B through F,

these thermocouple leads were rerouted out the bottom of the bundle to prevent similar

instrumentation f ailures.

--

H-3. REPEAT TEST HEAT TRANSFER ANALYSIS AS A FUNCTION OF Tite

To assess the combined effects of heater rod bow, rod surf ace degradation, and bound-

ary condition repeatability, the heat transf er coefficient ratio between repeat tests was

calculated as a function of time. The heat transfer coef ficient ratios f or only those

H-14
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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 ex:;mination revealed that the rod bow occurred

only in the bundle midplane. An example of the heat transfer coefficient ratio for the

center rod (rod 3C) in configuration A for the first and third repeat tests is shown in
figure H-22. The averages and standard deviations for each midplane heat transfer
coefficient ratio were subsequently calculatM with respect to time. The means uf the

,

heat transfer coefficient ratio averages and standard deviations were finally calculated
for all respective midplane thermocouples.

The mean standard deviations of the heat transfer coefficient ratios were calculated
for the first and third mpeat tests of configurations A, B, C, and F, and for the third
and fourth repeat tests of configurations D and E. The first and third repeat tests in
configurations A, B, C, and F represent the greatest interval between repeat tests; the

third and fourth repeat tests in configurations D and E represent the least interval
between repeat tests, since these wem successive tests. A comparison of these results,

shown as a function of time in figure H-23, indicates that the data with the greatest
potential for variation (configuration A, B, C, and F tests) were not significantly
different from the data with the least potential for variation (configuration D and E
tests). These curves represent the average of all the midplane thermocouples. Most of

the data initially decrease with time, to a time of approximately 150 seconds, and then
increase with time. This early response is attributed to both the low absolute value and

the rapidly changing value of the heat transfer coefficient. A small, rapidly changing
heat transfer coefficient would be more affected by differences in test conditions and
bundle geometry than the heat transfer coefficient later in time when the heat transfer

has increased and stabilized. The increase late in time is attributed to the approach of

the quench front, when the heat transfer coefficient again begins to increase
significantly.

Some of the differences between bundles shown in figure H-23 were attributed to the

actual test conditione for the different configurations. In configuration A, the flo'oding

rate and the 1.83 m (72 in.) housing temperatures for the first repeat test were approx-

imately 2 percent and 6 to 10 percent, respectively, less than those for the third repeat

test. In configuration B, the flooding rate for the first repeat test was approximately
2 percent hi e thrs. that for the third repeat test. In configuration C, the floodingt:

i

|
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rate for the first repeat test' was approximately' 4.5 percent . lower than that for the

third repeat test for the first 50 seconds of the transient. However, in the tests for -
configurations D and E, the test conditions were repeated better than in the tests for

configurations A, B, and C. In configuration D, the flooding rate for the third repeat

test was approximately 1.5 percent less than that for the fourth repeat test for the first
70 seconds of the transient, but the bundle power for the third repeat test was approxi-

mately 0.7 percent higher than that for the fourth repeat test. In configuration E,
- there was less than t0.5 percent variation in the flooding rate between the third and

fourth repeat tests.

Therefore, it was' concluded that the results in figure H-23 were influenced by the as-

run test conditions as well as the bundle geometry.

H-4. REPEAT TEST HEAT TRANSFER ANALYSIS FOR SECOND AND THIRD
REPEAT TESTS

To provide a relative comparison among all six bundles, the mean standard deviations
for the second and third repeat tests were calculated for the time frame of 20 to
250 seconds, as shown in figure H-24. This figure shows variations from bundle to
bundle which were inconsistent with the posttest bundle examination. In particular,

configuration C had the least amount of rod bow and configuration A had the greatest
amount of rod bow, but both had approximately the same mean standard deviation.

'

However, a close examination of the test data provides some consistency with the

posttest observations.

Configuration C had a relatively large mean standard deviation of 0.0530 (figure H-24)

for the following two reasons. During the first 50 seconds of the reflood transient,
there was approximately a 4-percent difference between the second and third repeat
tests in the flooding rate. Late in the transient (approximately 150 to 200 seconds), o

sharp decrease in the temperature response for 13 thermocouples on rods ID, 2D, and

2E provided a large standard deviation. This temperature decrease, as shown in fig-
ure H-25 for rod 2E at 1.93 m (76 in.), occurred in both tests but at different times,

thereby providing a large heat transfer coefficient ratio during this time frame (fig-
ure H-26). By neglecting these 13 thermocouples in the calculation, the mean standard

H-24
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deviation was reduced from a value of 0.0530 to 0.0383 for the remaining 64 thermo-

couples, as shown by the dashed line in figure H-24. The sharp temperature decrease in

these heater rod thermocouples is attributed to quenching of the filler rods.

