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ABSTRACT

This report presents a descriptive plan of tests for the 21-Rod Bundle Flow

Blockage Task of the Full-Length Emergency Co ' ling Heat Transfer Separate

Effsets and Systems Effects Test Program (FLECHT SEASET). This task will4

consist of forced and gravity reflooding tests utilizing electrical heater rods to
simulate PWR nuclear core fuel rod arrays. All tests will be performed with a

cosine axial power profile. These tests are planned to be used to determine effects

! of various flow blockage configurations (shapes and distributions) on reflooding

behavior, to aid in development / assessment of computational models in predicting

reflooding behavior of flow blockage configurations, and to screen flow blockage
4

| configurations for future 161-rod flow blockage bundle tests.
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GLOSSARY

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

Analysis -- the examination of data to determine, if possible, the basic physical

proceses that occur and the interrelation of the processes. Whem possible, phys-

| ical processes will be identified from the data and will be related to first principles.

Average fluid conditions -- average thermodynamic properties (for example, en-

thalpy, quality, temperature, pressure) and average thermal-hydraulic parameters

(for example, void fraction, mass flow rate) which am derived from appropriately

reduced data for a specified volume or a specified cross-sectional area
i

!

' Axial peaking f actor -- ratio of the peak-to-average power for a given power profile -

1

' Blocked -- a situation in which the flow area in the rod bundle or single tube is

I purposely obstructed at selected locations so as to restrict the flow

Bcttom 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

Bundle -- a number of heater rods, including spares, which are assembled into a
,

matrix with CRG-type rods, using necessary support hardware to meet the Task

Plan design requirements

Carr out -- same as carryover

;

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*

j- of a control volume, that is, the test bundle
,

i,
v

'
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Computational methods -- the procedure of reducing, analyzing, and evaluating

data or mathematical expressions, either by hand calculations or by digital com-
puter codes

Computer code -- a set of specific instructions in computer language to perform

the desired mathematical operations utilizing appropriate models and correlations

Computer data acquisition system (CDAS) -- the system which controls the test

and records chta for later reduction and analysis

Computer tape -- magnetic tapes that stcre FLECHT SEASET data

Com rod qcometry (CRG) -- a mminal 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)

Correlation -- a set of mathematical expressions, based on physical principles and
experimental dita but resting primarily on experimental data, which describes the

thermal-hydraulic behavior of a system

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.
l

Data -- recorded information, regardless of form or characteristic, of a scientific

or tectuncal nature. It may, f or example, document msearch, experimental, de- )
velopmental, or engineering work, or be usable or used to define a design or pro-

cess or to procure, produce, support, maintain, or operate material. The data may

be graphic or pictorial delineations in media such as drawings or photographs, text |

in specifications or related performance or design type documents, or computer |
1

printouts. Examples of data include research and engineering data, engineering |
1

drawings and associated lists, specifications, standards, process sheets, manuals, |

technical reports, catalog item identifications and related information, computer

vi



programs, computer codes, computer data bases, and computer sof tware documen-

tation. The term data does not include financial, administrative, cost and pricing,

and management information or other information incidental to contract

administration.
.

Data validation -- a procedure used to ensure that the data generated from a test

meet the specified test conditions, and that the instrumentation was functioning

properly during the test

Design and procurement.-- the design of the system, including the specification
(consistent with the appropriate Task Plan) of the material, component, and/or

system of interest; and the necessary purchasing function to receive the material,

component, and/or system on the test site. This does not preclude Contractor from

constructing components and systems on the test site to meet requirements of the

fask Plan.

ECC -- emergency core cooling
,

J

Entrainment -- the process by which liquid, typically in droplet form, is carried in a

flowing stmam of gas or two-phase mixture

Evr.luation -- the p ocess of comparing the data with similar data, other data sets,r

existing models arx! correlations, or computer codes to arrive at general trends,

consistency, and other qualuative descriptions of the results

.

Fallback -- the process whereby the liquid in a two-phase mixture flows counter-

cunent to the gas phase
|

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

!

FLECHT SEASET - Full-Length Emergency Core Heat Transfer - Systems Effects
1

and Separate Effects Tests

,

FLECHT SET -- Full-Length Emergency Core Heat Transfer - Systems Effects Tests

.

!

:
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I

Heat transfer mechanisms -- the process of conduction, convection, radiation, or

| phase dianges (for example, vaporization, condensation, boiling) in a control |
|

volume or a system

i

! Hypothetical-- conjectured or supposed. It is understood that this program is con-

- cerned with study of physical phenomena associated with reactor accidents that
have an extremely low probability and are therefore termed hypothetical.

Loss-of-coolant accident -- a break in the pmssum boundary integrity msulting in
i loss of core cooling water

Model -- a set of mathematical expressions generated from physical laws to re-

present the thermal-hydraulic behavior of a system. A model rests mainly on

physical principles.

PMC -- Program Management Group

Pressurized water reactor (PWR) -- a nuclear reactor type in which the system

pmssure exceeds saturation pressure, thus preventing gross vapor formation under

normal operating conditions

Reduce data -- convert data from the measured signals to engineering units. In l

some cases the data am manipulated in a simple fashion to calculate quantities

such as flows.

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

and detached from the gas pliase

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

current to the bundle heater rods

|

Spacer arids -- the metal matrix assembly (egg crate design) used to supoort and

| _ space the heater rods in a bundle array

Test section -- lower plenum, bundle, and tpper plenum

|

viii !
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i

Test site -- the location of the test facilities where tests will be conducted

Transducer -- the de' vices used in experimental systems that sense the physical

quantilles, such as temperature, pressure, pressure difference, or power, and trans-

form them into electrical outputs, such as volts
4
;

Unblocked -- tre situation in which the flow area in the rod bundle or a single tube

is not purposely obstructed

:

1

;
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SECTION 1-

SUMMARY'

.
L

As part of the NRC/EPRIN/estinghouse FLECHT SEASET reflood heat transfer and

hydraulic program, a series of forced flow and gravity feed reflooding tests

ith flow blockage will be conducted on a 21-rod bundle whose dimensions are' .w

typical of current RVR fuel rod arrays. The purpose of these tests will be to screeni

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 characteristics. This blockage configu-
ration will subsequently be placed in the larger 161-rod bundle to evaluate the

additional effect of flow bypass. The 21-rod bundle will also be utilized to develop

i a bloc'kage heat transfer analysis method. This analysis method will be assessed
I

through comparison and analysis of the 161-rod blocked bundle data.
^

This document describes the data requirements, instrumentation plan, test facility,

test matrix, and data reduction and analysis plans for Task 3.2.2,21-Rod Bundle

Flow Blockage Task, in the FLECHT SEASET program. This task replaces the
1

Single Tube, Flow Blockage and Heat Transfer Task (as described in the FLECHT
SEASET Program Plan).(1)

i

in this particular test program, a new FLECHT facility will be built to accept a
21-rod bundle whose dimensions are typical of the PWR fuel rod array sizes

currently in use by RVR and PWR fuel vendors. This test facility will be very
similar to the facility in the 161-rod unblocked bundle task,( except that flow

i

areas will be scaled appropriately. Sufficient instrumentation will be installed in

the test facility to perform mess and enerc;, balances from the data. The instru-

mentation plan has also been developed such that local thermal-hydraulic para--

meters can be calculated from the experimental data. The thermal-hydraulic

,
- phenomena occurring during these tests will be identified and analyzed.

1. Conway, C. E., et al., "PWR FLECHT Separate Effects and Systems Effects
Test (SEASET) Program Plan," NRC/EPRIN.estinghouse-1, December 1977.>

2. Hochreiter, L. E., et al., "RVR FLECHT SEASET Unblocked Bundle, Forced
' and Gravity Reflood Task: Task Plan Report," NRC/EPRlh/estinghouse-3,*

March 1978.
;

e
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SECTION 2

BACKGROUND

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

sufficient data and msulting analysis such that the existing Appendix K flow block-

age (steam cooling requirements used in RVR safety analyses) can be reassessed

and replaced by a suitably conservative but physically correct safety analysis

model.

Appendix K of 10CFR50.46 requires that any effect of fuct rod flow blockage must

be explicitly accounted for in safety analysis calculations when the core flooding

rate drops below 2.54 cm/sec (lin./sec). The rule also requires that a pure steam

cooling calculation must also be performed in this case. To comply with this

requirement, RVR vcndors have developed semiempirical methods of treating fuel

rod flow blockage and steam coadng. Ex,erimental data on single-rod and multirod
burst test behavior have been correlated into a burst criterion which yields a worst

planar blockage given the burst temperatum 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 axiallength of the hot zone. When calculating the flow redistribution due

to flow blockage, RE vendors used multichannel codes to obtain the blocked

channel flow.

Simpler models developed by Gambill(1) have also been used for flow redistribu-

tion calculations. In its ECCS evaluation model, Westinghouse modaled noncoplanar

blockage 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-IV(2)

computer runs and correlated into a simple expmssion for flow redistribution. The

hot assembly was used as the unit cell in these calculations so that the individual

1. Gambill, W. R., " Estimate of Effect of Localized Flow Blockages on RVR Clad
Temperatures During Reflood," CONF-730304 4,1972.

2. Chelemer, H., et al., "An Improved Thermal-Hydraulic Analysis Method for
.

Rod Bundle Coms," Nucl. Sci. Eng. 4_1, 219-229 (1977).

!
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subchannel flow redistribution effects generated by the noncoplanar blockage at a

. given plane am averaged and each subchannel has the same flow reoJction.

However, it should be remembered that the percentage blockage simulated in these

calculations was derived by examination of noncopla'nar multirod burst data.

The resulting flow redistribut'on is then used to calcriate a hot assembly enthalpy

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

temperature. Agalo, the flow redistribution or blockage effects and the steam

cooling calculation is only used when the core flooding rate drops below 2.54
cm/sec (lin./sec). Above 2.54 cm/sec (lin./sec), the unblocked FLECHT heat

transfer data are used.

The purpose of the flow blockage task will be to provide sufficient experimental
data such that a heat transfer model for low flooding rates, with flow blockage,

can be developed to replace the current steam cooling calculation.

A review of flow blockage literature (1-4) indicates that there are four primary
heat transfer effects which need to be examined for both forced and gravity

re floodino:
.

Flow mdistribution effects due to blockage and their effect on the enthalpy-

rise of the steam behind the blockage. Bypass of steam flow will result in

increased superheating of the remaining steam flow behind the blockage

region. The higher the steam temperature, the lower the rod heat flux and -
;

resulting heat transfer coefficient behind the blockage.

Gambill, W. R., " Estimate of Ibffect of Localized Flow Blockages on PWR Clad ;
'1

1.
Temperatures During Reflood," CONF-730304-4,1912.

'

2. Davis, P. R., " Experimental Studies of the Effect of Flow Restrictions in a i

!Small Rod Bondle 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
Subchannels Containing Blockages," BNWL-1771, September 1973.~

4. Hall, P. C., and Duffey, R. B., "A Method of Calculating the Effect of Clad
Ballooning on Loss-of-Coolant Accident Temperature Transients," Nucl. Sci.

- Ena.18,1-20 (1975).8
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Effect of blockage downstream of the blockage zone and the resulting mixing; --

of the steam and droplet breakup 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 drop impact,-

breakup, and mixing, as well as the increased steam velocity due to blockage

flow area changes. The drop breaktp is a localized effect primarily caused by

the blockage geometry;it will influence the amount of steam cooling which

can occur farther downstream of the blockage.

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

bypass, droplet velocities, and sizes

In simpler terms, the flow blockage heat transfer offects are a combination of two

key thermal-hydraulic phenomena:
1

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

,

consequently decreases the heat transfer

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

improved mixing, steam derperheating, and establishment of new boundary

layers, which consequently increases the heat transfer

! These two effects are dependent on blockage geometry; they counteract each other

such that it is not evident which effect dominates over a range of flow conditions.
,

'It is expected that the tests planned in the 21-rod bundle task will provide

sufficient data for the analysis of the preceding flow blockage effects. A better
assessment of floh bypass effects on heat transfer will be made in the 161-rod

blocked bundle task (to be performed later).

2-3
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The ets planned under the 21-red bundle flow blockage task will utilize a new
;

core rod geometry (CRG)(1) that is typified by the Westinghouse 17 x 17 fuel rod -

design (table 2-1). This CRG is representative of all current vendors' PWR fuel

assembly geometries.

) TABLE 2-1

COMPARISON OF PWR VENDORS' FUEL4

-- ROD GEOMETRIES (OLD AND NEW)

Dimension'

I
Rod Diameter Rod Pitch

V endor [mm (in.)] [mm (in.)],

[ NEW FUEL ASSEMBLIES (CRG)
i

j- Westin@ouse 9.5 (0.374) 12.6 (0.496)
Babcock & Wilcox 9.63 (0.379) 12.8 (0.502) '

1- Combustian Engineering 9.7 (0.382) 12.9 (0.506)
J

'

OLD FUEL ASSEMBLIES

Westin@ouse 10.7 (0.422) 14.3 (0.563)
Babcock & Wilcox 10.9 (0.430) 14.4 (0.568)

>

Combustion Engineering 11.2 (0.440)- 14.7 (0.58 0)
7

i The tests perf ormed in this task are classified as separate effects tests. In this
I . case, the bundle is isolated from the system and the thermal-hydraulic conditions

; are prescribed at tre bundle entrance and exit. Within the bundle, the dimensions

are full scale (compared to a PJA) with the exception of overall radial dimension.4

I 'The low mass housing used in '.his test series is designed to minimize the wall

effects. Examination of the housing performance for the skewed axial profile~

.;

FLECHT tests (2) indicates that it does simulate this radial boundary condition

i and that only the rods immediately adjacent to the housing are affected by the
1

- housing presence. To preserve proper thermal scaling of the FLECHT facility

1. .The CRG is defined in this program as a nominal rod-to-rod pitch of 12.6 mm
,

j (0.496 in) and outside nominal diameter of 9.5 mm (0.374 in.), representative
.of various nuclear fuel vendors' new fuel assembly geometries and commonly

j-
referred to as the 17 x 17 or 16 x 16 assemblies.

; 2. 'Rosal, E. R., et al., "FLECHT Low Flooding Rate Skewed Test Series Data
Report," WCAP-9108, May 1977.
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with mapect to a PWR, the power to flow area ratio is made to be nearly the same

as that of a PWR fuel assembly. In this fashion, the steam vapor euperheat,

entrainment, and fluid flow behavict should be similar to that in a PWR bundle

environment for the same boundary conditions.
!

;
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SECTION 3

TASK OBJECTIVES

The objectives of the 21-rod bundle heat transfer tests are 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 -

iient transfer
.

To guide the selection of r alockage shape for use in the large blocked bundle--

task (Task 3.2.3)(1)

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

bundle heat transfer data
,

; To achieve these objectives, the fuel rod burst and blockage literature and test

j programs have been studied to find the most representative blockage shapes, which

! would be candidates for testing in the 21-rod bundle test facility. The shapes

which have been chosen and the basis for the choice is given in section 4. Many

different shapes and distributions of the blockage sleeves are possible; these
t

combinations have been reduced to a total of seven test series in the 21-rod bundle

through engineering judgment, examination of postulated flow blockage effects
.

.(section 2), and examination of the existing flow blockage model or method of

calculation suggested by Hall and Duffey.(2)' The seven 21-rod bundle test series

are listed in table 3-1 with an explanation of the different effects which are

expected to be observed from the experiments. The exact geometric description of
,

each shape is given in section 4.

.

1. Conway, C. E., et al., "PWR FLECHT Separate Effects and System Effects
: Test (SEASET) Program Plan," NRC/EPRl/ Westinghouse-1, December 1977.

2. Hall, P. C.,'and Duffey, R. B., "A Method of Calculating the Effect of Clad
Balloor.:.ig on Loss-of-Coolant' Accident Temperature Transients," Nucl. Sci.
Eno. 58,1-20 (1975)..
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TABLE 3-1

BLOCKAGE SHAPES AND CONFIGURATIONS TO BE
TESTED IN 21-ROD BUNDLE

Test

Series Configuration Description Comments

s

1 No blockage on the rods This configuration will serve as a reference.

2 Short concentric sleeve, Coplanar is easiest to analyze, no

coplanar blockage on all rods flow bypass effects, maximum flow area

effect at one axial pinne.

3 Short concentric sleeve, This series increases the complexity of

coplanar blockage on center series 1 by adding some bypass effect.

nine rods Use COBRA-IV to calculate bypass.

4 Short concentric sleeve, This test series examines a different

noncoplanar blockage on all blockage distribution and is comparable

sleeves to series 2. COBRA-IV will be used to

calculate flow.

5 Long nonconcentric blockage This test ceries will permit a one-to-

sleeve, noncoplanar blockage one comparison with series 4 in which

on all sleeves all rods are blocked. Comparison

cf series 4 and 5 with unblocked

data should indicate the worst shape.

6 Short, concentric, coplanar This test series increases the flow

blockage on center nine bypass effect relative to series 3.

rods,90% blockage

7 Ter,t series 4 or 5 with in- This test series inemases the block-

creased blockage sleeve strain, age effect relative to series 4 or 5,

whichever series provided whichever series provided the worst

the worst shape shape.
.
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As shown in table 3-1, the majority of the tests will use a noncoplanar blockage

sleeve distribution. This type of distribution will be employed since most of the

out-of-pile and in-pile data indicate that burst occurs in a noncoplanar fashion.
The sleeves for all test series will be smooth, and no attempt will be made to

simulate the burst opening in the clad. Reflood tests will be conducted with no

blockage in the same facility at the same thermal-hydraulic conditions, to serve as

a basis to evaluate the flow blockage heat transfer.

Rod bundle instrumentation factors, such as heater rod thermocouple location and

instrumented rods, will be nearly the same for each blockage shape or configu-

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

controls will be identical for all test series. Through replicate tests at the same

conditims in the same facility, the local heat transfer on a given blocked rod can

be compared to that on an unblocked rod, to obtain the effect of the flow block-

age. Comparisons of this fashion, on a one-to-one basis with unblocked data, will

allow the determination of which shape or distribution results in the poorest heat

transfer relative to the unblocked geometry. If no measurabic difference is

observed, then the blockage shape which appears most common in the out-of-pile

or in-pile burst tests will be used in the 161-rod blocked oundle. Also, some

consideration will be given to installation ar.d testing problems when choosing a

shape in this fashion.

To help ascertain both the hydraulic and the heat transfer effect of the flow

blockage shapes relative to the unblocked bundle, single-phase hydraulic tests,

steam cooling, forced reflooding, and gravity reflooding tests will be performed on

each blockage configuration. The hydraulic tests will be used to charactarize the

bundle in a hydraulic fashion by measuring the blockage region loss coeificient,

| grid losa coefficients, and the 21-rod bundle friction factor. These hydraulic
parameters will then be input to a COBR A-IV(1) model of the 21-rod bundle test

facility. The COBR A-iV code (appendix A) will then be used to calculate the

single-phase flow redistribution in and around the blockage zone for each configu-
ration. In this fashion, the measured local heat transfer tan be associated with a

calculated local flow (sing!c-phase) from COBR A; this should help to explain the

heat transfer behavior.

1. Wheeler, C. L., et al., "COBR A-IV: An Interim Version of COBRA for
| Thermal-Hydraulic Analysis of Rod Bundle Nuclear I uel Elemer.ts and

Cores," BNWL-1962, March 1976.
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The COBRA-IV calculations to be performed will be single-phase steam flow

redistribution calculations. Although the flow during reflooding is two-phase for

most of the test time, the flow regime which will exist at the quench front is

highly dispersed flow. A typical void fraction above the quench front for the low

flooding rate test conditions given in section 9 is 0.95. Therefore, steam flow is in

the continuous phase and the relativelv faw droplets do not affect the macroscopic

(subchannel average) steam flow anGor flow redistribution. Sample calculations

have been performed and reported in the FLECHT SEASET program plan on the

single-phase flow redistribution effect on droplets. It wa3 shown that, except for

the extremely small drops, the liquid phase does not redistribute with the steam

flow. The drops have sufficient inertia to continue their flight through the
blockage zone without any significant deviations.

Single-phase steam cooling tests will also be conducted and will serve as a refer-

ence heat transfer environment which can be compared to both unblocked single-

phase steam cooling data and 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 can be evaluated. Similarly, the gravity-driven reflood tests will
again permit one-to-one mmparison with the unblocked gravity reflood tests in the

21-rod bundle test facility for each blockage shape and/or configuration.

Most of the tests in the 21-rod bundle test matrix will be constant forced flooding i

re4ood tests. The test conditions represent typical safety evaluation model |

assumptions and initial conditions. The forced flooding tests will be used primarily

to help develop a blockage model or method of analysis through comparisons with

identical unblocked forced reflooding tests and the associated COBRA-IV flow

redistribution analysis. 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 blockarp effect in the

bundle. The model or experimental method of predicting blockage heat transfer

will then be evaluated in the larger 161-rod bundle test, where ample flow bypass

Can nCCur.
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SECTION 4

BLOCKAGE SHAPES AND TEST CONFIGURATIONS

4-1. GENERAL

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

LOCA are expected to cause the fuel rods to swell and burst. The resulting rod
dr. formation would reduce the fluid flow area in the rod array. The shape of the

rod swelling and burst is referred to as a blockage shape. This flew area reduction

(or flow blockage) is governed by the shapes and spatial distribution of blockage.
I Therefore blockage shapes and their spatial distribution must be chosen properly to

simulate the thermal-hydraulic conditions of the fluid flow in the blocked rod

array. 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 blockage distribution must also

be chosen to represent typical situations and/or to provide fundamental under-

standings of blockage effects on the local heat transfer.

The results of several single-rnd and multirod burst tests are available. These

msults were used to define the blockage shapes to be simulated in the task.

Discussions with NRC and EPRI were also considered in the choice of blockage
|

shape. The blockage shapes so determined will be simulated by stainless steel
sleeves which can be attached to rods to effect flow blockage. Each rod will have

a sleeve to simulate the state of rod swelling and burst.

Further, a preliminary approach to better utilize the 21-rod hundle results in the

design of the 161-rod bundle was also discussed. It is desirable to have a geometric

similarity between the 21-rod and 161-rod bundle. This similarity is expected to

provide a better basis for a data aralysis and the understanding of bypass effects.

|

4-2. BLOCKAGE SHAPESj

Several out-of-pile and in-pile burst tests have been executed to aid in the
,

understanding of rod burst phenomena during a LOCA. Out-of-pile tests have
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errployed several heating methods to simulate rod heatup during a reflooding

period. The heating methods include a stiff internal heater rod (continuous rigid

heating element) method, external radiation heatup, and direct resistance heating.

But the external radiation heating and direct resistance heatup a're believed to
distort the thermal response of the clad during its 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, the tests have led most experimenters to agree that an internal heater

method is most representative of the real situation. Therefore the results from the

tests using internal heater rod methods are reviewed here to provide a basis for

defining blockage shape. Very limited in-pile test results have also been reviewed.

The available results from several rod burst tests show that there are two distinc-

tive rod swelling patterns, depending on the burst temperature.1his 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 about

830 C(1529 F) and in mixed phase of alpha and beta types between 830 C and 970 C
(1529 F and 1779 F).(2) Above 970 C(1779 F) Zircaloy is in the beta phase. Alpha

phase Zircoloy has an anisotropic strain property. Therefore, deformation of alpha

phase Zircoloy is very sensitive to minor temperature irregularity in both circum- j

ferential and axial directions. This anisotropic property causes rod bowing, in

addition to swelling and burst. Although the burst phenomenon in the mixed phase

is not well understood, this burst range can be treated essentially as alpha phase

burst because of the nonisotropic property of alpha phase. Beta phase Zircaloy has
'

an isotropic strain property which causes more or less uniform clad swelling. Thus,

the property of alpha phase Zircaloy is different from that of beta phase Zircaloy.

This difference gives a quite different clad swelling phenomenon for each phase.

Therefore, two typical blockage shapes representing alpha and beta phase swelling

were chosen to be simulated in tests.

]. Picklesimer, M. L., Presentation at the PMG meeting for FLECHT SEASET,
April 1978.

2. Chapman, R. H., "Significant Results From Single-Rod and Multirod Burst
Tests in Steam With Transient Heating," paper presented at Fifth Water
Reactor Safety Research Information Meeting, Germantowrn MD,
November 7-10,1977.
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SECTION 4

i BLOCKAGE SHAPES AND TEST C01FIGURATl0NS

4-1. GENERAL

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

LOCA are expected to cause the fuel rods to swell and burst. The resulting rod
deformation would reduce the fluid flow area in the rod array. The shape of the

rod swelling and burst is referred to as a blockage shape. This flow area reduction

(or flow blockage) is governed by the shapes and spatial distrBution of blockage.

Therefore blockage shapes and their spatial distribution must be chosen prcperly to

simulate the thermal-hydraulic conditions of the fluid flow in the blocked rod

array. The number of selected blockage shapes should be minimized to make

blockage tests feasible, but it must be sufficient to address tne important effects

of the flow blockage on heat transfer. The spatial blaci age distribution must also

be chosen to represent typical situations and/or to provide fundamental under-

standings of blockage effects on the local heat transfer.

The results of several single-rod and multirod burst tests are available. These

results were used to define the blockage shapes to be simulated in the task.

Discussions with NRC and EPRI were also considered in the choice of blockage

shape. The blockage shapes so determined will be simulated by stainless steel
sleeves which can be attached to rods to effect flow blockage. Each rod will have

a sleeve to simulate the state of rod swelling and burst.

Further, a preliminary approach to better utilize the 21-rod bundle results in the
|

design of the 161-rod bundle was also discussed. It is desirable to have a geometric

similarity between the 21-rod and 161-rod bundle. This similarity is expected to

provide a better basis for a data analysis and the understanding of bypass effects.

4-2. BLOCK AGE SHAPES

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

understanding of rod burst phenomena during a LOCA. Out-of-pile tests have
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ermloyed several heating methods to simulate rod heatup during a reflooding

period. The heating methods include a stiff internal heater rod (continuous rigid

heating element) method, external radiation heatup, and direct rasistance heating.

But the external radiation heating and direct resistance heatup a're believed to
distort the thermal response of the clad during its deformation.( } The internal

heater rod may reduce the clad temperature nonuniformity which is expected in

the real situation of stacked feel pellets. Although an out-of-pile test method is

not ideal, the tests have led most experimenters to agree that an internal heater

method is most representative of the real situation. Therefore the results from the

tests using internal heater rod methods are reviewed here to provide a basis for

defining blockage shape. Very limited in-pile test results have also been reviewed.

The available results from several rod burst tests show that there are 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 about

830 C(1529 F) and in mixed phase of alpha and beta types between 830 C and 970 C
(1529 F and 1779 F).(2) Above 970 C (1779 F) Zircaloy is in the beta phase. Alpha

phase Zircaloy has an anisotropic strain property. Therefore, deformation of alpha

| phase Zircoloy is very sensitive to minor temperature irregularity in both circum-

ferential and axial directions. This anisotropic property causes rod bowing, in

addition to swelling and burst. Although the burst phenomenon in the mixed phase j

is not well understood, this burst range can be treated essentially as alpha phase

burst because of the nonisotropic property of alpha phase. Beta phase Zircolay has

nn isotropic strain property which causes more or less uniform clad swelling. Thus,

the property of alpha phase Zircaloy is different from that of beta phase Zircoloy.

This difference gives a quite different clad swelling phenomenon for each phase.

| Therefore, two typical blockage shapes representing alpha and beta phase swelling

| were chosen to be simulated in tests.

|

1. Picklesimer, M. L., Presentation at the PMG meeting for FLECHT SEASET,
April 1978.

2. Chapman, R. H., "Significant Results From Single-Rod and Multirod Burst
Tests in Steam With Transient Heating," paper presented at Fifth Water |

Reactor Safety Research Information Meeting, Germantown, MD,
November 7-10,1977.
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4-3. Blockage Shape of Beta Phase Burst
i

Several tests which have been conducted in beta phase were briefly reviewed and !

the most probable burst shape was chosen. Hydrodynamic aspects of the fluid flow

around blockages were also considered, to pinpoint important factors in the |
,

!blockage tests. Based on the hydrodynamic arguments, a sleeve shape which is

! shorter than the observed one was chosen and recommended for use as a blockage

i simulation of beta phase bursts.
,

4-4. Review of Available Test Programs - The data of the beta phase burst

i tests at Oek Ridge Nationa: Laboratory (ORNLf1-8) are summarized in table

! 4-1. These single-rod tests showed wide variation in maximum strains. Also, it

was observed that the bulge was localized, with high baseline strain. Pictures of

the test rods after burst show that the axial length of the localized swelling was
.

about four times the rod diameter, and this local bulge was continued by gradually

diminishing swellings on both sides of the bulge. Tnese gradual tails resulted in a

long blockage shape whose axial length was the same as that of the test rod. An
!

I

.

1. Chapman, R. H., "Multirod Burst Test Program Quarterly Progress Report,,

! October-December 1975," ORNL/NUREG/TM-10, May 1976.
,

2. Chapman, R. H., "Multirod Burst Test Program Quarterly Progress Report,
January-March 1976," ORNL/NUREG/TM-36, September 1976.

.

3. Chapman, R. H., "Multirod Burst Test Program Quarterly Progress Report,i

April-June 1976," ORNL/NUREG/TM-74, January 1977.

1 4. Chapman, R. H., "Multirod Burst Test Program Quarterly Progress Report,
October-December 1976," ORNL/NUREG/TM-95, April 1977.

t

i 5. Chapman, R. H., "t4.sitirod Burst Test Program Quarterly Progress Report,
| January-March 1977," ORNL/NUREG/TM-108, May 1977.
.

6. Chapman, R. H., "Multirod Burst Test Program Quarterly Progress Report,
; . April-June 1977," ORNL/NUREG/TM-135, November 1977. j

-7. Chapman, R. H., "Some Preliminary Results of Single-Rod and Multirod Tests
with Internal Heaters," presentation at NRC Fuel Cladding Review Meeting,
January 18,1978.

8. : Chapman, R. H., "Significant Results From Singic-Rod and Multirod Burst
Tests in Steam With Transient Heating," paper presented at Fifth Water
Reactor Safety Research Information Meeting, Germontown, MD,
Nove mber 7-10,1977. -

j.
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TABLE 4-1

ORNL BETA PHASE BURST TEST RESULTS

(a) (a) (a)! C C
'1 * max 2 * 2 max* Cmax 1

Te st (%) (%) (%)

PS-18 24 18 0.75 14 0.58

PS-19 30 19 0.63 12 0.40

SR-2 45 33 0.73 21 0.47

SR-3 42 35 0.83 30 0.71

SR-4 17 11 0.65 8 0.47

SR-8 45 38 0.84 27 0.60

SR-13 70 63 0.90 47 0.67

SR-17 52 46 0.88 40 0.77

SR-20 58 46 0.79 40 0.69

SR-21 58 44 0.76 30 0.52

SR-22 53 44 0.83 36 0.68

SR-23 38 31 0.82 25 0.66

SR-24 66 58 0.98 47 0.71

SR-25 78 65 0.83 50 0.64

re defined as follows:ax' C , and c2a. c
1

' max ;

E
$E1 |

\m
'

'2 2d <->

4d : >

ROD HEIGHT
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in-pile test (I} conducted at the Transient Reactor Test Facility (TREAT) by
ORNL showed rod diameter increases as shown in figure 4-1. The strain values are

given in table 4-2. 1

.

The above two test series show that all heated clad suffered some degree of

strain. German tests (2 showed that grids acted as an excellent heat sink and

prevented clad swelling at the grid points. Therefore it can be concluded that

blockage length could be of the order of the grid span. But it must be noted that

rod swelling near the grid has less than 5 percent strain. In the beta phase burst,
more or less uniform circumferential temperature and isotropic strain give rise to

relatively uniform and concentric clad swelling around the test heater rod.

Further, the accompanying burst is small. Therefore the blockage can be seen as

symmetrical. From the above observations, the blockage shape is visualized as

symmetrical laterally and long axially with a short bulge at the center of the

blockage. The maximum possible swelling length can be taken at about 50 times

the original rod diameter (based on the Westinghouse PWR grid span). A schematic

sketch for this shape is shown in figure 4-2. The center portion (4d) of the block-

age shape is shown to be composed of two superimposed shapes, a short local bulge

(2d long) and the appreciable strain increase (over 4d long) which has been observed

experimentally from strain information.

Maximum strains for beta bursts are in the range of 20 to 80 percent. Actual

simulation strain must be determined by also considering the alpha phase burst

strain for comparison.

4-5. Hydrodyrmmic Aspects - Although the physical shape of clad swelling is long

(as noted above), it is difficult to simulate the long shape in blockage tests. The

difficulties are mainly associated with the following four aspects:

Manufacturing-
t

Attaching sleeve to and detaching from rod--

1. Lorenz, R. A., et al., " Final Report on the First Fuel Rod Failure Transient
Test of a Zircaloy-Clad Fuct Rod Cluster in TREAT," ORNL-4635, March 1971.

2. Wiehr, K., et al., " Fuel Rod Behavior in the Refill and Flooding Phase of a
Loss-of-Coolant Accident," CONF-771252-5, December 1977.
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TABLE 4-2

FUEL ROD DIMENSIONAL CHANGES IN TREAT EXPERIMENT

'

Diameter increase, Diameter Increase, Increase in Volume Increase
Rod Rupture-to-Back Viewed by Center Rod Rod Length From Swelling

Identification (%) (%) [mm(in.)] [cm (in )]
1

Center (58-3) 51 57 2.3 (0.09) 42 (2.6)-
1

|;
11 50 48 8.1 (0.32) 29 (1.8)~

12 62 74 8.6 (0.34) 33 (2.0)
13 52 55 7.1 (0.28) 33 (2.0)

.

#j 4 16 77 75 9.4 (0.37) 40 (2.4)
17 57 53 8.1 (0.32) 29 (1.8)
18 63 63 7.1 (0.28) 35 (2.1),

:
1

i
: :

11 i3

18 16 I
'

,

.

13 12
,

1

17

i

.

*-- a .- . - _ , _ . ,
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Instrumentation--

Data analy31s-

i

Therefore a compromise is mquired to svole' .nese problems without jeopardizing

the blockage tests objective, which is understanding heat transfer at and down-

stream of blockage. Blockage effects on fluid flow can be classified into two

change in flow behavior (flow separation, turbulence intensity) around theareas:

blockage, and flow diversion out of the blocked channel. The most important

phenomenon to be simulated in the blockage test is the local flow characteristics

around the blockage.

A dispersed flow should be considered during a reflood phase to illustrate the flow
,

1

around the blockage. The interaction between the solid walls and the droplets
i

upstream of the maximum blockage can be accounted for by keeping the same
lateral cross-sectional area of blockage. Downstream of the blockage, fluid sepa-

ration from the wall is mainly governed by the steam flow itself, because there is a

high-quality two-phase flow at the blockage when a quench front is far below the

blockage. Also, the downstream mixing is strongly affected by steam flow. There-

fore, single-phase flow characteristics with respect to blockage will be considered

to determine blockage shapes.

As shown in figure 4-2, the long sleeve tails have very small approaching angles

(B = 0.27 degree when c = 36 percent). Schlichting compared form drag to
max

total drag for aerofoils (figure 4-3). For d/L = 0.05 (equivalent to an approaching

angle of about 3 degrees), the form drag is about 5 percent of total drag. Thus, if

the angle is less than 3 degrees, the flow can be assumed to be essentially

straight. Therefore the effect of long sleeve tails on the fluid flow is negligible;

only the fluid flow around the local bulge portion is important to characterization
of the heat transfer. Flow may be separated immediately downstream of blockage,

resulting in an increase of turbulence at this point. Flow separation and
reattachment are strongly dependent on the local geometry. Thus, it is necessary

to simulate the local geometry in the region of flow separation and to estimate the

extent of the separation zone.

,

1. Schlichting, H., Boundary-Layer Theory,6th edition, McGraw-Hill, New York,
1968.

4-9
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The diversion section of blockage is shown schematically in figure 4-4a. The

separation zone can be idealized (figure 4-4b) to determine the point of reattach-
ment. Abramovich(I analyzed a free jet like that in figure 4-4b and showed that

the turbulent boundary layer spreads linearly with a equal to approximately 9

degrees during the initialperiod of the jet, which extends up to about four or five
times the jet gap. This analysis was based on the boundary layer similarity,

continuity, and momentum equations. It must be noted that the spread angle was
derived for the case of a turbulent jet in an unbounded space.

Assuming that the divergence downstream of blockage can be viewed as an un-

bounded space for the jet, a rough estimate of the reattachment point can be
obtained as a function of channel geometries. Since the spread angle (a) can be

X s simplytaken as 9 degrees based on the assumption, the relation between h and i

(4-1)
x = h/ tan 9 = 6.3 h

where x is the reattachment distance from the step and h is the step height.

Equation (4-1) was compared with experimental data and proved to be a reasonable
estimate of the reattachment point (appendix B). Therefore if the blockage

geometry between x = 0 and X = 6.3 h is maintained, it can be said that the

flow separation effect can be simulated.
1

The remaining concerns of the local flow downstream of the blockage are the

turbulence intensity decay pattern after the flow reattachment in the downstream

and upstream flow pattern of blockage. The blockage observed in several multirod

burst tests has a gradual strain change portion superimposed by a relatively abrupt

strain change. The approaching angle of the gradual cha7ge portion is generally

less than 1 degree. Since Schlichting chowed that, if a diverging angle was less

than 3 degmes, the flow was essentially the same as a straight flow, the gradual

portion can be neglected without affecting the turbulence intensity decay pattern.
Also, if the abrupt strain change portion is simulated, it can be seen that the

upstream flow pattern will not change significantly.

1. Abramovich, G. N., The Theory of Turbulent Jets, MIT Press, Cambridge, MA,
1963.
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Based on above discussions, the blockage shape may be chosen in the following way:

(1) Take a physical simulation of sleeve.

(2) Draw a straight line at an angle of 3 degrees (this value is arbitrarily chosen to ,

provide a conservatism to the calculated 9 degrees) with respect to the axial

direction from the tip of the maximum strain to define the downstream

portion of the sleeve.

(3) Determine the upstream portion to make the sleeve symmetrical with respect

to the downstream strain planes.

The short sleeve thus simulated maintains blockage geometry in the region of flow

separation downstream of the maximum strain (the axiallength of the zone is

determined by equation (4-1)). Since the ends of the resulting sleeve lie on the

gradual change portion of the long sleeve, the turbulence duay pattern thereaf ter

and the flow pattern upstream of the blockage nre not expected to be altered

considerably.

The blockage shape thus determined is shown in figure 4-Sa. But since the sleeve

to simulate this blockage shape will be made of material with a finite thickness,

some simplification of the resulting shape without much distortion is wcrth,vhile in

view of the required efforts and cost. It is also necessary to modify the end

portion of the blockage to avoid abrupt flow streamline change. The center portion

of the blockage (4d long) can be modified to a cosine curve with a minimal

alteration of the resulting curve. Further, the tail section of the sleeve can be

modified to a straight line by grinding off the thickness at the ends of the sleeve.

This simplified sleeve is not considered much different in hydrodynamic effects

from the observed blockage shape. The simplified shape considering the material

thickness (0.5 mm (0.02 in.))is shown in figure 4-5b.