In configuration D, the test conditions which directly affected the bundle thermal
response, such as flooding rate, power, and housing temperrture, were very well dupli-

cated between the second and third repeat te sts. Also, a large number of thermo-

couples (23) in the blockage zone had failed in configuration D; this subsequently
reduced the data base to 62 thermocouples. However, it was the good duplication of

test conditions which provided the low mean standard deviation of 0.0296.

In configuration B, the test conditions were duplicated very well between the second
and third repeat tests, but there were 14 thermocouples which exhibited the same

thermal behavior as in configuration C. Elimination of these 14 thermocouples in the

calculation reduced the mean standard deviation from 0.0633 to 0.0474 for the remain-

ing 64 thermocouples, as shown by the dashed line in figure H-24.

In configuration A, the test conditions between the second and third repeat tests were

not duplicated very well. The flooding rate was approximately 3.5 percent lower and
the 1.83 m (72 in.) housing temperatures were approximately 10 percent lower for the

second repeat test during the entire transient. However, there were no thermocouples

which provided the significantly large standard deviations calculated for configura-
tions B and C. The sharp temperature decreases which were also meacured in configu-

ration A occurred at essentially the same time for the two repeat tests. Therefore, the

calculated mean standard deviation of 0.C527 need not be corrected.

In configuration E, the test conditions between the second and third repeat tests were

duplicated vre well. The flooding rate was only about 1 percent lower for the second
- repeat test &- og 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 configuration E which provided significantly large st andard deviations
because of the sharp temperatum decrease which occurred at slightly different times

H-28
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for the two repeat tests. Elimination of these three thermocouples reduced the mean

standard deviation from 0.0514 to 0.0475 for _the 68 thermocouples, as shown by the
.

dashed line in figure H-24.

In configuration F, the flooding rate was approximately 2 percent _ lower for the second

mpeat test during the entim test, but the power was approximately 0.75 percent higher
for the second repeat test. There were six thermocouples which provided significantly

high average standard deviations because of the sharp temperature decrease occurring
at slightly different times in the two repeat tests. Elimination of these six thermocou-

pies reduced the average standard deviation from 0.0529 to 0.0481 for the remaining 78
thermocouples, as shown by the dashed line in figure H-24.

The average heat transfer coefficient ratio for all six bundles (figure H-27) indicates

.that the average heat transfer coefficient ratio variation was no greater than i 2.5 per-
cent from bundle to bundle.

H-5. CONCLUSIONS

Based on the repeat test heat transfer data, it has been concluded that the effect of

heater rod bow was approximately the same as the effect of data repeatability. Both
effects were insignificant relative to the flow blockage effects early in time (to
approximately turnaround time as shown by the enhancement f actors in paragraph 6-4).

iherefore, there is no need to consider the effect of rod bow in the blockage data
evaluation. The effects of rod bow, boundary conditions, and rod surf ace degradation
could not be separated in this analysis.'

-
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!
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APPENDIX l
HEATER ROD HEAT CONDUCTION ANALYSIS

I-1. INTRODUCTION

The effect of axial and azimuthal heat conduction on the thermal response of the
FLECHT SEASET heater rods was investigated utilizing the TAP-A computer code.
This investigation was undertaken to determine the following:

The effect of axial heat conduction on the heater rod thermocouples with a-

quenched flow blockage sleeve

-- The effect of azimuthal heat conduction on the measured heater rod temperatures

The flow blockage sleeve on a heater rod, as postulated pricr to testing, could quench
much earlier than the heater rod. Subsequently the axial conduction in the heater rod

could affect 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), if significant axial heat conduction effects were

present, the thermoccuple data could not ue properly reduced to obtain a heat transfer
coefficient.

The subchannel blockage was expected to provide subchanne!-to-subchannel flow varia-

tions and, subsequently, azimuthal heat transfer variations. The thermocouple data
could not be properly evaluated if significant azimuthal temperature variations existed

in the heater rod, unless the azimuthal location of the heater rod thermocouples could
be determined accurately.

I-1
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1-2. AXIAL HEAT CONDUCTION ANALYSIS AND RESULTS

A two-dimensional TAP-A code model of a heater rod with and without a flow blockage

sleeve was set up to investigate the response of the clad immediately downstream of a

" stationary" quench front. This stationary quench f ront was simulated by increasing the

outside film coefficient over a certain portion of the heater rod. In reality, the quench

f ront travels at a velocity of approximately 2.5 mm/sec (0.10 in./sec) at the midplane
for a 28 mm/sec (1.1 in./sec) flooding 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 nitride insulation, and stainless steel clad. The unblocked heater rod

model is shown in figure I-1. The blockage sleeve was simulated by a 0.51 mm
(0.020 in.) thick,17.5 mm (0.69 in.) long tapered cylinder and a 0.51 mm (0.020 in.)
thick,10.9 mm (0.43 in.) long unif orm cylinder, as shown in figure I-2. In the variable-

width gap between the heater rod and the blockage sleeve, simultaneous radiation and

conduction was provided through the steam. The remainder of the sleeve was assumed

to be in perfect contact with the heater rod. The emissivity of the rod and the sleeve
were both assumed to be 0.50, since minimal surface oxidation occurs beneath the

sleeve. The properties of all the materials were input into the code as a function of

temperature.

Each of the models was subjected to a typical reflood transient starting at an initial
0clad temperature of approximntely 951 C (1600 F). Although the power was held con-

stant throughout the transient at a rate of 2.3 kw/m (0.70 kw/ft), the heat transfer

coef ficient provided for a typical reflood temperature transient. The steam coolant
0temperature was assumed to be 100 C (212 F).

The 18 mm (0.69 in.) lorg portion of the blockage sleeve which protruded into the flow
stream was assumed to quench (by subjection to a large outside film coefficient). The

remainder of the sleeve and the heater rod downstream of the sleeve were subjected to

the nominal outside film coefficient. Both of these film coefficients are shown in
figure I-3. The unblocked heater rod model was subjected to essentially the same

I-2
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boundary conditions; however, the clad Quench temperatures of the two mcdels were

slightly different. The effect of clad quench temperature on heater rod thermal
response was also investigated by varying the time during the reflood transient when

the large film coefficient was imposed. The following shows the clad quench tempera-

tures for both models:

Clad Quench Ternperature

OC (OF)

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 figures 1-4 through I-8 for the two clad
quench temperatures of 4320C and 335 C (810 F and 6350F). The axial clad tempera-
ture distribution for the 432 C (8100F) quench tempereture case at 10 and 40 seconds

af ter quench is shown in figure I-5. The ratio of axial to radial heat flow in the clad is

shown in figure I-6 at 10 and 40 seconds af ter quench for the 432 C (8100F) quench

temperatum case. The locations of the rod thermocouples corresponding to 25 mm
(1 in.) minimum spacing are shown in the figures. As shown in figure I-6, the ratio of

axial conduction to radial convection is at a rnaximum of approximately 30 right at the
quench front. Axial conductica in the clad is quickly felt, such that there is a
10-percent effect at 10 seconds af ter quench at approximately 25 mm (1 in.) down-
strt.a m of the quench front. This corresponds to a velocity of approximately
2.5 mm/sec (0.10 in./sec), which is equal to the velocity of a traveling quench front.
However, it requires another 30 seconds for a 10-percent eff ect to be felt at another

15 mm (0.60 in.) downstream, which is much slower than the velocity of the traveling
quench front. The ratio of axial to radial heat flow in the clad for the 335 C (6350F)

quench temperature is shown in figure 1-8 at 10 and 40 seconds af ter quench. The axial

conduction in an unblocked rod appears to be a weak function of the quench
]

temperature. |

The results for the rod with the blockage sleeve are shown in figures 1-9 through I-16 |
)for the two clad quench temperatures of 446 C and 341 C (835 F and 645 F). The

I-6
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0 0axial clad and sleeve temperature distributions for the 446 C (835 F) quench tempera-

ture case at 10 and 40 seconds af ter quench are shown in figuresI-10 and 1-11, respec- ], p

tively. The ratio of axial to radial heat flow in the clad and in the sleeve are shown in J.'. .1
1s.,

figuresI-12 and I-13 at 10 and 40 seconds af ter quench, respectively, f or the 446 C $'~f0

(835 F) quench temperature case. [
T ' :-

,.~'w ~.