Since a relatively short sleeve is to be used in the FLECHT SEASET tests, the
effect of cross flow out of a subchannel was investigated for both long and short

sleeves. The COBRA-IV code was used to calculate the flow redistribution effects

' 4-13
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caused by the different blockage sleeve lengths. The sleeve model in the calcula-

tions was a symmetrical concentric sleeve with a strain of 32.6 percent. Both a

single sleeve and a coplanar four-sleeve blockage were studied in the 21-rod bundle

(figums 4-6a and '4-6b). A slightly superheated steam at 275.8 kPa (40 psla) was

used as fluid; the Reynolds number was about 13,300. Figures 4-7 and 4-8 show the
calculated flow rates in the channels which are most affected by blockages. Since

the sleeve wall thickness is 0.5 mm (0.02 in.), the maximum length the sleeve could

have is about 20 to 24 times the heater rod diameter. (At this point the sleeve wall

thickness would equal the strain.) Therefore flow diversion effects due to sleeves
of L/d=18 were also calculated and compared in figures 4-7 and 4-8.

The calculations show that the longer sleeves (L/d = 18, L/d = 50) have lower local

flow rates in the blocked channels than the shorter one (L/d = 6). This flow diver-
sion effect is due to the flow leaving the blocked subchannel sooner with the longer

sleeves. If the flows are integrated in the most blocked subchannel of the coplanar

..four-sleeve blockage up to the blockage throat, the longer sleeves have 4 and 16
.

percent flow diversion effects for L/d = 18 and L/d = 50, respectively.

4-6. Conclusion -- Based on the above arguments, the sleeve shape to simulate

beta pha.se blocksge in FLECHT SEASET is recommended to'be a short one

(L/d = 6), as decleted in figure 4-5b. This sleeve shape is expected to correctly

simulate flow ecparstion, flow reattachment, and turbulence intensity reduction

after the wake due to flow separation.

4-7. Blocknge Shape of Alpha Phase Burst

Several burst tests have studied the behavior and shape of clad swelling. The most

extensive is the ORNL program, in which a series of single-rod burst tests preceded

multirod burst tests. So far three bundle (4 x 4) tests have been completed. The

ORNL single-rod alpha phase burst results are summarized in table 4-3. The
maximum circumferential strains observed in the tests were about 25 percent with

2 percent variations.5

Three ORNL multirod burst tests were designed for burst in the alpha phase.

However, only the first bundle data are available now; the data are summarized in

4-15
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TABLE 4-3

ALPHA PHASE BURST OF SINGLE ROD IN ORNL TESTS (")

Axial Length at Indicated Strain bm(in.)]

Maximum

Strain

Test 10% Strain 20% Strain (%)

PS-8 26 (10) 3 (1.2) 20

PS-9 33 (13) 17 (6.7) 25

PS-10 17 (6.7) 2 (0.79) 20

PS-12 32 (13) 0 (0) 18

PS-14 24 (9.4) 9 (3.5) 25

PS-15 24 (9.4) 0 (0) 17

PS-17 10 (3.9) 4 (1.6) 25

SR-5 13 (5.1) 5 (2.0) 26

SR-7 16 (6.3) 3 (1.2) 20

a. Unswelled rod diameter = 1.09 cm (0.429 in.)

4-19
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table 4-4. The maximum strains are between 32 and 59 percent, depending nn the

test conditions (such as system pmssum and heatup rates). A few sample burst '

shapes are shown in figure 4-9.

!

Chapman (I} found from the ORNL tests that circumferential and axial tempera-

tum gradients caused nonuniform deformations in alpha phase Zircoloy bursts.

That is, initial temperature gradients existed both axially and circumferentially.
As the clad defctmed, the initial gradients were modified; the deformations were

very sensitive to even small temperature gradients.

A series of out-of-pile tests has also been conducted at the Nuclear Research

Center Karlsruhe of West Germany (KFK) Wiehr, et al.,(2) ran a 5 x 5 full-length

burst test in which rods were burst in the range of 600 C to 800 C (1112 F

to 1472 F). The observed maximum strains were in the range of 8 to 32

percent. The resulting axial strain distributions am shown in figure 4-10. KFK

also ran single-rod bumt tests and observed strains of about 30 percent. From

another series of tests, Wicht and Schmidt reported the results of a preliminary test
with a shortened fuel rod simulator which had an internal heater rod.( ) They
observed the following intemsting f acts:

Initial rod internal pressum of 7MPa (1015 psi) gave a circumferential strain of-

36 percent. The higher the internal pmssure, the lower was the strain.

-- In case of pronounced differential circumferential temperatures, the rupture {
point was always located on the hotter side of the clad, which, in most cases,

was axially straight or p -tly concave, with maximum weakening of the wall
thickness.

1. Chapman, R. H., "Significant Results From Single-Rod and Multirod Burst Test
in Steam With Transient Heating," paper presented at Fif th Water Reactor |

,

Safety Research Iaformation Meeting, Germantown, MD, November 7-10,1977.

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

3. Wiehr, K., and Schmidt, H., "Out-of-Pile Experiments on Ballooning of Zircaloy {
Fuel Rod Claddings: Test Results With Shu ved Fuel Rod Simulators,'

|KFK-2345, October 1977. '
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TABLE 4-4

ORNL ALPHA PHASE MULTIROD BURST TEST DATA ("

Axial
Rod Maximum Length

Number Strain (%) Strain (%) [cm(in.)] Comment

1 36 27 5 (2.0) Two long 15% strain

20 12.5 (4.9) side swellings

10 20 (7.9)

2 32 27 7.5 (3.0) Long 25% and short 18%

20 14 (5.5) strain side bulges

10 19.5 (7.7)

3 Leak during the test and

burst at 918 C

(1681 F)

4 37 27 3 (1.2) Long 15% strain side

20 7 (2.8) bulge

10 16 (6.3)

5 45 27 10 (3.9) Long 43% strain swell-

20 16 (6.3) ing at the side of the

10 19.5 (7.7) main bulge

6 42 27 6 (2.4) Side swelling of 15%

20 21 (8.3) strain

10 43 (17)

7 38 27 6 (2.4) Long 10% strain side

20 11 (4.3) bulge

10 18 (7.1)

8 42 27 10 (3.9) Relatively short 10%

20 21 (8.3) strain side bulge

10 50 (20)

a. Rod diameter = 1.09 cm (0.429 in.)
Burst temperature = 8430C-8580C (15500F-15780)

.
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TABLE 4-4 (cont)

ORNL ALPHA PHASE MULTIROD BURST TEST DATA ("

Axial
Len

[cm(gthin.)] Comment
Rod Maximum

Number Strain (%) Strain (%)

9 48 27 14 (5.5) Numbers are for the

20 19 (7.4) largest swelling. There

10 50 (20) were two other signi-

ficant bulges on the rod.

10 44 27 11 (4.3) Two other 20% strain

20 22 (8.7) swellings

10 50 (20)

11 52 27 11 (4.3) Another 10% strain

20 17 (6.7) swelling

10 50 (20)

12 38 27 6 (2.4) Another 20% strain

20 11 (4.3) swelling

10 48 (19)

13 59 27 5.5 (2.2) Several other high-

20 17.5 (6.9) strain swellings

10 50 (20) (10%-37%)

14 42 27 11 (4.3) Two side bulges (28%

20 17 (6.7) strain) ano one small

10 50 (20) bulge (13% strain)

15 39 27 10 (3.9) Another long 20% strain

20 13 (5.1) swelling

10 50 (20) j

16 38 27 9 (3.5) Side swellings (10% and ' ;

20 14.5 (5.7) 20% strain) !

10 47 (19)

a. Rod diameter = 1.09 cm(0.429 in.)
Burst temperature = 8430C-8580C (15500F-15780F)

.

. 4-22



,

i

|

. -.: s- ,.
\

s ' !-
-

'I f )'i.

'

.iJ)
*

g

i: ei<

;'.S ,

|!.|-

!gia
Pi 'x

.

hk
Eilp3 i

i

rii

Yi
I;:'#

m
t::sg
icgil
IxI
%.n 4

~ "'}{..g ,

[lhi
\ gg

IIk
st;M

5,'
53 ~'
E: 19
;5fi
E 9!6

BUNDLE 1 BUNDLE 2

i

*

Figure 4-9. ORNL Multirod Burst Test Burst Shapes After Test

4-23

1

. ,..-. --_,.__..~_,.. . .,__.,-- _. ._ ---- _____ _ - ___ - -_ -



g'E E"

M)

45O-
1 T 1

T(

0O
9 B3

d
W 8

2O _

L -
dF d09

51 1

a22
%%%
740

_ 221
>>>)

8
1 F

O1
(

0 H0 T3 G
# N

E
L a

t
lL u.

A s
I e
X R]

. A)
tn s

i e(

T)I

m e

mM
c ) l

F[

7 H/w * Pi
)

8 wk 2 -
fT 7 o7 kG M 4 -(

1 .
?

i

0 1 tN

0. N
- u0 E 2 O2 L F

n
E 2) a) ) i

mB 1 s
1 pU r1

T 5 e(

G1

C0
1 .: 0 0-

i 0 180 -
7- 4, 8

C( e) ) rt
f

. a un0 P)
i0 g3 26M i

9 F
3 4 =72 0 -
(

E0 (

0 6HmR1 T cU=(

G T E7
N 0.A R,

E R
) 1 U
t L E S

=P E/

emO w L MELR ERk
UE TP2 FT

ETT
. 5 MSSO RRXA(

UUI

5DBB
) )

0 P t- - -

O- - - ( /

0T wi
0 0 0 0 k
3 2 1 7

.
5t@Sw ;.5$@wL!W

.

O
(

kh



- __ _ _ _ _

The hotter side was not lifted off the heat source, whereas the opposite colder--

side was, but without any measurable reduction in wall thickness.

When the clad began to lif t off the heat source, all temperature-measuring-

points on a circumferential line within a segment with an angle of approx-

imately 300 degrees showed the following temperature transicat: first the

temperature rise slowed and reached a maximum temperature, then the

temperatum began to drop. The temperature in the remaining angular

segment of 60 degrees, where the clad eventually ruptured, showed a different

behavior: temperatum did not drop but continued to rise, and finally reached

its maximum value at the time of rupture,
i

Observations of the results of single- and multirod burst tests using internal heater
;

rods were well summarized by Picklesimer(1,2) as follows: while the opposite

side of the clad hot point swells, the hot point side remains straight or bendo

slightly toward the heating element inside. Then a balloon starts to grow at the
~

hot point and eventually bursts to leave lips. A schematic sequence of burst it

shown in figure 4-11. Therefore, the flow blockage in the alpha phase burst is

mainly due to the cold side swelling, which is long axially and nonsymmetrical

radially. The burst lips are expected to work as fins to enhance heat transfer

there, and are not a significant contribution to the flow restriction because they

'have small cross-sectional area.

There sne very limited in-pile test results. KFK ran a series of in-pile single-rod
burst tests using 500 mm (19.7 in.) long Zircaloy tubes.( These tests showed

maximum strains of 30 to 43 percent. Axial strain distribution profiles were

comparable to those obtained from the out-of-pile tests discussed above. Thn

strain data of this in-pile test are summarized in table 4-5. ORNL ran an in-pile

burst test on a seven-rod bundle in TREAT. The length of the rods was 686 mm
i (27 h.). The strain results of this test are summarized in table 4-6. The observed

1. Picklesimer, M. L., presentation at the PMG meeting for FLECHT SEASET,
April 1978.

2. Picklesimer, M. L., " Configurations of Ballooned Ciudding Recommended for
FLErHT SEASET Test Bundles," personal communication to E. H. Davidson of
USNRC, RSR, April 17,1978.

3. Telephone conversations between Mr. Karb (KFK) and L. E. Hochreiter
(Westinghouse), March 31,1978, and April 5,1978, on KFK in-pile tests.

4-25
I

i

, - .
-



i

5D

E y
oC l

R D a
cU A r

O L Z
i

S C eT Y s
A aO hE LH P_

A aC h
R p_

l l

Z / A/ // / / f

/ / /
o

/ / /
t
s

/ / /
r
u/ / / B/ S

/ T / / d
nR / // a

/A // T / I /
P g

nE / SW / /L i

D / EO /
l
l

J
T / eI

/ LR / dS
S w/T / BG R S

B / U /O / f/H / UO / B o
BT / /_

- / e
/ / c

</ / m / n
e

/ / u/ _ / r /
- q

e
/ / S

/ / /

% %
/ /

.

/ 1

/ / 1
/ -/ / 4// E / / e

/ D r
/ / u

/
I

/ / gS

/ D / / F
i

/ L / // O / // C
/ / /
/ / /
/ / /

/ // ' '

*

- . .

1 2 3

_ ?g

_

_

_

_ ,



._ -_.

.

TABLE 4-5

i

KFK IN-PILE BURST TEST RESULTS("

Clad Burst Burst
Maximum Length Tempera ture Pressure

Test Strain (%) Strain (%) [cm(in.)] [ C(OF)] [Pa(psi)]

A2.1 43 10 27.3 (10.7) 8 20 (1508) 88x10 (1276)

15 16,9 (6.65)

20 10.8 (4.25)

5
Bl.6 40 10 45.5 (17.9) 875 (1608) 80x10 (1160)

15 20.5 (8.07)

20 9.5 (3.7) ,

25 6.5 (2.6)

B3.1 30 10 27 (11) 8 25 (1518) 79x10' (1146)
'

15 15.4 (6.06)

20 11 (4.3)

25 5 (2.0)+

Active Zircoloy tube length = 500 mm (19.7 in.)a.
Tube diameter = 1.07 cm (0.421 in.)

maximum strains were in the range of 26 to 42 percent, depending on the test

conditions. Axial strain distribution pattems were similar to the out-of-pile test

niculte.,

From the observations of the in-pile and out-of-pile rod burst tests discussed
'

above, it can be concluded that the blockage shape at the maximum strain zone is

relatively long axially and nonsymmetrical radially. To represent the swelling

shapo quantitatively and mechanistically, the characteristic axial dimensions of the

swelling were chosen from the discusced data as follows:

4-27
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TABLE 4-6

ORNL IN-PILE BURST TEST RESULTS(a)

Maximum Axial Length Burst Temperature
Rod Strain (%) Strain (%) [cm(in.)] [ C( F)]

4-1 35 >10 6.35 (2.5) 799 (1470)
>25 1.3 (0.5)

4-2 42 >10 9.1 (3.6) 816 (1500)
>25 2.5 (1.0)

R 36 >10 10 (4.0) 743 (1370)
>25 1.5 (0.6)

L 36 >10 15 (6.0) 877 (1610)
>25 2.5 (1.0)

H 26 >10 10 (4.0) 893 (1640)
>25 0 (0)

I 35 >10 10 (4.0) 827 (1520)
>25 1.5 (0.6)

C 40 N/A(c) N/A(c) 810 (1490)

a. Seven-rod cluster, triangular spacing:

I
I

H l
1 4-1 |

c

L R

42

b. Rod length = 686 mm (27 in.)
Tube diameter = 1.43 cm (0.564 in.)

c. Not available
>
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Axial length with an appreciable strain - 40d--

Axial length with a strain greater than 43 percent of maximum strain - 10d--

Axiallength with a strain greater than 75 percent of maximum strain - 5d-

Here d is the rod diameter and the specific strain values were chosen for a rough

matching with the observed data.1

The rod length with swellings is about 40 to 50 times the rod diameter. However,

this long swelling is hard to simulate physically in tests. Considering that the
material thickness of the sleeve is 0.5 mm (0.020 in.), it is calculated that the

practical sleeve length is about 20 times the rod diameter. This axial length is

sufficient to simulate hydraulic conditions at the blockage zone according to the

arguments given in paragraphs 4-3 through 4-6.4

One possible sleeve shape can be chosen (figure 4-12). This shape is chosen to have

a nonconcentric portion at the center and to be symmetrica'. with respect to the"

maximum strain plane. It will allow systematic determinations of the sleeve geom-

etry dimensions with a provided maximum strain. This shape also allows flexibility

in changing maximum strain.

1

Quantitatively, the general dimensions of this sleeve can be defined by the
following relations, using the notations shown in figure 4-13:(I}

|

For 01 Z 5 Z , .

1
!
I

h=R2-Z2 + hmax - R (4-2)
!

i

2- |

21 + (hmax - h )2i

whem R =

2 (h -h)max i

For Z 1Z1Z r1 2

1. Only the symmetrical half of the sleeve is defined here.
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(4-3)h= I (Z - Z ) + h22
(Z2-Z1)

For Z 5 Z5 Z ,2 3

h= - (Z - Z ) (4-4)
3

(Z3-Z2/
For 0 $ Z 5 Z ,2

X
h'=- Z + h' max (-

( Z2 /

For Z 5 Z 5 Z ,2 3

h' = h (4-6)

At Z. = 0,

0=3
2

e= cmax

At Z = Z ,1

c= c1 = a cmax

At Z = Z2

c= c2 = 6 Cmax

For the sleeve shown in figum 4-12, the general parameters in the above defining

equations are given as

y = 23.75 mm (0.935 in.)Z

Z2 = 47.5 mm (1.870 in.)
Z) = % mm (3.74 in.)

4-32



__ .. _ _. .. _ . - . .

a = 0.75

S = 0.43

The sleeve geometry can be determined completely using the above definitions and

a few geometric relations if the maximum strain of the sleeve is known.

4-8.' BLOCKAGE CONFIGURATIONS

The 21-rod bundle task will examine the mflooding phenomenon in simple olockage

configurations, 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.

This selected shape will be used in a separate large bundle test with ample bypass.

The effects of blockage on heat transfer are due to flow bypassing 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 flow, but

the geometry blockage itself may increase heat transfer as a msult of increased

turbulence and droplet disintegration. These two heat transfer effects are counter-

acting; for a clear understanding it is necessary to determine which effect can
dominate under which thermal-hydraulic conditions. Therefore, this test series will

study these effects to determine the relative importance of flow bypass and local

blockage _ geometry on reflood heat transfer. Blockage arrangements in the bundle

and relevant information am discussed in paragraphs 4-9 through 4-15.

4-9. _ Blockage Configurations To Be Tested

The following seven blockage configurations are planned for testing:

.(1) Unblocked

(2) . Concentric sleeve,32.6 percent strain, coplanar on all rods

(3). Concentric sleeve,32.6 percent strain, coplanar on nine rods

'(4) . Concentric sleeve,32.6 percent strain, noncoplanar on all rods ;

I

(5) Nonconcentric sleeve,36 percent strain, noncoplanar on all rods j

(6)- Concentric sleeve, coplanar on nine rods with maximum blockage of 90

- percent (tentative)

(7)J Worst' sleeve, more strain, noncoplanar on all rods
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The unblocked test is requimd as a reference test. The next three configurations
(tests 2,3, and 4) employ concentric sleeves whidi represent the blockage chape

resulting from a high-temperature beta phase burst of Zircaloy clad. The coplanar
sleeve location was chosm because of its geometric simplicity, which is advanta-

geous for data analysis. A configuration with sleeves on all rods (test 2) is designed

to study blockage effect without bypass. The configuration in test 3 is expected to

show the effect of a partial bypass of fluid flow. Test 4 is a noncoplanar test to
simulate a prototypical blockage distribution. The method of distributing sleeves

in a noncoplanar way is discussed in paragraphs 4-10 through 4-12.

Test configuration S uses long nonsymmetrical sleeves on 21 rods. The results of

this test will be compared to those of test 4 to help determine the effect of sleeve

shape ard geometry on reflood heat transfer. These comparisons am expected to

help choose a blockage shape. This chosen shape will be used in the 161-rod bundle

te st.

By tentative agreemmt, test configuration 6 will test coplanar concentric sleeve

distribution with a higher blockage; however, this could be changed depending on
the futum German FEB A test.(I) A worst sleeve shape based on the tests tp to

configuration 5 will be tested in configuration 7 with higher strain.

4-10. Noncoplanar Blockage Distribution

A noncoplanar blockage test configuration requims a method to axially distribute

blockage in a noncoplanar fashion. The following paragraphs describe the method

of distributing the blockage sleeves on the heater rods. The objective is to locate

blockage sleeves in the bundle in such a manner that the statistics of the location ,

1

coincide with the expected def ormation and bursts of a PWR. The basis of this )
approach is the following statement from the ORNL multirod burst test results: )
"Posttest def armatim measumments showed excellent correlation with the axial

temperature distribution, with deformation being extremely sensitive to small I

temperatum variatims."(2)
|

1. Ihle, P., and Rust, K., "FEBA - Flooding Experiments With Blocked Arrays -
3_1, 398-400 (1979). l1Influence of Blockage Shape," Trans. Am. Nucl. Soc.

2. Chapman, R. H., "Significant Results From Single-Rod and Multirod Burst |
Tests in Steam With Transient Heating," paper pmsented at Fifth Water |
Reactor Safety Research Information Meeting, Germantown, MD, November
7-10, 1977. I

4-34 |
l,



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

Their method can be employed to determine the statistics of burst locations in the

bundle.

The burst locatloas so determined were selected without considering the grid

effect on burst locotion which was observed in the German REBEKA tests.(2) It

was found that rod burst locations were shifted toward the fluid flow direction

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 Juring blowdown are expected to occur at locations

shifted downward, because of the downward fluid flow at the time. Burst at the

end of blowdown may not be affected by fluid flow because there is virtually no

fluid flow. During the refill and reflood phases, rod bursts would occur at locations

shifted upward.

Rods in a PWR can burst at any phase of a LOCA transient, depending on power

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

like. Therefore, the hydraulic effect can be incorporated into the determination of

burst locations in several ways. On the other hand, the most interesting phenome-

non in the present study is local heat transfer under a typical blockage distribution;

such a situation can be achieved without considering any hydraulic effect. This

case is considered to be most typical when bursts occur during all three phases:

blowdown, refill, and reflood.

4-11. Method for Burst Location Determination -- It is assumed that all rods to

be defor med have the same or similar temperature distribution. The ORNL

multirod burst tests showed that there were no interactions among rods during

barst, 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. Burman, D. L., and Olson, C. A., " Temperature and Cladding Burst
Distributions in a PWR Core During LOCA," paper presented at the Specialists
Meeting on tb Behavior of Water Reactor Fuel Elements Under Accident
Conditions, Spatind (Nord-Torpa), Norway, September 13-16, 1976.

2. Wicht, K., et al., " Fuel Rod Behavior in the Refill and Flooding Phase of a i

Loss-of-Coolant Accident," CONF-771252-5, December 1977.

4-35

.



A rod is divided into several sections with the same interval. Burman and Olson
computed the probability that a certain section (say, the I-th increment) of a fuel

rod is at the highest temperatum in the rod as follows:
I

=
- - J=1,N T - -

1 (p g-T)2 1 -(p i - t)2
, gp dt L dT (4-7)

TN 2cT 22

0 - -
Je 08 - 2aT -0i

Here and p; are the standard deviation of local temperature and the mean
'

T
temperature at the I-th increment, respectively. It can be seen that these two

characteristics ( T and p ) must be known to compute the local probability ofg

highest temperature. As ORNL showed, this highest-temperature location can be

interpreted as the burst location.

The mean temperature distribution required in equation (4-7) is the axial mean

temperatum of a nuclear f Jel 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.

o

The local temperature can be divided into two components:

- ,

local = Tlocal+ Tiocal
1

|

'
where T nd T re the mean and variation of local temperature, respec-

local local
tively. The mean temperature is obtained from the axial mean temperature
distr'bution. The local temperature variation is a function of the following several

.

effects:

Manufacturing effect-

e Initial fuel pellet density

Fuel pellet diametere

e Fuel enrichment
Manufacturing variables which affect fuel densificatione

i

'e Clad local ovality
;

e Foel pellet chemical bonding

4-%
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' In-pile effec t-

e Fuel pellet radial offset within clad
.

e Fuel peliet cracking

e Fuel densification;

Specific values of these inputs are discussed in paragraph 4-12. However, burst
, ,

probabilities at each inemment of rod can be computed by equation (4-7) with the

inputs of aT and p;.
;

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

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

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

sample number. Therefore, a different method was developed for the small bundle.-

The method used 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 blockage distribution on sample random numbers.
,

Multiplying the probabilities by the total rod number gives theoretical burst

numbers at the corresponding axialincrements. These numbers are usually not

; integers. Therefore, for practical purpose, these numbers are transformed to
I integers to satisfy the requirement that the total burst number is the same as the

i. total rod number. These integer numbers indicate how many sleeves should be

located at specific axialincrements. This procedum is shown schematically in

figure 4-14. An increment (1-th) is then selected at random. Since it is known
.

from the above calculation that N; rods have bursts r_t this inemment, N; rods
am selected at random. Each of these selected rods has a sleeve on the i-th

inemment.- 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.
i

~

A computer program has been written to execute this procedure for selection of

-sleeve locations. This program, called COFARR (Coolant Flow Area Reduction),

can calculate subchannel blockage with given input strain information on the'

blockage sleeve. The program is explained in appendix C, and a sample case result
,

'Is shown in appendix D.'

.
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4-12. Input Data - The mean temperature distribution at time of burst and local -

temperature fluctuation data are required to compute burst probability according to

equation (4-7). Further strain information is required to compute actual blockage

distribution and subchannel area.
t

Relevant information on mean temperatum distribution and local temperature

fluctuation om summarized in appendix E. Fmm these available data, bounding

axial blockage distributions can be determined to decide the test range of blockage

distribution. For this purpose, one must remember that an axial blockage distribu-

tion can be adjusted by either mean temperatum or local temperatum uncertainty.

The larger the local temperatum standard deviation, the flatter is the blockage'

distribution. The flatter the mean temperature, the flatter is the resulting blocking

distribution.

Appendix E shows that the most peaked mean temperature distribution is obtained

by either Ykstinghouse or Babcock & Wilcox plants, and clad rupture is calculated to
occur for Babcock & V41cox and Westinghouse plants during and at the end of

blowdown, mspectively. Therefore, it is expected that the Westinghouse plant has

the most peaked axial blockage distribution. Calculations for Combustion

Engineering and Exxon plants show a flatter mean temperature distribution. The

maximum local temperatum distribution standard deviation is taken at the time of

the accident. Therefore, the Sounding cases for noncoplanar distributions are as

follows:

For peaked axial blockage distribution-

Mean temperature: Ykstinghouse (figure E-1)
Standard deviation of local temperature fluctuation: 6.7 C (12 F)

|

r

|
- For flatter axial blockage distribution

Mean temperatum: Combustion Engineering (figure E-4)

Standard deviation of local temperature fluctuation: 13.4 C (24 F)
i
i

Strain data are required to finalize the sleeve shapes discussed in this chapter. A

i real blockage distribution can be calculated by COFARR with input sleeve strain

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

sizes; however, a single size strain is suggested for all rods in the pn3sent tests for

simplicity of both experimental setup and data analysis. The effect of different
sleeve sizes willbe indirectly addressed by tests with a higher-strain sleeve.

Strain data are available from various rod burst tests. The results of the ORNL

multirod burst tests are plotted in figure 4-15, along with the German in-pile test
results. In the ORNL in-pile test, strains ranging from 26 to 42 percent were

observed. The German out-of-pile test showed relatively low strain, ranging from
8 to 32 percent.

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

standard deviation of 8 percent, assuming that strains are distributed normally. Of

counse, these numbers are rough estimates. Therefore, a strain of 36 percent is

planned as a reference case for tests which use nonconcentric sleeves. The strain

relation between the concentric and nonconcentric sleeves is discussed in para-

graphs 4-13 through 4-15.

4-13. Relationships Between Different Configurations

Several configurations and sleeve shapes will be employed in this series, as ex-

plained above. The results obtained from these tests will be used to develop a

blockage shape in terms of heat transfer and to get a better understanding of heat

transfer as af fected by blocked geometry. There are bases of cormarison between

different test conditions for these purposes. |
|

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

concentric sleeve shapes and coplanar versus noncoplanar sleeve arrangements. I
i

4-14. Concentric Versus Nonconcentric Sleeve Shapes -- As noted above, the l

21-rod test results willbe used to determine a blockage shape which gives poorer

heat transfer. This selected sleeve will be used in the large bundle tests. To select I!

i

the sleeve shape, it is necessary to establish a certain basis of comparison. This

comparison basis will also govern the sleeve distributions in the bundle.

|
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|

The planned blockage configurations allow one set of sleeve comparisons: test I

configurations 1 and 4 versus test configurations 1 and 5.

|

Two parameters introduced by the multiplicity of blockage sleeve in a bundle are !

sleeve locations and maximum bundle average blockage. Sleeve locations govern

the environment factor (N ) in the tentative modeling scheme: |

E

[G\*hB B
NNE (4-8)= e

ho Goj
i

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

constant factor; and N is the shape factor. Subscripts B and O represent
e

blocked and unblocked bundles, respectively.

The total blockage test provides the heat transfer rate, which can be modeled as

7G \B
NNeE (4-9)(h ) = hoB c or n

Go)
e or n

where e and n denote concentric and nonconcentric sleeves, respectively.

G and m should be known, and G can be calculated by COBRA for each
O B

subchannel. It should be noted that G /G is not equal to one for a non-B O
coplanar blockage distribution without bypass, in contrast to the coplanar case. I

IThe flow rate in each subchannel(G ) and N are determined by sleeve distri-
B E

bution. 'Therefore it is necessary to have the came sleeve (not blockage)

distribution for both shapes to have a common basis for comparison.

The maximum avnrage blockage is also governed by sleeve locations. Keeping this

blockage at the same value for the two sleeve shapes disturbs sleeve locations; this

is not desirable from the viewpoint of model development.

It must be noted again that this total blockage case has no bypass flow area. Fluid

8n nd (h }c obtained from the Iis forced through the blocked zone. Therefore (h B
tests cannot be compared directly. Any flow depletion in the blocked subchannel |

4-42
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which can be expected for the case with bypass flow area should be accounted for,
i to make the rates comparable. One possible way is to modify the experimental

heat transfer rates, as follows:

i m

[G\m
-

(h*)nore= hg [O -

'

B B
NNeE (4-10)B

- ( o) -n or c W F9-

n or e-

i

where G is the average flow rate in the blocked zone when there is a sufficientB . .
bypass flow area. Then it is possible to compare (h to (hB}c,t determine8n
which gives lower heat transfer.'

4-15. Coplanar Versus Noncoplanar Sleeve Arrangements -- When coplanar and

noncoplanar sleeve test results are compared, one parameter must be kept con-

stant. The parameter may be either sleeve strain or overall pressure drop. How-

ever, keeping the pressure drop constant is difficult, because the total pressure

drop 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 non-

coplanarity (or local temperature uncertainty) is zero.

4-16. RELATIONSHIP BETWEEN 21-ROD AND 161-ROD BUNDLES
!

It is desirable to relate the 21-rod bundle to the 161-rod bundle, because the

relationship may improve understanding of the data from both bunale tests. Also,

a bypass effect which cannot be explored satisfactorily in the small bundle can be

studied in the large bundle through a relationship between the two bundles. There-

fore, an attempt was made to establish a physical relationship between the two tests.
B

| . Aside from the size, a basic difference between the two bundles is that only the
; large bundle has thimbles. This difference makes it difficult to provide similarity
L

| between tM bundles; however, an adequate similarity can be achieved by noting
'

that a blockage at the highest axial location does not significantly affect the flow

J

4
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.__ ,

field of a blocked zone at lower elevation. Thus, a rod with blockage at the highest

elevation can be treated as a thimble in the region local to a blockage at a lower

elevation.
,

i

A set, or island, of 21 rods in the large bundle which are arranged in the same way

as the 21-rod bundle can be selected. Although such a 21-rod island may have one

or two thimbles, it is better to select an island with only one thimble to minimize

the thimble effect. Then there are one-to-one correspondenen between the rods

in the 21-rod bundle and those in the island. Therefore it is possible to distribute

sleeves for the rods of the island in the same way as in the 21-rod bundle to pre-

| serve the physical resemblance of blockage distribution. But since a thimble does

not burst, it cannot have a sleeve. This difference can be minimized if the rod

which corresponds to the thimble has a sleeve at the highest axial positica; such a

blockage will not affect the flow field in the blocked region significantly.

; One way to build such an island in the large bundle is to select 21 rods arranged in

the 21-rod bundle pattern with a thimble at the center of the rod group. This'

method of island selection is shown in figure 4-16.
r

A mstriction must be imposed in the selection of sleeve locations for the 21-rod
;

[ bundle, to use the sic. eve distributions in building the large bundle according to the

method discussed above. Since a thimble is at the center of the island, the sleeve

must be located on the center rod at the highest axial position within the blocked*

zone.

I

1

|

1

|

|

)
.

,

I
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SECTION 5

INITIAL CONDITIONS AND RANGE OF CONDITIONS

Data requirements for the 21-rod flow blockage task are determined by the task

objectives, as presented in section 3 of this report, and by contract commitments,

as presented in the work scope (appendix F). To meet task objectives, the heater

rod bundle and test facility system instrumentation must be designed to provide

suff'clent data for calculating the following:

- Mass and energy balances around each loop component

-- Global and local thermal-hydraulic conditions to develop models based on

experimental data which can be used to interpret reflooding phenomena, and

to identify flow and heat transfer regimes during reflood

-- Heat transfer and mass entrainment data for formulating empirical correlations

Table 5-1 summarizes the basic data to be obtained and the instrumentation that
will allow the above calculatir s to be made and hence achieve task objectives and

task work scope. A more detailed description of bundle and system instrumenta-

tion is presented in section 7 of this report.

The resulting data and analysis from this task will be used to determine differences

in flow blockage configurations and for screeling blockage configurations for

future 161-rod flow blockage reflood experiments. The 161-rod flow blockage

experiments will prc vide data which could be used to remove the steam cooling

requirement imposed by the Appendix K rule for reflooding rates below 2.54 cm/sec

(1 in./sec) and to replace it with a more realistic design requirement. Parameter

studies will subsequently be performed around the refecence initial conditions for a

worst case analyzed for a hypothetical loss-of-coolant accident of a Westinghouse

standard 17 x 17 four-loop plant.

1. .lohnson, W. J., et al., ' Westinghouse ECCS Four-Loop Plant (17x17) Sensitivity
Studies," WCAP-8566, July 1975.
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TABLES-1

BASIC DATA TO BE OBTAINED FOR 21-ROD BUNDLE FLOW BLOCKAGE TASK

Desired Data Instrumentation Location

Clad temperatums Heater rod thermocouples inside surface of heater cladding at
various axial and radial bundle elevations

Fluid temperatures Fluid thermocouples and shielded Test section plenums, ir bundle at
steam probes various elevations

Inlet flow rate Turbine meter Injection line

Inlet enthalpy Fluid thersnocouple and pressure injection line and accumulator
transducer

System pressure Pressure transducer Test section upper plenum

System pressure drops Differential pressure transducer Across various loop components

[ Bundle exit steam mass rate Orifice plate flowmeter Exhaus'. line

Bundle exit liquid mass rate Differential pmssure transducer Carryover tank and steam separator tank

Mass storage (void fraction Differential pressure transducer At each 0.3 m (1 f t) increment along
distributions) the rod bundle heated length

Sy: tem temperatures Thermocouples Accumulator, carryover tank, and steam
separator piping

Rod bundle power Wattmeter transducer input power lines

Blockage sleeve temperatures Sleeve thermocouples Embedded at point of maximum strain in
blockage sleeve

Housing temperatums Wall thermocouple Outside housing surface at various
elevations

Bundle exit steam temperature Aspirating steam probe Exhaust line, on either side of steam
separator

- - _ _ - _ _ _ -



The currently intended test reference initial conditions are listed in table 5-2.
These specific conditions vem derived from the following reference assumptions:

The core hot assembly is simulated in terms of peak power [kw/m (kw/f t)] and--

initial temperatum at the time of core recovery.

- Decay power is ANS + 20%, as specified by Appendix K.

The initial rod clad temperature is pr arily dependent on the full-power--

linear heating rate at the time of coru recovery. For the period from 30
seconds to core recovery, typical msults yield an initial clad temperature in

the hot assembly of 871 C (1600 F).

-- Coolant temperatums will be selected to maintain a constant subcooling to

facilitate the determination of parametric effects.

Coolant willbe injected directly into the test section lower plenum for the--

forced flooding rate tests, and into the bottom of the downcomer for the

gravity reflood scoping tests. Injection into the bottom of the downcomer is
used for better test facility pressure control. (In previous gravity reflood
experiments,(1) injection into the top of the simulated downcomer resulted

in severe flow oscillation in the test section. This phemmemn was believed to

be due to condensation effects associated with downcomer piping. The

condensation-induced oscillations were reduced by injection into the bottom of

the downcomer.)
i

Upr a 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 will be performed with a uniform radial power profile.--

The axial power shape built into the heater rod will be the modified cosine-

with a power peak-to-average ratio of 1.66 (figure 5-1).

J. Waring, J. P.. and Hochreiter, L. E., "PWR FLECHT SET Phase B-1 Evaluation
Report," WCAP-8583, August 1975.
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TABLE 5-2

REFERENCE AND RANGE OF TEST CONDITIONS FOR

21-ROD BUNDLE FLOW BLOCKAGE TASK

Initial Range of

Parameter Condition Conditions

initial clad temperature 871 C 260 C - 871 C

(1600 F) (500 F - 1600 F)

Peak power 2.30 kw/m 0.88 - 2.30 kw/m

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

Upper plenum pressure 0.28 MPa 0.14 - 0.28 MPa

(40 psla) (20 - 40 psia)

Flooding rate:

-- Constant 25.4 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 - ,

I

(1.8 to 0.2 lb/sec) |
,

Coolant AT subcooling 78 C 3 C-78 C

(140 F) (5 F-140 F) I

:

|

|
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The use of the 1.66 axial power profile will allow comparisons with the large

~161-rod unblocked and blocked bundle tests such that the bundle sizes are the

primary difference among these tests. ,

l

The ranges of initial test conditions are listed in table 5-2. The specific tests to be

conducted in this series am pmsented in section 8 of this report.

.

O

I
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SECTION 6

TEST FACILITY DESCRIPTION

6-1. FACILITY DESIGN AND LAYOUT

A new facility will be designed and built for conducting the 21-rod bundle flow

blockage tests.

The test facility will be designed to the following basic requirements (figure 6-1):

-- The facility will be capable of performing reflood heat transfer tests with a

21-rod bundle utilizing 0.95 cm (0.374 in.) OD heater rods (see table 2-1).

The facility will be capable of performing forced flooding, steam cooling, and--

gravity reflood tests similar to those performed in the unblocked bundle
facility,( and also capable of performing hydraulic characteristics tests.

All loop components and piping except the housing will be designed for 0.525--

MPa (75 psia) and 371 C (700 F) service. The housing will be designed for

0.525 MPa (75 psia) and 816 C (1500 F) service. The materials will be

carbon steel.
.

The upper and lower plenums, carryover tank, and steam separator tanks will-

have the same volume to flow area ratio as the unblocked bundle facility.(1)

The downcomer and crossover pipe flow area will be scaled down from the--

unblocked bundle flow area (I) to the 21-rod bundle flow area.

The test section will be designed to facilitate disassemblirg the bundle for--

changing blockage configurations.