As shown in figures I-12 and I-13, the ratio of axial conduction to radial convection in ].
the sleeve is at a maximum of approximately 30 right at the quench front. The effect {. j

. .

of axial conduction in the sleeve is less than 10 percent at approximately 5 mm .E
.:.v-

(0.20 in.) downstream of the quenched region of the sleeve. The ratio of axial conduc- .1;0'
w

tion to radial heat flow in the clad is approximately 1 at the quench front. The thermal p. n.

resistance of the steam gap between the rod and the sleeve limits the axial conduction j 'j.h
in the clad beneath the quenched sleeve. The response of the sleeve and the clad while

in perfect contact with each other is shown to be the same. At the end of the sleeve, g j.
,4: =... # :

the ratio of axial to radial heat flow in the clad is 0.03 at 10 seconds af ter quench and n. 1 4
i 1. a

0.65 at 40 seconds af ter quench, as shown in figuresI-12 and 1-13, respectively. A 3 p..y
10-percent eff ect in the clad at 40 seconds af ter quench is felt at 14 mm (0.55 in.) Ikg..:s

.

kdownstream of the sleeve.
f g. 9
..

^

The ratios of axial to radial heat flow in the clad and sleeve for a quench temperature !.[, r ,
.

.,. .4

of 341 C (6450F) are shown in figuresI-15 and I-16 at 10 a.d 40 seconds, respectively. ;%
E

-[h,. A
The same general response occurs in both the sleeve and clad at the 341 C (64SOF?

.

= ?'quench temperature as at the 446 C (835 F) quench temperatore, except that the
;

effect of axial conduction is much less. A 10-percent effect in the clad at 40 seconds q .. b
~ s

af ter quench is felt at only 1 mm (0.05 in.) downstream of the sleeve. The axial con- gf
duction in a rod with a quenched blockage sleeve appears to be a strong function of the j.

~Dquench temperature.

.4
I.3. CONCLUSIONS FROM AXIAL CONDUCTION ANALYSIS ~

-

k(.
-

It was found that the effect of axial conduction was greater for the unblocked heater .

'

w,,
rod than for the blocked heater rod for the quench temperatures investigated. This Q-
difference in thermal response is attributed to the insulating effect of the blockage f'
sleeve on the heater rod. However, as the quench temperature increases, it is expected N.

y.
. .3

~ ' .i

*
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that the effect of the axial conduction will be greater in the blocked rod than in the
unblocked rod, since radiation will dominate conduction in the steam gap between the
rod and the sleeve, and will increase the heat transfer from the rod to the sleeve.

Since this analysis was based on a stationary quench f ront, it is believed that conserva-

tive results have been obtained for an unblocked rod. In the presence of a traveling
quench front at a velocity of approximately 2 mm/sec (0.10 in./sec), a heater rod ther-

mocouple at 50 mm (2 in.) downstream of the quench front would be affected sooner by

the quench front than by axial conduction, as shown in figure I-17, assuming that a ratio

of axial to radial heat flow of 0.10 is acceptable. A heater rod thermocouple at approx-
imately 25 mm (1 in.) downstream of the quench f ront would be affected at about the

same time by the quench front and by axial conduction for the range of quench temper-
atures investigated.

However, in the flow blockage test program, it was anticipated that the hollow block-

age sleeve attached to the heater rod could quench prior to the arrival of the traveling
quench front. In this case, axial heat conduction through the clad could affect the
heater rod thermocouples immediately upstream and downstream of the slenh As
shown in figure I-17 at a time of 40 seconds af ter the sleeve quenches, as far 89 3 mm

(1 in.) downstream of the quenched sleeve, the heater rod clad is affected f or a clad

quench temperature of 4460C (8350F) and at 12 mm (0.50 in.) for a clad temperattr e of

341 C (645 F). This result indicates that axial conduction is a strong function of the
clad quench temperature in this range of temperatures for a rod with 3 quenched block-
age sleeve.

Two clad quench temperatures were investigated for both the unblocked rod and the
blocked rod. The effect of axial conduction was projected for higher clad auench
temperatures based on a linear relationship between the two known cuench tempera-

tures, as shown in figuresI-18 and I-19 for an unblocked rod and a rod with a quenched
sleeve, respectively. Figure I-18 shows that the effect of axial conduction in an

tnblocked rod is fairly independent of the clad quench temperature, especially at
10 seconds af ter quench. For a rod with a quenched blockage sleeve, the projected
effect of axial conduction as a function of the clad quench temperature (figure I-19) is
f airly significant.
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I-4. MEASURED BLOCKAGE SLEEVE QUENCH TIMES AND TEMPERATURES |

'..
.,

A review of the measured clad temperatures undemeath the short, concentric flow [
blockage sleeves indicates that the clad temperature at the time the sleeve quenched

0was approximately 593 C to 704 C (1100 F to 1300 F), as shown for rod 3C for bun-

dies B, C, and D in figure I-20. Although this measured clad temperature was higher a

than that utilized in the axial heat conduction analysis,' the blockage sleeves did not
prematurely quench in the tests. The blockage sleeves quenched at approximately the

same time as the unblocked heater rod thermocouples at the same elevation, at shown ,'

below by quench times for the 23 mm/sec (0.9 in./sec) flooding rate test in configura-

tion B (run 423068). This behavior was observed for all the blocked bundles in the {_

21-rod bundle test program; therefore, there was no problem associated with premature

quenching of flow blockage sleeves. 's-

Blockage Sleeve
<

Heater Rod Thermocouple Thermocouple Quench Time (sec)
Location m (in.) Location m (in.) Heater Rod Blockage Sleeve

3 A 1.83 (72) 2D 1.85 (73) 385 398

1C 1.83 (72) 3C 1.85 (73) 393 393

2E 1.83 (72) 3D 1.85 (73) 398 389

5B 1.83 (72) 4D 1.85 (73) 401 403
1

SC 1.83 (72) 385 '

I-5. AZIMUTHAL HEAT CONDUCTION ANALYSIS AND RESULTS

A two-dimensional T AP-A code model of a heater rod was set up to investigate the
response of the clad when subjected to an azimuthal heat transfer variation. This

azimuthal heat transfer variation could be caused by subchannel flow blockage, which

provides flow variations in adjacent subchannels.

The TAP-A code heater rod model (figure I-21) was 9.50 mm (0.374 in.) in diameter and

consisted of 6 radial nodes and 48 azimuthal nodes, each of which was 0.0427r radians

*
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(7.5 degrees). . The six radial nodes consisted of a center node of boron nitride insula-'

tion, a heating element node of both boron nitride and Kanthal (coil heater), three nodes

- of boron nitride 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 film coefficient. The properties of all the materials

were input into the code as a function of temperature.

The model was initially subjected to a typical reflood transient starting at an initial
clad temperature of approximately 8510C (1600 F) with a uniform azimuthal outside

film coefficient, as shown in figure I-22. The power was reduced from an initial linear

power of 2.3 kw/m (0.70 kw/ft) as a function of time according to the ANS + 20 percent

power decay curve. The steam coolant temperature was' assumed to be 131 C (267 F).

Since the azimuthal variation in the heat transfer coefficient was not exactly known,
several assumptions were made with respect to the magnitude of and respective heater

rod area for the heat transfer coefficient. In considering a flow-centered subchannel

with high flow, as shown in figure I-23, it 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 coefficient. The remaining 315-degree section or 87.5 percent of the
surface area was subjected to the nominal heat transfer coefficient. From a review of

the 21-rod bundle blockage heat transfer date, the blocked heat transfer coefficient

could be as much as approximately 100 percent greater than the unblocked heat trans-

fer immediately after flood initiation and subsequently decrease to the nominal value

by approximately the turnaround time. This variation in heat transfer coefficient, as
shown in figure I-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 variation in

the transient heat transfer coefficient was also investigated, as shown in figure I-22.

The results of this analysis are shown in figures I-24 and I-25. Figure I-24 shows the
average cladding temperature as a function of time for the cases with the uniform and

nonuniform heat transfer coefficients. Figure I-25 shows the makimum cladding tem-

perature differential as a function of time for the two cases. These figures show that
the azimuthal temperature difference is a very strong function of the heat transfer

I-27
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coefficient. However, for the best-estimate heat transfer coefficient, the ,ximum

' temperature differential is only 0.690C (1.25 F), which is less than the uncertainly of
the measurement.

1-6. CONCLUSIONS FROM AZIMUTHAL HEAT CONDUCTION ANALYSIS

From the above results, it was concluded that the azimuthal temperature variations in
the reflood tests would be insignificant, and therefore knowledge of the azimuthal
location of heater rod thermocouples was not required. Furthermore, it was concluded

that the heater rod responds to the flow in the surrounding four subchannels such thet

the COBRA-IV-1 code subchannel results could be averaged to provide rod-centered
subchannel results.