1. Hochreiter, L. E., et al., "PWR FLECHT StEASET Unblocked Bundle, Forced
and Gravity Reflood Task: Task Plan Report," NRC/EPRl/Vhstinghouse-3,
March 1978.
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The test facility will utilize certain existing equipment: the silicon-controlled
rectifiers and circuit breakers for the bundle power supply, the computer front end

for data acquisition, a water supply accumulator to supply flow, and a saparator

steam injection system to supply steam cooling flow. The remaining facility

hardware and equipment will be new and includes the test section, test bundles,

carryover vessal, entrainment separator, exhaust line piping, coolant injection

system, downcomer, and electric boiler. Appendix G contains applicable drawings

for the test facility (in addition to those contained in this section and section 7).

During operation, coolant flow from the 0.379 m (100 gal) capacity water supply
accumulator will enter the test section housing through a series of hand valves or

automatically through a pneumatically operated control valve and a series of

solenoid valves. Coolant flow will be measured by a turbine meter located in the

injection line. Test section pressure will initially be established by a steam boiler

connected to the upper plenum of the test section. During the experimental run,
the boiler will be valved out of the systam and pressure maintained by a pneu-

matically operated control valve located in the exhaust line. Liquid effluent

leaving the test section will be separated in the upper plenum and collected in a

close-coupled carryover tank. An entrainment separator located in the exhaust

line will be used to separate any remaining entrained liquid in the vapor. Dry

steam flow leaving the separator will be measured by an orifice meter before it is

exhausted to the atmosphere. Additional system features include the fs 10 wing, as

previously developed in the skewed power profile test series:(1)
1
i

-- Axial test section differential pressure (DP) cells installed every 0.30 m (1 ft)

for accurate m na accumulation and void fraction measurements
1

1

-- Two steam probes located in the test section outlet pipe

1

A V-ball control valve to improve system pressure control--

The facility will be modified during the test series to conduct gravity reflood tests

(figum 6-1). The modifications consist of connecting a downcomer to the lower

plenum, moving the injection line from the lower plenum to the bottom of the

1. Rosal, E. R., et al., "FLECHT Low Flooding Rate Skewed Test Series Data |
- Report," WCAP-9108, May 1977. |

|
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downcomer,(1) utilizing a gate valve between the test section outlet pipe and the

inlet flange to the entrainment separator to simulate hot leg resistances, venting

the top of the downcomer '.o the entrainment separator, and installing additional

instrumentation and differential pressum cells. Reflood flow into the test section

and any reverse flow out of the test section will be measured by a bidirectional
turbine meter located in the downcomer crossover leg.

6-2. FACILITY COMPONENT DESCRIPTION

The various components of the test f acility are described in the following

paragraphs.

6-3. Test Section

The low mass housing, together with the lower and tpper pleaums, constitutes the

test section (fi;gre 6-2). The low mass housing (figure 6-3) is a cylindrical vessel
with inside diameter of 6.825 cm (2.687 in.) and 0.399 cm (0.157 in.) wall, con-

structed of 304 stainless steel rated for 0.551 MPa (80 psi) at 816 C (1500 F).

The wait thickness was chosen so that the housing will absorb, and hence release,

the minimum amount of heat as compared with the rod bundle. The inside diam-

eter of the housing was made as close to the rod bundle outer dimensions as

possible to minimize excess flow area. The excess flow area is further minimized

by solid triangular fillers (figure 6-4). The housing will also have differential

pressure cell pressure taps located every 0.30 m (1 f t) to measure liquid level in the

housing. To help eliminate thermal buckling and distortion, the section will be

supported from the tpper plenum to permit the housing to freely expand downwards.

1. In previous gravity reflood experiments,(2) injection into the top of the
simulated downcomer resulted in severe flow oscillation in the test section.
This phenomenon was believed to be due to condensation effects which were
reduced by injection into the bottom of the downcomer.

2. Waring, J. P., and Hochreiter, L. E., "PWR FLECHT SET Phase B-1 Evaluation
Report," WCAP-8583, August 1975.
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6-4. Test Bundle

A cross section of the test bundle is shown in figure 6-4. The bundle is composed

of 21 instrumented heater rods and four solid triangular fillers. Details of the

heater rods are shown in figure 6-5. The thermophysical properties of the heater
rod materials are listed in table 6-1. The triangular fillers are split and pin-

connected to each other between grids, and welded to the grids to maintain the

proper grid location and accommodate thermal growth. In addition to reducing the
amount of excess flow area in the housing, the fillers will also support test bundle

instrumentation leads. The excess flow arec is 7.8 percent with the fillers.

6-5. Carryover Vessel

The function of the carryover vessel is to collect liquid overflow from the test

section. The carryover vessel is a dual-diameter vessel which provides suf ficient

capacity for high flow rate tests and also accurate measurement for low flow rate

tests. The vessel shell is a 6.35 cm (2.5 lit) diameter schedule 40 and 7.62 cm (3 in.)
diameter schedule 40 carbon steel pipe. The small-diameter vessel is 2.23 m (88 in.)

long and the large-diameter pipe is 2.16 m (85 in.) long. The vessel is close coupled
to the tpper plenum via a stainless steel flexible hose as shown in figt;re 6-6.

6-6. Entrainment Separator

Located in the exhaust line, the separator (figure 6-6) is designed to remove any

remaining water droplets exhausting from the test section, so that a meaningful

single-phase flow measurement can be obtained by an orifice section downstream

of the separator. The vessel shell is 15.24 cm (6 in.) schedule 40 carbon steel pipe
3and the vessel volume is 0.0284 m3 (1.004 f t ). The separator utilizes centrif-

ugal action to force the heavier moisture against the wall, where it drains to the

bottom. The water is collected in a separator drain tank directly connected to the

bottom of the separator. The drain tank shell is a 3.81 cm (1.5 in.) carbon steel
3pipe and the vuiume is 0.011 m3 (0.065 f t ).
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Figure 6-4. 21-Rod Bundle Test Section Cross Section
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TABLE 6-1

THERMOPHYSICAL PROPERTIES OF HEATER ROD MATERIALS

| Thermal
' Density Specific Heat Conductivity

3 3[kg/m (lbm/f L )] [J/kg 0C(Btu /lbm OF)] [ W/m 0C(Btu /hr-ft OF)]| Material
1

| Kanthal 2898.70 456.36 + 0.45674 T
(180.96) for T < 6490C

(0.109 + 0.000059 T
for T < 1200oF)

,

4161.68 - 3.843 T 16.784 + 0.0134 T
for 6490C < T < 8710C (9.7 + 0.0043 T)

|

|
(0.994 - 0.00051 T

'

for 12000F < 1 < 16000F)

! 664.86 + 0.0904 T
for >8710C

_

(0.1588 + 0.000012 T
for T > 16000F

_

Boron 2212.15 2017.74 - 1396.26e-0.00245 T 25.571 - 0.00276 T
nitride (138.1) [ 0.48193-0.333492e-0.0013611 T] ('4.7778 - 0.0008889 T) |

Stalnless 8025,25 443.8 + 0.2888 T 14.535 + 0.01308 T
steel (501.0) f or T < 3150C (8.4 + 0.0042 T)

(0.106 + 3.833 x 10-5 T
for T < 599.250F)

484.4 + 0.1668 T
for T > 3150C

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

_

!
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6-7. Exhaust Line Piping and Components

Test section effluent discharges to the atmosphere through 5.08 cm (2 in.) exhaust

line piping. A nozzle penetration on the upper plenum provides the attaching point

for the exhaust line piping. Sandwiched between the two mating flanges is a plate
wh'ch serves as a structural attachment for an internal baf fle pipe assembly (upper

planum baffle, figure 6-7). This baffle server to improve the liquid carryout sepa-
ration and minimize liquid entrainment in the exhaust vapor. Af ter passing through

the upper plenum baffle pipe, the exhaust vapor passes through a 90-degree elbow

and a straight, run of pipe into the entrainment separator.

Dry steam leaving the separator passes through a 90-degree elbow and along a

straight run of heated pipe to an orifice flange assembly utilized to measure flow

rate. Clamp-on strip heaters on the pipe are used to heat the pipe to 260 C

(500 F) to assure single-phase steam flow through the orifice. Steam then ex-
hausts to the atmosphere through a pressure control valve. The control valve is an

air-operated V-ball control valve of the type used successfully on the skewed
FLECHT test series (I) to minimize the pressure oscillations during a test run.

Aspirating steam probes are located in each of the two 90-degree elbows to
..aasure the temperature of the exhaust steam. A full-bore gate valve installed at

the entrainment separata inlet flange will be employed to simulate the hot leg

resistances for the gravity reflood tests.

~

6-8. Coolant injection System .

This system provides reflood water to quench the rod bundle during testing. In
brief, coolant injection water is supplied by the 0.379 m3 (100-gal) accumulator

through a series of valves and turbine meters. Nitrogen overpressure on the

| accumulator provides the necessary driving head to attain the required injection

l ra te s.
l

|

| Constant or stepped injection flow is accomplished by the proper sequencing of

solenoid valves, which are located in a piping manifold arrangement, as shown in

figure 6-1. Programmed flow to the test section is controlled by means of a

1. Rosal, E. R., et al., "FLECHT Low Flooding Rate Skewed Test Series Data
Report," WCAP-9108, May 1977.
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pneumatic valve which operates off a demand signal from the computer, with

feecback from the turbine meter. Two turbine meters are used for flow rate
measurement, one with a range of 1.58 x 10-5 to 31.54 x 10-5 m /sec (0.25

to 5.0 gal / min) for forced flooding tests and one with a range of 1.58 x 10-5 to

94.62 x 10-5 3m /sec (0.25 to 15 gal / min) for gravity reflood tests.

A full flow bidirectional turbine meter with a range of 3.15 x 10-0 to 94.62 x

10-' m /sec (0.5 to 15 gal / min) will be installed in the downcomer crossover

leg during gravity reflood tests tra measure flow into the test section and any

reverse flow from the test section to the downcomer.

6-9. Downcomer

The downcomer will be connected to the test section lower plenum for the gravity

reflood tests, as shown in figure 6-6. The downcomer is fabricated from 5.08 cm

(2 in.) schedule 40 pipe, a 90-degree long radius elbow and a flexible rubber pipe.

The rubber pipe connects the downcomer to the lower plenum and allows for

downward thermal expansion of the test section. The horizontal crossover run of

the downcomer is 221 cm (7.25 ft) long and the vertical run is approximately

610 cm (20 ft). A nozzle located in the elbow of the downcomer will be used to

inject the coolant water from the accumulator. The bidirectional turbine meter

will be located in the crossover pipe.

6-10. Boller

The boiler is a Reimers Electric steam boiler with a steam capacity of approxi-

mately 15.7 x 10- kg/sec (125 lb/hr) at 100 C (212 F). The boiler is used to

pmssurize the facility and for pretest facility heatup. This is accomplished by

valving the boiler into the upper plenum of the test section.

6-11. Steam Injection System

This system provides saturated steam to the rod bundle during steam cooling tests.

The steam injection system is composed of a large-volume tank with immersible

electric heaters capable of providing steam flow in the range of approximately

0.0045 kg/sec (0.01 lb/sec) to 0.045 kg/sec (0.10 lb/sec).
|
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6-12. FACILITY OPERATION

The facility operation will be similar to that detailed in WCAP-9108.(I) The

following general procedum will be used to conduct a typical reflood test:

(1) Fill accumulator with water and heat to desired coolant temperature,53 C

(127 F) nominal.

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

p ressure.

(3) Steam heat the carryover vessel, entrainment separator, separator drain tank,

test section plenum, and test section outlet piping (located before the entrain-

ment separator) while they are empty to slightly above the saturation

temperature corresponding to the test run pressure. The exhaust line between

the separator and exhaust orifice is electrically heated to 260 C (500 F)

nominal; the test section lower plenum is heated to the temperature of the

coolant in the accumulator.

(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 chcnnels by the computer to check for defective

instrumentation. The differential pressure and static pressure cell zero

readings am takr i and entered into the computer calibration file. These zero

readings are compared with the component calibration zero reading. The

straight-line conversion to engineering units is changed to the new zero when

the raw data are converted to engineering units. This zero shift process
accounts for errors due to transducer zero shif ts and compensates for level

reference lege, enabling the engineering units to start with an empty reading.

1. Rosal, E. R., et al., "FLECHT Low Flooding Rate Skewed Test Series Data
Report," WCAP-9108, May 1977.
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(6) Apply power to the test bundle at a peak rate of 1.31 kw/m (0.4 kw/ft) and

allow rods to heat up. When the temperature in any two designated bundle
,

thermoco@les reaches the desired test flood temperature,871 C (1600 F),

the computer automatically initiates flood and controls power decay. The

exhaust control vante regulates the system pressure at the preset value by

releasing steam to the atmosphere.

(7) Ascertain that all designated rods have quenched (indicated by the computer

printout of bundle quench).

(8) Cut power from heaters, terminate coolant injection, and depressurize the

entire system.

(9) Drain and weigh water from all components.;

During the test series, the facility will be modified to conduct gravity reflood
tests. The same procedure will be used to conduct these tests with the following

exceptions after flood is initiated, the flooding rate will be adjusted if necessary

to ensure that the level in the downcomer does not exceed the 4.88 m (16 ft)

elevation. This is necessary to avoid condensation, which affects the pressure4

j transient of the facility (see paragraph 6-1).

; 6-13. BLOCKAGE SLEEVES AND CHANGEOVER

:

Two basic blockage sleeve shapes will be tested: concentric short sleeves and

nonconcentric lang sleeves. The blockage sleeves will be fabricated by hydro-4

forming circular-cross-section stainless steel tubing. The tube wall thickness will

be approximately 0.076 cm (0.030 in.). Provisions will be made to instrument the

sleeves with a thermoco@le. The blockage sleeves will be spot-welded to the

heater rod. This sleeve attachment method was tested in a single-rod test facility

to verify its adequacy under reflood conditions (see paragraph 7-5). Figure 6-8

~shows the two sleeve shapes.

The test facility is designed to make six bundle changeovers for the seven bundle'

configurations previously described (paragraph 4-9). After completion of the test
,.
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I

matrix (see tables 8-1 and 8-2), the bundle will be replaced with a newly assembled

bundle with the proper blockage configuration and the test matrix will be repeated.

Bundles for future blockage configurations will be made in a series or parallel effort

during the testing period, depending on manpower availability. Sufficient hardware,
,
,

| such as grids and fillers, will be available for thme bundles.

6-14. HYDRAULIC CHARACTERISTICS TESTS,

<

Single-phase (water) hydraulic characteristic tests will be performed on the seven

bundle configurations listed in paragraph 4-9, with the test bundle installed in the

test vessel prior to conducting the heat transfer tests.

The purpose of these tests is to obtain loss coefficients for bundle grids, blockage

geometries, and friction factors for ranges and conditions applicable to reflooding in

the 21-rod bundle heat transfer facility. This information will be used as input to

development of an analytical or experimental method of bundle blockage heat

,

transfer, such as a COBRA-IV model.
!

Flow will be supplied by the pressurized water supply accumulator over a range of

6.30 x 10~0 to 37.8 x 10 m /sec (10 to 60 gal / min). Flow will pass once through
~

the test vessel to the entrainment separator and to drain. Test vessel pressures

and differential pmssures will be measured with differential pressure cells and the

flow rate will be measured with a 3.154 x 10~4 to 3.785 x 10~3 m /sec (5 to
60 gal / min) turbine meter.

;
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SECTION 7

TEST FACILITY INSTRUMENTATION

7-1. GENERAL

The data recorded in this task will consist of temperature, pcwer, flow, fluid level,

and static pressure. The temperature data will be measured by type K (Chromel-

Alumel) thermocouples using 66 C (150 F) reference junctions. The thermo-

couple locations are divided into two groups: test section bundle and loop. Bundle

thermocouples consist of heater rod thermocouples, steam probes, and blockage

sleeve thermocouples. The heater rod thermocouples will be monitored by the

Computer Data Acquisition System (CDAS) for temperature at time of flood, over-

temperature, and bundle quench temperature. The loop thermocouples measure

fluid, vessel wall, and piping wall temperature.

Power input to the bundle heater rods will be measured by Hall-effect watt
transducers. These watt transducers produce a direct current electrical output

proportional to the 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 bunds cower. The scaling factor of the transformers will be
accounted for when the raw data (millivolts) are converted to engineering units.

Injection flow will be measured by two turbine meters: one for forced flooding

tests and one for gravity reflood tests. Gravity feed flow into or out of the bundle

will be measured by a bidirectional turbine meter located in the crossover leg. The

turbine meter will be connected 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 is proportional to the speed and direction of

flow in the downcomer crossover leg. Calibration of the turbine meter by the

manufacturer provides for data conversion to volumetric flows for the turbine

meter analog signal.
:
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The system pressure measurements will be both static and differential. The

pressure transducers will be balanced bridge strain gage devices. The differential

pressure readings will measure level in the vessels and the bundle and pressure

drops acrom selected horizontal pipes.

Standard thermocouple calibration table entries and the corresponding coefficients

willbe used to compute the temperatum value. All other channel calibration files
will be straight-line interpolations of calibration data. The slope intercept and
zero for the least-squares fit of a straight line to the equipment calibration data
are computed for each channel and entered into its calibration file. The software

uses this straight-line formula to convert millivolts to engineering units. Figure

7-1 presents a schematic diagram of the computer hardware interface.

7-2. BUNDLE INSTRUMENTATION

The bundle instrumentation consists of heater rod thermocouples, steam probes,

blockage sleeve thermocouples, differential pressure cells, power measurements,

and plenum fluid thermocouples.

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

sleeve thermocouples for the first four bundles am shown in appendix H. Minor

modifications to this bundle instrumentation plan are expected for subsequent

bundles, depending on the test data obtained.

7-3. Heater Rod Thermocouples

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

a total of 168. All 168 thermocouples will be connected to the computer. The

placement of the heater rod thermocouples was based on the following (see

appendix H):

Achieving an axial distribution both in the blockage zone (inner 3x3 array of-

nine rods) and outside the blockage zone (outer 12 rods) the same as in the

unblocked bundle task

Achieving a radial distribution such that rods both in the blockage zone and-

outside of the blockage zone are instrumented

7-2
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;

Achieving an azimuthat orientation such that the heater rod thermecouple is--

" directed" toward the blocked subchannel instead of toward an adjacent heater

rod

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

the blockage zone to determine the axial effects of blockage sleeves

Figum 7-2 shows the number of thermocouples per elevation for all 21 rods and for

the center 3 x 3 array of nine rods.

Heater rods in the 21-rod bundle task will be manufactured with five different

thermocouple groupings, as shown in table 7-1. Also shown is the relative
azimuthal orientation of the thermocouples. Groups 2b and 2c, which are very
similar to group 2 in the unblocked bundle task,(I) cover the blockage zone of

1.778 m (70 in.) to 2.134 m (84 in.) very thoroughly. Groups Ab and 13b, which am

similar to groups 4 and 13, respectively, in the unblocked bundle task, provide

fairly uniform axial coverage from 0.3 m (1 f t) to 3.0 m (10 f t). Group 14 rods

provide temperature measurements in both the blockage zone and the high-

temperature zone at 2.13 m (7 f t) to 3.0 m (10 f t) The axial and azimuthal

locations of heater rod thermocouples are shown in figures H-3 through H-26.

Groups 2b and Ab will have eight and six thermocouple leads, respectively, coming

out the bottom end of the rod. Groups 2c,13b, and 14 will each have four leads

coming out both ends of the rod. Running leads out the bottom end of the rod will

prevent thermocotple leads passing through the high-temperature zone and

introducing temperature measurement errors.(2) Thermocouples at the 1.98 m

(78 in.) elevation and below have their leads coming out the bottom end of the rod.

1. Hochreiter, L. E., et al., "PWR FLECHT SEASET Unblocked Bundle, Forced
and Gravity Reflood Task: Task Plan Report," NRC/EPRl/ Westinghouse-3, .

March 1978. I

!

2. Roberts, M. J., and Kollie, T. G., "Darivation and Testing of a Model to |

Calculate Electrical Shunting and Leakage Errors in Sheathed Thermocouples," !

4_8, 1179-1191 (1977).Rev. Sci. Instrum. 8
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l
!

TABLE 7-1

1

l21-ROD BUNDLE FLOW BLOCKAGE TASK HEATER ROD INSTRUMENTATION

AXIAL AND AZIMUTHAL DISTRIBUTION

Elevation

[m (in.)] Group 2c Group 2b Group Ab Group 13b Group 14

0.30 (12) 315

0.61 (24) 270

0.99 (39) 135

1.22 (48) 180

1.52 (60) 270

1.70 (67) 180

1.78 (70) 0 0

1.80 (71) 180 0

1.83 (72) 0 270 90

1.88 (74) 270 90 90

1.91 (75.25) 315 180

1.93 (76) 180 135 90

1.96 (77) 45 270

1.98 (78) 90 225 0

' z.13 (84) 270 90

2.29 (90) 180 0

2.44 (96) 90 270

2.59 (102) 0 90

'' 82 (111) 0 135.

3.05 (120) 180 180

3.35 (132) 315 |

3.51 (138) 270

i
;
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7-4. Stea. . Probe Instrumentation

Steam temperature data required for data analysis and evaluation efforts will be
measured by means of a steam probe specifically designed in the 21-rod bundle

task.' These steam probes will provide data for evaluation of the following:

-- Mass and energy balances
-- Nonequilibrium vapor properties
-- Radial and axial fluid temperature variation
-- Effect of flow blockage sleeves -

Unlike the steam probe in the unblocked bundle task, which was located within a

thimble tube and aspirated steam to the atmosphere, this steam probe is enclosed
within a 0.238 cm (0.09375 in.) hollow tube and relies on the frictional pressure

drop across a 0.635 cm (0.25 in.) length to drive steam flow. The proposed design is

shown in figure 7-3. A 0.81 mm (0.032 in.) thermocouple 4 enclosed within a 0.238

cm (0.09375 in.)OD hollow tube of 0.015 cm (0.006 in.) wall thickness. The two
flow holes spaced 0.635 cm (0.25 in.) apart, are diametrically opposed. The

thermacouple junction is located midway between the two flow hole thereby

providing radiation shielding and protection from water droplets. Best-estimate

calculations have been performed on the expected behavior of the steam probe; the

results are shown in appendix I. This steam probe will be placed in the unblocked

bundle test facility adjacent to the thimble-type aspirating steam probe for
shakedown and evaluation of the design.

There will be 26 steam probes in the 21-rod bundle facility, including one steam'

probe located in the periphery of the bundle for determining any cold wall effects.

These steam probes will be located at Slovations where heater rod temperatures
|

! are being measured and, for the most part, ir, identical subchannels (see figures H-3

j through H-26). The steam probe will be attachea to the nearest grid and centered I

in the subchannel. The thermocouple lead for each steam probe will lie on the top
| or bottom of the grid and run to the corner filler, and subsequently lie in " scallops"

in the filler to exit at the top of the bundle.

Figure 7-4 shows the axial distribution of steam probes for both the center four

subchannels and the outer eight subchannels. The steam probes at 0.99 m (39 in.), i

3.35 m (132 in.) and 3.51 m (138 in.) are placed in the center of the bmdle without |

!
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redundancy. It is expected that these elevations will quench relatively rapidly and

will be of limited use later in the test, as demonstrated by the FLECHT skewed

power profile tests.(1) Steam probe redundancy begins at 1.22 m (48 in.) and

continues through 3.05 m (120 in.), with the exception of the 1.91 m (75.25 in.) and

2.59 m (102 in.) elevations. Steam probes are concentrated immediately upstream

and downstream of the blockage zone to determine axial and radial effects of

blockage on steam temperature.

7-5. Blockage Sleeve Instrumentation

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

suochannel flow blockage adds a thermal resistance to the heater rod. Since this

thermal resistance is a function of the sleeve temperature, it is necessary to

measum the temperature of the blockage sleeve so that the heat transfer to the

coolant can be determined. Also, it is desirable to know the quench temperature

and quench time of the sleeve (see appendix J).

A 0.81 mm (0.032 in.) diameter thermocouple will be embedded in the blockage

sleeve at the point of maximum strain. The thermocouple lead will run

downstream of the blockage sleeve in the flow subchannel to the periphery of the

bundle and out of the top of the bundle.

The azimuthal orientation of the blockage sleeve thermocouple (see figures H-27

and H-28) will be essentially identical to that of the heater rod thermocouple at
that elevation, so that the rod heat flux and sleeve thermal resistance can both be

determined for a given subchannel. ;

The blockage sleeve attachment and thermocouple concept were evaluated in a i

1

single-rod test. A blockage sleeve with an embedded thermocouple was attached i

to a heater rod and subsequently cycled in a single-rod test. The sleeve and rod |
temperatums wem recorded throughout the heatup and quench cycle.

|

The heater rod and block 9 cleeve were subjected to an adiabatic heatup cycle

until a specified clad temperatum was reached, at which time flood was initiated

with room-temperature wawr. The power during the heatup cycle was 2.3 kw/m
|

1. Lilly, G. P., et al., "PWR FLECHT Skewed Profile Low Flooding Rate Test |

Series Evaluation Report," WCAP-9183, November 1977.
I
1
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(0.7 kw/f t), subsequently reduced to 1.8 kw/m (0.55 kw/ft) at time of flood. After
180 seconds, the power was reduced to 1.4 kw/m (0.42 kw/ft) until such time that

all thermocouples indicated quench. The sequence of testing is shown below:

Initial Clad
Temperature at Flooding

Number of Time of Flood Rate
Cycles [0C (OF)] [cm/sec (in./sec)]

1-2 538 (1000) 3.8 (1.5)
3-12 1093 (2000) 3.8 (1.5)
13-22 1093 (2000) 2.0 (0.8)

Test results are presented in appendix K.

A short mockup of the 21-rod bundle will be built to assess the bundle instru-

mentation (steam probes and blockage sleeve thermocouples) routing techniques

and bundle building steps. This mockup will be approximately 1.78 m (70 in.) long

and will be made of 0.95 cm (0.375 in.) diameter tubing. Three grid spans will be

incorporated in the mockup.

7-6. Differential Pressure Measurements

Differential pressure measurements are made every 0.30 m (1 f t) along the length

of the bundle to determine mass accumulation in the bundle. Differential pressure
3

transmitters [1 7 x 10 Pa(1 15 inches wg)]are utilized to obtain an securate3

mass accumulation measurement representative of an average across the bundle.

An additional cell measures the overall pressure drop from the bottom to the top of

the heated length.

These transmitters will also be used to measure the frictional and form losses

across the grid, rods, and blockage sleeves in hydraulic characteristics tests, which

will be performed prior to the single-phase steam and heat transfer tests. These

pressure transmitters are accurate to 1 20 percent of full scale.0

7-7. Power Measurementr

Two instrumentation channels are devoted to measurement of power into the

bundle. One is used ar, a pr nary measurement from which power is controlled by

7-11
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the computer sof tware. One independent power measurement will be used for data

reduction purposes.

7-8. Upper Plenum

The @per plenum (figure 7-5) is an important component of the FLECHT loop. The

upper plenum is utilized to separate the liquid and steam phases in close proximity
to the test section so that accurate mass and energy balances can be accom-

plished. A dif ferential pressum cell connected between the top and bottom of the

upper plenum is used to measure liquid accumulation within this component. Liq ild

will collect at the bottom of the upper plenum befom draining into the carryover

tank. System pressure is controlled from a transducer local.ed in the upper plenum

for constant flooding rate tests. Another transducer is connected to the computer

for system pressure data acq :isition.

Two tpper plenum thermocouples are designed to measure the fluid temperature at

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

indicate the location and presence of liquid in the tpper plenum and housing

extension. An aspirating steam probe located in tae upper plenum at the bundle

exit is utilized to measure mpor nonequilibrium temperature. Provisions will also

be made in the upper plenum to insert endoscopes.

7-9. Lower Plenum

The only instrumentation found in the lower ple m (figure 7-5) is a fluid thermo-

couple, which will be used to measure inlet subcuoling as water floods the bundle.

Two fluid thermocotples located in the injection line will be utilized as a backup to

the lower plenum fluid thermocouples.

|

7-10. Housing |

I

Housing wall temperatures will be measured to compute housing heat release as

part of the overall mass and energy balance analysis. Housing wall temperature
measurements will also be used to evaluate bowing effects.

1

A total of 38 thermocouples, distributed axially and azimuthally on the housing, |
|

Iwill be recorded by the computer.

7-12 ,
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7-11. LOOP INSTRUMENTATION

Thirty-eight computer channels have been assigned to the collection of tem-

perature, flow, and pmssum data throughout the loop, exclusive of the instru-

mentation found in the upper and lower plenum, bundle, and housing (figure 7-6).

This instrumentation includes 14 fluid thermocouples,3 turbine meters, li

differential pressure cells, and 3 pressure cells.

The 14 fluid thermocouples am 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 are utilized to measure the temperature of either

stomd or injected flow. Two of these thermocouples am utilized in aspirating

steam probes placed in the elbows of the exhaust line on either side of the steam

separator. These steam probes am designed to measure vapor nonequilibrium in

the test section exit t.nd the desuperheating effect of the steam separator. The

design of this steam probe is similar to that used in the unblocked bundle test

series.

The seven wall thermocouples to be monitored by the computer have been placed

on the carryover tank, steam separator, steam separator drain tank, and exhaust

line. This instrumentation is utiazed to control the heatup period such that

component wall temperatures are at TSAT + 11.1 C (TSAT + 20 F). This
instrumentation is also used to estimate the heat release from the fluid to the :

loop components during the test.

I
The three turbine meters are utilized to measure the flow rate of injected water in l

both the forced flooding and gravity reflooding tests. One turbine meter is used to

measure the injected flow for the forced flooding tests, and two turbine meters, one

in the injection line and one in the crossover leg, am used to measure flow for the

gravity reflooding tests. The turbine meter in the crossover leg is bidirectional, to

measum both forward and reverse flow into and out of the test section. A turbine

1. Hochreiter, L. E., et al., "PWR FLECHT SEASET Unblocked Bundle, Forced
and Gravity Reflood Task: Task Plan Report," NRC/EPRIAVestinghouse-3,
March 1978.

!

l

7-14

i



.

I

i
7g, . . .

..._._ .

I

:

$
-

( ,,*. a-3,j
i.)I.,h.;+ 9

-

4 :t.As. Ae /

(L* * .,s
(.7,I.3.v

-

.

? '*

@n@c ..D
'

kIs f> OkA/

@$DA.,53,;( ,

o .

4

II

@D
@ _

4
_

.m e m

C -O C
TO

%$',fC40 Ryavt A Ta g g

\
.

I
O

u



i

i
,

i.

I
i

-
l

c

.a .-.
u. . _,_

m..
<,

. . . . .. m.. .

@ ,I
S ..='c J,,

. ** aui
., _ . _ m

m. i. ,*t.m ss.am.se us v4 we 3g
5

; u....,.,.x m.,.
rs est.9. c 14

, , , . u ,,
,

, m,,,, ,, ,,, . , u - .

. , . . n *9*
, i . m.~ > > ,t___..

e, ga~a.n^Tj' gu
e. .. m m ,,,

BEERIE_g _ . ,,4 _ .Aicht.g? c g.g 9g g, g,,,q ,g 33 gg .

-r,.i ~ .a.. . .
|

#-(,~ .,

3 ..i.. ..m. o, m n.__..s
,

.

r 4ema c z ,..

n,#Tc
,L.

R, ,'"d;*|4''str.u so...ren :
.s. ,.

m. . s,z m. .~ u 1
-
r- ,n

- . ,_
o,., -.* ** ..

.. . , ,

./B JE 8 7 1 1

.3
r rt ,i

e ur 1.
t 1 4 I.

.**

ac.
,

~

_.4.s . > . s

J, a e 3 i i.i

, se .o

a,, -h' ,s
e,, 3

a . r
. W.

.si
: e s i

4 -r j9

. , , , ,
s '

t,
. . . ,

m
. ,

.

,s
W l : .aO

I.
1 . > * t.,

t/ O ./O '

6,
. ii.

JSP L 2
'va p ;, s

|BotLER
* 59 1

L ,1,L*

l
1

im-

. w .
1

e. 1,.,. ,

_ . . , ., .,
. i

.., ,. , - ,

.. _--
, , . ,

, . . .

, . 1. ,

,. ., . ..,.,,

, .e . - . . <
,

' ' I '''* '

4'14__._
sis t.

'
-_

l F\ t _j . "" '

suf i .. , . > . m.,
. a, .

J.,v.*

- .

i _te, .t.. AQ
, . , ,,

| 1
,s.

, 44..*. 4,,3, , .. _ ,. ... .
I ' J4| .-O m.>..,~..,-,.,,.A_ . . ,1,L

,

y@ .

i . ,t s=. g(8r..g . s att .4% s. g5

| | ..
I , .. . ..

, 1
t

n . .. . u .
..

u..v,........m,-,,. u, .
.

, . . , . , . .~

* 18g=. . .o.i. .Q_i sg ag's,L
-..

u Y. ' w.6C '') 1, &
.< ...m. . ~.....

,,

_ . _ .
- _ .

, ,

| r'm, , , ir,,
.

5 }

7 s %. as. i.t.

,_g__, .

Mb 3 !,$d'
n. ? +n::, W&-,

i L_1- _,: , . ,
u t _r____

, + s. :
; - :. .
i - 1, . ,

1.,..-
i .. . .t , ,

54 ''1 LF' 46 a|

M, ',,,T .m m ..m~.._..
. >

~

.

..t.u. < ,1,1.,_m,.-.

..
. . . .

1.... . . . . ~ .. m.
.L2 , ,sc-+-m

. g r.
_ ., t.c.y,1. m.,

c .-.

, . ,,4.x . . . . = . ,,

M., O, J
.m.....

. . m._t.w.,s
i. ,, . _. .- v.. - ,s.

,

s . . . .
r . .u,

. .. ..-. ,,,
- .

. ,

;; i _y- ; ,,
. . . . .,,

.. ,

\n stem ,inactiom s-

m. .i, , u. , . .. -- . , o. ~. .,,,
,s n , . . ,(- .. - . . . . .u -m .

_. . , . . . .u . m. s.z m. - .,.-
.. m -,,

I sa m
n u. ..m,e

,

| e ,a
..g. x

F 1. & . n.. -
X

.

-
, 3.N

o, gg =
..

@ gg
D'. l .

.

'
, , .
"

t

. . , .o

,

Figure 7-6. 21-Pod Bundle Flow Blockage Task
Instrumentation Schematic Diagram
(sheet 1 of 2)(Drawing No.1460E40) *

7-15

J



___

-.

9

I
I
J

.

f 7-a*s
ad a -+ sd

:

(.n*5-)
'

9 t

1
(cy cop'-

@?2@2
Q

@ D3at
d37)

-@ f3.515@
l --' l

m\.42,\4a+ / An. . .,51 /

'E

;b . - 3 ,'c7.;e3
3/ i p .p % to /

'

c?ct
G @M s

$\
i

@QQ@j
< m-e C04NCOVER ,_.1

' E

v

CAQAv0/EA TaNu

z
o



I

i

,

i

i

_

M Mk
b.is < ..

a#e =0ir44 T**e4 E6 A n.h .c b39 at
a i am sh

',Is
a<.a 3

A 6 as sh
N e '+. Ls.

ge L 11
9 USAs4 %E 8ad*M e6 101
m I tw th '4 Le4

* b kb bO4h S Edb $

|I * * " * '''"' b "# O 'd' h"

0 a E'm 14 I" h j
4 I 63 4

& eh *L
ympg. - 9 A am eu t c 14

.n , ,

0 88.EE8%1 't
mwe n ~,a - m nx

ap s 1 EL t
11.*e ow-1

min c J3 41g g

_ eu .c .s1

A11 11a . es "',c4 >*t e A t o m . . r u c ain g
g E e1 rwg us a De

S TE AM SEPa A Af04 - vm * es u ans

.i
uadi*e x i w.,

,, g ap - ~ ,,

, , , -
Q 9 L *Akt is I 'j .,1_

a a d =h .e . os
y _{dW[ ''@id%4,de sen.,,% ',4. [5) g

,m -L._J'' 37 4 54
.5 ; 111

g$ b -*

ts a + G- , as
Oh % & 29 I

at a
" .4,1

,g t a # e
'1 4

* ~g Ft 1 2

, .. . .- m
$) I / .

se a 2 :

F TA so.t sa **f f J.i

9 5. R

var i e

.5
Ji 1gp

0 1 o' I aa
s7 7,a in i $

!
-

L &*4 4
BCILER ,,

. 1 3g er # a., a4

_e 9 he* o' L'E
44 I w?" &%,
*1 1 5 e" ML

_h. ,4 .t 'L__.
* 44

n .c ..,
_ . _.

, . 4 8._1. . , 3 M. -

i40
e

e ' J% est ee seen so i n' . 6t
I %#FLT .. I .I den

4v 1 ss
, 4 4 -o I .446 k g_,

. I 4s
,4 i f | ' a et

9 1 ! .,'' -HG,
-

,
, _w_ 1..

! . f n . 4..vt. .e.t a
s. Se,5 6

. e w.v. w .-ii,

d [ w .s ( ' 4 L $4
| j be ' h %34 *g rue fee te.augt 64 5 *.o Pe gt "f- 21

*-3
.4 , . . . . t.

1 ,4 I
s*E 5% I' E( 9.d C.E 'LM 4L k jheI M d,5

ue .A+.t 5a*. 1

b | *., $ O a.,N Dts,4j{ NM i 3"C
J s

.

..k a f s 4 _a rts u.o oc

h., ,
'$ 7

.:

"3 @ 1 -. . . . -. .. , _ ,
, .. ..., . ._ .

'I 39 le 8'8 WL 4.y 'O' i [as sIa% % TF ,q 3I

; 's I one . r .
| $ $ Je [ J )I A

1
. _

4 1 1 a %) A

* .,~<s- p.t.-.L, _
; :

, .a<

g"I-{" 2pe; = ;i :

M.. .!M. , - ;2---!--3.
,., . .

2HS h,. i#Ls_a.'.,
-. ,3,
..: .|

.~ ..

]Qh.ive.a 4.mmyg .,_q.4 5 ''I (-
. . . , i_ %..z . .. , T,

"'TT, +. . u <
. -aTW..?p..

. ' ' ' < . .
.e s.e

.o. rr, 'T,. r

. . * . .

wwr,a , . . a ,._J -|
.- ~. .. >. _ . _ , . ,,

. - ..s . . m m.
. " . . ~. u

.

T_ _ . . , , , , . . . . . . .
** >> >, . i '' '*~- > - - ~-,

..

. . , ,
.. . , . ,s._ .

_
. .

u ,, 4 1, :

e.< ui,; g-v A c . , . . . . - . ..
,c M STEse INICTION st

Sa. A4=a e
w tg I.a

systEw ; . .it t-s

,,.%.m.,.,..i . m . ,- *.,4
. , . ,

-
-.am,

...*
, 3 - . ,.... sru . , , 2 g-o m .,,1 -

!
9,,,

.

= , , .-. _. . ..o 3 2.o, ,i r .i... ...

$:
j.va m .

x x-.

ry
'

i is **==
6 |

" mw-
so

.
- ,

f/O
.

98 St

. ,1.
...

Figure 7-6. 21-Rod Bundle Flow Blockage Task ,

Instrumentation Schematic Diagram
(sheet 2 of 2)(Drawing No.1460E41)

.