,
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| APPENDlX J

SELF-ASPIRATING STEAM PROBE PERFORMANCE

J-1. INTRODUCTION

A new type of steam probe was required for the 21-rod bundle task because of the lack

of thimble tubes typically utilized, as in the unblocked bundle task,(1) for measuring
superheated steam temperature in a nonequilibrium mixture.

The same measurement technique was utilized for the 21-rod bundle probe as for the

unblocked bundle probe. The technique utilized was to separate the superheated steam

flow from the entrained droplets as quickly as possible and over the shortest flow
path. The significant 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 significant pressure drop for flow through the probe; the latter
depends on a frictional pressure drop across the steam probe length as the driving force
for steam flow.

.

J-2. THERMAL ANALYSIS T STEAM PROBE

The thermocouple junction was placed midway between the two diametrically opposed
flow holes, to minimize the inside frictional losses and to provide maximum raoiation

1. Loftus,'M. J., et al., "PWR FLECHT SEASET Unblocked Bundle, Forced and Gravity
Reflood Task Data Report," NRC/EPRI/ Westinghouse-7, June 1980. NUREG/CR-1532,
Vols. 1 and 2.
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shielding and protection from water droplets. The following schematic diagram of the
steam probe shows the parameters involved in this hydraulic model:i

i

. -

-

/ -

A

FREE STREAM "
B

-;)-
(

_::=__

!

!
!

In parallel flow paths, the pressere drops across both flow paths are equal:
!

|

APfree stream = APsteam probe (U-1)

The pressure drop in the free stream is assumed to be attributable to bundle frictional

pressure losses:

2
V

f ree strean * [D
fd free streamh| 3p (J-2)2g

e j

The pressure drop in the steam probe is attributed to the entrance, exit, and frictional
pressure losses in regions A and B, as illustrated in the above sketch:

APsteam probe = A Pregion A + A Pregion B (U'3)

i

3-2
}
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1

where

! g /2\ !p 2)L Vf
+ ( 4}A region A * D j ( 2g /g c

g /2 !pV )! 2
f L g

APregion B * ( b + Dg j ( 2gg (J-5)

Therefore, assuming constant vapor density,

L/2\ ! \f L/2If 2 % SB 2
SA * b+D ( )* *

(D
f ree stream D j SBgj g

where

f = friction fcctor = 64/Re
Dh = hydraulic diameter of bundle = 0.00832 m (0.0273 f t)

KSA = shield exit pressure loss coefficient = 1.0 (maximum)

KSB = shield entrance pressure loss coefficient = 0.5 (maximum)

DSA = hydraulic diameter of region A = D - 0.81 mm (0.032 in.)S

DSB = hydraulic diameter of region B = D3

DS = 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,

.

VSAASA = VSB SB (J-7)A

J-3
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equation (J 4) can be solved for the maximum velocity, VSA, in the shield. Assuming
the steam velocity in the free stream to be 12.2 m/sec (40 f t/sec),(1,2) the steam

velocity across the thermocouple was calculated to be 0.41 m/sec (1.33 f t/sec). It

should be noted that the free stream velocity utilized in this analysis mpresents a low

estimate and that an increase in this velocity will also increase the velocity through the

shield.

The temperature measured by the thermocouple within the steam probe was adversely

affected by the radiation heat transfer from the surrounding high-temperature heater
rods. A sufficient steam flow through the probe is required to " cool" the thermocouple

to the temperature of the steam. The following calculation was performed to deter-
mine the cooling eff ectiveness of the steam flow, as previously calculated.

An energy balance (3) on the shield yields the following heat flow equation:

)shield to steam + shield to thermocouple * rod to shield
by convection by radi ation by radi ation

An energy balance (3) on the thermocouple ji nction, which is assumed to be at the same

temperature as the thermocouple sheath, yields the following:

( '9)t he rTmcoup l e j unc t i on to s t eam * shield to thermocouple junction

by convection by radi ati on

The previous five terms are defined as follows:

shield to steam = h(Tshield - steam ( "I

by convection

1. Lilly, G. P., et al., "PWR FLECHT Cosine Low Flooding Rate Test Series Evaluation
Report," WC AP-8838, March 1977.

2. Lilly, G.P., et al., "PWR FLECHT Skewed Profile Low Flooding Rate Test Series
Evaluation Report," WCAP-9] 83, November 1977.