7-17



- . ._. .- . - ...

.

!.
.

meter is also required to measure the high flow in the hydraulic characteristics
.

tests; however, this turbine meter will replace the gravity reflooding injection line

! turbine meter. Together, these turbine meters mquire three computer channels.

f- The 11 differential pmssum cells are used to measure injected flow or separated
5 water accumulation. The accumulator tank has a differential pressure cell which

can be utilized as a backup to or a check on the injection line turbine meters. The

; steam supply system for the steam cooling test utilizes an orifice plate coupled

with a differential pmssum cell, fluid thermocouple, and pressure cell to measure

the injected steam flow. The thme storage tanks on the downstream side of

; bundle, the carryover tank, the steam separator, and the steam separator drain

tank, are each instrumented with differential pressure cells to measure liquid
3

j accumulation. The exit steam flow is measured downstream of the steam

; separator utilizing an orifice plate, differential pressure cell, fluid thermocouple,

and pressum cell. Four additional differential pressure cells are utilized in the
;

gravity refloc ! tests to measure mass accumulated in the downcomer, and to !-

measure differential pmssums between the downcomer and bundle, between the

upper plenum and steam separator, and between the top of the downcomer and the
,

i steam separator.
!

] The thme loop.pressum cells are utilized to measure the absolute pressure at the
: orifice plates on the bundle inlet and outlet, and at the steam separator in the "

: gravity reflood tests.

I The loop instrumentation has been set up to provide redundant measurements and
5 eliminate computer channel reassignments between forced flooding tests and

gravity mflood tests, as previously required in unblocked bundle tests. This
7
' instrumentation design will allow for efficient facility turnaround for conducting

the teste.

!
.7-12. DATA ACQUISITION AND PROCESSING SYSTEM'

Three types of recording systems will monitor the instrumentation on the FLECHT

facility. Figure 7-6, sheets I and 2, are the facility instrumentation schematic

diagrams which can be used in conjunction with table 7-2 to locate and identify all
:

!
:

! 7-19
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TABLE 7-2

BUNDLE INSTRUMENTATION FOR 21-ROD BUNDLE FLOW BLOCKAGE TASK

Number of Channels Used

Strip Chart

Instrumentation CDAS Fluke Recorders

Rod Bundle

Heater rod thermocouples 168 - 4

Blockage sleeve thermocouples(a) 13 , ,

Steam probes 26 - -

Differential pressure cells 13 13 1

Power

Primary 1 - 1

Independent 1 - -

Housing

Wall thermocouples 38 - - -

|

Upper Plenum
1

1

Pressure 1 1-

Differential pressure cell 1 1 -

Fluid thermocouples 2 - -
!

Wall thermoccuples 4 1 -

|
Steam probe 1 - -

.

a. All blocked bundle i
.

l
; |
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- TABLE 7-2 (cont)

4 BUNDLE INSTRUMENTATION FOR 21-ROD BUNDLE FLOWBLOCKAGE TASK

Number of Channels Used

|
Strip Chart

' Instrumentation CDAS Fluke Recorders

Lower Plenum
i

.,

Fluid thermocouples 1 1 -

Wall thermocouples 1 - -

!

Loop.

I Water supply system .

i Fluid thermocouples 3 3 1

[ Wall thermocouples - - -

. Flow meters:

Turbine meter 2 2 2

Accumulator differential
presure cell 1 - 1

|-

iSteam supply system
|

+

Fluid thermocotples 2 - -

|
. Wall thermocouples - '1 -

- Differential presure cell 2 - -

I . Pressure cell 1- - -'

|

! Exhaust system

..

Steam probe - 2 - -

Fluid thermocoupies 4 2 -

!

l

7-21-
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TABLE 7-2 (cont)

BUNDLE INSTRUMENTATION FOR 21-ROD BUNDLE FLOW BLOCKAGE TASK

Number of Channels Used
,

Strip Chart
Instrumentation CDAS Fluke Recorders

. Wall thermocouples 7 8 -

Pressure 1 - -

Differential pressure cells:

Tank levels 3 - 2

Orifice plate AP 1 - 1

Gravity reflood test (additional) '

Differential pressure cells:r
!

j Downcomer / bundle 1 - -

Downcomer level 1 - 1

! Upper plenum / steam separator 1 - -

Downcomer/ steam separator 1 - -

| Bidirectional turbine meter 1 - -

Crossover leg

Fluid thermocouple 2 ;- -

Downecmer wall thermocouple - - -

Crossover pipe wall 1 )- -

Steam separator pressure 1 - -
1

.

\Injection line fluid -

thermocouple 1 - -

Total channels 309 33 15
.

|

2

|
'

.7-22
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the facility instrumentation monitored by tho various data acquisition systems.

The data acquisition consists of a PDP-11 computer, a Fluke data logger, and Texas

Instruments strip chart pen recorders.

7-13. Computer Data Acquisition System (CDAS)

The CDAS, the primary data collecting system used on the FLECHT facility,

consists of a PDP-11 computer and associated equipment. The system can record

309 channels of analog input data representing bundle and system temperatures,

bundle power, flows, and absolute and differential pmssures. The computer is

capable of storing approximately 2500 data scans for each of the 309 analog input

channels.

Typically, each data channel can be recorded once every second until flood, then

once every half second for 200 seconds, and then back to once every second

thereafter to a maximum of 2500 data points.

The computer sof tware has the following features:

-- A calibration file to convert raw data into engineering units

-- A preliminary data reduction program which transfers the raw data stored on

disk to a magnetic tape, in a format which is conpatible for entry into a
Control Data Corporation 7600 computer

- A program called FLOOK which mduces raw data into engineering units; a

program called FV ALIO which prints out key data used in validating FLECHT

SEASET runs; and a PLOT program, which plots up to four data channels on a

single graph. All three programs are utilized to quickly understand and

evaluate test runs.

In addition to its role as a data acquisition system, the conputer also plays a key

role in the performance of an experimental run. Important control functions

include initiation and control of reflood flow and power decay as well as termi-

nation of bundle power in the event of an overtemperatum condition. Tabic 7-2

lists the instrumentation recorded on the CDAS.

7-23
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7-14. Fluke Data Legger

The Fluke data logger has 60 channels of analog input for monitoring loop heatup

and aiding in equipment troubleshooting. The Fluke records key facility vessel and

fluid ter@eratums, displaying temperature directly in F. This makes the task

of monitoring loop heatup more efficient. The Fluke also records mill! volt data

from the test section differential pressure cells, allowing the operator to keep a

check on their operation and repeatability. The Fluke is further used to trouble-

shoot problems with loop equipment in a quick and convenient manner. Table 7-2

lists channels monitored on the Fluke.

7-15. Multiple Pen Strip Chart Recorders

Four Texas Instruments strip chart recorders are used to record bundic power;

selected bundle thermocouples; reflood line tuitine meter flows; accumulator,

separator drain tank, housing, and carryover tank levels; and exhaust orifice

differential premum. These recorders give the loop operators and test directors

immediate information on test progmss and warning in the event of system

anomalies. The strip charts give an analog recording of critical data channels as a

backup to the computer. Strip charts are also needed during the heatup phase of

the facility when the computer is not available. Table 7-2 lists the channels
associated with the strip chart recorders.

7-16. DATA V ALIDATION CRITERIA AND PROCEDURES

The data validation process is initiated when all instrumentation is checked for

proper operation prior to the actual ruming of a test. A reading from each channel

is recorded and cormared to the expected value for that channel. In this manner, i

| an abnormal reading will indicate a problem in that channel and corrective actions

willbe taken before the actual test is run. This channel verification procedure will

incmase the probability that all instrumentation will work properly once a test is
under way.

|
If some instrumentation fails just prior to or during a test but the remaining i

| |

instrumentation is sufficient to calculate overall mass balances, void fraction in '

the test section, some heat transfer coefficients, fluid temperatures, and carryout
Ifraction, then the run may stillbe considered valid. If the instrumentation is not

7-24
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sufficient for these calculations, the run is considered invalid and will be repeated.

When too many rod bundle and/or fluid thermocouples fail in critical locations,

serious consideration will be given to discontinuing testing and repairing or

replacing the affected channels. In any event, an attempt will be made to repair

any failure before another test is performed.

The following criteria am used to determine if sufficient instrumentation exists for
conducting a valid test:

The number of heater rod thermocouples required to be functioning properly-

for a valid test at each elevation are specified in table 7-3.

For flooding rates above 38.1 mm/sec (1.5 in./sec), the upper plenum-

differential pressure cell is required to be functioning properly for a valid

test. Of the 12 bundle differential pressure cells, no more than one can fail

for the test to be valid.

- Sufficient blockage sleeve thermocouples are required to be functional for a
valid test.

- Of the test section steam probes,10 have been selected at the 1.70 (two each),

1.98 (two each), 2.29 (two each), 2.44 (two each), 2.82, and 3.05 m (67, 78, 90,

96,111, and 120 in.) elevations along with the two exit steam probes as
]

required to be functional for a valid test.

- The upper plenum pressum transducer is mquired to be functioning properly

; for all tests except the gravity reflood tests. The steam separator pressure )
transducer is required to be functional for gravity reflood tests. I

For a valid test, one lower plenum and one upper plenum fluid thermocouple--

are also required to be functional.

6

It is required, for the test section bundle power supply, that the one---
,

'
independent power meter be functioning properly for a valid test. Also, this

power measurement must be within the accuracy range mecified for a test. 4

|
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TABLE 7-3

i

OPERABLE HEATER ROD THERMOCOUPLES REQUIRED FOR DATA V ALIDATION

Elevation Number of Operable Thermocouples Required at

[m (in.) ] Each Elevation / Center 3x3 Rod Array

0.305 (12) 2

0.61 (24) 2

0.99 (39) 2

1.22 (48) 2

1.52 (60) 2

1.70 (67) 2

1.78 (70) 3/1

1.80 (71) 4/2

1.83 (72) 6/3

1.88 (74) 7/4

1.91 (75.25) 4/2

1.93 (76) 6/3

1.955 (77) 4/3

i 1.P8 (78) 6/3

2.13 (84) 5/2

2.19 (90) 7/3

2.44 (96) 5/2

2.59 (102) 5/1 ;

I
2.82 (111) 5/2

!

| 3.05(120) 5/1 |
3.35 (132) 2 |

|

| 3.51 (138) 2

l

I

!
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Four loop fluid thermocouples are required for a valid test, as follows:--

(1) Carryover tank - O m (0 ft) elevation
(2) Steam separator drain tank - O m (0 f t) elevation

(3) Exhaust orifice
(4) Accumulator fluid thermocouple

-- Four additional loop wall thermocouples are required for a valid test, as

follows:

(1) Upper plenum

(2) Carrvover tank - O m (0 ft) elevation
(3) Steam separator drain tank - O m (0 f t) elevation

(4) Test section hot leg

-- The injection line turbine meter must be functioning properly for a valid test.'

-- Three liquid level measumments are required for a valid test, as follows:

(1) Carryover tank
(2) Steam separator

(3) Accumulator

At the exhaust orifice, both the orifice differential pressure measurement and--

the static pressure measurement upstream of the orifice are required to be

functional.

For the gravity reflood tests, the additional instrumentation required to be--

functioning is as follows:

(1) Downcomer level differential pressure cell

(2) Bidirectional turbine meter
(3) Injection line turbine meters
(4) Steam separator pressure transducer

(5) Upper plenum / steam separator differential pressure cell

(6) Downcomer/ steam separator differential pressure cell

I
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For the single-phase steam heat transfer tests, the orifice differential--

pressum measumment, the static pressure measurement, and the fluid

temperature measurement on the steam injection system are required to be
functional.

A run pecification and validation sheet will be completed (appendix L). This sheet

pecifies the initial test conditions and the validation requirements for each
FLECHT SEASET 21-rod bundle test. It also provides space for comments on run

conditions, causes for terminating and invalidating a run, instrumentation failures,

preliminary selected thermocouple data, and drained water weights from collection

tanks and the test section.

Once the instrumentation has checked out satisfactorily and the test has been run,

the data for each channel are scrutinized to see if the system behaved as expected.

Abnormal behavior of a data channel is investigated to determine if it is due to

equipment malfunction or to a physical phenomenon. These procedures, along with

periodic equipment calibrations, are designed to assure that the data recorded are
accurate and reliable.

Another aspect of data validation is considered once the instrumentation reliability

has been determined. The actual test conditions am compared to the parameters

specified by the test matrix to see if the run satisfies the test matrix. The facility
conditions befom initiation of reflood am compared to the expected values for

such parameters as bundle power, system pressum, average vessel wall tempera-

ture, and hottest thermocouple at the. start of reflood. The injection flow is
~

checked against what has been specified and the system pressure is reviewed to see -

if the system pressure control worked properly.

Af ter the instrumentation is functionally checked and the test parameters and

perfcrmance compared with the test matrix, the final validation is performed

during data analysis.' In the process of analysis, a system mass and energy balance

is computed. These calculations determine if the data are within the @ecified

accuracy and whether the instrumentation is adequate for analyzing what has
happened in the system.

,
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SECTION 8

TEST MATRIX

8-1. INTRODUCTION

Paragraphs 8-2 through 8-21 of this section describe the bench tests and single-

phase, f orced reflood and gravity reflood shakedown tests required to ensure that
the FLECHT SEASET 21-rod bundle test loop will operate properly and perform

tests specified in the test matrix. The test matrix (paragraphs 8-22 and 8-23)is

designed to meet the task objectives and fulfill the data requirements discussed in

sections 3 and 5.

8-2. SHAKEDOVN TEST MATRIX

Prior to conducting the reflood tests outlined in paragraph 8-23, a series of shake-

down tests willbe run on the test f acility. These shakedown tests will be con-

ducted not only.on separate f acility components prior to final assembly (bench

tests), but also on the completely assembled test f acility.

The purpose of the shakedown tests is to ensure that the instrumentation, control,

and data acquisition systems are working properly so that meful and valid data can

be obtained during the reflood experiments. Some of the shakedown tests are also

intended to verify and adjust control procedures. A brief summary of each

shakedown test follows.

8-3. Bench Tests

The following list of tests outlines the portion of the shakedown test matrix that
will be conducted on various facility components prior to final assembly of the test

facility.

8-4. Steam Probe Check - This test is intended to compare the self-aspirating

steam probe measurements with those from the steam probe in the unblocked

bundle facility. The self-aspirating thimble tube steam probe will be placed
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adjacent to the thimble tube steam probe; it will subsequently be operational for

all tests in the test matrix.(1)
1

I

8-5. Thermocouple Wiring Connection Checks - The purpose of this test is to

check the continuity of each thermocouple wiring connection fmm the patch board

to the computer. If any deviation is observed, the circuit will be checked,
rep ired, and retested.

8-6. Forced Reflood Configuration Testing

The following list of tests outlines another portion of the shakedown test matrix.

It covers those shakedown tests conducted on the completely assembled test

facility in the forced reflood configuration.

8-7. Heater Rod Power Connection Check - This test is intended to check the

continuity of each heater rod power connection at the fuse panel. If any abnormal

reading is observed, the circuit will be checked, repaired, and retested.

8-8. Instrumented Heater Rod Radial Location and Cormsponding Thermo-

couple Checks - This test is intended to check the 'ollowing items:

-- For each instrumented heater rod, all corresponding thermocouples are

checked for correct conputer channel hooktp and proper data recording.

-- During the above check, radial power connections between the fuse panel and

the appropriate heater rod are confirmed.

-- The output polarity of each thermocouple at the computer is also checked.

8-9. Heater Rod, Blockage Sleeve, and Steam Probe Thermocouple Axial

Location Checks - This test is intended to check the following items:

-- For each bundle thermocouple elevation, all corresponding heater rod,

blockage sleeve, and steam probe thermocouples am checked for appropriate

computer channel axial hooktp and proper recording of data.

1. Hochreiter, L. E., et al., "PWR FLECHT SEASET Unblocked Bundle, Forced
and Gravity Reflood Task: Task Plan Report," NRC/EPRI/ Westinghouse-3,
March 1978.
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In completing the above check, each heater rod, blockage sleeve, and steam--

probe thermocouple elevation is confirmed.

8-10. Test Section Differential Pressure Cell Axial Locations, Steam Separator

Collection Tank and Carryover Tank Volume, and Level Transmitter Checks - This

test is intended to check the following items:

Test section differential pressure cells are checked for appropriate computer--

channel axial hookup.

-- Test section control volumes are established in 30.5 cm (1 f t) increments.

The lower plenum volume is checked.--

-- The steam separator collection tank and the carryover tank volumes are

determined.

- The steam separator collection tank and the carryover tank level transmitters,

along with the test section differential pressure cells, are check'ed for proper

opera tion.

8-11. Pressure Control Valve Operation, Exhaust Orifice Plate Flow, and

Differential Pressure Cell Zero Shif t Checks - This test is intended to check the
following items:

The test section, tank, and orifice differential pressure cells zero readings and--

zem shif ts are checked.

- The response of the pressure control valve to sudden changes in flow is also

check ed.

8-12. Turbine Flowmeter Calibration and Flow Control Valve Operatior. Checks -

( This test is intended to check the following items:
I

A spot check of tuttine meter calibration (for agreernent with the full flow )--

range calibrations performed prior to the shakedown tests) is conducted.
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The flowmeters are checked for appropriate cor@ uter channel hooktp.-

Flow control valve response to a continuously variable flooding signal is alsoe --

checked.'

,

8-13. Carryover Tank, Steam Separator Tank, and Connecting Piping Heatup

Checks - This te'st is intended to evaluate the pretest heatup of the test facility

tanks and connecting piping. The heatup of this portion of the test facility is
achieved by circulating slightly superheated steam through the facility. Loop
thermocotple temperatures are reviewed to determine temperature uniformity of

the tanks and piping walls both bef om and af ter the steam is injected. The time

needed for heating the facility components to the required temperatures is alsoi

determined from this test.
!
,

8-14.; Hydraulic Characteristics Shakedown Test - This shakedown test, a trial

! run for the complete test facility in the hydraulic characteristics test configura-
tion, is intended to check the following items:

A spot check of the turbine meter calibration for agmement with full flow--

i range calibrations performed prior to the shakedown test is conducted.

Flow control valve msponse to step change in the flowrate is checked.--

4

8-15. Low-Power and Low-Temperature Test, Forced Reflood Configuration -

This shakedown test, a trial run for the complete test facility in the forced reflood

configuration, is conducted according to normal procedures (paragraph 6-12), with

cam taken to meet'all requirements for a valid run(paragraph 7-16). Test condi-

tions are a nominal 0.28 MPa (40 psia) run having low power [1.31 kw/m (0.4 kw/f t)]
~

and low initial clad temperature [(260 C (500 F)].
1

8-16. Test Facility Special Single-Phase Testing - The shakedown tests outlined
Iin the following paragraphs will employ only single-phase steam flow through the j

facility in the forced reflood configuration.

I
! ;
l' 8-17. Steam Cooling Shakedown Test - This unpowered shakedown test will be

used to examine and adjust control procedoms in preparation for the steam cooling

8-4 i
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tests deselbed in paragraph 8-22. The followingitems are specific goals of this

steam cooling shakedown test:

. Pressure control valve response to the initial steam injection into the lower--

pleem at about 0.31 MPa (45 psia) pressure is observed.

The value of the lower plenum pressure is chtermined, in order to achieve a--

0.28 MPa (40 psla) upper plmum setpoint pressure when steady flow conditions

have been established.

The magnitude of pressure oscillations are studied to determine how well--

automatic controls can maintain a 0.28 MPa (40 psia) static pressure in the

upper plenum with the high steam flow velocity.

Af ter the test has bem completed, any control adjustments needed to improve--

the results are determined.

The operation of the steam probes is also checked in this test by comparison with

the upper pimum aspirating steam probe.

8-18. Gravity Reflood Configuration Testing

Gravity reflood modifications and testing will be scheduled af ter completion of the

forced reflood t iting. The shakedown tests listed below will be conducted on the

completely assembled facility af ter it has been modified for the atavity reflood
configuration (paragraph 6-1).

8-19. High-Range Turbine Flowmeter Flow Checks - With the f acility modified

for the gravity reflood testing, this shakedown test is intended to check the

f oilowing i tema:

The flowmeters are checked for appropriate computer channel hookup.-

-- A spot check of the new high-range turbine meter calibration is made for

agreemmt with the full fMw range calibrations conducted prior to the
shakedown tests.
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8-20. Bidirectional Turbine Meter Flow Checks - With the facility in the gravity
reflood configuration, this shakedown test is intended to be a functional check of

the bidirectional turbine meter calibration for agreement with its full flow range
| calibrations. This test is conducteo in two phases: the first with the turbine meter

oriented in its forward direction and the second with the turbine meter turned 3.14
radians (180 degrees) to check the reverse flow measurements of the instrument.

The turbine meter instrumentation is also reviewed for appropriate computer
channelhookup.

1

8-21. Low-Power and Low-Temperature Test, Gravity Reflood Configuration -

This shakedown test, a trial run for the complete test facility in the gravity reflood
configuration, is conducted according to normal procedures (paragraph 6-12), with

caru taken to meet all requirements for a valid run (paragraph 7-16). Test

conditions are a nominal 0.28 MPa (40 psia) run having low power [1.64 kw/m (0.5

kw/f t)] and low initial clad temperature [457 C (855 F)].

8-22. HYDRAULIC CHARACTERISTICS TEST MATRIX

To evaluate the pressure losses associated with the rod friction, grids, and blockage

sleeves, isothermal hydraulic (water) tests will be conducted for the seven blockage

configurations prior to conducting the he'at transfer tests. These hydraulic tests

will be conducted at a Reynolds number in the same range as that expected in the

j heat transfer tests. The expected range of Reynolds numbers is 2,000 to 15,000,

which when simulated by 21.1 C (70 F) water provides flows from 28.41/ min

(7.5 gal / min) to 208.21/ min (55 gal / min), respectively. This range of Reynolds

numbers is based on the assumption that approximately half of the injection water

is evaporated into steam. These Reynolds numbers envelop flooding rates from

10.1 mm/sec (0.4 in./sec) to 38.1 mm/sec (1.5 in./sec). Although the text matrix

shown in table 8-1 includes a test at 152 mm/sec (6 in./sec), which corresponds to a

Reynolds number of approximately 50,000, it is expected that the pressure loss

! coefficients will not vary significantly for Reynolds numbers greater than 10,000.
1

The following sir. flowrates will be run for the seven blockage configurations: 37.9,

| 75.7,113.6,151.4,189.3 and 227.11/ min (10, 20, 30, 40, 50 and 60 gal / min).
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i

Test Pressure

No. [MPa (psla)]

1 0.276 (40)

2 0.276 (40)

3 0.276 (40)

|

|
_

4 0.276 (40)

5 0.276 (40)

6 0.276 (40)

7 0.276 (40)

8 0.276 (40)

9 0.276 (40)

10 0.138 (20)

11 0.138 (20)

12 0.138 (20)

13 0.276 (40)

14 0.276 (40)

15 0.276 (40)

\
:

t



TABLE 8-1

TEST MATRIX FOR 21-ROD BUNDLE FLON BLOCKAGE TASK

ae

Rod Initial Rod Peak Inlet
Tcmparature Power Flow Rate Subcooling

[ C( F)] [kw/m (kw/f t)] [kg/sec (Ib/sec)] [ C ( F)] Parameter Test Series

131 (267) 0.043 (0.013) 0.013 (0.03) O Steam 1

131 (267) 0.088 (0.027) 0.027 (0.06) O cooling

131 (267) 0.111 (0.034) 0.033 (0.075) O test

Flooding Rate

[mm/sec (in./sec)]

871 (1600) 0.884 (0.27) 10.1 (0.4) 78 (140)

871 (1600) 1.31 (0.4) 16.2 (0.6) 78 (140) Constant 2-

871 (1600) 2.3 (0.7) 20.3 (0.8) 78 (140) floading (reference)
871 (1600) 2.3 (0.7) 25.4 (1.0) 78 (140) rate

871 (1600) 2.3 (0.7) 38.1 (1.5) 78 (140) tests

871 (1600) 2.3 (0.7) 152.0 (6.0) 78 (140)

871 (1600) 0.884 (0.27) 10.1 (0.4) 78 (140) Pressure 3

871 (1600) 1.31 (0.4) 16.2 (0.6) 78 (140) effeet
871 (1600) 2.3 (0.7) 25.4 (1.0) 78 (140) tests

871 (1600) 2.3 (0.7) 25.4 (1.0) 3 (5) Subcooling 4

871 (1600) 2.3 (0.7) 152.4 (6) (5 sec) 78 (140) Variable 5

stepped

20.3 (0.8) (onward) flow

871 (1600) 2.3 (0.7) 25.4 (1.0) 78 (140) Repeat test 6
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4

1

1

4

Test Pressure

No. [MPa (psla)]

16 0.276 (40)

17 0.138 (20)

\
s
i

|
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TABLE 8-1 (cont)'

4

TEST MATRIX FOR 21-ROD BUNDLE FLOW BLOCKAGE TASK
,

Rod Initial Rod Peak Inlet

Tempsrature Power Flow Rate Subcooling

[ C( F)] [kw/m (kw/f t)] [kg/sec (Ib/sec)] [ C ( F)] Parameter Test Series
'

871 (1600) 2.3 (0.7) 0.816 (1.8) (14 sec) 78 (140)

0.055 (0.21)

(onward) Gravity

Reflood 7

871 (1600) 2.3 (0.7) 0.816 (1.8) (14 sec) 78 (140)

0.095 (0.21)

(onward)

;

i

-

!
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8-23. TEST MATRIX

A test matrix was designed to satisfy the objectives in this task (section 3) and is

pmsented in table 8-1. This test matrix is based on a planned comparison of resuf ts
from tie unblocked (I} and blocked bundle tests. Each of the bundle configura-

tions listed in paragraph 4-9 will be subjected to the same test conditions tabulated

in table 8-1.

The test parameters are centered on two containment pressures, representing the

range applicable to RVR plants (figure 8-1). Within these containment pressures,

initial clad temperatum, peak power, flooding rate (or injection rates for gravity

reflood tests), and inlet subcooling are varied to determine reflood behavior

(maximum clad temperature, turnaround time, quench time, and mass effluent) and

heat transfer capability on a comparable basis with previous FLECHT rod geome-

tries. This test matrix has parameter effects similar to those in the previous

FLECP cosine power tests.

8-24. Steara Cooling

Data from these tests will be used to provide the basis for addressing the

appendix K steam cooling penalty.

These tests will be conducted at an outlet Reynolde, number which corresponds to

the steam phan Reynolds number of the conston'. flooding rate test numbers 5,7,

and 8 (table 8-1). The temperature of the outlet steam must be limited to 205 C

(400 F) to prevent failure of the upper seals of the heater rods (made of

polyurethane).

8-25. Constant Flooding Rate

Data from these tests will be used to examine the effects of flooding rates on heat

transfer and entrainment. These tests will be used as base for comparisons with

other test series and to study offects of various flooding rates at mference

conditions such as pressure, rod initial clad temperature, and inlet subcooling.

1. Hochreiter, L. E., et al., "RVR FLECHT SEASET Unblocked Bundle, Forced
and Gravity Reflood Task: Task Plan Report," NRC/EPRIAVestinghouse-3,
March 1978.
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However, for tests 4 and 5, the peak power has been reduced to 0.88 kw/m (0.27

kw/f t) and 1.31 kw/m (0.4 kw/f t), respectively, because unblocked bundle testing

and calculations showed that peak clad temperatures above 1232 C (2250 F)

could be reached for the test bundle if the rod peak power were 2.30 kw/m (0.7
i kw/f t). These elevated temperatures would reduce the life of the rod bundle.
t

8-26. Pmssure Effects

The parametric effect of pressure on heat transfer and entrainment at 0.138 MPa

(20 psia) at reference conditions will be studied by comparing the results of test 12

of this series with the results of test 7 (table 8-1). These data will also be used to
determine the effect of decreasing flooding rates on heat transfer and entrainment

at low pressures (tests 10 through 12).

8-27. Coolant Subcooling Effects

i Data from these tests will be used to examine the effects of coolant subcooling at
0.276 MPa (40 psia) by comparing msults of test 13 and test 7. It would also be

desirable to perform the test with the coolant at saturation temperature (no sub-

cooling). However, this would cause cavitation across the injection line and flow-

meters, thereby impeding proper flooding rate measurements and, consequently,
mass balance calculations.

8-28. Radial Power Distribution

All tests will be conducted with a uniform radial power distribution.

f 8-29. Variable Flooding Rate'

The flooding rate predicted by plant analysis (1,2) is constantly changing, as

; shown in figure 8-2 for a dry containment plant and figure 8-3 for an ice condenser
i

1. Cadek, F. F., et al., "PWR Full Length Emergency Cooling Heat Transfer
(FLECHT)," WCAP-7665, April 1971.

i 2. Cadek, F. F., et al., "PWR FLECHT Final 6. port Supplement," WCAP-7931,
Oc tober 1972.
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plant. Test 14 has variable stepped flow (figure 8-4), to facilitate data analysis and

to enable comparison to unblocked bundle tests having similar initial conditions.
!

|.,

! 8-30. Repeat Tests

| Statistical analysis will be performed on the results of these tests to determine the

mpeatability and validity of the heat transfer coef ficient and entrainment data

j. within the test matrix. Test 15 is planned to be run near the end of the test pro-

| gram. Comparison of the msults of test 15 with an identical test (test 7) con-

ducted earlier is expected to show that use of the bundle and its instrumentation

. does not influence recorded data from one run to the next.(I'j

;

!

! 8-31. Gravity Reflood

The effects of gravity reflooding on heat transfer and entrainment at two different

pmssums will be studied in this series. Tests 16 and 17 will be conducted to

evaluate the difference in heat transfer, mass storage in the bundle, and entrain-
i

; ment between gravity and forced flooding.
i

i

i

i

1

|
s

i

!

f )

|

l

'

l. Lilly, G. P., et al., "PWR FLECHT Cosine Low Flooding Rate Test Series
Evaluation Report," WCAP-8838, March 1977.

2. Lilly, G. P., et al., "PWR FLECHT Skewed Profile Low Flooding Rate Test
Series Evaluation Report," WCAP-9183, November 1977.

;
|
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SECTION 9
'

DATA REDUCTION, ANALYSIS, AND EVALUATION PLANS

9-1. DATA REDUCTION

The data to be analyzed in detail will be recorded on the PDP-11/20 computer at

the Forest Hills, PA, test site, and then transferred to magnetic tape. The mag-

netic tape will then be processed at the Westinghouse Nuclear Center (Monroeville,

PA) through a series of data reduction and analysis programs to obtain the nec-

essary data. The flow logic of the computer codes, which is identical to that in the

unblocked bundle f acility, is shown in figures 9-1 and 9-2. The different data

reduction stages needed first to validate the test and then to n <aluate the data are

also shown. In this fashion only test data which are judged w be valid are fully

reduced. The catalog tape for all tests, whether valid or invalid, is saved. Table

9-1 briefly describes the main function and the output for each data reduction and

analysis code. New codes (for either data reduction or analysis) used in this task

will be discussed in either the data or the evaluation reports. Detai' af each of

the codes listed in table 9-1 are discussed in appendix M.

All data reduction and analysis codes are written in English engineering units. This

system will be maintained and results of the calculations will be converted to met-
ric units for presentation in reports.

9-2. DATA ANALYSIS AND EV ALUATION

i The data for this task will be evaluated and analyzed by procedures similar to thosei

used for the unblocked bundle data.(I) As part of the data evaluation process,
j

the single parameter trends in temperature rise, turnaround time, and quench time

will be compared to see if trends found in these new data are consistent with pre-

| vious FLECHT data. The data trends will be investigated for each test parameter

| 1. Hochreiter, L. E., et al.,"PWR FLECHT SEASET Unblocked Bundle, Forced
and Gravity Reflood Task: Task Plan Report," NRC/EPRl/ Westinghouse-3,
Marc.i 1978.
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TABLE 9-1

DATA REDUCTION AND ANALYSIS

COMPUTER CODES FOR FLOW BLOCKAGE TASK

Units
Data Rodtetton

Code Main Function Output Metric English Engineering

CATALOG Lists each data channel Tables of data and time

as a function of run time in engineering units:
-

Time er - sec

Temperature "C *F
Pre mure MPa pela

Olf ferential preseure MPa psig
3Flow m /sec gal / min

Power kw kw
e
b

FPLOTS Plots each data mannel Same as CATALOG Same as CATALOG Same as CATALOG
as a function of time

FFLOWS Calculates overall mass Twghase pressure drop MPa paid
balances, mass accumulation, Void f raction - -

and bundle exit rates Two-phase density kg/m' lbm/ft
'

Twghese mass kg lbm
Two-phase frictional pressure drop MPa paid

Man stored in bundle based on

a) Overall differentini pres-
sure cells 0-3.66 m
(0- 144 in.) kg Ibm

b) Sum of incremental
differential pressure
cells

144

I AP kg Ibmg

i=0

,

_ . _ _ _ _ _ . . . _ _ _ _ . _ _ . _ _ . _ _ _ _ _ . - _ _ _ _ _ _ _ _ _ _
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TABLE 9-1 (cont)

DATA REDUCTION AND ANALYSIS

COMPUTER CODES FOR FLOV BLOCKAGE TASK

Units
Data Redaction

Code Main Function Output Metric English Engineering

FFLOW5 Mass difference kg Ibm
(cont) Two-phase steem velocity m/sec ft/soe

Time see sec

Accumulator mass loss kg bm
Mass injected

Total kg bm
Rate kg/sec lbm/sec

? Mass stored
#

Total kg Ibm
Rate kg/see Ibm /sec

Messout

Total kg Ibm
Rate kg/see Ibm /see

Mass difference

Total kg Ibm
Rate kg/sec lbm/sec

Carryout fractiom

(a) Based on mass stored

Total - -

Rate - -

(b) Besed on mass out
TMd - -

Rate - -
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TABLE 9-1 (cont)

DATA REDUCTION AND ANALYSIS

COMPUTER CODES FOR FLOW BLOCKAGE TASK

Units
Data Reduction

Code Main Function Output Metric English Engineering

FFLOWS Test section mass

(cont) Total kg Ibm
Rate kg/sec lbm/see

Carryover tank mass

Total kg Ibm
Rate kg/sec lbm/sec

Steam separator mass

? Total kg Ibmm
Rate kg/sec lbm/sec

Exhaust orifice mass

; Total kg Ibm
[

Rate kg/sec Ibm /sec,
i

iOverall mass balance kg Ibm t

Lower bound quality - -
,

Upper bound quality - -

Mass leaving each dif ferential
'

pressure increment kg Ibm *

QUENCH Determines time-temperature Initial temperature C 'P1

history for each rod Turnaround terrperature "b 'F
* thermocouple Turnaround time see sec '

Temperature rise "C "F
Quench time sec sec

UQuench temperature C *F

!

, . . - , , . - -
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TABLE 9-1 (cont)

DATA REDUCTION AND ANALYSIS

COMPUTER CODES FOR FLON BLOCKAGE TASK

unite
Deta Re&ction

Code Mein Function Chatput Metric Eng!!ah Engineering

DATAR Calculates local surfece Moseured terrporsture 'C Y
terrporsture, heet flux, Calculated sarface terrperature *C Y

2 2and heet trenefer coeffi-lents Heat flux W/m Btu /hrft
2 2for each rod thermocogle Heat trenefer coefficient W/m ,oC Btu /hr-ft ,9

PLOTIT Plots DATAR variablee Plots of DATAR output Some as DATAR Some se DATAR
verove time

c
fa AVGSD Statistical analyene of Mean, one standard devletion, Some as DATAR Some as DATAR

DATAR output maximum and minimum for rod tem-
perature heet trenefer coefficient

and heat flux in specified bundle

zones

FLEMB Calculates local conditions Maes flow kg/soe bm/see
and other quantitles relevant Quality - -

to heet transfer Enthalpy .1/kg Stu/lbm
Vapor Reynolde nurrber - -

Nusselt number - -

2Radiative host fluu to vapor W/m Btu /hr-ft
Vold fraction - -

Well terrperature *C Y
Vapor terrporature *C Y
Hot rod heet fluu W/m Stu/ft -hr
Totallntegrated heet flow J Etu
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TABLE 9-1 (cont)

DATA REDUCTION AND ANALYSIS

COMPUTER CODES FOR FLON BLOCKAGE TASK

unite
Data Redaction

Code Mein Function Output Metric English Engineering

2 2ALLTURN Calculates heet trenefer Heat trenefer coefficient Wm ,oC Btu /hr-ft ,9
(Z-Zc$ coefficient based on (e- es e function of elevation m ft

tence above the quench front for a given time sec see

HEAT-II Calculates components of heet Droplet diameter m ft

trenefer to entrained liquid Droplet number doneity drape /m drape /ft
,

and steem Droplet velocity m/sec ft/sec
? Vapor velocity m/sec ft/secCD

Slip retto - -

Vold fraction - -

Droplet Reynolde nurrber - -

Droplet hbor number - -

2 2Rod heet flux W/m Stu/ft -hr
Surface-to-eurfece redletion heet

Iflux Wm Stu/ft h
2Well-to-vepor radiation heet flux W/m Btu /ft &
2 2Well-to-droplet radiation heat flux W/m Btu /ft 4
2 2Woll-to-vapor convective heet flux W/m Btu /ft -hr
2 2Vapor-to-droplet r.,diation heet flux W/m Btu /ft 4
2 2Host trenefer coefficient W m ,oC Btu /hr-ft ,9

Nusselt number - -

Quality - -

Steam temperature "C Y
mil termerature *C T

.
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TABLE 9-1 (cont)

DATA REOUCTION AND ANALYSIS

COMPUTER CODES FOR FLGV BLOCKAGE TASK

Units
Data Reduction

Code Main Function Output Metric English Engineering

Normalized surface-to-surface - -

HEAT-II radiation best flux - -

f (cont) Normalized wall-to-dropletc
radiation heat flux - -

Normalized wall-to-vapor

radiation heat flux - -

Normalized wall-to-vapor convce-

tive heat flux - -

Vapor Reynolds number - -

Optical thickness mm in.

|

|

|

|
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such as pressure, flooding rate, power, initial clad temperature, and subcooling. In

addition, heat transfer, clad temperature, and total mass carryout will be com-

pared for each test parameter.

The special tests, such as Ltw gravity reflood tests, will be examined separately to
determine the effect of each test variation on the heat transfer, clad temperature,

; and total mass entrainment. In this fanhion, qualitative statements can be made on

Llw effect of each test parameter.

The entrainment and bundle void fraction dita, also obtained from the experi-

ments, will be compared to ttu semiempirical entrainment model developed in
WCAP-8838.(I) The model proposed by Sun and Duffey(2) will also be compared

,

with the mass efiluent data and the entrainment model given in WCAP-8838.

Entrainment criteria such as superficial velocity or critical void fraction will also
be investigated armi compared with criteria in the literature.

In addition, the data will be analyzed to investigate heat trrmsfer mechanisms

j occurring dJring reflood. The analytical methods developed in WCAP-9183(3)

will be used to perform a man and energy balance on the test bundle.:

The bundle thermal-hydraulic parameters which will be calculated f rom the bundle
,

mass and energy balance are given in table 9-2. Using these quantities, the meo-

sured wall heat flux will be divided into the individual heat transfer mechanisms
using the HEAT-il computer code described in appendix M. The HEAT-Il program

will give the radiation-to-vapor wall heat flux component, radiation to drops,
' radiation to other surf aces, uruj the resulting convective wall heat flux component.

This approach will enable quantification of the dif ferent reflooding heat transfer<

mechanisms, which in turn will allow others to verify or develop mechanistic

..

1. Lilly, G. P., et al., "PM1 FLECHT Cosine Low Flooding Rate Test Series
Evaluation Report," WCAP-8838, March 1977.

2. Sun, K. H., and Duf foy, R. B., "A Generalized Theory for Prealcting Mass
Effluence During Reactor Reflooding," Nucl. Tech. 43, 22-27 (1979).

3. Lilly, G. P., et al., "PWR FLECHT Skewed Profile Low Flooding Rate Test
Series Evaluation Report," WCAP-9183, November 1977.

9-10-
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TABLE 9-2,

INFORMATION DERIVED FROM OASIC FLOW BLOCKAGE TASK DATA

Derived Thermal-Hydraulic

Quantity Method Used - Ccade Location

Rod surface heat flux inverse conduction code - DATAR At each rod thermocouple elevation

Heat transfer coefficient Heat flux and rod surface and At each rod thermocouple elevation
saturation temperatures - DATAR

Bundle rod heat release rate Bundle energy balance - FLEMB Rod bundle heated lengthc

b
Fluid mass storage rate Test section mass balance - FFLOWS Rod bundle

Effluent rate Test section mass balance - FFLONS Exhaust orifice, carryover, and steam
separator tank

Quench front velocity Rod thermocouple quench data - Rod bundle heated length
QUENCH

Bundle axial void fraction Momentum balance using different Rod bundle heated length
pressure readings corrected for

frictional losses - FFLOWS



TABLE 9-2 (cont)

INFORMATION DERIVED FROM BASIC FLOW BLOCKAGE TASK DATA
_

Derived Thermal-Hydraulic

Quantity Method Used - Code Location
-

Blockage sleeve heat flux Rod surface heat flux and blockage At each instrumented sleeve location

sleeve temperature

Carryout fraction Mass balance around test section - Injection rates, mass storage, and

FFLOWS exhaust liquid and steam measurements

e
4. Liquid entrainment rate Mass balance around test section - Carryover and steam separator collection
N

FFLOWS tanks

Nonequilibrium quality Mass and energy balance Rod bundle at each steam probe location

Equilibrium quality Mass and energy balance Rod bundle at each steam probe location

Exit quality From test section exit liquid Test section exhaust

and steam flow measurements -

FFLOWS

Heat flow to droplets From axial quality changes, mass Rod bundle at each steam probe location

flows, and two-phase flow tem-

peratures - HEAT-Il

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _. _ _ - ______ ___ _ - _ _ _ _ _ -
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TABLE 9-2 (cont)

INFORMATION DERIVED FROM BASIC FLOW BLOCKAGE TASK DATA

Derived Thermal-Hydraulic

Quantity Method Used - Code Location

Convective heat flux to From axial quality changes, mass Rod bundle at each steam probe location
steam flows, and two-phase flow tem-

peratures - HEAT-Il

Radiative heat flux to drops From axial quality changes, mass Rod bundle at each steam probe location
flows, and two-phase flow tem-

';0 peratures - HEAT-Il
C

Radiative heat flux to steam From axial quality changes, mass Rod bundle at each steam probe location
flows, and two-phase flow tem-

peratures - HEAT-il
,
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reflood heat transfer models. The analyzed data will also be compared with
existing heat transfer correlations or models, and improved models will be proposed

if possible. The resulting information will be presented in tabular form to enable
correlation s the data in various ways.

The effe9t of different subchannel blockage configurations will be obtained by
I direct comparison between the uniformly blocked tests and the unblocked bundle

data. The instrumentation layout of both bundles will allow direct comparison of '

the transient wall temperature, FLECHT heat transfer coefficient, wall heat flux,

and vapor temperature at several locations within and downstream of the blockage
,

zone. These data can then be plotted against the test parameters (such as flooding
rate and pressure) to determine whether any heat transfer decrease occurs over the

test parameter range investigated.

In addition, zones of either improved or degraded heat transfer downstream of the'

blockage region will be mapped out and normalized to the unblocked bundle data.

!

For the bypass flow blockage tests, additional comparisons will be available with

! both the unblocked and uniformly blocked tests. Comparisons of these data will
!'

allow assessment of the flow redistribution effect on the heat transfer, both in the

blockage wake and in the flow bypass region. Comparisons willindicate the rela-

tive importance of the flow bypass ef fect compared to the droplet breakup ef fect

as a function of the different test parameters.
1

For the uniformly blocked tests, the data will be analyzed in the manner described

above. Because, in this case, the flow in the bundle will be one-dimensional, the

mass and energy balances described above are applicable. For the case of flow

redistribution, the data will be analyzed in a more approximate manner, since the

flow will not be one-dimensional. The single-phase flow field will be calculated

with the COBRA-IV code or other appropriate analyses to obtain the redistribution.

of fects in the bundle. This calculation will be used with the measured data to
estimate the local quality on the different sides of the bundle and the quality

; behavior downstream of the blockage zone. These calculations will be less accu-
: rate than the one-dimensional calculations, since the flow behavior all nnly be
'

|estimated by means of COBRA-IV. The flow behavior and the local fluid con-

ditions calculated in this manner will be compared to similar calculations for the

'

9-14
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unblocked tests and the tests with uniform flow blockage. Thus, by comparing the

fluid conditions such as quality, vapor Reynolds num'oer, Twall, Tvapor,a M
the wall heat flux, tte effect of the flow blockage on the rod heat transfer can be

examined.

9-3. MECHANISTIC DATA ANALYSIS

During the coume of experimentation in the 21-rod bundle task, a mechanistic

model for flow blockage will be developed which will subsequently be assessed in

the 161-rod bundle tack.

At the present time, the easiest and most dimet approach for analysis and cor-

relation of the data appears to be a modification of an existing FLECHT-type cor-

relation to account for both flow blockage ef fects and flow bypass.

As previously discussed in the program plan,(1) an expression for the heat trans-

fer downstream of a single blocked rod can be written, using the method of Hall
and Duff ey,(2) as

( CQ '"
l i N (9-1)h = h g (y)B e

0

where

G = single-phase flow rate, which can be obtained from a subchannelB
analysis code like COBRA-IV

N = e mpirical blockage factor, which accounts for the effects of
e

dmplet atomization, increased turbulence, local flow

1. Conway, C. E., et al., "PM1 FLECHT 3eparate Ef fects and Systems Ef fects
Test (SEASET) Program Plan," NRC/EPRl/ Westinghouse-1, December 1977.

2. Hall, P. C., and Duf f ey, R. B., "A Method of Calculating the Ef feet of Clad
Ballooning on Loss-of-Coolant Accident Temperature Transients," Nucl. Sci.
Eng. 58,1-20 (1975).
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acesleration, and uip between vapor and droplet caused by
single-rod blockage. It is expected to be a function of the

blockage shape.

1

G = unblocked single-phase flow rate from COBRA-IVg
|

b unblocked heat transfer coefficient=
g

1

exponent of the flow, depending on the convective heat tranifer,m =

using a Dittus-Boelter correlation (typically m = 0.8)

Quantification of N can be obtained by analysis of the 21-rod bundle experimente

for the different blockage shapes tested. In reality, the above equation becomes

the defining equation for N . The blocked test series with no bypass would yielde
data to determine N , since (G IC ) is equal to 1.e B o

Although the single balloon blockage effect is expected to affect the local heat

transfer downstream, the interaction effects of blockages on adjacent rods will
also affect the heat transfer downstream of any individual rod. This interaction

of feet is caused by the noncoplanar blockage, which will promote subchannel

| crossflow, increased turbulence intensity, slip, and mixing between adjacent

subchannels which could have more or less blockage than the particular channel

being examined. The effect of other channel blockage on a particular channel is

called the environmental ef fect and may be characterized by N . Therefore, the
E

| heat transfer downstream of a blocked rod surrounded by other blocked ruds can be
|'

1; expressed as '

:

| h IkB

p = 1 y)| Q (9-2)N
g

o ko

,

where N ccounts for the blockage environment. Jn ecuation (9-2), as in equa-E
| tion (9-1), it should be noted that G is a single r.me fLtw rate and m is taken

B

from a single-phase correlation. GB can br a p . d from a subchannel analy-
sis code like COBRA and m is also obtainat v tru.. s.3e literature for single-phase

flow (for example m = 0.8). Equation (9-2) then becomes, Lbe efining relationship.

1

|

9-16



for NE. The value of N , which again is empirical, will be obtained throughE
comparisons with the unblocked data and determination of G IC using theB o
single-phase COBRA-IV calculations. It is expected that N will be a functionE
of the flow properties, initial flooding rate, distance downstream of the blockage,

and the blockage diuribution. The resulting expression or models for N andg

NE will be compared with the 161-rod blocked bundle data, where ample flow
bypass will be allowed.

The capability of a model such as that given in equation (9-2) to predict behavior in

the large-bundle blockage experiments with bypass may determine the need for

additional 21-rod bundle tests to better define N -E

9-4. STATISTICAL DATA EV ALUATION

When test data are presented in support of a safety analysis model, the data are

normally screened, evaluated, and examined to determine whether bias exists in

the data which would indicate a particular correlation with one or more para-

meters. The hot rod unblocked FLECHT data (1) have been examined in this

manner and it has been found that distributions of the hot rod heat transfer data

can be generated from individual rods. The rod-to-rod variations are due to radial

position within the bundle; this could reflect local subchannel heat transfer effects,

rod manufacturing and instrumentation differences, and test repeatability uncer-

tainties. Other effects which could cause bias in the data are normally eliminated

by selecting the hot rods. These other factors include different power rods, hous-

ing effects, and proximity of any failed rods. The methods used to select the hot
rods in previous FLECHT tests are discussed in the FLECHT cosine (2) and

m ved power (I) evaluation reports.

Flow blockage is another parameter which can promote bias and variation in the

data which should be greater than other variations within the data. To properly

1. Lilly, G. P., et al., "PWR FLECHT Skewed Profile Low Flooding Rate Test
Series Evaluation Report," WCAP-9183, November 1977.

! 2. Lilly, G. P., et al., "PWR FLECHT Cosine Low Flooding Rate Test Series
Evaluation Report," WCAP-8838, March 1977.

9-17



. -. . . .

I

assess either a heat transfer benefit or a penalty dJe to flow blockage, the

blockage effect must be separable f rom these other variations.

The proposed statistical approach will establish the distributions of the unblocked
heat transfer data and the blocked heat transfer data on a common basis, so that

the effect of blockage can be obtained. Data means, standard deviations, and

frequency distributions will be compared at eadi elevation as a function of time to
ascertain the additional variation introduced by the blockage.

Eadi effect whid1 could cause variation between a blocked rod in the blocked

bundle and an unblocked rod in the unblocked bundle must be examined to establish

the true effect of blockage. Those effects which can create variance in the

FLECHT data are as follows:

Uncertainty in the calculated heat transfer due to manufacturing differences--

and the measured heater rod temperature ant power

- Variation due to radial position within the bundle, which can result in local

heat transfer being different from channel to channel
_

-- Uncertainty of establishing mpeatable test conditions i

4

-- Variation between the two bundles used
.

- Variation caused by the noncoplanar blockage on the local heat transfer in the

bundle

} To screen out the first four effects, suitable instrumentation and repeat tests will
|be necessary f a both tie unblocked bundle tests and the blocked bundle tests. This

.

necessity has been examined in the unblocked test series and will be considered in
~

the blocked bundle task plan.

The instrumentation plan for the 21-rod bundle has been designed to provide data

f x examining the above five reasons f or data variance. Similar instrumentation

1. Rosal, E. R., et al., "FLECHT Low Flooding Rate Skewed Test Series Data j
Report," WCAP-9108, May 1977.

<
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locations exist in the 21-rod bundle and in the unblocked bundle. There is ample
instrumentation at different radial locatiom to obtain any radial variation. In
addition, the azimuthal location of the thermocotples is also being specified in the

21-rod bundle, again to determine sources of data variance. Tests have been shown

to be repeatable in previous FLECHT test series, and repeat tests within each test

series of the 21-rod bundle am planned. The bundle- to-bundle variation can be

examined by comparing the data at elevations below the blockage zone for similar

tests with c ferent bundles. In these comparisons, two sources of variance would
be present: bundle-to-bundle difference and test-to-test difference. Since the

f acility loop design, controls, and associated instrumentation am the same for all

test series, the test-to-test variance should be quantified by the repeat tests in

each test series. Therefore, the additional variance due to bundle-to-bundle

effects should be separable if it is significant.

By perf orming the heater rod error analysis described in WCAP-9108, appendix B,

the uncertainty cije to rod manufacturing effects, power measurements, and

thermocouple error can be calculated. The repeat tests to be conducted in each

test series will give the uncertainty due to fixing the bundle test conditions. It is

expected that the slight differences in actual test conditions between the paired

blocked and unblocked tests can be accounted for by adjusting the unblocked data

by deterministic methods or using the msults of unblocked tests. The bundle-to-

bundle variation between the blocked bundle and the unblocked bundle will be

obtained by comparing the thermocouple variation for " identical tests" at eleva-

tions away from the blockage plane, for example, at 1.2 m (4 f tl.

Since these uncertainties can be determined, the msulting unknown variations

which would exist in the heat transfer data would be the rod-to-rod heat transfer
variation f or the unblocked data and the local effect of blockage for the blocked

bundle test. Statistical tests will be performed on the data to identify the parent

: population distribution from the data sample distribution. These resulting distri-
!
| butions will then be compared, as shown in figure 9-3. Such curves will be gen-

. erated at different elevations for different times of interest so that the effect of
|

| the blockage on the heat transfer can be evaluated. One such elevation depen-

| dence curve is shown schematically in figure 9-4. To generate the distributions for

the heat transfer data, some data pooling may be necessary, or additional assump-

tions on normality of the parent distributions may be required. Instrumentation has

:
!

l

j 9-19
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been planned and provided in the bundle so that these assumptions can be con-

firmed for a few tests, and then applied for other tescs.

Similar comparisons will also be performed with the blocked tests with bypass. In
this case, msults of the blocked tests with bypas and the blocked tests without

bypass will be compared to assess the effects of bypass on the blocked heat transfer.

The bypass test msults will also be compared to the unblocked test results to

obtain the total offect of the flow blockage with bypass relative to the unblocked

geome try.

The end msult of this data evaluation will be the assessment of the effect of

blockage, both with and without flow bypass, relative to the unblocked data, with

the only variations in the data caused by rod position, flow blockage at different

rod positions, and flow bypass. Comparison of the generated frequency distribution

plots should indicate the variations of the data means and the relative position of

the tails of the frequency distributions. If the data indicate that the means for the

unblocked data with and without bypass are greater than those for the unblocked

&ta, and that the distribution tails are within the distribution tails of the

unblocked data, then clearly flow blockage is not a penalty relative to unblocked

FLECHT data, since no negative variance has been introduced into the data by the

blockage. if the frequency distributions indicate that the means of the blocked

&ta with and without bypass am greater than those of the unblocked data, but the

tails of the blockage distribution data yield lower heat transfer than the tails of

the unblocked sta, then these data will be investigated more closely to see if

there is a thermal-hydraulic explanation for this trend. If a thermal-hydraulic
explanation can be found, then this particular effect would be included in a model

for flow blockage.

in summary, the combination of the statistical data evaluation and the deter -

ministic data analysis should provide sufficient tools to explain the effect of the

flow blockage on the resulting bundle heat transfer from a mechanistic viewpoint,

if the msulting blocked bundle heat transfer is observed to always be a heat
'

transfer benefit mlative to the unblocked data, the proposed analytical methods

should_be able to explain why. If the blockage heat transfer is found to be a

penalty relative to the unblocked heat transfer, the proposed analytical methods

should provide the explanation of why a penalty results.
1
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|

9-5. HYDRAULIC CHARACTERISTICS TEST DATA REDUCTION AND

ANALYSIS PLANj
1

As previously described, the static pressum differential will be measured over 0.30
3m (1 ft) increments utilizing a + 3.7 x 10 Pa (+ 15 in.'wg) differential pressure

transmitter. The pressum measumments am made from just below the first grid at

the 0 m (0 ft) elevation to just below the eighth grid at the 3.57 m (11.7 ft) elevation.

The pressure losses due to friction, support grids, and blockage sleeves can be
!

determined by evaluating the mechanical energy equation between any tv>L points,
i

as follows:

E- (V 2_y b) + - (Z -Zb)(P -P b) 2gAP +
LOST = a 9 a

e c

| where

,' P = measured static pressum at upstream point
a

}.
P = measumd static pressum at downstream point'

b

2KpV
2g , where V is the velocity in the unblockedAP *

LOST c portion of the bundle

f

Therefore, since the gravity head can be neglected because of the pressure of a,

reference leg,i

i

2
2D (P - Py + E-- (V , y b)K =

2g2g aa-'

J

2 2
P) E (V , y)

i . (Pa b +24
-

a b
K=

2
| pV
'

2g

9-23.
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iwhere

e

, for frictional losses

K=<Kgrid, f r grid losses

+K blockage, f r blockage sleeve losses
.

The friction factor for the heater rods can be determined by evaluating the data

between grid locations. As shown by figure 9-5, the differential pressure measure-
ment between 0.61 m (2 f t) and 0.91 m (3 f t), between 2.74 m (9 f t) and 3.05 m

(10 ft), and between 3.35 m (11 ft) and 3.57 m (11.7 ft) will allow evaluation of the

friction factor. The velocity between grid locations along the tube bundle is

assumed constant. The above relationship for the frictionallosses reduces to the

following:

AP& = a-b
D 2

h DV
29c

The grid loss coefficient in combination with the rod friction can be determined by

evaluating the data acrose the support grids. As shown by figure 9-5, the differen-

tial pressure measurement between 0.30 m (1 ft) and 0.61 m (2 ft), between 0.91 m

(3 ft) and 1.22 m (4 ft), between 2.44 m (8 f t) and 2.74 m (9 ft) and between 3.05 m

(10 ft) and 3.35 m (11 ft) will allow evaluation of the grid loss coefficient. The

velocity is assumed to be the same at the grid entrance and exit. The grid loss
coefficient will be corrected for the inherent rod friction, as shown below:

O a-b fLKgrid 2
-

]
=

2g |c

|
~

The blockage sleeve loss coefficient can be determined by evaluating the data

across the blockage zone for a test configuration with blockage sleeves. Figure 9-5 l

.|
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_ 3.04 m
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FRICTION*

2.74 m s
- '

(9')
2.62 m (103") FRICTION AND GRID,

2.44 m s~ '
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2.13 m
~
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-

(5')

_1.22 m
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1.04 m (41")
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(3')
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'
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i

OmI O m (0")
! (O')
!

Figure 9-5. Grid Location / Pressure Measurement Relationships
,

9-25

1

u --



shows that the differential pressure measurement between 1.22 m (4 f t) and 2.44 m

(8 f t) will allow evaluation of the blockage sleeve coefficient. Although this 1.22

m (4 f t) span includes two grids and 1.22 m (4 f t) of frictional losses, the velocity

can be assumed constant at each of the mspective pmssum measurement locations.

The blockage sleeve loss co3fficient will be corrected for the rod friction and grid
as shown below:

APa-b fL
Ksleeve 2

-

--Q
- K= grid

2g
e

The measured values for the friction factor, grid loss coefficient, and blockage

sleeve loss coefficient will subsequently be compared to values available in the

literature.

'

i
.

l !

l
l

,

!

{
'
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SECTION 10 |

TASK SCHEDULE

. Figum 10-1 presents a revised schedule for the 21-rod bundle task based on a work

hiatus from February 1,1979, to August 16,1979. The seven test series are

planned for completion by March 15, 1981, and a blockage sleeve shape decision

will be made for the 161-rod bundle task by April 15,1981. At that point, the

computer " front end" for the 21-rod bundle facilities will be converted for use in'

the 161-rod bundle testing facility. Table 10-1 describes the major milestones
;-

presented in figure 10-1.

A draft data report for the seven test series will be completed by July 15,1981; a

draft data analysis and evaluation report will be completed by October 15,1981. In

addition, Westinghouse will publish informal letter data reports after each test

; series, to provide early information to the PMG and its consultants for review and

comment.

b

.

i

!

i
.

!

!
4

!

l

!
!
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TABLE 10-1;

MAJOR MILESTONES FOR FLECHT SEASET 21-ROD BLOCKED BUNDLE TASKi

|

: Months After

Milestone Contract Start Calendar

Date(a) DateNo. . Milestone

|
F1 Initiate test planning and 9 4/1/78A(b) |

facility design |

F2 Issue draft task plan for 16.5 11/15/78A
review

F3 Initiate work hiatus 19 2/1/79A
1

4 F4 End hiatu9 er.d restart work 25.5 8/16/79A ,

,

F5 Initiate continuation of 26.5 9/17/79A
facility construction

'

F6 Complete facility construc- 30 1/1/80
tion and initiate shakedown

F7 Complete all test series 44.5 3/15/81 !
:

F8 Select blockage sleeves for 45.5 4/15/81
161-rod bundle i

F9 Complete draft data summary 48.5 7/15/81'

: report
:
j F10 Complete draf t data analysis 51.5 10/15/81
| and evaluation report
t

i

s.7/1/77
b. A - actual date

a;

4

1
,

I

-

|
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I

i

*
.
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Figure 10-1. Tack Schedule for FLECHT
SEASET 21-Rod Blocked
Bundle Task
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APPENDIX A

COBRA CODE

.

A-1. CODE DESCRIPTION AND INPUT PARAMETERS

Westinghouse has proposed to use the COBRA-IV subchannel computer code ( to

predict the local flow redistribution effects in both the 21-rod and large bundle

flow blockage heat transfer tests. The COBRA-IV code is identical to the pre-
viously reported COBRA-IIIC code, except that COBRA-IV can ..andle a wider

range of thermal-hydraulic problems (table A-1( }). Existing COBRA-IIIC and

COBRA-IV comparisons with flow blockage and flow redistribution data have been

reviewed to investigate COBRA's applicability for the FLECHT SEASET flow

blockage program.

The COBRA code (either COBRA-IIIC or COBRA-IV) solves the following

conservations for the subchannel flow in a rod bundle:

- Continuity

+ [DC] w=0A +

-- Energy

3(ph) 3(mh) [DC] h*w = q'A . +3t aX

| - Axial momentum

+ [DC]T u*w + A =F
*" P

,
+

3 g

| 1. Wheeler, C. L., et al., "COBR A-IV: An Interim Ve esion of COBRA for
! Thermal-Hydraulic Analysis of Rod Bundle Nuclea: Fuel Elements and Cores,"

BNWL-1962, March 1976.
2. Rowe, D. S., "COBR A-IIIC: Digital Computer Program for Steady-State and

! Transient Thermal-Hydraulic Analysis of Rod Bundle Nuclear Fuel Elements,"
BNWL-1695, March 1973.

3. Stewart, C. W., et al., "COBR A-IV : The Model and the Method," BNWL-2214,
July 1977.

A-1
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TABLE A-1

COBRA DEVELOPMENT CHRONOLOGY

COBRA Version
(Publication and Date)

I il III IllC IV-1
BNWL- BNNL- BNWL- BNVL- BNWL-
371 1229 B-8 2 1695 1962

Capability or Model 3/67 2/70 7/71 3/73 5/76

Flow solution - steady state
Forward march x x
Inlet flow / exit pressure boundary conditions x x x
Pressure drop boundary conditions x

? Flow solution - transient
" Full implicit x x

Explicit arbitrary flow field
and boundary conditions x

Single-phase flow
Nonuniform channel friction x x x x
Hot wall friction correction x x
Laminar friction correction x

Two-phase flow
1D slip flow x x x x x
Subcooled voids x x x x

Turbulent mixing
Single-phase x x x x x
Two-phase models x x x x



_ _ _ _ _ _ _ _ _ _ . _ - _ _ _ _ . . _ . _ _ _ _ . _ _ _ _ ..._. ___ _ _ . _ _ _ . . _ _ . . . _ _ . _ _ _ __ _ __ __
-

TABLE A-1 (cont)

COBRA DEVELOPMENT CHRONOLOGY

'

COBRA Version
(Publication and Date)

I 11 III IIIC IV-1
BNWL- BNWL- BNVL- BNWL- BNVA-
371 1229 B-82 1695 1962

Capability or Model 3/67 2/70 7/71 3/73 5/76

Crossflow model
Pressure-resistance only x x x
Transient momentum. equation x x
Forced diversion x x

y Lateral momentum flux x
0

Equation of state
Reference pressure x x x x x
Superheated steam properties x

Geometry.
Variable gap and area x x x x
Grid spacers x x x x
Blocked crossflow (transient) x
Wire wrap spacer x x

' '

Fluid energy solution
'

Spatially explicit x x x x
Spatially implicit x

Heat conduction - fuel rods
Specified axial and radial heat flux x x x x x
CHF correlations x x
Transient fuel rod model finite difference x

.

. _ _ _ _ . . . _
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T ABLE. A-1 (cont)

COBRA DEVELOPMENT CHRONOLOGY

COBRA Version
(Publication and Date)

| I II III IIIC 1 V-1
BNWL- BNWL- BNWL- BNWL- BNWL-
371 1229 B-82 1695 1962,

Capability or Model 3/67 2/70 7/71 3/7.3 5/76

Orthogonal collocation x
Axial conduction x-

Temperature-dependent conductivity x
Axial fuel zones x#

3 Boiling curve package x,

y.,

Heat conduction - fluid
Radial conduction x x x x,

i : Axial conduction x

:

_ _ _ _ _ _ _ _ _ _ _ _ - _ - _ - - _ _ _ - _ _ _ - _ _ _ _ _ _ _ . - - _ _



Transverse momentum-

3V w
0 * - [DC] p C+ + =

3y

whom

channel axial directionx =

lateral directiony =

timet ='

A subchannel flow ama'=

densityp =

flow ratem =

h = subchannel enthalpy

diversion crossflow between adjacent subchannels per unit lengthw =

axial subchannel velocityu- =

lateral velocity in subchannelV =

subchannel pmssurep =

[DC] difference operator for subchannels=

[ DC]T transpose of difference operator=

q' heat transfer from all sources= .

F axial friction and gravity force=

C lateral friction force=

j * convected quantity=

These balance equations are based on several assumptions, summarized in table
A-2.(1) The derivation of the equations used in COBRA-IllC or COBRA-IV can

.

be found in BNWL-2214.(2)

To solve this system of equations, several empirical models must be provided to

! yield a closed form of the conservation equations, which can then be numerically

1. Wheeler, C. L., et al., "COBR A-IV: An Interim Version of COBRA for
Thermal-Hydraulic Analysis of Rod Bundle Nuclear Fuel Elements and Cores,";

| BNWL-1962, March 1976.
|
l'
'

2. Stewart, C. W., et al., "COBR A-IV: The Model and the Method," BNWL-2214,
July 1977.

A-5
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TABLE A-2

MAJOR ASSUMPTIONS AND RESTRICTIONS

Equations
Assumption or Restriction involved Effects

Common to both numerical algorithms:

Thermal equilibrium All Requires equal phase temperatures

Geometry constant in time All Restricts problems that can be addressed

Lateral turbulence model based on All w j = w'j;
equal mass exchange

No turbulent mixing between axial nodes All o'=0

b Fluid properties a function of h All Thermal expansion is included but
5 and the reference pressure compressibility (due to local pressure

changes) is not.

6p/6t neglected in the energy Energy No sonic propagation
equation

Negligible heat generation within the fluid Energy

1 Changes in kinetic energy assumed small Energy Only mechanisms for internal energy
change are heat transfer, convection,
and turbulent mixing.

,

Viscous dissipation neglected Energy

Work against the gravity field neglected Energy

Gravitational acceleration the only Momentum Electromagnetic forces not considered
body force

_ - _ - _ _ - _ _ _ - _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ - _ - _ _ _ _ _ _ _ _ . - . _ _ _ _ _ _ _. __



.

) u
r /
e xs t v At) necl

ia ew <
lr

t ic uo t

st bh g A
re e ud inrer s ,

l s o
( t i tv r e p(s u u t dl

t t s d e o a ec o s ed c he n e t o t it

e a mf r lcml

s f e p ,

r s it e n e lge e s e lc ee yn s eg t pit

f c a a nn a g
i en c tf nh h a l

1E ac p rh y a o s
Vc r hy a l

a x a c e eow el

bf q i s e e im =vuo u h e r al s t
t g

e d m bl r s 1 Vl n r e a alV m ,S ar e s i uu an h yN eh e t u u ,

n p p = l
l

- e a e
l = m u it

w ir
f n sO t

d wh la t a g i
/ b

iu im oc u uV a a
I s g

C o ly qT l x
n e luo ll f o q g tNo R Fm Ao N E M u SI

R
T
S
E)
Rt

no D s em m m em my myc N nd s sr u u u r u ug ug( oe et t t r ret t t
2 A itl vv n n n n n e n ev
A S ao s e e e s e e n n- ee e

N uv nm m m nm m mqn a o o o a od dE O EI Tm M M Tm A Ma A Ma A
o l ol lr r l nn l l

L I

B T
A P
T M

U
S
S
A

dR e eO t l s
J c l

rae e nA n l w dv e
M o g s e ed e y n ti.

t e n b w c
c t ad t ;e

_

i c s d r e e l_ t
b ngr e n e t

t o t ec o_ l e- s g i n h e y i nte e e tt l l

R n u s g r p
_

r e i r g ine a oipb e n e lnsr no c t pa s ar n i : :n o rd mo er n e l
d d n d

c sm et n h u i h
ipso ri g o i o o
ls

o f r
it y e t a iys e i

m ian o

et

u f c v wt l tp d n c or e l s
m o o rf xq r s rn mi io s e a lu b s u t a fof u vi o s xs n r

e e it at ee gn em ts e t i

t a h a a c n i d
s r c sA ur a t ec , rr t e t rie e n r l

v c o oe x o a m
ie elod f n al p g n p e
f v vs a d i

r e ei

om wl e mn f t c ra u ewa r iuic i

wo oi e o o e po or u l xl rT S Ff Tm Fa h H C h Sh Nt t

r r
o o

F F

34



., __ . . . . _ _ . . __ __ _ . .

!

|
i

I ;

| solved. Those parameters which affect isothermal single-phase flow redistribution
!

am as follows:
1

- Axial friction factor
.

J

The friction factor correlation is assumed to be of the form

( )

f = a(Re)b +C

where a, b, and C are specified constants that depend on the subchannel

roughness and geometry. This is typically provided from experimental data on
;

rod bundles, such as that given by Tong.(

- Spacer loss coef ficient

The pressure drop from spacers is lumped into an effective loss coefficient ,

which may be defined in terms of all-liquid flow as

h

[m]
K

AP - 2p (A
Grid loss coefficient data are provided either from experiments or from
calculational schemes such as those of Rehme 2) or Kays and London,(3)

which are based on some experimental data for similar geometries. |

-- Turbulent crossflow and mixing

'There are several available expressions for specifying the turbulent crossflow

in COBRA-IllC or IV:

'1. . Tong, L. S., " Pressure Drop Performance of a Rod Bundle," in Heat Transfer in
Rod Bundles, pp 57-69, American Society of Mechanical Engineers, New York,
1968..

-2. Rehme, K., " Pressure Drop Correlations for Fuel Element Spacers," Nucl.
Technol. 13 15-23 (1973).

1

3. . Kays, W. M. and London, A. L., Compact Heat Exchangers, 2nd edition, !

' McGraw-Hill, New York,1964. ;
I

A-8'
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W 0Sk=
k

W = a (Re)b Sk -

k.

W = . a (Re)b 5 5k

3
a (Re)b 5g

W( =

turbulent (fluctuating) crossflow per unit lengthWk =

b
|_ Re =

.

__
4(^i(k) + ^j(k)

+
i(k) j(k)

;

. .

* i(k) *i(k)+

^ i(b) ^ j(~k)
* "

i

1/2 (p (k) + U 'k)}
p =

i h

j S subchannel gap spacing=
!

-Z : centroid-to-centroid distance between adjacent channels
'

4

1

and a and b am user input constants. Since there are no unique and definitive

mixing correlations, the' COBRA code allows the user to specify the relationship of
|

|
his choice.

- In addition to the above three parameters, the crossflow resistance, K.., and the
IJ

crossflow momentum parameter, s/t (S is the rod gap and 1 is the distance

between subchannels over which the lateral acceleration occurs), are requimd.

Also,'the method of assigning the velucity and enthalpy of the crossflow must be

decided. With respect to the crossflow resistance, K;I, numerical studies by
BNWL(1) indicated that this parameter would not influence the crossflow velocity

I 1. Rowe, D. S., et al., "An' Experimental Study of Flow and Pressure in Rod Bundle
Subchannels Containing Blockages," BNWL-1771, September 1973.

A-9
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I

and flow redistribution to any measurable degree. This same effect was found in

THINC-IV subchannel program. The value chosen for the ratio S/L is typi-

cally 0.5. BNWL studies which varied this parameter also showed no measur-

able effect on the flow redistribution.

It should also be noted that the range of variation of S/t is rather small. BNWL
also examined the effects of different methods of calculating the value of the

velocity and enthalpy for the crossflow, and found that the donor cell approach was

the most suitable. The donor cell method means that the subchannel which is

gaining flow or energy gains it from the adjacent cell (donor cell) at that cell's

average velocity and enthalpy. This approach, the same as used in several other
subchannel codes, has been found acceptable.(I'

A-2. COMPARISONS BETWEEN COBRA PREDICTIONS AND DATA

BNWL has compared the COBRA-IIIC and COBRA-IV code versions with a sub-

stantial amount of rod bundle flow redistribution data. In particular, BNWL has

conducted several hydraulic flow blockage experiments in which local subchannel

velocity values wem measumd both upstmam of, within, and downstmam of the
Iflow blockage zone. These experiments and COBRA comparisons, and the basis for

adjusting the three empirical models indicated above am discussed below.
'

Rowe, et al.,k#) first tested the COBRA-IIIC calculatior.al ability using a two-

dimensional 1x4 blockage subchannel geometry (figure A-1). The test section is

shown in figure A-2 and the blockage shape details are given in figure A-3. Both

plate and tapered sleeve coplanar blockage were tested in this experiment. Both

1. Chelemer, H., et al., "THINC-IV: An Improved Program for Thermal-
Hydraulic Analysis of Rod Bundle Coms," WCAP-7956, June 1973.

2. Rowe, D. S., " COBRA-IIIC: Digital Computer Program for Steady-State and
'

Transient Thermal-Hydraulic Analysis of Rod Bundle Nuclear Fuel Elements,"
BNWL-1695, March 1973.

3. -Welch, J. E., et al., "The MAC Method - A Computing Technique for Solving
Viscous, incompmssible, Transient Fluid-Flow Problems Involving Free
Surfaces," LA-3425, November 1965.

4. Rowe, D. S., et al., "An Experiment Study of Flow and Pressure in Rod Bundle
Subchannels Containing Blockages," BNWL-1771, September 1973.

A-10
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16,047-39

-

SUBCHANNEL AREA FACTORS

A B C D A B C D

I SLEEVE 0.23 0.09 0.46 1.0

II SLEEVE 0.23 0.46 1 1

O

N PLATE 0.23 0.46 1 1

i

.

Figure A-1. lx4 Channel Cross Section Tested
|
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/ BACK PLATE
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Ak\ \ w k\\\\\\\\
!b b. ,

'

FRONT PLATE'
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WINDOW COVER PLATE
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Figure A-2. Test Section Construction Details
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Figure A-3. Sleeve and Plate Blockage Insert Dimensions
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I

the plate and sleeve blockages were modeled using a combination of subchannel

area reduction and blockage loss coefficients. The approximations of the physical

blockages are shown in figure A-4 for all three blockage configurations. An unre-

coverable b'ockage pressure loss was also included by the use of a subchannel loss

coefficient. BNWl. found that for the sleeve blockage, the local subchannel form

loes factor was quite small,0.03 to 0.12, for the different smooth entry sleeve

blockage channels; the plate form lons facto. was larger, typically 0.73 to 0.76.

COBRA calculations were performed with and without these form factors;it was
found that the area reduction model was the major mechanism for providing forced

flow diversion from the blocked subchannels. The primary purpose of the blockage

loss coefficients was to account for the unrecoverable pressure loss. Therefore,

BNWL. feels that blockage loss coefficients used by themselves without the proper

area variation model M!' not yield occurate subchannel flow redistributions in a

blocked assembly.

Sar"-b comparisons of the COBRA predictions for different blockt ge geometries

are shown in figures A-5 through A-7. Inputs for COBR A simulation of this system

are given in table A-3. In these figures, simulated results with and without the K

factor (loss coefficient) for blockage are also compared. With the exception of a

flat plate, it can be seen that the effect of the blockage loss coefficient is not

significant, and the flow redistribution effect is not strongly influenced by the

value of K;. An estimate of the uncertainty in the flow subchannel data is indi-
cated in figures A-5 through A-7. This uncertainty value was derived by BNWL and

is a result of having the average flow values. As the figures indicate, the COBRA

pred.ctions agree quite well with the data.

The mixing parameter,6, was also varied in the four-channel simulation and was

assigned a maximum value at the point of maximum blockage. Two others values

of S were examined to determine the importance of this parameter. In the first

case, S was assumed to have a constant value of 0.02 (typical of clean rod

bundles) over the entire length of the model. This produced identical velocity

distributions at the inlet, but the velocity distribution downstream of the inlet

changed by approximately 7 percent. The calculated pressure loss was also
|

observed to change by 3 percent. The other model assumed a constant B of 0.12 '

over the entire length. This produced velocity and pressure distributions duwn-

stream of the blockage that deviated by less than 5 percent from those computed

A-14
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TABLE A-3

COBRA INPUTS FOR FOUR-CHANNEL FLOW

0.15Crossflow resistance K;)

Transverse momentum S/E 0.25

Turbulent momentum factor ft 1.0

Bare rod friction factor f 0.225 Re-0.22 (internal

subchannel)

-- - , ,
0.217 Re * ' c..all
subchannel)

Subchannel blockage loss coefficient K 0.08 type I blockage

0.1 type 11 blockage

0.75 type IV blockaga

Turbulent mixir.g coefficient B 0.02 - 0.1 (function of Z)

types I anri IV blockage

0.02 - 0.05 (function of Z)

type II blockage
|

|

>

|

l

,
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|

using the reference profile. Therefore, the uncertainty of B does not change the
flow redistribution msults significantly, and sufficient data do exist that a proper

1

value can be diosen for FLECHT SEASET which will result in a minimum

uncertainty in the flow redistribution.

'Additional flow blockage studies were performed by BNWL in a 7x7 bundle

using both air and water (separately). The test assembly cross section with a

blockage cluster at the center of the bundle is shown in figure A-8. The details of

blockage with pertinent dimensions am shown in figure A-9. Flow area reductions

of 70 and 90 percent could be attained in the center fout subchannels. The 70- and

90- percent severities correspond to area reductions of 35 and 45 percent in the

subchannels adjacent to the sides of the cluster and 17 and 22 percent in the sub-

channels next to the corners of the blockage, respectively. Air and water flows in

local subchannels were measured using a laser-doppler anemometer (LDA,

technique.