3. Steady-state conditions are assumed in this calculation, because of the slow
response of the system during reflood.

34
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where b =
(hA)outside + (hA) rside.shield to steam

bC -

/C
(3-11)shield to thenrocouple * 1

cy| A + h/C

g )by radi ation

SH )

rod to shield * b H SH SH (J-12)~

by radi ation

since ASH << Arod-

therrrocouple j unetion * thermocoucie b/C junetion (TT/C - Tg77) (J-13)
to steam by radiation junction

to stean

#
shield to thermocouple * bC junction TC SH - T/C (J-14)T

junction by radi ation /

The outside film coefficient for the shield was determined by the following correlation
f or laminar flow over a plane surf ace:II)

N lh = .664 Pr
shield to (3_15)
steam

The inside film coefficient for the shield was determined by the following correlation {l)
f or laminar flow insioe a cylindrical pipe:

shield to * D 1.86 e Pr (J-16)
steam

1. Chapman, A. J., Heat Transf er,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:II)~

Re .59 + 0.35 Pr .356Pe .53) (J-17)
0 0 0h = U (2 + 0.03 Pr .330

the rmocouple D
junction to
steam

The respective heat transfer areas are as follows:

2 (5.11 x 10-4 ft )2
-- Shield outside area - 4.75 x 10-5 m

Shield inside area - 4.15 x 10-5 2 (4.47 x 10-4 fL )2m--

22 (1.11 x 10-5 ft )Thermocouple junction area - 1.03 x 10-6 m-

2 (1.01 x 10-4 ft)-- Thermocouple sheath area - 9.38 x 10-6 2m

0The 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.(2)

The following equations (in metric units) were developed from the preceding energy
balances in equations (J-8) and (J-9) and respective correlations:

TSH + 2.212 x 10-11 (TSH + 273)4 = TT/C + 14.12 x 10-11 (TT/C + 273)4
(J-18)

+ 7.99 x 10-11 (TR + 273)4

TSTM = TT/C - 7.35 x 10-11 (TSH + 273)4 - (TT/C + 273)4 (3-19)

I i

|
>

.
1. Kutateladze, S. S., Fundamentals of Heat Transfer, 2nd edition, Academic Press,

l New York,1963.

2. McAdams, W. H., Heat Transmission,3rd edition, McGraw-Hill, New York,1954.

J-6
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In English engineering units, the above equations are

SH + 3.792 x 10-11 (TSH + 460)4 = TT/C + 2.421 x 10-11 (TT/C + 460)4T

(J-20)

+ ).372 x 10-11 (TR - 460)0

0
TSTM = TT/C - 1.26 x 10 TSH + 460)4 -(TT/C + 460)4 (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,0 0

02000 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 figure J-1 as a
function of the steam temperature. As shown by this figure, relatively small errors,
4 percent and less, are introduced in this steam temperature measurement technique
for the expected range of operation.(1) The error in the temperature measurement is

increased by approximately 1 percent for an increase of 0.l in the emissivity of both
the shield and the thermocouple, and similarly, is de e:sec ,pproximately 1 percent
for a decrease of 0.1 in the emissivity. The error ir he ten.; rature measurement is
rather insensitive to the film coefficient. A 150-percent change in the film coefficient
results in approximately a T1.5-percent change in the tempernttre measurement error.

J-3. TESTS OF SELF-ASPIRATING STEAM PROBE

Several tests were conducted to evaluate the thermal response of the self-aspirating
steam probe prior to its installation in the 21-rod bundle. The first test utilized a
single-rod reflood f acility in which the self-aspirating steam probe was placed in the

flow annulus between the heater rod and the thin wall housing. An unshielded j
i

1. Rosal, E. R., et al., "FLECHT Low Flooding Rate Skewed est Series Data Report,"
WCAP-9108, May 1977. I

1
1
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Figure J-1. Steam Probe Measurement Error With 0.81 mm (0.032 in.)
Diameter Thermocouple
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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 10930C (2000 F).0

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,

9 radiation + 9 radiation *9 convection + 9 stored
f ran rod f ran hcus- f rom T/C in T/C
to T R ing to T/C to stean

T/Coc[TFR-T/C AT/C ac TR -TT/C +F A -TH-T/C H T/Ci \ >

(J-23)-- dT
T/C

T/C-STMA (TT/C - TSTM)+ E=h
p dt

and knowing the rod temperature, housing temperature, and thermocouple temperature,

the actual steam temperature, TSTM, was calculated and subsequently compared to the

temperature measured by the self-aspirating steam probe. The rod-to-thermocouple
shape factor, FR-T/C, 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, FH-T/C, 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 self-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 steam probe was located