For COBR A simulation, a full-length,1/8-symmetrical cross section of the bundle

was modeled (figure A-10). COBRA input parameters f or the water flow test simu-

lation are given in table A-4. The same model was used for both the air flow test
and the water flow test; only the operational temperature and fluid properties were

changed. The same technique of area reduction was used to model the blockage in
these tests as in the BNWL-1771 lx4 subchannel tests. Sample comparisons of the

subchannel velocities predicted by COBRA-IllC and measured in the experiment

am shown in figums A-ll thmugh A-14.

The agreement between COBR A predictions and the data is quite good, typically

within 10 percent. It should be noted that uncertainty based on the mean velocity

data is approximately 10 percent. The data uncertainty is a result of making

the point velocity measumments with the LDA and developing a subchannel aver-

aging technique such that the mean velocity in the subchannel can be compared

1. Creer, J. M., et al.," Effects of Sleeve Blockages on Axial Velocity and
Intensity of Turbulence in an Unheated 7 x 7 Rod Bur.dle," BNWL-1965, January
1976.

2. Creer, J. M., and Bates, J. M., " Effects of Sleeve Blockages on Air Velocity
Dis,tributions In an Unheated 7 x 7 Rod Bundle," BNVL-1975, January 1976.

3. Telephone conversation with J. M. Creer, June 23, 1978.
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TABLE A-4

COBRA INPUT PARAMETERS (BTWA. 7x7 BUNDLE)

V alue
COBRA

Parameter Symbol 70 % 90 %

Crossflow resistance Kj 0.02 0.02i

Transverse momentum S/L 0.25 0.25

Turbulent momentum factor ft 1.0 1.0

Bare rod friction factor f 0.34 (Re)-0.25 0.34 (P.c)-0.25

Subchannel spacer loss coefficient Ks1 1*14 1 14

Subchannel blockage loss coefficient Ks2

For subchannel 1 0.5 0.5
For subchannel 2 0.0 0.05
For other subchannels 0.0 0.0

Model length [m (in.)] 1.0 (40) 1.0 (40)

Calculation increment [cm (in.)] Az 1.27 (0.5) 1.27 (0,5)
1

Total transient time (sec) t 0.0 2.0 ;
i

Turbulent mixing coefficient B 0.02 0.02

Temperature [0C (OF)] T 29.4 (85.0) 29.4 (35.C)

i
|

|

|

i
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to the COCRA predictions. Considering the data uncertainty, the agreement
between the COBRA predictions and the data is quite good.

The input parameters used in COBRA for the 7x7 blockage study and the lx4 sub-

channel blockage study can also be compared (tables A-3 and A-4). The crossflow

resistances are different, the axial friction factor relationships are somewhat

different, and the mixing coefficient,8, is also different. In spite of these

changes, the calculated flow distribution predicted by COBRA agrees very well
with the data. The friction factor correlations are different, but all of them are
effectively close to the Blassius equation. Blockage loss coef ficients for sleeve

types are small in comparison to the grid loss coefficients and *. Sus affect flow,

redistribution minimally. This confirms BMVL's feeling that the primary variable is
the blockage area variation, which is an input quantity into the code. All the other
effects are second order.

BMVL further tested the COBRA code by simulating the mass flow distribution

in two adjacent open-lattice 14x14 rod bundles, as reported by Chelemer, et

al.(2} Several tests were run with different inlet mass flows in each bundle to
simulate a partially (67 percent /33 percent) or completely (100 perce.r.t/0 percent)

blocked inlet to one of the rod bundles. This system was lumped into a strip of 29

channels,14 for each bundle and one channel representing the region between

them, for the simulation using COBRA-IV-1. Computed velocity profiles are com-

pared with the 67 percent /33 percent inlet flow distribution resulb in figure A-15.
Again, the agreement between COBR A results and the experimeltal data is
excellent.

Based on the above comparisons, it appears that the COBRA-IIIC or COBRA-IV

subchannel code will predict the local subchannel velocities for single-phase flow,

and its application should be suitable for the FLECHT SEASdT flow blockage
program.

1. Stewart, C. W., et al., "COBR A-IV: The Model and the Method," BMVL-2214,
July 1977.

2. Chelemer, H., et al., "THINC-IV: An Improved Program for Thermal-
Hydraulic Analysis of Rod Bundle Cores," WCAP-7956, June 1973.
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APPENDlX B

COMPARISON OF THEORETICAL FLOW

SEPARATION LENGTH WITH EXPERIMENTAL DATA

Equation (4-1), in paragraph 4-5, was developed to predict the flow reattachment length

af ter the flow separation at backward step flows. The equation is given as

x = 6.3 h

where X is the reattachment distance from the step and h is the height of the step.

In this appendix, available experimental results am compamd with the predictions by

equation (4-1) to establish the validity of this equation.

Chang quoted the work of Tani, et al.,(2) which dealt with a fluid flow along a

backward-facing step (figure B-1). Their results of stream line mean velocity,

turbulence intensity, and turbulent shear stress behind the step are presented in
figu re B-2.

It can be seen that the reattachment distance (x/h)is about 6.8; this agrees fairly well

with the calculated value of 6.3 from equation (4-1). Chang also reviewed studies on a

ditfuser and found that the diverging angle of 14 degrees does not give flow separation.

This diverging angle is not much different from the theoretical jet expansion angle.

Krall and Sparrow ( } studied turbulent heat transfer downstream of the orifice and

found the reattachment distances shown in table Be1. They also showed that

1. Chang, P. K., Separation of Flow,1st edition, New York, Pergamon Press,
1970.

2. Tani, I., et al., " Experimental Investi.jation of Flow Separation Associated With
Step or Groove," Tokyo University, Aeronautical Research Institute, Report
364, April 1961. '

3. Krall, K. M., and Sparrow, E. M., " Turbulent Heat Transfer in th? Separated,
Reattached, and Redevelopment Regions of a Circular Tube," Trans. Am. Soc.
Mech. Engrs. 88, Series C, 131-136 (1966).
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TABLEB-1

REATTACHMENT DISTANCE RESULTS OF

KRALL AND SPARROW VERSUS ESTIMATIONS

TEST GEOMETRY: CIRCULAR TUBE

WITH ORIFICE

.

a

a:

FLOW > do D

I u

X
: +

|

X/D

do/D Measured Estimated

1/2 1.5 - 1.8 1.6'

2/3 1.3 1.1

1/4 2.0 - 2.3 2.4
1/3 1.7 - 2.3 2.1

|

|

|
|

!

!

!

|
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| the reattachment distance is a very weak function of the Reynolds number. An

example of their msults is shown in figure B-3. The maximum heat transfer points
in this figure are considered to be the flow reattachment points. In the same table,,

the calculated mattachment distances based on equation (4-1) are compamd.

Generally the agreements between measurements and estimations are good.
,

i Filetti and Kays examined the sudden expansion effects on a backward step

flow. They used rectangular cross-sectional tests and observed nonsymmetric flow

| eeparation with a long and a short stall. Their findings about mattachment loca-

] tions are summarized in table B-2, which gives both short and long stall distances.

Figure B-4 shows an example of their results. Calculated distances are again

j compared in the table; the estimates are midvalues of the long and short stall
j distances. They also observed that the Reynolds number does not affect the

). mattachment location.

I

Zemanick and Dougall(2) also studied local heat transfer downstream of abrupt

circular channel expansion and found the mattachment points. Their results are

summarized in table B-3. Again, the estimated values of reattachment length

) compared well to the measured ones.

Bishop, et al.,( } reviewed hydrodynamic characteristics of a wake behind a fuel
,

asembly local flow blockage. Their msults am summarized in table B-4; the
values of L/h are fairly comparable to the calculated value of 6.3.

,

!

.

! 1. Filetti, E. G., and Kays, W. M., " Heat Transfer in Separated, Reattached, and
'

Redevelopment Reginns Behind a Double Step at Entrance to a Flat Duct,"
Trans. Am. Soc. Mech. Engrs. 8_9, Series C, 163-168 (1967).9-

2. Zemanick, P. P., and Dougall, R. S., " Local Heat Transfer Downstmam of.

Abrupt Circular Channel Expansion," Trans. Am. Soc. Mech. Engrs. 92, Series
C, 53-60 (1970).

|
; 3. Bishop, A. A., et al., " Hydrodynamic Characteristics of a Wake Behind a Fuel '

'- Assembly Local Flow Blockage," Trans. Amer. Nucl. Soc. 4, 748-749 (1971).
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!

! Raidt and Tang (1) found essentially same results in their air flow experiments in

a simulated LMFBR seven-rod bundle.,

T I

Therefore, it is concluded that the flow reattachment distance predicted by |
4 equation (4-1) is a good approximation of real reattachment distance. ;

!

!

} !

;

,

J

i

i
!

l

1,

i

!

1

e

i

,

i

1. Roidt, R. M., and Tang, Y. S., " Air Flow Experiments on a Simulated LMFBR
Seven-Rod Bundle, Part II, Measurements of Velocities Downstream of
Blocked Subchannels," Scientific Paper 72-7E9-MIXIN-P1, January 1972
(Westinghouse Research Laboratories, Pittsburgh, PA).
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l

|

5 i

X Pr = 6
d /D = 1/2 X REATTACHMENTo

,

4 -

8
8
d

15,500f
25,200

-

3
-

50,100w

}
3 100,000 i

$
O '

5 1

i

2 - \

Re = 100,000

\ PIPE FLOW WITH-OUT SEPARATION

bO - .

0 2 4 6 h 7.0
~ ~

12

X/D ,

|

|

1

Figure B-3. Reattachment Results of Krall and Sparrow'

| i
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16,047-55

TABLE B-2
,

REATTACHMENT DISTANCE RESULTS OF
3

FILETTI AND KAYS VERSUS ESTIMATIONS
!

TEST GEOMETRY: BACKWARD-FACING STEP WITH

RECTANGULAR CROSS SECTIONj

i

! T A
W'

Wo -

; FLOW l' _' D/2
i N.

V
'

X: -*.

s

J F

4

X/D

| Measured

W/Wo Long Stall Short Stall Estimated

1.125 1.4-1.7 0.6 0.84
,

2.1 1.9-2.4 0.7 1.1

|

|

!
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7

X6 - p

X DATA BOUNDARY
_

/. N
4 - [ \

%*%| .

e - / N$ (d %-2
3 I./ *

O

b1 I I I I

2 0 1 2 3 4 5

X/D

h SHORT STALL

I
5

X REATTACHMENT

4 - DATA BOUNDARY
,

/X q
[ /3 -

7 -X --- % ( \
N %2 r-- '

( / N-'
!

l | |i
0 1 2 3 4 5 |

x/D

LONG STALL

i

Figure B-4. Reattachment Recults of Filetti and Kays

|
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16,047-56

TABLE B-3

REATTACHMENT DISTANCE RESULTS OF

ZEMANICK AND DOUGALL VERSUS ESTIMATIONS

TEST GEOMETRY: CIRCULAR TUBE EXPANSION

1

i d

v

FLOW d D

d

if

I

Reattachment Location

d/D Measured Estimated
;

0.43 6-9 6.3
i 0.54 5-8 6.3
; 0.82 7 6.3

.

!
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TABLE B-4:

1

LENGTH OF WAKE DOWNSTREAM OF A LOCAL FLOW BLOCKAGE
|
! FOR DIFFERENT GEOMETRIES AND BOUNDARY CONDITIONS

l
Case a b h L/h

Isolated circular disk normal Finite o Finite 5.2

to flow (sharp-edged) three-
,

dimensional flow'

Isolated disk normal to flow Finite Finite Finite -

(non-sharp-edged) three-
dimensional flow

e o Finite 4.6Isolated rectangular (sharp-
edged) two-dimensional flow

0000 :

O 000
O UU

mn
"

00 00--

O nn -

vv.

OOO O
| O |

|

Note: The wake length L and the blockage
height b are dimensions perpendicular
to the plane of the paper.

i
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APPENDlX C

DESCRIPTION OF C0FARR PROGRAM

C-1. GENERAL

This program executes the procedure described in paragraph 4-11 to determine

sleeve locations on rods. Further, the program can calculate suochannel flow area

blockage, given sleeve strain information. Program variables and subroutines are

explained in this appendix. Schematic flow charts for the routines are provided in

figures C-1 through C-7.

C-2. f AAIN PROGRAM

The main program handles inputs / outputs and coordinates subroutines, as follows:

M: Number of rods

NCH: Number of channels

REST: Logical to note whether there is restriction in s!ceve assignment

(as in 21-rod) or not
2ADL: Maximum blockage effected by a single sleeve (in )

L: Number of axialincrements

TSIG: Standard deviation of local temperature fluctuation

TA V(1): Mean temperature (T)

Must ensure T #I~

max min
i f4CHAN(1,J): Channel numbers which are affected by I-th rod

J=1-4

ust ensum BMCHAN(I,1)3 OMCHAN(I,2)1 OMCHAN(I,3)- MCHAN(1,4)
MM: Number of axial Ireusements affected by single sleeve (odd number)

BLOCK (1,J) Blockage at J-th channel by I-th increment of sleeve

Ensum BLOCK (I,1)2 BLOCK (I,2)2 BLOCK (I,3) 2 BLOCK (I,4)

ZO: Lowest height of the concerned section of rod -

TAREA: Nominal total coolant flow area (in )

C-1
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START

I
READ AND WRITE INPUT DATA.

CALCULATE LOCAL BURST PROBABILITY (PB2) FROM PBRST.

DE TERMINE AXIAL SLE EVE DISTRIBUTION (NRODilli F RO*A ANROD

OETERMINE SLEEVE LOCATION OF EACH ROD FROM SLVLOC.

COMPUTE CHANNEL BLOCKAGES FROM CHBLK.

f MM' = (MM 1}'2 + L. MMTH = (MM 112

1=0

,

ta i*1

,

| AAB(1)=00

NO TO ANY OUESTION I MMTH) YES TO ALL QUESTIONS

I MMT7
.r

CALCULATE BLOCKAGE BASED
ON PB2tT AWBs).

I

NCH
i CHBL(I, Jl TO GET AWBill

J=0

AWBill - AWB(1)/TAREA

NO

\= MA?
l

,YES

WRITE AWBil) I = 1. MA ! 7
STOP }T AWB( t ) I * 1, L / k

Figure C-1. Flow Chart of Main Program
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16,047-60

( START )

i,

,
U

i

NTOT = 0

'

i,

I=0

<r
_

: i=1+1

..
-

1,

IDEAL NUMBER OF RODS WHICH HAVE S*.EEVES AT THE l-th NODE
ANR(1) = M * PBZ t e;

i,

ROD NUMBER AT THE I th NODE
NRD(1) = ANR{ll

4,

I CRT(l) = ANR(l) - NRD(1)

i
'

i,

t

hTOT = NTOT + NRD(1)

NO
L?

'
,YES,

DETERMINE MOR(t)s SO THAT CRT (MOR(I)) * CRT IMOR f 2))

i,

j FIND THE NUMBER OF REMAINING RODS WHICH ARE NOT YET DISTRIBUTEO.
NREM = M - NTOT

i,

GIVE ONE MORE SLEEVE TO EACH OF THE FIRST NREM NODES IN THE ORDER OF CRTs.,

!

|'

[ o
i

DETERMINE NRL,

|

o

DETERMINE NRH

WRITE K, ANR(K), NRD(K), K = 1, L

,

(RETURN)

Figure C-2. ANROD FIOw Chart
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( START )

I
DETE FiMINE AT OF EQUAYlON C.1.

I
J0

1
- J=J+1

!

fSUMP = 0 0

|DE TERMINE Tu

1
JJ = 0

1
; |

n.n.,

1
CALCUL ATE SN1 ta SN %.Tjj 0.5 JTH FROM SN-

I
CALCUL ATE SN2 ta SN %.T eO S AT,1 FROM SNOR .jj

1
PT = SN1 SN2

R E * 1,L

CALCULATE e SN Ingg. T lFRCW SNORy
RR s JJ

SUMP e SOMP *PT

YES

NO

q so,.

YES

| CALCULATE SPfJ), PBZij) = SUMP
i

J = L'

YES

ADJUST POINT AND CUMUL ATIVE PROBABILITIES FOR THE
NE GLECTED ZONE BE YOND * 3 o

1

y .R,TE PS2,,l, SP,o 7, ,,

|RtTURN |

Figure C-3. PBRST Flow Chart

C-4



. . . . . _.. . .

16,047-62

( START )

1,

DETERMINE TOTAL NODES WHICH CAN BE COVERED BY SLEEVE (MA).

,

DETERMINE LOWEST HEIGHT WHERE FLOW AREA CAN BE BLOCKED (2001.

ir

DETERMINE REPHESENTATIVE AXIAL LOCATION FOR TACH NODE (2,(1)).
.,

SET CH8L (1.J) = 0 FOR I = 1. MA, J = 1. NCH

1r

i=0

4

l=1+1 -

|

J=0.

i i,

,

l J*J+1

NODE NUM8ER AFFECTED BY j th INCREMENT OF SLEEVE
j NZST = L All) - 1+J
!

K=0

I

i

| - K=K+1

K th CHANNEL NUMBER ADJUSTED TO I th ROD
KK = MCHAN (1, K)

*
, i,

YES
KK = 0?

,NO,

KK th CHANNEL BLOCKAGE AT NZST th NODE
CHBL (NZST, KK) = CHBL (NZST, KK) + BLOCK (J. Kl

i

- -

GG G @

Figure C-4. CHBLK Flow Chart (sheet 1 of 2)

_.
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t

|

|

A B C D

n a a

lf

NO
K=4

YES
u

MM
- N

YES i
u

NO l
I = MA

YES i

|u

WRITE Z1(1), CHBL(1, J)
I = 1, M A
J = 1, NCH I

v

PRINT OUT CHANNEL NUMBER, FLOW AREA, AND
'BLOCKAGE FRACTION (BLOCKED CHANNEL AREA / CHANNEL

AREA) IN A TABLE FOR EACH NODE.

RE URN

Figure C-4. CHBLK Flow Chart (sheet 2 of 2)
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16,047-64

( START )

MNROD = MAX (NR (1), I = 1, NZ)

<

| CALCULATE ACCUMULATED PRO 8 ABILITY OF AxlAL INCREMENT CHOICE.

CALCULATE ACCUMULATED PROBASILITY OF ROD CHOICE.

4

SET ALL NNP(f. J) AT ZERO.
NNP(1, J): J th ROD NUMBER WHOSE

SLEEVE IS LOCATED Al Ith INCREMENT ll = 1, NZ, J = 1. MNRODI

*| |INITIALIZE SEED OF RANF.

K=0
s

' K=K+1

a

AN = A RANDOM NUMBER FROM RANF*,

v

OETERMINE AXIAL INCREMENT NUMBER FROM PDCON

1.

VES NO
K = 11

WAS THIS YES
NINC SELECTED

BEFORE?

i
i

NO

| INR = NR(NINC) |

,

|

INR = 0?
I

|
.

t NO

O O O
i. . Figure C-5. SL VLOC Flow Chart (sheet 1 of 3)
:

I
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O O O I

I=0

1=1+1

NO TO ANY QUESTION YES TO ALL QUESTIONS

v
|

*
AN = R ANDOM NUMBER NROD = 11* FROM RANF.

DETERMINE ROD NUMBER
FROM PDCON,

: :

K= YES TO ALL QUESTIONS
I = 17

'

NO TO ANY OUESTION

W AS
YES THIS ROD

CHOSEN
BEFORE?

NO |

NPtNRTOT - INR + 1) = NROD

NNP(NINC l) = NROD

o

INR

N
YES
:

NO
K=NZ

YES

Figure C-5. SLVLOC Flow Chart (sheet 2 of 3)
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D

\ WRITE NNP(K,1) [
,

I

ir

~

WRITE LA (l), I = 1, M

SLEEVE LOCATION OF l-th ROD

RETURN

*RANF IS A SYSTEM INTRINSIC FUNCTION OF CDC 7600.
ANY RANDOM NUMBER GENERATOR CAN REPLACE RANF.

;

Figure C-5. SLVLOC Flow Chart (sheet 3 of 3)

|
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START

< r

INC ='NZ

u
.

J=0

v

' J=J+1 :

o

YES-

AN > CP(J)

,NO, ,,

NO
INC = J J = NZ?

YESv v

RETURN RETURN

.

Figure C-6. PDCON Flow Chart

I
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1

1

C-3. SUBROUTINE ANROD

4

?- This subroutine determines axial sleeve distribution, as follows:
G

PBZ: Probability distribution provided by PBRST (input)-

j L: See main program.
2 M: See main program.

NRD(1): Number of rods which have sleeves at I-th increment
NRL: Lowest increment which has sleeves on it

!
NRH: Highest ir-:rement which has sleeves on it

:
4

C-4. SUBROUTINE PBRST
:

This routine determines the probability of burst using a discrete version of equation
'

(4-2):
4

.

Tmax j=1,L
f[SN( p j, T + 0.5 AT) - SN( p , T - 0.5 AT)] - SN(pj,T)fP= I n

T- min j=i
*

i

k

where,

1

; T 1 bi-l)eg dt (C-1)SN( p i,T) = [ do 202
o,

!

.; L: See main program.

. TSIG: See main program.

TA V: See main program.

PBZ: Probability distribution (output)
,

i

i

!

C-11 -

!
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l

C-5. SUBROUTINE SNOR |

1
1

This routine evaluates error functions, as follows:(1) 1

2-t"
1 2-

.

TM = j e dt
T Vii

-t2T 1
TP = f 2- dt_e

= /2 Tr

TT: 2TP-1

Q: Convergence criterion

H: Last term in the series
N: Number of series terms ured in the evaluation of the integrals

C-6. SUBROUTINE CHBLK

This calculates channel-wise blockage at every increment, as follows:

LA, M, L, NCH, MM, BLOCK, MCHAN, ZO, ZINT: See previous routines.

MA: Total axial increment which can have area reduction
MA=L+MM-1

CHBL(I,J): Blockage in J-th channel at I-th increment

IC(I): Channel number |

AREA (1): Channel area

X(J): CHBL(1,J)/ AREA (J)

l

C-7. SUBROUTINE SL V LOC I

|

This routine determines sleeve location on each rod, as follows: |
l

l

NR(1): Number of rods which have sleeves at I-th increment (input)-

LA(1): Sleeve location of I-th rod (output)

i

|

l1. A flow chart of this program is not provided here. Any program for error
function can serve the purpose.

C-12

|
1
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M: Total number of rods (input)
I.

NZ: Number of axial increments (input)'

REST: Logical (same as COFARR) (input)

NRL, NRH: See ANROD (inputs)

| C-8. SUBROUTINE PDCON

This routine converts a uniform probability to specified (by cumulative probability

curve) probability distributions, as follows:

CP(l): Cumulative probability at I-th increment (input)

NZ: Number of axial increments (input)

AN: Random number (input)'

INC: See figure C-7 (output).

*

,

. .

1.0 -

i
!

CUMULATIVE PROBABILITY
AN '

CURVE

u

0 INC
.

1

Figure C-7. Definition of INC .
s

!
-

!

I

!

C-13
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APPENDIX D

C0FARR LISTING AND SAMPLE OUTPUT

A list and sample output from the COFARR program is reproduced on the following

pages.

!

.

|

|

|

D-1
|

|
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1 PROGRAM CJFARR(INPUT,0UTPUTsTAPE*siiPUTsTAPE6=JJTPUT)
LOGICAL REST
DIMENSION TAW 8(451sAWB!45),CHsL(45,1203
DIMENSION B L OC K t 15,4 ) , MC HAl4 ( 70,4 8

5 DIMENSIO1 TAVt30),P8Z(30),NROD(30lsLA(30)
READ (5,25) RES Ts Ms NCHs L,1MsTS IGs A8L,ZO,IINT, T ARE A

25 FORMAT (L10,415,5F10.4)
READ (5,26) (TAV(II,1=1,LI

28 F ORMAT( 7F 10.41
10 WRITE (6,3JI RFST,M,NCH,LeMM,TSIG,A8LsZ0sZI"?,IA4E4

30 FORMATI 2X , 5HREST , L5 s / ,
* 2X s SHM= , 15 s / ,
* 2X, SHNCH= , 15 s / ,
* 2X , SHL= , 15 s / ,

15 * 2X s SHwM= , 15 e / ,
* 2X, SHTSIG= , F10.4 s / s
* 2X e SHA8La s F10.4 e / ,
* 2X , SHZO= , F10.4 s /s
* 2X , 5HZTNT= s F10.4 s / e

20 * 2X e SHTARA= , F10.4 e /l
WRITE (6,31) (T AV III,1 = 1,L I

.

31 FORMAT (5X, *MEAN T E M P E R A TUR E! * / (10X s 10 F 10.11 )
WRITEt6,1153

115 F OR M A T ( //12X, * R 00 * , 29X, * C HANN EL * , /)

25 00 40 I=1,9 !

READ (5,110) (MCHAN(I,J),Jal,41
hR ITE ( 6 s 112 ) IstMCHAM(IeJlsJ 1,4)

40 CONTINUE
112 FORPAT(10 X,15,10X,4Ilo l

30 110 F ORMAT( 4Il01
WRITE (6,125)

125 F ORMAT( //12Xs * SL EEVE I NC Rt M6MT * ,13X,164 BLOCK AG E (IN'*2 ) s/l
DO 50 IsleMM
REA0($s29) (8LOCKt!,J),J=1,41

35 WRITE (6,129) I,(BLOCKtI,J),J=1,4)

50 CONTINUE
128 F OR P AT ( 15 X , I 5,10 X,4F 10. 3 )

C tLL P 8RSTILs TSIG,TAV, PBZ)
C ALL ANROD(PRZ,Ls M,NROD,NRLs N4H)

40 CALL SLYLOC(NRODsLA,M,LsREST,NRL,NRH)
C ALL CNBLK(L Ae M,L eNCN, MM, BLOC K, PCHAN,Z0sl!NTpCHSL, Mal
MTTe1
MMT=(MM-11/2*L
M4TH (M4-11/2

/

D-3
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45 00 93 I=le4A
AWB(Il=0.0
IF(I.GT.MMTH.AND.I.LE.MMT) GO TO 81
GO TO 82

B1 CONTINUE
50 MTT=9fT+1

TAWB(MTTl= ABL* PBZ(MTT) *FLO4T(MI/TAREA
82 CONTINUE

00 80 JaleNCH
AWB(Il=AWS(II*CHBL(IeJI

55 80 CONTINUE
AWB tIl= AWB(II/ TARE A

90 CONTINUE
WRITE (6,19)
WRITE (6,21) ( AWB(II,I= lema)

60 WRITE (6,201
WRITE (6,21) (TAWB(IleI=let i

* AXIAL BLOCK AGE DISTRIBUTIO1 BASED 01 THE CALCJLATE19 FORMAT (// ,

*D SLEEVE DISTRIBUTION * e / I
* AXI AL BLOCK AGE DISTRIBUTIJ1 SLSED JH PROBABILITf20 FORMATI // e

65 * DISTRIBUTION * e / )
21 FORMAT (10F10 4)

STOP

h3 END
>

SYM9OLIC REFERENCE MAP (R=2)

ENTRY POINTS DEF LINE kEFERENCES
46 C0FARR 1

VARIABLES SN TYPE RELOCATION
550 A8L REAL REFS 13 51 DEFINE 3 6

| 641 AWB REAL ARRAY REFS 3 54 56 59
DEFINED 45 54 56

13346 BLOCK REAL ARRAY REFS 4 35 41
DEFINED 34

716 CHSL REAL ARRAY REFS 3 41 54
554 I INTEGER REFS B 21 26 2*27 34

2*35 46 2*47 3*54 2*56 59
61 DEFINc0 8 21 25 33

_

_ _ _ . _ _ _ _ _.__m - _ _ _ _ . _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ . _ - - - - _
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1 SUBROUTIMk ANR00(P8Zel ,N eNRDeNRLeNRH)
DIMENSION PB Z( 30 le ANR ( 30l e NR0 (30leC RT t 3 Cl e N3R( 301
MTOT=0
DD 10 I=leL

5 ANR(Il= N *PBZIII
NRD(Il= ant (Il
CRT(Il=ANR(Il- NRD(Il

10 NTOT=NTOT+NRD(Il
00 20 !=leL

10 CRT0=CRT(1)
DO 30 JeleL
CRT0=AMAX1(CET(J),CRTC)
IFICRTO.E3.CRT(Jll KK=J

30 CONTINUE.
. 15 MOR(Il=KK

CRT(KKl=0.0
20 CONTINUE

NREM M -NTOT
00 40 IsleNREM

20 JJaM1R(!)
HRD(JJ).NR0(JJI+1

40 CONTINUE
00 50 I=leL

50 IF(NRD(II.NE.01 GO TO 55
25 55 NRL=I

00 60 J=leL
K=L +1-J

60 IF(NRD(Kl.NE.31 GO TO 65
65 NRN=4

30 WRITT(6,455)
455 FORMAT (//,1X,2(18X,*Z*e16X,*nNR*, 9X e * N RD * l / l

WRITE (6,450) (K,AMR(KleNR0(KI,K=1,L I
450 FORMAT (2(10XeIIC,10XerIO.4,110ll

RETURN
35 FND

l

SYM30LIC REFERENCE MAP (R=2)

|

|
|

D-5
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1 508ROUTINi SLVLOC(NR,LA,M,NL, REST,NRL,NRN)
LOGICAL REST
DIMENSION LA(30)
DIMENSIGN N NP ( 3 0,70 ) , NN A ( 3 0) , NR ( 3 3 ), N P (70) , C P Z l 30 ),2 P R ( 701 -

5 Mt! ROD =0
00 42 I=1,NZ
MNROD= MAX 0(NR(II,MNRODI

42 CONTINUE
00 45 I=leNZ

10 45 CPZ(Il= FLOAT (II/ FLOAT (NZ)
00 46 I=leM

46 CPR (Il= FL O AT (I I/ FL OAT ( M)
DO 55 I=1,NZ
DO 55 J=1,MNROD

15 NNPII,Ja=0
55 CONTINUE -

CALL RANSET(AN)
HRTOT=0
00 110 Kel,NZ

RANF(ANI20 115 AN =
C ALL PDCONICPZ,NINC,NZ, AN)
IF(M.EO.ll GO TO 125
K1=K-1
00 120 Jel,K1

25 IF(NINC.EQ.NNA (Jil GO TO 115
120 CCHTINUE
125 NNA(Kl=NINC

INR=NR(MINC)
IF(INR.EQ.03 GO TO 110

30 NRTOT=NRTJT +1NR
00 210 !=1,1Nt I

IF(RiST.AND.NINC.EQ.NRN.AND.I.EQ.13 GO TO 217
215 A N = RANF(AN)

C ALL PDCON(CPR,NRODeM, AN)
35 GO TO 216

217 NROD=11
218 CONTINUE ,

IF(K.EQ.1.AND.I.EQ.11 GO TO 225 I

NREF=NRTOT-INR+1-1
40 00 220 JeleNREF

IF(NROD.EG.MP(Jll 60 TO 215
IF(REST.AND.Nt00.EQ.11.AND.NINC.Nh.NRN) 30 TO 215

220 CONTINUE
2 25 NP (NR TOT-INR +1 ) =NROD

I
|
1

l

:
,

D-6

|



- _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _--______ _ _.- _ __ ._ .. . _ _ _ _ _ . -- _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _

45 NNP(NINCall=NROD
210 CONTINUE
110 CONTINUE

WRITE (6,539)

5 39 FORPAT( // e T10 e *INCREMLMT* a T35 e *R OD * e / I
50 DO 310 K=leMZ

WRITE (6,510) Ke ( NM P ( K e ll e 1= le M NR 001
310 CONTINUE
510 FORMAT (13XeI2e5Xe15IS/(20Xe15153)

WRITE (6e643
55 64 FDPMATt // e TF1 e * SLEEVE LOCATIONS * e // T18 e * ROD * c

* T36 e * INCREMENT * e / i
DD 30 I=leN
00 40 J=leNZ
00 40 K=leNMROD

60 IF(NNP(JeKl.EO.Il GO TO 50
40 CONTINUE
50 LA(Il=J

WRITE (6e658 Ie LA(Il
65 FORMAT (10XellDe10XeI10)

65 30 CONTINUE
RETURN
FND

?
-J

SYMBOLIC REFERENCE MAP (R=21

ENTRY POINTS DEF LINE REFERENCES
3 SLVLOC 1 66

VARIABLES $N TYPE RELOCATION
320 AN REAL diFS 17 20 21 33 34

DEFINED 20 33
4616 CPR REAL ARRAY REF5 4 34 DeFINEJ 12
4560 CPZ REAL ARRAY REFS 4 21 DEFINED 13
316 I INTEGER RcFS 7 2*13 2*A2 15 32

38 39 44 45 51 60
62 2 *$ 3 DEFINE 0 6 9 11
13 31 51 57

325 INR INTEGFo RcFS 20 30 31 3d 44
DEFIN8D 28

i

;



. .. _-. _ - _ _ _ _ - _ _ _ - _ _ _ _ - _ _ _ _ _ _ . . _ _ _ _ _ __-__ _ _ _ _ _ _ _ _ - _ _ _ _ _

1 SUBROUTINE PDCON(CPeINC,NZeA1)
DIMENSION CP(100)
INC=MT
00 15 J=leNZ

5 IF(AN.GT.CP(Jll GO TD 15
INC=J
RETURN

15 CONTINUE
RETURN

10 END

,

-SY990LIC REFERENCE MAP (R=2)

ENTRY POINTS DEF LINE REFERENCES
3 PDCOM 1 7 9

VARIABLES SN TY PE REL3 CATION
CD 0 AN REAL F.P. RsFS' 5 3EFINE3 1

0 CP REAL ARRAY F.P. RsFS 2 5 DEFINE 3 1

0 INC INTEGER F.P. DEFINED 1 3 6
-31 J INTEGFR PEFS 5 6 DEFINE) 4

0 NZ INTEGER F.P. REFS 3 4 DEFINd0 1

STATENENT LABELS DEF LINE REFEREh:ES
26 15 8 4 5

LOOPS LABEL INDE X FROM-TO LENGTH PROPERTIES
21 15 * J 4 8 108

STATISTICS
PROGRAM LENGTH 42B 34

330008 SC1 USFD
;

__ . _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ . _ _ . _ . _ _ . _ _ _ _ _ _ _ _ . _ _ _ . _ _ _ _ _ _ _ _ . _ _ _ _ _ . _ _______ _____
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1 SUBR3uTimE PSRSTILeTSIG,TAvePBZ)
DIMENSION TAVt30leSPf30leP8Z(303
DT = 6.0 * TSIG / 50.0
00 100 J = leL'

5 $ UMP = 0.0
T = TAvtJ) - 3.0 * TSIG
00 73 JJ = le50
T = T + DT
T1 = T - 0.5 * DT

10 TT = ( TAVtJI - Til / TSIG
CALL SNORE TT s 0. , SN1, XX e XY e XZ e 14 5
TT = ( TAV (J) - T1* OT t / TSIG
CALL SNOR4 TT a 0. s SN2 s XX e XY e XZ e NN 3
PT = SN1 - SN2

let15 00 63 KK =

IFt AK .EQ. JJ l GO TO 60
TT = ( TAV(KK) -TI / TSIG
CALL $NOR( TT , 0. , SN e XX s XY s XZ e NM I
PT = PT * SN

20 60 CONTINUE
70 SUMP = SUMP + PT

IF( J .EQ. 11 SP(J) SUMP=

SP(J-1) + SUMPIFt J .GT. 1I SP(J) =

PBZIJi=SU4P
25 100 CONTINUE

DO 90 J = leL
PBZ(J)=PBZ(Ji/SP(L)

90 SP(J) = SP(J) / SP(L)
WRITE (6,107)

30 107 F OR M4T ( / /19X e * Z * e 16X e * P8 2 * s 12 X e *S P * , / 3
WRITEl6,105) (Je PBZlJlsSP(JasJaleL)

105 F OR M AT ( 10 X e llo s 10X e F 10.4s 5 Xe F 10.4 5
RETURN

END

SYMSOLIC REFERENCE M4P (R=2)

- ENTRY POINTS DEC LINE REFERENCES
3 PSRST 1 33

I
t

I

D-9
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1 SUBROUTINE SNOR(TeGeTM,TP,TTeHeN) $NOR
IF(T.GE.10.) GO TO 20 SNOR
IF(0.LE.10.) Q=1.0E-14 SNOR
H=1. 540R

5 H=1 SNOR
AN=1. SNOR
SUM =1. $NOR
PROD =1. SNOR
F = AMIN 1(T,5.'l 5404

10 x= .5*x**2 SNOR
10 CONTINUE $40R

ADH=X**NIPRDO SMDR
ADT=ADH/(AN+AN+1.) 510R
N.Nel SNOR

15 AN=AN+1. SNOR
PROD = PROD *AN SNOR

SUM = SUM *ADT $NOR
H=H+ADH SNOR
IF(ABS (ADHl.GT. ABS (0*HI I GO TO 10 SNOR

20 TM=.5 . 3989 42* SUM *T $NOR
I F ( T. L E . 5.1 GO TO 15 SNOR'

(7 F=2. .2*T SN04
e TM=F*TM SNOR
E3 H.F*N SNOR

25 15 CONTINUE SNOR
TP=1.-TM SNOR
TT=TP+TP-1. SNOR
H=.398942*H S404
GO TO 30 $104

30 20 TP=1. 540R
T M = 0.' SNOR
TT=1. SHOR
H=0 SNOR

: 30 RETURN SNOR'
35 FND S10R

SY930LIC REFERENCE MAP (R=2)

_ _ _ _ _ _ _ _ _ - _ _ - _ - - _ _ _ . . - - - _ . - - - - _ - _ - - _ - _ - _ _ - _ - - _ _ .
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{
l
|
|

1 SUBR1UTINE CH8 LKIL Ae Me Le NCH,1Me 8 LOC (e MC HANs l0e TINT,0H8Le MA)
01ME1SIO1 L Al3 01,8 LOCK (15,4 9 e MCHANt 70 4 )e C4SLt 4 5s123)
DIMENSION NZSt70e15),Z1(45),

DIMENSIGN IFMTt3e4) , ICt32) e AREAt32)
5 DIMENSION Xt32)

DATA IFMT / 13Hf1H*,33Xe4 e 10Ht4X,I2e3XI e 131) ,
* 10Ht1H*s33Xe4 , 104 t 2 X,F 6.4 1 e.134X i l ,* 10Ht1H*,24Xe6 e 10Ht4XeI2,3XI , 131) e* 10Ht1H+,24X 6 e 10Ht2XeF6.4,1 e 13HXil /10 DATA AREA / .039 , 2*. 104 e 2*.039 e . 071 e 2*.E36 e. 077 e
* .039 e .134 e 4*.136 e 2*.134 s 4*.136 . .104 e .039 e .077 e:* 2*.136 . .077 e 2*.039 e 2*.104 e .039 /

MA=L+MM-1
200=Z0-ZINT*ttMM-11/2)

15 C7 110 != lema
11=2*I-1
Z1tIl=Z00+ZINT*FLOAftIII/2.
00 110 JeleNCH

110 CH8LIIeJi=0.0
20 DD 113 != le M

00 112 J = le MM
NZST=LAlli-1+J
00 111 K=le4

h3 KK=M HANtI,K)
Fa 25 IFtKK.EQ.03 GO TO Ill""

CH8LINZS T,KK I.CHSL INZ S Te KK l *B LOCK t Je KI
111 CONTINUE
112 CONTINUE
113 CONTINUE

30 WRITEt6,1491

149 FORMAft // e T10 e *Zl1ND* s T50,24HBLOCKAGEtieJ) ( IN**2 i e//lD0 115 != lema
115 WRITE t on 150) Z1tiletCHBL(leJieJ=le10HI
15 0 F O R M A T t 5 X , F 10. 4,5X ,8 F 10. 4 e / ( 2 0X e 8 F 10. 41 )

35 ICtli 1 *=

DO 33 I = 2eN H
30 ICtli = ICt!-il + 1

00 10 MG= lema
00 35 1= leN H

40 35 Ntil=CHBLt96 ell /AREAt!)
WRITEt6,11) Z1tMG)

11 F 3RMAT t 1H1 e /// , T10 , * Zee e F7.2 e T20 e *t!NI* e /// I
NL =1
NH = -2



_ _ _ - . _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ . _ _ _ _ _ _ . _ _ _ . . . _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . - . _ _ _ _ _ _ _ _ - - _ _ . . _ _ _ _ .-

45 DO 12 N = 1,6
IFE N .LT. 6 ) NH = NH + 6
IFE N .EQ. 6 i NH = NN + 4
WRITito,131

13 FORMAft 25X e 558 1H+ ) 3
50 hRITEt6,143

WRITEt6,14)
14 FORMATE 25r , 7t9He 1 I

IFt M .EQ. 1 .OR. N .EQ. 63 60 TO 20
11 = 3

55 I2 = 4
60 TO 21

20 11 = 1
12 = 2

21 CONTINUE
60 WR ITE t 6 s I F MT il e I ll ) i ICill e !=NLpNH I

WRITEt6,14)
WRITit6,1FMilleI2tl i AREAIII e I=1LeN4 I
WRITEt6,14)
WRITEt6sIFMT(1,1211 i Kill I=NLsN4 3e

65 WRITit6,143

NL = NN + 1
12 CONTINUE

f WRITEt6,13)
W 10 CONTINUE
N 70 RETURN

END

SYM50LIC REFEnENCE MAP (R=2)
.

ENTRY POINTS DEF LINE REFERENCES
3 CH9LK 1 70

VARIABLES 5N TVPE RELOCATION

'<
2572 AREA REAL ARRAY REFS 4 40 62

DEFINkD 10
0 BLOOK REAL ARRAY F.P. dEFS 2 26 DEFINED 1

0 CHSL REAL ARRAY F.P. REF5 2 26 33 4J
Dhe1Nt0 1 19 26

373 I INTEGER REF5 16 17 19 22 24

- - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - _ - - _ _ _ _ _ . _ _ _ _ _ _ _ - _ _ _ _ _ - - - _ _ _ _ _ _ _ _ _ _ .- _____ . -- _ _ _ . . _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ - _ _ _ - - - _ _



- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ - - _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _
_

SYSACCT
SfSACCT 32271 05.10. 25411

FORSYS= 27061
REST = T
Me 21
1CH= 32
Le 20
MM= 3
TSIG= 12.0000
A8La .0932
Z0= 60.5000
ZINT= 1.000C
TARA= 3.0820

MEAN TEMPERATURES
1678.0 1688 0 1697.0 1706.0 1713.0 1720.0 1727.0 1732.0 1736.0 1737.01741.0 1736.0 1735.0 1721.0 1712.0 1735.0 1701 0 1695.0 1693.0 1686 0

!

R00 CHANhEL

; 1 1 2 6 7O 2 2 3 7 8M 3 3 4 8 9* 4 5 6 11 12
5 6 7 12 13
6 7 e 13 14
7 8 9 14 15
8 9 10 15 16
9 11 12 17 18

10 12 13 18 19
11 13 14 19 20<

j 12 14 15 23 21
13 15 16 21 22
14 17 18 23 24 .

15 18 19 24 25
16 19 20 25 26'

17 20 21 26 27
18 21 22 27 28
19 24 25 29 30
20 25 26 33 31
21 26 27 31 32,

4

.
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I

1 0 0 0 0 0
2 0 C 0 0 0
3 0 0 0 0 0
4 0 0 0 0 0
5 0 0 0 0 0
6 0 0 0 0 0
7 17 0 0 0 0
8 4 15 0 0 0
9 3 7 20 0 0

10 9 8 6 0 0
11 14 12 5 2 10
12 18 19 1 16 0
13 11 13 21 0 0
14 0 0 0 0 0
15 0 0 0 0 0
16 0 0 0 0 0
17 0 0 0 0 0
18 0 0 0 0 0
19 0 0 0 0 0
20 0 0 0 0 0

SLEEVE L3:ATIONS
'

ROD INC#EMENT

1 12
2 11

i 3 9
4 8
5 11,

6 10
7 9
8 10
9 10

1 10 11
11 13
12 11

., 13 13
f 14 11

15 e
16 12
17 7
19 12
19 12
20 9
21 13

|

|
|

|
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APPENDIX E

VENDOR INPUTS AND COMMENTS

E-1. GENERAL

Westinghouse requested that the three other PWR fuel vendors (Babcock & V/ilcox,

Combustion Engineering, and Exxon) provide relevant information to calculate a

roncoplanar blockage distribution. To date they have provided the mean temper-
ature distribution at the time of burst and some comments on the flow blockage

task. The letters from the three vendors are attached at the end of this appendix.

Burman and Olson have already analyzed an expected local temperature

fluctuation for a Yhstinghouse plant with a 15 x 15 fuel assembly.

E-2. MEAN TEMPERATURE

Westinghouse calculated a mean temperature distribution at the time of burst

(figure E-1) by analyzing a LOCA using a proprietary code. Burst was calculated to
occur at the end of blowdown. Babcock & V/ilcox(2) calculated an axial tempera-

ture distribution for its plant (15 x 15 fuel) for a 0.794 m (8.55 ft ) double-ended

coiJ Ieg break. Babcock & Wilcox also analyzed a plant with 17 x 17 fuel for the same

accident case. The results are shown in figures E-2 and E-3. Clad rupture was
calculated to occur during blowdown. Combustion Engineering ( analyzed its

16 x 16 fuel assembly for a worst-temperature distribution using LOCA licensing
analysis codes and input data. The result is shown in figure E-4. Exxon (0) also

1. Burman, D. L., and Olson, C. A., " Temperature and Cladding Burst
Distributions in a PWR Core During LOCA," presented at The Specialists'
Meeting on the Behaviour of Water Reactor Fuel Elements Under Accident
Cunditions, Spatind (Nord-Torpa), Norway, September 13-16, 1976.

2. Personal communication from J. J. Cudlin, Babcock & V/ilcox, to H.W. Massie,
Jr., Ykstinghouse, April 5,1978.

3. Personal communication from J. H. Holderness, Cnmbustion Engineering, to
H.W. Massie, Jr., Ykstinghouse, April 11,1978.

4. Personal communication from R. E. Collingham, Exxon Nuclear, to M.W.
Hodges, USNRC, August 3,1978.

"
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used its WREM ECCS model to get a mean temperature distribution for a 15 x 15

fuel assembly at the time of rod rupture. The axial temperatum profile of the hot
rod in the hot channel at the time of its rtpture is shown in figure E-5. Compari-
sons of the available mean temperatum data mveal that Westinghouse and Babcock

& Wilcox plants are expected to have most peaked axial temperature distributic.is.

Combustion Engineering and Exxon have flatter distributions. ~l
l

|

E-3. TEMPERATURE UNCERTAINTY -

: Local temperatum can be divided into two components, as follows:

local * local * local

where T and T' local are the mean and variation of local temperature, respec-iocal
. tively. The mean temperature is obtained from the axial mean temperature

distribution. The local temperature variation depends on several in-pile conditions
,

and manuf acturing effects, as discussed in section 3. Burman and Olson analyzed
'these effects, asuming that the temperature uncertainty is normally distributed.;

Their results am givm here.
i

Manufacturing quality amurance records were reviewed to determine the realistic

distribution for pellet parametem which would have an effect on locc! temperature
~

variation, such as enrichmmt (negligible), initial density, sintering characteristics,

diameter, and surf ace roughness. The variations thus obtained wem input into

Westinghouse standard design codes to determine their effect on operating tem-

perature. Perturbation studies using the LOCTA-4 program wem analyzed to

determine the effect of small variations in initial power and temperature on the,

clad temperatum at the time of burst, f or cases in whidi burst occurred during |

refill. The initial temperature distributions were then modified to account for
these effects. The msulting msponses wem statistically combined to obtain the

overall temperature uncertainty just prior to the accident due to manuf acturing

variables. The msulting standard deviation in temperature was found to be ,

approximately 9.8 C (17.6 F).
,

i

|
|
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Of the various uncertainties in pellet temperature due to in-pile ef fects, only the

standard deviation in pellet temperatum die to pellet offset was analyzed. Using a

finite difference program, the effect of pellet eccentricity on p 'llet average
temperatum dJring normal operation was calculated, assuming various degrees of

pellet clad eccentricity. The resulting temperature distribution was convoluted
with that arising fmm manuf acturing variables and the convoluted sum corrected

to account for the temperature variability at burst time for a given temperature
variability at power. This variation was determined to be 9.1 C(16.4 F). When
statistically combined with the uncertainties d3e to manufacturing variables, the
total standard deviation in local temperature becomes 13.4 C (24 C) at the

time of blowdown or 6.7 C (12 F) at the time of burst.

It should be noted that, as the time increases af ter LOCA, the uncertainty decmases.

The temperature uncertainty data have not been provided by the other vendors.

|

!

|

|
|
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babcock &WilCOX h APR 0 71978 Power Generabon Grow

r 3

4 N' O P.O. Box 1260, Lynchburg, Va. 24505

'* "*
PROGRA t1A EMEtJT

April 5, 1978

Mr. H. W. Massie, Jr.
FLECHT-SEASET Project Engineer
Strategic Program Management
Westinghouse Electric Corporation
PWR Systems Division
Box 355
Pittsburgh, Pa. 15230

Dear Mr. Massie:

Enclosed please find plots of the information you requested regarding
fuel cladding axial temperature distribution immediately prior to rupture.
Figura i shows the axial variation in clad average temperature for a 15x15
hot assembly prior to mid-blowdown rupture. The data were produced for a
177 FA plant at 6 f t LOCA limit peak subject to an 8.55 f t double-ended break
at the pump discharge. Data for the same accident conditions based upon

analysis for a 205 FA plant with 17x17 fuel are presented in Figure 2.
In that case, the rupture was predicted to occur shortly after the end of
blowdown.

I hope that this information is sufficient to contribute to your test
design. Please feel free to contact me should you require clarification
or further informat. ion.

Sincerely yours, ,

J. J. Cudlin

JJC/bm

enclosure

l

i

f

The Babcock & Wilcox Company / Established 1867

._.
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C-E Power Systems Tel 203/688-1911
Combustion Engineering. Inc. Telex 99297
1000 Prospect Hill Road
Windsor, Connecticut G6095

POWER
H SYSTEMS

April 11,1978

Mr. H. W. Massie, Jr.
FLECHT-SEASET Project Engineer
Westinghouse Electric Corporation
P.O. Box 355
Pittsburgh, Pennsylvania 15230

Dear Mr. Massie:

This letter is in response to your March 28, 1978 request for information
to be used as input to a statistical blockage calculation for the FLECHT-
SEASET program. Attached is an axial mean temperature distribution which
is representative of that calculated to occur in a LOCA licensing analysis
for a ComSustion Engineering 16x16 fuel assembly plant, at a time just
prior to clad rupture. It should be noted that this is a worst case
temperature distribution, computed with LOCA licensing analysis codes and
input data.

You also stated your intention to define the local strain distribution
using data from the ORNL MRBT program single rod test series. The a-phase
rupture strains observed in these tests are significantly lower than those
observed in the GFX single red tests (1), or in the ORNL MRBT program multi-
rod test series (2). Since the FLECHT-SEASET data will have potential appli-
cation to licensing analyses, the program should examine a range of blockages
greater than that which would result from considering the ORNL MRBT single
rod tests alone. We therefore recommend that the data in references 1 and 2
be included in the definition of the local strain distribution.

Since rely,

/ h
James H. Holderness
ECCS Analysis

/

JHH:jdg
Attach.



l

i

|

]

References:

1. F. Erbacher, handout for Fifth Water Reactor Safety Research Information
Meeting National Bureau of Standards, Gaithersburg, Maryland, November 11,
1977.

2. R. H. Chapman, handout for Zircaloy Cladding Review Group Meeting, Silver
Spring, Maryland, January 18, 1978.
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E$ON NUCLE AR COMPANY. loc.
/101 elento I* orn h flu.nl

.

P. O Sus 130. Richlant!, t'.'.nh n<;*, *. u i 352 \g m _, . ,Phone: 15099 943 8100 Teler 32 G353 *
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D AUG151972 I ! August 3, 1978
A REC-78-22fi1 . . . .

STRATLU!C.

Mr. M. W. Hodges GRAM MANM0i.*i.NT,.

US Nuclear Regulatory Comm. i ..

Washington, D. C. 20555
'

Dear Wayne:

In a telephone call on July 18, 1978, Herb Massie (FLECHT-SEASET Project
Engineer) requested that Exxon Nuclear Company supply an axial temperature
profile representative of that calculated in ENC LOCA analyses at time of
rod rupture; of particular interest is the profile in the average rod in
the hot assembly at the time of its rupture.

He indicated that a bounding profile would be developed from the ENC
profile and the profiles already supplied by the other PWR fuel manufac-i

turers. This bounding profile is to be used in a statistical analysis to
develop the blockage configuration for the NRC sponsored SEASET blockage
reflood tests.

The attached figure is a representative axial temperature profile of the:

hot rod in the hot assembly at time of its rupture. The axial profile of
the average rod is not available; however, it is anticipated that the axial
profile in the average rod at the time of rupture would be similar to that
shown in tne attached figure.

I expect the attached figure will satisfy the request; please call if
adaitional information is needed.

Sincerely,

/,, . / , , ' . /. .

Dr. R. E. Collingham, Manager
Systems Model Developmer.t

REC:tw

/ c: Herb Massie
P. O Box 355
Pi;tsburgh, Pennsylvania 16310

K. H. Sun
3412 Hillview Ave
Palo Alto, California 94303

l

AN AFFILIATE OF EXXCN COHrORAleON

7



E(ON NUCLEAR COMPANY,Inc.
2101 Horn Rapids Road |
P. O. Box 130 Richland, Washington 993S2
Phone: (509) 943-8100 Telex: 32 6353

-

-

April 19, 1978 APR2 51978REC-78-08
ST

Mr. H. W. Massie, Jr. PROGRAMfMg GTFLECHT-SEASET Project Engineer 4

Westinghouse Electric Corporation
Box 355
Pittsburgh, Pennsylvania 15310

Dear Mr. Massie:

Subject: INFORMATION FOR FLECHT-SEASET BLOCXAGE CALCULATIONS

in order to define the blockage configuration for the FLECHT-SEASET reflood
heat transfer program, you requested in your letter of March 28, 1978 that
Exxon Nuclear Company (ENC). provide you with statistical information on fuel
temperature, fuel properties and rod rupture strain from the ENC ECCS flow
blockage model.

Since the present ENC flow blockage model is not based on statistical temper-
ature variation due to fuel property variations, the information you requested
is not available. However, to aid you in the design of your flow blockage
tests, the following guidance is provided based on open literature infonnation
(original ORNL MRBTS).

Blockage fractions from 23 to 80% should be considered.e

e The axial distribution of the assembly blockage can be enveloped
by a 6-inch peak length with 3-inch linear tails as shown in the
attached Figure.

Your letter indicated that the issue of coplaner versus noncoplaner blockage
had not been resolved. Our recommendation is that both coplaner and nonco-
planer blockages be tested and the coplaner blockage be 60 to 70% in magnitude

|
with an axial distribution based on the attached Figure.

|
If we can provide additional assistance to guide you in your test planning
and design, please let me know.

1

Sincerely, ,

fYY ,Mo

R. E. Coll hgham, Manager
Systems Model Development

REC:mid

cc: K. H. Sun - EPRI
M. W. Hodges - NRC

Attachment

AN AFFILIATE OF EXXON CORPORATION
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APPENDIX F

WORK SCOPE

The following describes the work scope and objectives of the 21-rod bundle flow

blockage task (Task 3.2.2).

F-1. OBJECTIV E

4

The objective is to obtain, evaluate, and analyze thermal hydraulic data from a

test program using 21-rod bundles tn determine the effects of flow blockage

geometry variation on the reflood heat transfer. The resultant data and analyses

would then be used to guide the selection of a blockage shape for use in the large-

blocked bundle task (Task 3.2.3), and to develop an snalytical or experimental

method for use in analyzing the blocked bundle heat tre:fer data.

F-2.. SCOPE

The scope of this program is as follows:

(1) _ Prepare a task plan per section 4 of the contract work scope,(I} including

rationale for the choice of blockage geometries to be tested.
;

(2) Design, procum, and construct a test facility to provide hydraulic and heat

transfer data.
,

(3) Design and procure CRG heater rods with a cosine axial power profile.

(4) Design and pmcure blockage sleeves and develop a method of attaching them
'

( to the heater rods. Conduct prototype heater rod testing with a blockage

| sleeve to verify sleeve attachment method and heater rod integrity as related

I to the blockage sleeve.
!

l

i 1. Conway, C. E., et al., "PWR FLECHT Separate Effects and Systems Effects
| Test (SEASET) Program Plan," NRC/EPRIAVestinghouse-1, Decembcr 1977,

appendix B.

I

F-1
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(5) Perform system calibration, instrumentation calibration, facility checkout,
and facility shakedown tests.

(6) Perform tests for each blockage configuration in tne sequence: hydraulic

test, single-phase heat transfer test, and reflooding test.

(7) Review and validate test data.

(8) Reduce data to obtain loss coefficients for blockage and grids and friction

f actor for the bundle, heater rod temperature, rod heat flux, rod heater

transfer coefficients, vapor temperatures, bundle inlet flows, bundle vapor

exit flows, bundle liquid exit flows, bundle pressure drop data, and test

section housing and piping temperatures.

(9) Analyze and evaluate data to obtain hydraulle and heat transfer comparisons

between the unblocked reference data and the blockage data. The comparisons

will define the effects of different blockage shapes and distributions for

different tests and conditions, to separate hydraulic and heat transfer

effects. Analyze data to obtain bundle-averaged fluid conditions such as

vapor temperatures, liquid flows, vapor flows, and void fraction at several

axial positions, where applicable,

l
(10) Process and store transducer data on computer tapes.

l
(11) Prepare a data report per section 4.0 of the contract work scope. In addition,

data packages of selected data from each test configuration will be supplied
.

|to the PMG members and their consultants during the test period. '

|

(12) Develop an analytical or experimental method which can be used to analyze ]
blockage heat transfer data. For the calculation of the thermal-hydraulic
quantitles, existing computer codes (such as COBRA) will be used.

(13) Provide analysis of the data such that the blockage shape can be selected for
!

the large bundle task (Tosk 3.2.3). |

(14) Prepare a data analysis and evaluation report per section 4.0 of the contract
work scope.

F-2
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APPENDIX G i
'

r

i FACILITY DRAWINGS
.
'

,

! !

Drawings applicable to the 21-rod flow blockage task are listed in table G-1. Those
;

i drawings not included in sections 6 and 7 are reproduced on the following pages. |
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TABLE G-1

LIST OF DRAWINGS FOR FLOW BLOCKAGE TASK

TEST FACILITY

Drawing No. Sub Sheets Title

1541E68 1 1 FLECHT SEASET 21-Rod Bundle Flow
(figure 61) Diagram

1460 E65 1 1 FLECHT SEASET 21-Rod Test Housing
(figure 6-2) Assembly

1453 E60 1 1 FLECHT SEASET 21-Rod Bundle Test -
(figuru 6-3) Low Mass Housing Detail

1460 E39 1 1 FLECHT SEASET 21-Rod Bundle Heater
(figure 6-5) Rods

1460 E76 1 3 FLECHT SEASET 21-Rod Bundle Loop
(figure 6-6) Piping

1460E40 1 1 FLECHT SEASET 21-Rod Bundle Forced
(figure 7-7) Reflood Instrumentation Schematic

1460 E41 1 1 FLECHT SEASET 21-Rod Bundle Gravity j
(figure 7-8) Reflood Instrumentation Schematic !

1453E62 2 1 FLECHT SEASET 21-Rod Bundle Upper
(figure G-1) and Lower Plenum Detail and Assembly

,

1460E48 2 1 FLECHT SEASET 21-Rod Test Bundle
|(figure G-2) Strongback and Assembly Fixture

8764D69 2 1 FLECHT SEASET 21-Rod Bundle Upper
(figure G-3) and Lower Seal Plate

1446 EB7 1 1 FLECHT SEASET 21-Rod Bundle Grid
(figure G-4) Assembly anc' Details |

1460E50 1 1 FLECHT SEASET 21-Rod Test
(figure G-5) Instrumentation Components

1460E63 2 1 21-Rod FLECHT SEASET 21-Rod Test
(figure G-6) Bundle Assembly I

9556D10 1 2 FLECHT SEASET 21-Rod Test Filler Strip |
(figure G-7)

'

G-2
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TABLE G-1(cont)

LIST OF DRAWINGS FOR FLOWBLOCKAGE TASK

TEST FACILITY

Drawing No. Sub Sheets Title

1680 C97 5 1 FLECHT SEASET 21-Rod Bundle 0-Ring
(figure G-8) Sleeves

t 1460 E59 1 1 FLECHT SEASET 21-Rod Test Details
'

(fir:re G-9)

1684CD6 1 1 FLECHT SEASET 21-Rod Test Flow
(figure G-10) Blockage Sleeve

9553 D26 1 1 FLECHT SEASET 21-Rod Test
(figure G-11) Nonconcentric Flow Blockage Sleeve

4
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APPENDIX H

BUNDLE INSTRUMENTATION PLAN

The bundle instrumentation plan includer specifications for the location of the heater

rod thermocouples, steam probes, and blockage sleeve thermocouples for the first

three bundle configurations. The basis for this plan was described briefly in para-

graph 7-3; however, a mom detailed description is provided herein.

The number of heater rod thermocouples was limited to eight per rod. These tnermo-

couples r.c generally placed symmetrically around the rod no less than 45 degrees

apart, ,o that the effect of the thermocouple leads on the rod heat micase is mini-
mized. The heater rods am designed such that the thermocouple leads do not pass

through the high-temperature zone and introduce temperature errors. For those rods

with eight leads coming out one end of the rod, the thermocouples are 45 degrees

apart; for those rods with four leads coming out each end of the rod, the thermo-

couples are 90 degrees apart. The thermocouples were oriented in the bundle toward

the subchannel such that the effect of the subchannel flow rather than the effect of

an adjacent rod could oe measured.

The outer row of 12 rods in the bundle is considered as a boundary condition for the

inner 3x3 array of nine rods. Thermocouples for these nine rods vcem distributed

axially based somewhat on the distribution established for the unblocked bundle, to

; obtain data f or quench front progression, high-power zone, high-temperature zone,

and blockage zone. Of the 72 thermocouples associated with these nine rods, nine

thermocouples at the 0.30 m, 0.61 m, 0.99 m,1.22 m,1.52 m,1.70 m, 3.35 m, and

3.51 m (12 in., 24 in., 39 in., 48 in., 60 in., 67 in.,132 in., and 138 in.) elevations are

utilized ta determine the progression of the quench front from the bottom ano top of
the bundle; 15 thermocouples at the 2.18 m, 2.44 m, 2.59 m, 2.82 m, and 3.05 m (86 in.,

96 in.,102 in.,111in., and 120 in.) elevations are utilized to determine the location of

peak clad temperature; 29 thermocouples at the 1.78 m,1.80 m,1.83 m,1.88 m,

1.91 m,1.93 m,1.96 m,1.98 m, 2.13 m, and 2.29 m (70 in.,71 in., 72 in., 75.25 in.,

76 in., 77 in. 78 in., 84 in., and 90 in.) elevations are utilized to determine the ef fect

of flu v blockage on heat transfer; and the remaining 19 thermocouples at the 1.78 m,

H-1 |
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1.80 m,1.83 m,1.88 m,1.91 m,1.93 m,1.96 m, and 1.98 m (70 in., 71 in., 72 in., 74 in.,
75.25 in., 76 in., 77 in., and 78 in.) elevations are utilized to determine the

tempe.ature in the high-power zone.

The 29 thermocouples which are utilized to determine the effects of flow blockage
wem placed axially and radially, based on the assumption that symmetry exists

between the four subchannels created by the 3x3 rod array. Based on this assump-

tion, it will be possible to " map" the heater rod temperature for four rods of a given

subchannel as a function of elevation. Relative to the heater rod diameter of 9.49
mm (0.374 in.) and the sleeve length of 6d, heater rod thermocouples are located,

within +1d, -3.7d, +4.3 d, +6.3d, + 9d and 111.7d of the ends of the sleeve, with the

sleeve centered at 1.84 m (72.5 in.).

For the 29 thermocotples used to determine the flow blockage effects, at least two

heater rod thermocouples per elevation wem oriented toward the same subchannel.

This " instrumented" subchannel was subsequently rotated among the four available

subchannels f mm an elevation of 1.78 m (70 in.) to an elevation of 2.29 m (90 in.). For

four of these ten elevations,1.88 m,1.93 m, 2.13 m, and 2.29 m (74 in., 76 in.,84 in.,

and 90 in.), two subchannels am instrumented with the heater rod thermocouples to

evaluate the assumption of symmetry. Also, for two of these elevations,1.88 m and
1.93 m (74 in and 76 in.), the subchannel is instrumented with three heater rod I

thermocatples. Thus, out of a possible 32 heater rod thermocouples(1) for evaluat-

| ing the effect of flow blockage in the four subchannels created by the 3x3 rod array,

29 thermocotples have been utilized. The remaining three thermocouples are used at

the 0.30 m, 3.35 m, and 3.51 m (12 in.,132 in., and 138 in.) elevations for detecting the
progression of the quench fronts.

The outer row of 12 rods was instrumented axially based generally on the distribution !
established f or the inner 3x3 array of nine rods. Approximately half the 96 thermo-

| couples associated with these 12 rods was assigned to the hich-power / blockage zone

: fmm 1.78 m (70 in.) to 2.29 m (90 in.). The mmaining half of the 96 thermocouples

was split approximately equally between measurement of the quench front progres-
sion atW measumment of the high-temperature zone.

1. Eight thermocouples on the center rod, two each on the four corner rods, and i

four each on the four remaining rods
|
|
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The number of steam probe thermocomle leads and blockage sleeve thermocouple

leads which can be accommodated ir. the four fillers of the 21-rod bundle is currently

believed to be limited to 40.

The axial distribution of the steam probes is based somewhat on the distribution

established for the unblocked bundle. Approximately two-thirds of the 26 steam

probes (a total of 15) have been placed in the four subchannels created by the inner

3x3 array of nine rods. The mmaining third of the steam probes was placed in the

outside subchannels to evaluate radial temperature gradients and cold housing

effects. Eleven steam probes have been placed immediately upstream and down-

stream of the flow blockage zone, from 1.70 m (67 in.) to 1.98 m (78 in.), to determine

the axial and radial effects of blockage on the steam temperature. Of these 11
i

steam probes, six have been placed in a subchannel where at least one heater rod

thermocouple is facing. Symmetry of steam temperatum measumments in the inner

four subchannels can be checked at three elevations,1.70 m,1.98 m, and 2.29 m

(67 in., 78 in., and 90 in.), utilizing the steam probes in two diametrically opposed
subchannels per elevation.

1

The quantity o' sleeve thermocouples was based mainly on the assumption

that 40 thermowple leads could be run through the fillers of the rod bundle, as

previously discussed. Since 26 of the 40 thermocouples are associated with the' steam

probes, a maximum of 14 blockage sleeve thermocouples can be placed in the bundle.

Therefore, a thermocouple was placed on each blockage sleeve corresponding to a

heater rod thermocouple at the 1.88 m (74 in.) elevation, with the exception of a

corner red where the heater rod thermocouple was facing the filler. Each blockage

sleeve thermocouple was oriented azimuthally such that it would be adjacent to the

respective heater rod thermocouple.

Sufficient computer space and electrical hookups are provided for a total of 252
bundle thermocouple channels. Of these 252 channels,108 channels are allocated to

thermocomtes exiting the bottom of the bundle and 144 are allocated to those exiting

the top of the bundle. At pmsent, a maximum of 207 channels have been planned for

the second bundle configuration, which has a blockage sleeve on all 21 rods. There-

fore,45 additional bundle thermocouple channels could be utilized for future bundle

configurations. These additional channels could be utilized for heater rod thermo-

couples, blockage sleeve thermocouples, or steam probes, or a combination thereof. .

H-3

. _ _ ,___ _ ._ . _ , ._ __ _ _ . .



Additional heater rod thermocouples would require a heater rod design capable of

handling mom than the pmsent eight thermocouples. Additional blockage sleeve

thermocotples and steam probes wou'd mquire a bundle filler design capable of
handling more than the pmsent 10 thermocouples.

Figum H-1 is a diagram of a bundle cross section, showing the radial distribution of

heater rod groups and the reference axis for thermocouple azimuthal orientation.

Figum H-2 shows the axial distribution of steam probes and grids to which the steam

probes will be attached. The locations of heater rod thermocouples (radial and

azimuthal) and steam probcs (radial) are shown in figures H-3 through H-26. In these

figums, the number inside the heater rod signifies the heater rod group number (2b,2,
Ab, Db,14, and so forth). A solid circle on the outside surface of a heater rod

signifies azimuthal orientation of the thermucouple, arid SP signifies the subchannel
in which the steam probe is located.

Figum H-27 shows the azimuthal orientation of blockage sleeve thermocouples for

the second configuration (all rods blocked); figure H-28 shows the azimuthal

orientation of blockage sleeve thermecouples for the third configuration (nine rods

block ed).

.
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Figure H-12. Thermocouple and Steam Probe Locations -
1.80 m (71 in.) Elevation
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Figure H.13. Thermocouple and Steam Probe Locations -
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Figure H-14. Thermocouple and Steam Probe Locations -
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APPENDIX I

CALCULATIONAL MODEL OF STEAM PROBE

The design of tie 21-rod bundle steam probe, as briefly described in paragraph 7-4

of this report, was based on the calculational models discussed hemin. The first

discussion concerns the hydraulic model utilized to determina the flow through the

steam probe; the second deals with the heat transfer model utilized to determine

the "true" steam temperatum.

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 unbloc:<ed bundle task, far

measuring smerheated steam temperatum in a nonequilibrium mixture.

The same general principle was applied in designing the steam probe for the 21-rod

bundle as in design of the unblocked bundle probe. The principle is to shield the

thermoco@le from the heater rods, and separate the steam from the nonequil-

ibrium mixtum by providing a torturous flow path. The significant difference
between the unblocked bundle steam probe and 21-rod bundle steam probe is that

the f ormer aspirates to atmospheric pressure, thereby providing a significant

pressum drop for flow through the probe; the latter depends on a frictional

pmssum drop across the steam probe length as the driving force for steam flow.

A 0.51 mm (0.020 in.) thermocouple was selected as the minimum size appropriate

for this high-temperature application. The thermocouple junction was placed

midway between the two diametrically opposed flow holes, to minimize the inside
frictionallosses associated with an annulus, and to provide maximum radiation

shielding and protection from water droplets. The following schematic diagram of

the steam probe shows the parameters involved in this hydraulic model:
VSHIELD

FREE STREAM REGION A |
V

a
j REGION B

/v
1. Hochreiter, L. E., et al., "PNR FLECHT SE ASET Unblocked Bundle, Forced

and Gravity Reflood Task: Task Plan Report," NRC/EPRI/ Westinghouse-3,
March 1978.
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In parallel flow paths, the pressure drops across both flow paths are equal:a

free steam = APshield

where

lL fpVf free steam.AP mfree steam - D 2 ge /gj

APshield = APregion A + APregion B

2
/ f L/2)(pVSA SA '

Kregion A = SA+~ DSA j ( 2ge/

2
/ f L/2) (pVSB SB IO K lregion B = SB + Dgg j ( 2ge j

Theref ore, assuming constant density,

fL 2 / I L/2) 2 / I L/2)g SA SB 2 l
K

D free steam = gg + D A Dg SA ) SB )

where

friction factor = 64/Ref- =

O hydraulic diameter of bundle = 0.00832 m (0.0273 f t)=f
K shield exit pressure loss coefficient = 1.0 (maximum)=SA
K . shield entrance pressure loss coefficient = 0.5 (maximum)=SB
DSA hydraulic diameter of mgien A = D3 - 0.51 mm (0.020 in.)=

D '

hydraulic diameter of region B = D3=-SB
O inside diameter of shield=g

i

!-

!

! I-2
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The steam velocity in the free steam was assumed to be 12.2 m/sec (40 ft/sec). '

By applying the continuity equation,

A ASA SA * SB SB

equation (1-1) can be solved for the maximum velocity, VSA, in the shield. The
results of this calculation am shown in figum l-1 for various shield inside diam-

eters. The axial spacing between the diametrically opposed flow holes, L, was varied

at values of 0.635 and 2.54 cm (0.25 and 1.0 in.). A calculation was also performed

which neglected the frictional losses within the steam probe, thereby accounting for'

only the entrance and exit losses. This calculation resulted in a velocity of 1.55 m/sec

(5.1 f t/sec) for a 0.635 cm (0.25 in.) spacing between flow holes and 3.11 m/sec (10.2

f t/sec) for a 2.54 cm (1.0 in.) spacing. However, when the frictional losses wem

accounted for, the shield velocity was found to be fairly independent of the axial

spacing between flow holes at the small inside shield diameters. The difference in*

shield velocity between the two spacings increased as the shield diameter increased,

but the subchannel flow blockage also increased, as shown in figure I-1. Therefore, to

minimize the subchannel blockage at approximately 5 percent, an outside shield
,

diameter of 0.24 cm (0.094 in.) was selected, with an inside diameter of 0.21 cm

(0.082 in.)

I The velocity through the shield could fall, inherent upon the assumptions regarding
frictional losses, between 0.55 m/sec (1.8 f t/sec) and 1.55 m/sec (5.1 f t/sec) for a

; spacing of 0.635 cm (0.25 in.), and between 0.64 m/sec (2.1 ft/sec) and 3.11 m/sec

(10.2 f t/sec) for a spacing of 2.54 cm (1.0 in.). It is believed that, in the case of the

2.54 cm (1.0 in)~ spacing, some frictional losses will be present which will provide a

velocity lower than the upper bound velocity of 3.11 m/sec (10.2 f t/sec). Since the

. difference between the velocities for the two spacings is only 15 percent when

friction is accounted for, a spacing of 0.635 cm (0.25 in.) between flow holes was

selected because of greater uncertainty associated with the 2.54 cm (1.0 in.) spacing,

precsure loss 'model. The lower bound velocity of 0.55 m/sec (1.8 f t/sec) was

1. Lilly, G.P., et al., "PWR FLECHT Cosine Low Flooding Rate Test Series
Evaluation Report," WCAP-8838, March 1977.

~2. Lilly, G. P., et al., "PWR FLECHT Skewed Profile Low Flooding Rate Test
Series Evaluation Report," WCAP-9183, November 1977.

,
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chosen to be utilized in the subsequent heat transfer calculation, thereby pro-
viding a high estimate of the temperatum measumment error. It should be noted

j that the free steam velocity utilized in this analysis represents a low estimate and

j that an inemase in this velocity will also inemase the velocity through the shield.

As reported in appendix K, the steam probe with the 0.51 mm (0.020 in.) diameteri

thermocouple was tested in a single-rod reflood facility. The steam probe did not
'

survive the desired number of thermal cycles; therefore the diameter of the

thermocouple was increased to 0.81 mm (0.032 in.). The preceding calculation was

performed utilizing the 0.81 mm (0.032 in.) diameter thermocouple, and it was

found that the velocity through the probe was reduced from 0.55 m/sec (1.8 f t/sec)

to 0.41 m/sec (1.33 f t/sec).

The temperature measured by the thermocouple within the steam probe will be
| adversely affected by the radiation heat transfer from the surrounding high-

temperature heater rods. A sufficient stean flow through the probe is required to,

" cool" the thermocouple to the temperature of the steam. The following

i calculation was performed to determine the cooling effectiveness of the steam
flow, as pmviously determined.,

'

An energy balance (1) on the shield yie!ds the follo,ving heat flow equation:i

!

Nshield to steam + dshield to thermocouple * Nrod to shield
by convection by radiation by radiation

An energy balance (1) on the thermocouple junction, which is assumed to be at

the same temperatum as the thermocouple sheath, yields the following:
!

thermocctple junction to steam " shield to thermocouple junction
by convection by radiation

|
!

|

1. Steady-state conditions are assumed in this calculation, because of the slow
msponse of the system during reflood.

_
I-5
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The previous five terms are defined as follows:
.,

a

i Nshield to steam = h (Tshield - Tsteam)
by convection

where h =
(hA)outside + (hA).inside chield to steam.

_

^T/C ( H~ T/C)
l shield to thermocouple =
'

by radiation II ~ C I I ^T/C
| +

\ 1
SH

| 1 1

) ( ^SH ) S/Cl C
( SH

"

4 4
Nrod to shield * ^SH SHC (TR-TSH

! by radiation
!

since A uA; SH rod'
;

=h~ thermecouple junction to steam thermocouple junction ^T/C junction ( T/C - TSTM}
by radiation to steam

4 4
Nshield to thermocouple = AT/C junction T/C (TSH-TT/C)C

junction by radiation
1

|
|

The outside film coefficient for the shield was determined by the following ),

4

correlation for laminar flow over a plane surface:(1); ;

|
I

(0.664 Re /2 PrII3)l

shield to = L
; steam

|
1

1. Chapman, A. J., Heat Transfer,3rd edition, Macmillan, New York,1974.

I

i. ' l-6 ,

|+

|

4

h
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| The inside film coefficient for the shield was determined by the following
correlation (I) for laminar flow inside a cylindrical pipe:

1.86 Re Pr D Y|'Kfi |
shield to = D U
steam

Tne thermocouple junction was assumed to be a sphere in an open flow stream;
therefore the film coefficient was determined by the following correlation:(

Re .9 + 0.35 Pr .356Re038)0 0
fi - K (2 - 0.03 Pr .33

o
thermocouple junction ,.,

''to steam
I

The respective heat transfer areas are as follows:i

-4
-- Shield outside area - 4.75 x 10-5 2 (5.11 10 ft )

Shield inside area - 4.15 x 10 ' m (4.47 x 10- ft )
-

--

-6
-- Thermocouple junction area - 4.05 x 10- m (4.36 x 10 ft)

-6
2 (6.33 x 10-5 ft )-- Thermocouple sheath area - 5.88 x 10 m

The steam properties were assumed constant at a temperature of 760 C
;

(1400 F). The emissivities of the shield and the thermocouple were assumed to

be 0.9.(

The following equations (in metric units) were developed from the preceding energy

| balances and respective correlations:

TSH + 1.61 x 10 (TSH + 273f = TT/C + 8.34 x 10(TT/C + 273)#

+ 7.79 x 10 " (TR + 273)#
-

|

SH + 273)4 - (TT/C + 273
0. 5 x 10 (TTSTM * T/C

|

|

| 1. Chapman, A. J., Heat Transfer,3rd edition, Macmillan, New York,1974.
|-

| 2. Kutateladze, S. S., Fundamentals of Heat Transfer,2nd edition, Academic Press,
New Yorl<,1963.