~

within several rod rows of two thimble tube aspirating steam probes. These thimble

J-9
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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/see (1.5 in./sec) were conducted at
0

871 C (16000F) initial clad temperature and 2.3 kw/m (0.70 kw/f t) peak initial power.

The comparisons of the self-aspirating steam probe and the thimble tube steam probes

for the two reflood tests are shown in figures J-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 PROBE DATA

The self-aspiratino 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 fer 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 f or the self-aspirating steam probe and unshielded thermocouple. The
response of each instrument was consistent with the adjacent 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
unblocked 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

J-ll
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temperatures were much lower than expected in the unblocked configuration, such that

radiation effects were smaller. The differences in steam temperature instrumentation
among six bundles are listed in table J-1.

The self-aspirating steam probes and unshielded thermocouples quenched prior to the

heater rod thermocouples, as would be expected. However, there was a significant
difference in quench times among the temperature instruments. The steam probes and

unshielded thermocouple were attached to the grid straps and pointed in both the
upstream and downstream directions. The instrumentation which pointed in the down-

stream direction quenched much earlier than the instrumentation which pointed in the
upstream direction. The quench times 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 attributed to a quench front moving up the instrument from the

grid. This quench f ront may sirnply be water droplets which wet the grid and are subse-
quently swept along the irstruments by the steam flow.

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 instrumentation downstream of the grid, as shown in figure J-10, indicate that

the instrumentation quenches at a relatively high temperature. Therefore, the steam
temperature data from all the instrumentation can be utilized in the evaluation of the
blockage data.

J-5. CONCLUSIONS

The self-aspirating steam probe performed satisf actorily although the test conditions,

specifically the heater rod temperatures, were much lower than originally expected.
The self-aspirating steam probe was initially designed to be shielded from the radiation

heat transfer of the high-temperature heater rods and quenching by the water drop-

lets. The unshielded thermocouples performed better than originally anticipated, 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 limited the prob-
ability of quenching by the water droplets.

J-17

.

.__ ___ --



._

-

. TABLE J-1

STEAM TEMPERATURE INSTRUMENTATION

Confiauration A Configurations B-F

Instrumentation Instrumentation
Type,(a) Computer Elevation Type,(a) Computer Elevation

Subchannel Channel No, m (in.) Channel No. m (in.)

9 SP, 203 0.97 (38) BF,177 - 0.89 (35)
10 SP,202 1.22 (48) BF,178 1.19 (47)
15 SP, 201 1.50 (59) BF,179 1.47 (58)
g SP, 200 1.50 (59) SP,180 1.47 (58)

SP,199 - 1.70 (67) BF,182 1.70 (67)Per
11 SP,198 1.70 (67) SP,184 1.70 (67)

9 SP,197 1.70 (67) SP,183 1.70 (67)
8 SP,196 1.70 (67) BF,181 1.70 (67)
7 SP,195 1.88 (74) - -

B BF,194 1.98 (78) BF,186 1.96 (77)
9 SP,193 1.98 (78) SP,187 1.96 (77)

11 SP,192 1.98 (78) SP,188 1.96 (77)
6 SP,191 1.98 (78) BF,185 1.96 (77)
6 BF,190 2.29 (90) BF,189 2.26 (89)

10 SP,189 2.29 (90) SP,191 2.26 (89)
7 SP,188 2.29 (90) BF,190 2.26 (89)
5 SP,187 2.29 (90) SP,192 2.26 (89)

10 SP,186 2.44(96) SP,195 2.46 (97)
8 SP,185 2.44 (96) BF,193 2.46 (97)
9 SP,184 2.44(96) BF,194 2.46 (97)

10 SP,183 2.82(111) SP,197 2.77 (109)
5 SP,182 2.82 (111) BF,196 - 2.77 (109)

14 BF,181 3.05 (120) BF,198 3.05 (120)
15 SP,180 3.05 (120) SP, 200 3.05 (120)

6 SP,179 3.05 (120) SP,199 3.05 (120)
11 SP,178 3.35 (132) BF, 201 3.30(130)

6 SP,177 3.51 (138) BF, 202 3.51 (138)

a. SP = steam probe
BF = bare fluid thermocouple

b. Per = peripheral subchannel

<1-18
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