3. McAdams, W. H., Heat Transmission, 3rd edition, McGraw-Hill, New York,1954.
!
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a

I-

In English engineering units, the above equations are

|-

T/C + 460fTSH + 2.76 x 10 (TSH + MO)4=TT/C + 1.43 x 10 (T

|

+ 1.336 x 10-11 (TR + 460)4
!

TSTM = TT/C - 1.26 x 10 (TSH + 460)4 - (TT/C + 460)

The above equations contain four unknown temperatures: shield, thermocouple, rod,

and stea'm.- Therefore, rod temperatures of 982 C(1800 F),1093 C (2000 F), and
! 1204 C (2200 F) were assumed, as wef' as various thermocouple and shield tem-

peratums, to satisfy the above equations. The ratios of the thermocouple temper-

atum to the steam temperature for the three rod temperatures are shown in

figureI-2 as a function of the steam temperature. As shown by this figure, relatively

small arrors, 3 percent and less, are introduced in this steam temperature measure-
ment technique for the expected range of opere. tion.(1) The error in the tempera-

tum measumment is intseased by approximataly lpercent for an increase of 0.1 in

the emissivity of both the shield and the thermocouple, and similarly, is decreased

approx.mately 1 percent for a decrease of J.1 in the emissivity. The error in the

temperatum measurement is rather insensitive to the film coefficient. A

+ 50-percent change in the film coefficient results in approximately a + 1.5-percent
,

change in the temperatum measurement error.

The preceding calculations wem also performed for the steam probe with the

0.81 mm (0.032 in.) diameter thermocouple. The respective equations (in metric

units) am shown below:

T/C + 14.12 x 10-11 (TT/C + 273)4SH + 2.212 x 10-11 (TSH + 273)4- =T.T

I-

+ 7.99 x 10-11 (TR + 273)4

. T/C + 273)4TSTM = TT/C - 7.3 x 10 (TSH + 273)4 -U
M

1.. Rnsal, E. R., et al., "FLECHT Low Flooding Rate Skewed Test Series Data
Report," WCAP-9108, May 1977.

|
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In English engineering units, the above equations are
1

=TT/C + 2.421 x 10-11 (TT/C + 460)"TSH + 3.792 x 10 (TSH + 460)4

+ 1.372 x 10-11 (TR + 460)4

(TSH + 4600 -(TT/C + 460) _TSTM = TT/C - 1.26 x 10-11

The msults of the calculation for the 0.81 mm (0.032 in.) thermocouple are pre-

sented in figum l-3.

|

|
,
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APPENDlX J

BLDCKAGE SLEEVE EFFECT ON HEATER R00 TEMPERATURE

The effect of the blockage sleeve on the heater rod has been investigated utilizing

the TAP-A computer program.II) The TAP-A program, for computing transient

ard steady-state temperatum distributions, can solve problems in multidimensional

systems having arbitrary geometric configurations, boundary conditions, initial

conditions, and physical properties.

This investigation was undertaken to determine the change in the heater rod

temperature with addition of the blockage sleeve. It was felt that the blockage
sleeve could insulate the heater rod from tN coolant, and therefore provide ex-

tmme heater rod temperatures to the point of rod burnout.

Two co; futer models were subsequently set up, as described below:

- 0.950 cm (0.374 in.)OD heater rod

- As above, with 1.25 cm (0.492 in.) OD blockage sleeve made of 0.061 cm

(0.024 in.) thick stainless steel

For the blocked rod, simultaneous radiation and conduction heat transfer was

provided in the 0.089 cm (0 035 in.) steam gap between the rod and the sleeve. The
same initial and boundary conditions were applied to both rods, as listed below:

-- 2.3 kw/m (0.70 kw/f t) constant power generation

- 100 C (212 F) ambient temperature

- 822 C (1620 F) average clad temperatum

The material properties were held constant (independent of temperature) at the

following conservative values:

1. Pierce, B. L., and Stumpf, H. J., "T AP- A: A Program for Computing Transient
or Steady-State Temperatum Dis'sibutions," WANL-TME-1872, December 1969.

J-1



-- ' Steam thermal canductivity - O.093 W/m- C (0.054 Btu /hr-f t- F)
'

,

I
|

- Stainless steel thermal conductivity - 24.6 W/m- C (14.2 Btu /hr-f t- F) ;

6 3 |Stainless steel heat capacity - 4.90 x 10 J/m - C (73.1 Btu /ft - F)
Stainless steel emissivity - 0.5

l

Boron nitride thermal conductivity - 24.9 W/m- C (14.4 Btu /hr-f t- F)-

6Boron nitride heat capacity - 3.64 x 10 J/m - C (54.6 Btu /f t - F)

The msuits of the steady-state analysis are shown in figure J-1. The heater tempera-
| tures for the unblocked rod and for the blocked rod both with and without radiation

| heat transfer in the gap are shown as a function of the outside film coefficient. Also
shown are the results of a similar calculation performed for EPRI,(1) which gener-

ally show the same trends. The temperature msponse of the unblocked rod in both

| calculations is exactly the same. The calculations for EPRI base the thermal resis-

|- tance on the sleeve outside radius, thereby providing greater thermal resistance and

higher temperatures. As the film coefficient increases, the heater temperature
decreases for all cases, as would be expected. The blockage sleeve provides for a

lower heater temperature on the blocked rod as compared to the unblocked rod for
2 2film coefficiente below approximately 68W/m - C(12 Btu /hr-ft - F). However,

as the film coefficient increases, the unblocked rod heater temperatum is lower than j

that for the blocked rod. This behavior is attributed to the thermal resistance asso-
ciated with a cylindical element.

The heat transfer from the clad surface can written as

a 1

21T Kt(T - T ) * En @g/R) + (K/h R)/(R /R)c f g g

i
1

where the gap msistance and sleeve msistance are reflected in the first term of the i

denominator and the film resistance is reflected by the second term. 1

I

The heat transfer relationship above reveals that when the thickness of the blockage

sleeve is varied, the first and second terms of the denominator on the right-hand side j

i vary inversely. The variation in the first ten 3, which is related to the conductive j

resistance of the sleeve,'is logarithmic; the variation in the second term, which is

|

1.. Memo from K. H. Sun, EPRI, to L. E. Hochreiter, Westinghouse, FLECHT
SEASET Heater Rod Considerations, by R. Eichhorn, August 28,1978.

1

I J-2 |

|
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!

related to the outside convective resistance,is hyperbolic. Thus the sum of the
I

two terms assures a minimum value tar the blockage sleeve thermal resistance at

the so-called critical radius: This, in turn, provides for the maximum rate of heat

transfer and minimum temperature. The critical radius, which is d termined by
setting the first derivative of the heat transfer rate with respect to radius equal to
zero, is

,

R = K/he g

The above relationship shows that the critical radius is dependent on the thermal
j

conductivity of the blockage sleeve material and the outside film coefficient.

| Essentially, the blockage sleeve being added to the heater rod provides for better

heat transfer capability than the outside film coefficient when the film coefficient
is low. Thus there is a reduction in the heater temperature. As the outside film

coefficient increases, the blockage sleeve restricts heat transfer and therefore the

| heater temperature is increased.
:
!

A transient calculation utilizing a film coefficient typical of a FLECHT reflooding

test is shown in figure J-2 fx both the unblocked rod and the blocked rod. As the
2 2film coefficient increases to approximately 68W/m - C (12 Btu /hr-ft - F), the

|heater temperature for each case " turns amurnf' and the unblocked rod temperature

is lower than that for the blocked rod, both of which are much lower than the

1316 C (2400 F) maximum temperature limit fr.r the rod.

When radiation is neglected in the steam gap between the heater rod and the blockage
|

| sleeve, energy is transfered by conduction, which results in a substantial increase in

the heater temperature (figure J-1). However,it is felt that radiation will be the|

dominant mode of heat transfer in the steam gap.

!
'

In conclusion, sufficient instrtmmtation(1) will be provided on the blockage sleeve, |
on the heater rod at the location of the blockage sleeve, and on the heater rod

immediately upstream and downstream of the blockage sleeve not only to evalut te

the heat transfer in the blockage zone but also to protect the rods from burnout.

|
I 1. See paragraphs 7-3 and 7-5.

J-4
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APPENDIX K

BLOCKAGE SLEEVE ATTACHMENT AND INSTRUMENTATION TEST

The instrumented blockage sleeve and steam probe were placed in the single-rod

test facility to evaluate the following:
|

- Blockage sleeve attachment technique
- Blockage sleeve instrumentation
- Steam probe attachment technique i

1

- Steam probe instrumentation

Two blockage sleeves were attached by two different methods to an instrumented

heater rod at the 1.88 m and 2.29 m (74 in. and 90 a.) elevations. The sleeves were

of a design different from that specified in section4; they were much shorter and

of a higher strain. The sleeve at the 1.88 m (74 in.) elevation was spot-welded to

the rod at four locations around the periphery downstream edge of the sleeve.

(This is readily seen in re pretest photograph, figure K-1). The sleeve at the 2.29 m

(90 in.) elevation was not attached dir3ctly to the rod, but was simply held in place

by drilling a 3.18 mm (0.125 in.) diameter hole in the downstream side of the sleeve

[3.18 mm (0.125 in.) from the end]and placing a spot-weld on the rod through the

hole in the sleeve. (This is readily seen in pretest and posttest photographs,

figures K-2 and K-3, respectively).
|

Each of the blockage sleeves was instrumented with a 0.51 mm (0.020 in.) stainless

steel sheathed, ungrounded, type K chromel-alumel thermocouple. The thermo-

.

couple was attached to the sleeve as shown in figure K-4. A hole was drilled in the
| sleeve at the point of maximum strain and the thermocouple junction was brazed;

into this hole. The thermocouple lead was run in the gap between the rod and the

sleeve. A 1.02 mm (0.040 in.) OD stainless steel hollow tube was brazed to the

upstream side of the sleeve and the thermocouple lead was run thrcogh this hollow

tube to provide protection and strength for a distance of approximately 30 cm ;

(12 in.). (This is shown in a preassembly photograph, figure K-5.) The thermocouple |

leads were subsequently wrapped around the 3.18 mm (0.125 in.) diameter grid

support rods. It should be noted that, bec .ce of the size of the blockage sleeve

K-1
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utilized in these tests, which is larger in outside diameter than the prototypical
sleeve to 1;e used in the bundle tests, the 3.18 mm (0.125 in.) diameter support rdds

had to be cut back, as shown it .igum K-6.

The steam probe was attached to the 2.11 m (83 in.) elevation grid witn the sensing

holes located at 2.01 m (79 in.), as shown in the preassembly and pretest photo-

graphs (fiqums K-7 and k-8). The thermocouple used in the steam probe was the

same as that used in the blockage sleeve.

All of the instrumentation (steam probe, blockage sleeve and heater rod thermo-

couples) leads were brought out the bottom of the test section. In this manner, the
- steam probe thermocouple lead and the 2.29 m (90 in.) elevation blockage sleeve

the.mocouple lead " crossed over" the 1.88 m (74 in.) elevation blockage sleeve.

The test was performed under the following nominal conditions:

Initial Clad Flooding Rate

Number of Cycles Temperature [ C( F)] [m/sec(in./sec)]

1-2 538 (1000) 0.038 (1.5)
|
! 3-12 1093 (2000) 0.038 (1.5)
.

| 13-22 1093 (2000) 0.020 (0.8)
t

The power was applied to the heater rod during an adiabatic heatup period at a rate
of 2.3 kw/m (0.7 kw/f t)(I until the initial clad temperature was reached. The

power was then reduced to a rate of 1.8 kw/m (0.55 kw/ft) and flooding was ini-

tiated. After 180 seconds of constant flooding, the power was reduced to 1.4 kw/m

(0.42 kw/f t) until all thermocouples had quenched, at which time the power was

tumed off.

The results from the single-rod sleeve attachment and instrumentation test are

summarized below:

The blockage sleeve thermocouple at the 2.29 m (90in.) elevation failed af ter-

the first two temperatum cycles.

1. Peak rod power at the 1.83 m (72 in.) elevation

K-7
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-- The steam probe at the 2.01 m (79 in.) elevation failed af ter a total of 10

cycles. Prior to failure, the steam probe provided consistent temperature data

fmm cycle to cycle, as shown in figures K-9 through K-ll.

-- The blockage sleeve thermocotple at the 1.88 m (74 in.) elevation failed af ter

a total of 14 cycles. Prior to failure, the thermocouple provided consistent

.
temperatum data from cycle to cycle, as shown in figures K-12 through K-14.

The heater rod was subjected to a total of 15 cycles without thermocouple or--

rod failum. Th< ist was terminated af ter 15 cycles to inspect and examine

the instrumentation.

-- Af ter disassembly of the test section, the blockage sleeves and steam prohe

wem found to be securely attached to the rod and grid, respectively.

Close examination of the heater rod, blockage sleeves, steam probe, and instru-

mentation af ter disassembly led to the following observations:

-- The 0,51 mm (0.020 in.) thermocotple lead from the 2.29 m (90 in.) elevation

blockage sleeve was burned in two where the lead came into physical contact

with the sleeve at the 1.88 m (74 in.) elevation. This is shown in a posttest

photograph (figure K-15) taken of the 1.88 m (74 in.) elevation blockage sleeve

af ter disassembly.

-- The thermocotples in the two sleeves and the one in the steam probe were

checked for continuity af ter being removed from the heater rod.

The thermocouple in the sleeve at the 2.29 m (90 in.) elevation was found to be

open. It was not possible to determine at what location the thermocouple

opened, since the leads could not be exposed. However, the thermocouple

junction in the sleeve at the 1.88 m (74 in.) elevation as well as the thermo-

cotple junction in the steam probe at the 2.01 m (79 in.) elevation were found

to be intact.

These two thermocetples were then rechecked by heating the tips with a

microtorch; they remained intact.

K-ll
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The lead of the steam probe was then locally heated along its length and an

intermittent break (1) was found in the lead approximately 10 cm (4 in.) down

from the point where the lead exits the grid. The steam probe and thermo-

cotple lead are shown in a posttest photograph (figure K-16). The break in the

thermocouple lead at 10 cm (4 in.) from the top of the grid is attributed to

either the lead touching the heater rod and subsequently burning, or a stretch-

ing of the lead be,cause of thermal expansion of the rod.

The 1.02 mm (0.040 in.) OD support tube which enclosed the lead for the 1.88 m

(74 in.) elevation blockage sieeve thermocouple was also locally heated along
,

its length; no break in the lead was found. It is presumed that the break

occurred along the unsupported and unprotected length of the thermocouple

lead because of the lead contacting the hot rod.

The heater rod did not take a permanent set as a result of this test, and the-

length and outside diameter did not change.

The heater rod moved freely through the bottom O-ring plug ano did not bow-

significantly.

-- The expansion of the heater rod was restricted (perhaps by the sleeve

contacting the support rods) dJring testing; this forced the rod axially out of

the clamp at the top end of the housing by 6.98 mm (0.275 in.) (fieure K-17).

The two sleeves ' vere removed from the heater rod easily with insignificant-

effect on the heater rod surface.

The rod was readily cleaned of scale deposits and the rod color was as shown in--

figure K-18.

One of the 3.18 mm (0.125 in.) diameter support rods moved to within 1.14 mm-

(0.045 in.) of the steam probe (figure K-19).

1. Secondary junction where the two thermocotple wires are not insulated from
each other

|

1

K-19
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The following conclusions have been drawn from the examination of the sleeves and

instrumentation, and analysis of the data:

-- Both methods of attaching the blockage sleeves to tho heater rod are accept-

able; however, the method of spot-welding the rod through the hole in the

sleeve is preferable, since it is easier to rem 7ve the sleeve and clean the rod

surface.

The blockage sleeve instrumentation and steam probe will not survive the-

entire matrix of 17 valid tests currently proposed for the bundle. The tem-

perature data for the thermocouples were analyzed based on the integral of

the temperature-time curve when the heater rod temperature was above

538 C(1000 F). Predictions were also made to determine the rod bundle
integral of the temperature-time curve needed to complete all tests proposed

in the test matrix (except for the three steam cooling tests). The steam probe
6 6survived 1.28 x 10 C-sec (2.31 x 10 F-sec), the 1.88 m (74 in.) elevation

6 6blockage sleeve thermocouple survived 2.02 x 10 C-sec (3.63 x 10 F-sec),
6 6and the heater rod was subjected to 2.24 x 10 C-sec (4.03 x 10 F-sec). To

,

complete 14 valid tests out of the 17 proposed matrix tests, the thermocouples in
6 6the sleeve and eeam probe would have to survive 1.91 x 10 C-sec (3.44 x 10 F-

sec). i

|

|

| It is believed that the failure mode of the thermocouples is attributable to the
physical contact of the 0.51 mm (0.020 in.) thermocouple sheath with either the

heater rod or the grid support rods, with the consequential brea'<down of the

insulation material within the thermocouple sheath.

|

The following recommendations are made based on the preceding test results,

observations, and conclusions:

The thermocouple size for both the blockage sleeve and steam probe should be-.

increased from 0.51 mm (0.020 in.) to approximately 0.81 mm (0.032 in.) to

minimize buming of the sheath and insulation whei. contact with a heater rod

occurs.

I

K-24
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The thermocouple sheath material should be changed from stainless steel to--

Inconel to provide additional strength at elevated temperatures.

Another single-rod test should be performed with the prototypical blockage--

sleeve instrumented as recommended above, including a steam probe. This

test would verify the recommended design changes and would ensure the

longevity of the bundle instrumentation. [Another test was perfwmed which
showed that the 0.81 mm (0.032 in.)Inconel-sheathed blockage sleeve

thermocouple perfamed satisfactorily. The thermocouple lead was routed

downstream of the blockage sleeve in the flow subchannel with no effect on

the heater rod or blockage sleeve thermal response.]

.
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APPENDIX L

FLECHT SEASET RUN SPECIFICATION AND VAllDATION SHEET

RUN NO. FACILITY ENGINEERING

DATE SAFEGUARDS DEVELOPMENT

I. HEATER ROD POWER

Parameter Specified Value Actual Value

1. Initial peak linear power kw/f t i 1% kw/ft

2. Initial power kw + 1% kw

Note: The power decay should also be i 1% of specified.

II. INJECTION FLOW

Specified Actual

1. Injection rate

Rate Duration Rate Duration

Step 1 gpm sec gpm sec

Step 2 gpm see gpm sec

''

2. Coolant supply temperature F 1 5F F

3. Initial temperatum of
coolant injection line F i 10 F "F

4. Initial temperature of

|
coolant in lower plenum F i 10 F _F

L-1
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!!!. INITIAL TEST SECTION PRESSURE psia 1 5% psia |

Note: The test section pressure should not vary by more than 1 psia during the
test run, except for the first 20 seconds after flood.

.

IV. HOUSING TEMPERATURES AT FLOOD (1)

1. 2 f t elevation F

2. 4 ft elevation F

3. 5 f t elevation F

4. 6 f t elevation F

5. 7 f t elevation F'

6. 9 f t elevation F

7. 11 f t elevation F

V. LOOP PIPINP AND COMPONENT TEMPERATURES

1. Lower plenum F i 10 F F

2. Upper plenum F 1 20 F F

3. Carryover tank F t 20 F F

4. Steam separator F 1 ?O F F

5. Steam separator

collection tank F 1 20 F F

6. Exhaust pipe

a) Upstream of separator F 1 20 F F

b) Downstream of separator F 1 20 F F |

Note: Temperature should be an average of wor'..i..g thermocouples, but each

thermocouple should be within limits.

1. Location E, figure 7-6 (Orawing 1460E40)

1

I
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VI. DACPF INITIALIZATION

.l. Maximum acceptable temperature F

2. Maximum test time sec

3. Slow scan time sec

4. Flo6d temperatum F

5. Power decay delay sec

6. Delta T time sec

7. Termination temperature F

8. Defective temperature F

Vll. DRPF INITI ALIZ ATION

:

1. Maximum power kw/ft
! 2. Sink temperature F

V ill. SPECIAL COMMENTS ON RUN CONDITIONS

,

d

1

IX. CONDITIONS CAUSING RUN TERMINATION
..

5

X. CONDITIONS CAUSING RUN TO BE INV ALID
c

5
~

.

'

XI. INSTRUMENTATION FAILURES

|

i

.

I-
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XII. GENERAL COMMENTS ON TEST RUN

XIII. PRELIMINARY RESULTS

1. Hottest thermocouple channel at turnaround

Thermo- Initial

cotple Temperature Maximum Flood Turnaround Quench

Elevation at Flood Temperatu re Time Time Time

ft F F see see sec

2. Drained water weights

Carryover tank Ibm at F

Steam separator Ib m at F

and collection tank
|
1

Exhaust steam probe tank No. I lbm at F |

| Exhaust steam probe tank No. 2 lb m at F

Exhaust steam probe tank No. 3 lb m at F

Test section Ibm at F

XIV. HEATER ELEMENT INSULATION RESISTANCE CHECK

Heater No. Prior to Test Post test

L-4



APPENDIX M

DATA REDUCTION AND ANAL.YSIS COMPUTER PROGRAMS

M-1. GEtERAL

This appendix contains details of the various computer programs which will be used

to reduce and analyze the test data from this task. The flow logic diagram for the
data reduction methods, shown in figures 9-1 and 9--2, is repeated here as figures

M-1 and M-2. Each code is discussed in detail below.

M-2. FV ALID PROGRAM

The progr am FV ALID provides a printout for the test run specification and
validation sheet (anoendix L). The validation sheet is a specific listing of the data

recorded by the PDP 11/20 computer during a test,1 second before flooding. The

listing of these data is used to compare specified values and actual values for the

following quantities:

Heater rod power--

Injection flow--

-- Initial test section pressure

-- Flow housing temperature

-- Loop piping and component temperatures

This information is used to determine run validity.

M-3. FLOOK PROGRAM

The FLOOK program permits the examination of selected analog / digital data from

a FLECHT run. Data are taken directly from the disk file on the PDP 11/20 and

printed in engineering units. Ten channels may be examined in one pass.

M-1
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M-4. PLOT PROGR AM

PLOT is a program which manipulates data that have been stored on the disk such

that the necessary conversion, scaling, and formatting of data for the PLOT-10

package is accomplished. PLOT information is entered thrcugh the Tektronix 4010,

whidi specifies the graphic functions to be performed. A dialog exists between the
operator and computer in a question / answer format. Once the dialog has been

completed, a "Y" msponse to the "Run" command will cause plotting of the desired

data. This information is also used in the da' i validation procedure.

M-5. CATALOG PROGR AM

CATALOG is the common name for two programs linked in series: F ASTDRP and

MAKEBIN. The purpose of CATALOG is to reduce data recorded at the test site to

a form that is compatible with the Control Data Corporation (CDC) 7600 system at

the Westinghouse Nuclear Center.

FASTDRP takes input from the PDP-11/20 system and converts it to the

60-bit-per-word CDC system. These data am then stored in updated form.

MAKEBIN, using the tpdated tape, corrects the appropriate channels for instru-

ment shif t. The data am then written in a compact form enabling 10 runs to be

stored on each tape. (That is, each 60-bit word is converted into 30-bit words, and

then two 30-bit words am stored per 60-bit word.)

The output is as follows:

-- Raw data in updated form
i

Calibration file--

1

Time array (1 see -- 0.5 see -- 1 sec)
I

1--

|
!

-- Bad channel list j

Data from each of 309 channels--

j
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M-6. FPLOT PROGRAM
L

FPLOT is a code that presents FLECHT data in tabular and graphic form, using

engineering units.

FPLOT has several options for graphical output, as follows:

;
- Plot any 'or all data with a predetermined scale or one that is supplied as test

I conditions warrant

- Plot any portion of a transient
,

Multiplot tp to four curves--

input to this code consists of data from all channels connected to the computer for

a given test.

M-7. QUENCH PROGRAM

The QUENCH program determines key quantities associated with heatup and

quenching of the heater rod bundle in the FLECHT facility. The quantities
determined from QUENCH are heatup rates, initial temperature, turnaround

temperature, turnaround time, quench time, and quench temperature. Statistical

computations are performed for each quantity to determine maximum, minimum,j

mean, and standard deviation.
I

1

Standard criteria are used to determine rod quench time and temperature. These

criterica reduce the possibility of error and the injection of an individual's judgment

[
into the computations. The criteria for heater rod quench are as follows:

L

[

A slope greater than 10 C/sec (50 F/sec) and a temperature greater than! - ---

149 C (300 F). A larger value of slope tends to call any thermocouple

j noise a quench and a smaller slope tends to miss the quench altogether.

If the first criterion is not satisfied the first time the thermocouple reaches--

saturation temperature.

I
L
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I
,

.

4 *

The PDP 11/20 computer records data fmm the initiation of heatup sequence,

during which the bundle is pulsed, on through reflood. The time scale is shifted

such that time = 0 see corresponds to the beginning of reflood. The heatup period

prior to reflood is then rescaled with negative times. The QUENCH program

linearly interpolates temperatum data to determine the rod initial temperature at
time = 0.

i

I 'In most cases rods do not start to heat up at the same time the computer starts to

scan channels. In these cases a time and temperatum at the beginning of heatup is

calculated. It is asumed that heatup begins when the first 1.1 C (2 F) differ-
ence is seen between any two consecutive scans of thermocouples. Heatup rates

are found by calculating an average time and temperature over a given time
' increment. This heatup rate in degrees per second can be used to determine if the

correct power is being supplied to the bundle through an energy balance calcu-

lation. A mom detailed explanation of the QUENCH criteria and assumptions i

contained in WCAP-8651(1) and WCAP-9108.(2) For each valid ther:noco@le
'

measumment, the output fmm QUENCH is as follows:
'

,

!

_

i
'

-- Heatm rates
!

j -- Initial temperature
i
1

| |

1
- Tumaround temperature

!

Turnaround time--

1

i . I
i Quench time '

--

l

|
-- Quend, temperature

:

6

I

1. Rosal, E. R., et al.,"FLECHT Low Flooding Rate Cosine Test Series Data
Report," WCAP-8651, December 1975.,

!
'

' 2.. ' Rosal, E. R., et al., "FLECHT Low Flooding Rate Skewed Test Scries Data
Report," WCAP-9108, May 1977.

:

i
'

M-6
|

.~ _ . - - ._ . . . .- . _ _ - _ , _ _ _ _ . _ - _ _ ,.



M-8. FFLOWS PROGRAM

^

~ The program FFLOWS calculates mass flow rate and mass storage for the FLECHT
test section and accompanying loop components. A calculation of the fraction of

inlet mass leaving the bundle is performed based on two criteria: (1) mass stored in

the test section and (2) mass leaving the test section. An overall system mass

balance is performed to account for system losses.

This mass balance takes into account the total mass stored in the test section, the

total mass leaving the test loop, and the total mass remaining in the loop after the

test. The steam probe collection tanks, upper plenum, and steam separatoi tank
account for the mass remaining after the test. This sum is compared with the total

measured mass (M) injected to obtain a mass balance. That is

\
injected ' # stored in + out * stored in

( bundle loop /
AM =

EM. .injected

The total mass injected is taken from the inlet turbine meter data. The collected

liquid is calculated from the liquid collection tank differential pressure cells

assuming saturated liquid conditions. The steam flow is calculated from the orifice
meter differential cell using the measured steam temperature and local pressure to

obtain a steam density. Mass stored in the test section is calculated from the

0-3.66 m (0-12 f t) differential pressure cell after a correction has been made for

frictional pressure dnap.

Calculations are also performed to find the average void fraction using the

measured pressure drop over each 0.3 m (1 ft) section of the bundle. The measured

|
pressure drop consists of three effects: elevation head, frictional pressure drop,

and. acceleration drop due to vapor generation. That is,I

.

AP measured = AP elevation + AP acceleration + AP friction

WCAP-8238(1) and WCAP-9108(2) contain detailed descriptions of the frictional

pressure drop, measured pressure drop, and void fraction calculations.

i

M-7
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Output from FFLOWS is presented both in tabular and graphical form. The

following is a list of output quantities fmm FFLOWS:

Two-phase pressum drop--

- Void fraction

-- Two-phase density

-- Two-phase mass storage

-- Two-phase frictional pressure drop

-- Overall pmssum drop 0-3.66 m (0-12 f t)

-- Overall mass storage 0-3.66 m (0-12 ft)

-- Mass difference

Mass in tpper plenum--

-- Accumulator mas loss

-- Mass injected into bundle (total and rate)

Mass stored in bundle (total and rate)-

-- Mass out of bundle (total and rate)

- Mass difference (total and rate)

'1. Blaisdell, J. A., et al., "PWR FLECHT SET Phase A Report," WCAP-8238,
December 1973.

2. Rosal, E. R., et al., "FLECHT Low Flooding Rate Skowed Test Series Data
Report," WCAP-9108, May 1977.

M-0



-- .. . - - _- -. .

Carryout fractior '%tal and rate)--

,

- Test section mass (total and rate)

Carryover tank mass (total and rate)--

Steam separator mass (total and rate)-

Exhaust orifice mass (total and rate)--

Overall mass balance-

,

.

Lower bound quality--

Upper bound quality-

M-9. D ATAR PROGRAM

The purpose of the DATAR program is to calculate the heat transfer coefficient'

-and wall heat flux for heater rods in the FLECHT SEASEi facility from tempera-

tum data (as mad from the CATALOG tape), as-built beater rod dimensions, and an
inverse conduction mathematical model. The DATAR code consists of 13 overlays,

to mduce the computer field length required for code axecution. These overlays

consist of the following:

The main program overlay, together with those subroutines necessary to--
,

calculate film coefficients
;

The overlay which controls the mading and checking of input data, both frnm )--

!cards and fmm tape

' The overlay which checks for restart and, if present, properly positions input--

and output files and sets internal values

1. Based on both. mass stored and. mass out
,

!
M-9
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:

,

The overlay which reads input information from the main data tape header and--

! calculates several intemal values based on this information.

I The overlay which checks cards input consistency and echoes the information--

to printed output.

( The overlay which echoes data tape Icoder information to printed output--

|
,

The overlay which reads lunput from cards and performs miscellaneous--

operations on the data
,

!

|
The program provides it sown dynamic field length management, resulting in

minimum operat:.ig expense
!

With the exception of plotting, the main program controls the flow of all input and

j output data read and generated by the program. A typical DATAR program is
I conducted using the following steps:

(1) Calculate heater rod material radial node positions based on as-built radil and

power step interval information. Note that the code performs one-dimensional

calculations in the radial dimetion only. Axial conduction is ignored.

:

(2) Calculate appropriate time values for each data point produced. The
calibration file values are mad by means of a call to the second overlay.

(3) Enter heater infwmation on the output tape (run number, number of data

scans, and the like). Read data tapes and positinn correctly. Calculate bundle

power. The sink temperature is assumed to be the taturation temperature

corresponding to the specified pressure for the test.

|

(4) Road temperatum data for a rod thermocouple from the main data tape and
1

miscellaneous information for that thermocatple (such as bundle position and I

axial and radial power factors) from a secondary data tape.

(5) Determine if a thermocouple is good. This is true if its channel number is not
included in the bad channel list and the first temperature is greater than

,

I
i

|

l
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65.6 C (150 F). If these two critcria are not met, a short entry is made
on the output tape and data from the next char.nel am read.

(6) Calculate rod temperature profiles, surface heat flux, and heat transfer

coefficients by successively calling data reduct' n subroutines in the model.

The number of future temperatures used is detecminnd by the shape of the

temperature-versus-time curve at the next time. This number is constrained
to be between 1 and 3, and may be different from the previous value by no

mom than 1.

(7) Enter data results of calculations performed in step (6) on output. Plot clad

temperatum and heat transfer coefficient using a call to tae third overfay.

(8) Repeat steps (4) through (7) for all bundle thermocouple channels and

terminate data reduction.

DATAR uses four principal subroutines. The function of each of these is as follows:

(1) To calculate the coefficient matrix (solution-t ;-simultaneous equation set) |

(2) To calculate the temperatures and surface heat flux given the coefficient

matrix

(3) To invert the tridiagonal coefficient matrix

(4) To smooth surf ace heat flux and heat transfer coefficient over a 10-second
time window

Several other subroutines perform miscellaneous calculations, such as material

property evaluation and data interpolation.

M-10. AVGSD PROGRAM

AVGSD is a statistical program used to evaluate the large volume of data produced

by DATAR. Calculations am performed to obtain a time-dependent mean; one
standard deviation, maximum, and minimum for the measured temperature;

M-ll
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t

calculated surface temperature; heat flux; and heat transfer coefficient. This
.

calculation is performed at each elevation for which valid data exist. In addition,

._

at each elevation the data are grouped into power zones. Input to this program
i

consists of the output tape from DATAR.

The quantities below are output from AVGSD in both graphical and tabular form
i for measured temperature, heat flux, and heat transfer coefficients:

!

; Time--

-- Group (a given set of heater rod thermocouples at an elevation)
t

:

Average--

,

|

Standard deviation|
--

:

i Maximumj
--

i

! Channel number from which maximum value came--

!

Minimum-

Channel number from which minimum value came--

:

M-11.- ALLTURN PROGR AM
'

!

ALLTURN computes heat transfer coefficients based on distance above the quench i

front. This is accomplished in two ways: (1) using reduced experimental data

i output from the QUENCH and DATAR programs and (2) using a FLECHT-type

i' empirical correlation based on run conditions.

!

| When DATAR results are reduced, thermocotples within an inner rod array are used

for a unif am radial power distribution. When the power is a FLECHT radial' ,

distribution only, the high-power (1.1 power factor) rods within the same array are |

used to eliminate any effects caused by the housing. At each time of interest, a1

quench elevation is determined from the QUENCH code output. The difference
1

!

M-12

[.
. . . - . . . . , . _ , , , -. - . - -__ ,__ - . . - . . -



between this elevation and the elevation of interest is the distance above the
quench front. Average heat transfer coefficients at each time and elevation are
calculated. These experimental results are compared with predicted heat transfer

coefficients calculated by a trial correlation. A detailed description of this
correlation and comparisons are contained in WCAP-9183.(I}

M-12. FLEMB PROGRAM

FLEMB performs a mass and energy balance on the FLECHT bundle. Input is taken

from DATAR, FFLOWS, and CATALOG output tapes. FLEMB consists of a main

program and two principal subroutines. The main program controls the input, the

output, and the user-selected method by which local mass flow, local quality, and

Icaal enthalpy are calculated. The local mass options are as follows:
4

Without mass storage above quench front bared on mass stored in the bundle-

Without mass storage above quench t. ant based on mass out of the bundle--

With mass storage above quench front based on mass stored in the bundle-

J

With mass storage above quench front based on mass out of the bundle
,

--

|

The basic equation for calculating the local mass flow at any differential pressure
Icell location i corresponding to 0.305, 0.610, 0.914, . . 3.66 m (1, 2, 3, . . 12 f t) is

d
i-1 ~ dt (* stored 1-1, i )I"i *b

i

Local enthalpy options are as follows:

:

- Without mass and energy storage above quench front

With mass and energy storage above quench front--

|
|

I
l

! 1. Lilly, G. P., et al., "PVA1 FLECHT Skewed Profile Low Flooding Rate Test
Series Evaluation Report," WCAP-9183, November 1977. .

I

|
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!

The basic equation for calculating local quality is
i

h(z) = xh (z) + (1-x)h (z) :
y g

where h(z) is the local enthalpy [ refer to equation (M-1) below].

Local vapor temperatures supplied by the steam probes are used to calculate a

local nonequilibrium quality.

A detailed description and examples of code output are contained in

VCAP-9183.(I)

The functions of the two subroutines are as follows:

To integrate heat flux data to find the heat release from the quench front to !--

the 3.66 m (12 f t) elevation. The basic form cf the equation is

bundle exit
/

* bundle exit | kundle exit - h(z)\ Q'dz=

(M-1)
z

|

!

'

where Q' = bundle heat release rate per foot

i

To extract needed data from input and arrange it into the form needed by the--

program

! Calculations within FLEMB are based on the following assumptions:
|

Quasi-steady state--

!

Liquid at saturation temperature--
;

:

Negligible stored energy within a low-mass housing| --

1
i '

| 1. Lilly, G. P., et al., "PWR FLECHT Skewed Profile Low Flooding Rate Test
Series Evaluation Report," WCAP-9183, November 1977.'

. M-14
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1

,

Output from FLEMB is in tabular and graphical form as follows:

Mass flow rate---

Enthalpy--

|.
Local quality--

'

Equilibrium quality--

i

Vapor temperature; --

;

Rod wall temperatum--

I Local Reynolds number--

Void fraction--
7

Hot rod heat flux--

Radiation heat flux--

3_

.

Nusselt number--

.

!i Total integrated heat flow--

I

!
'

Net heat flow to drops--

M-13. HEAT-II PROGRAM

HEAT-Il calculates the heat transfer to the entrained liquid droplets and the

steam, using the method of Sun, et al.',(1) along with a dynamic droplet

model(2) developed in the FLECHT progra,m.

1. Sun, K. H., et al., " Calculations of Combined Radiation and-Convection Heat
Transfer in Rod Bundles Under Emergency Cooling Conditions," Trans. Amer.

;

l Soc. Mech. Engrs. 98, Series C, 414-416 (1976).

2. Lilly, G. P., et al.,"PWR FLECHT Skowed Profile Low Flooding Rate Test
' Series Evaluation Report," WCAP-9183, November 1977.
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!

!

; Input to HEAT-Ilis generated by the FLEMB program. This input includes mass

flow rates, quality, steam temperature, wall temperature, and hot rod heat fiux.
3

| When appropriate, a linear interpolation model is used to obtain the desired data.
The calculations within HEAT-Il are based on the following assumptions:

4 - Quasi-steady state

Constant system pressure--

;
.

Liquid at saturation conditions--

:

Positive droplet velocity and acceleration--

-- Slip (or void fraction) given at quench front

,

A typical run contains the following steps:
,

(1) Calculate initial drop size.'

!
)

i
! (2) Calculate slip and droplet volumetric density.

la

I (3) Octermine the effect of initial vcid on slip,
*

1
'

(4) Calculate the radiation to vapor and drops using the method of Sun, et al.
)

Output from HEAT-Il contains the following quantities:
,

|
;

-- Droplet diameter !

Droplet number density--

Droplet velocity-

Droplet Reynolds number- - .

4

.

5

M-16
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.

Droplet Weber number--

Vapor velocity--

Slip ratio--

Void fraction--

Rod heat flux--

Wall-to-vapor radiation heat flux--

-- Wall-to-droplet radiation heat flux

Surface-to-surface radiation heat flux--

Wall-to-vapor convection heat flux--

-- Heater rod wall-to-vapor heat transfer coefficient

Vapor Nusselt number--

Quality--

-- Heater rod wall temperature

Steam temperature--
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