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ABSTRACT

This analysis of the unblocked bundle task data provides further understanding of reflood

heat transfer mechanisms, which can be used for assessing prediction models. A new
heat transfer cormlation has been developed and shown to predict the FLECHT F2 AET

data as well as the. older FLECHT data. The scaling logic of maintaining the same
integrated power per unit flow area has been proved valid, and a method has ueen

developed to calculate steam quality just above the quench front. Improved models for

estimating ef fluence rate and preliminary exploration of the transition zone above the

quench front are discussed. Droplet size and velocity data deduced from high-speed
movies taken during the tests have led to better unoerstanding of these parameters. A

model has been proposed to predict the onset of droplet entrainment, and an analytical

expression to predict critical void fraction developed. A network analysis of radiation
heat exchange and calculation of convective best transfer are among efforts expected
to give better prediction for heat transfer and wall temperature transients.
Recommendations evolving from the data analysis are also included.
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GLOSSARY

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

follows.

Analysis -- The examination of data to determine, if possible, the basic physical
processes that occur and the interrelation of the processes. Where possible, physical

j processes will be identified from the data and will be related to first princiales.
t

Average fluid conditions -- average thermodynamic preperties (for example, enthalpy,

quality, temperature, pressure) and average thermal-hydraulic parameters (for example,

void fraction, mass flow rate) which are derived from appropriately reduced data for a
4

specified volume or a specified cross-sectional area
i

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

'

Blocke_d,-- a situation in which the flow area in the rod bundle or single tube is purposely

obstructed at selected locations so as to restrict the flow
,

i Bottom of core recovery (BOCR)-- a condition at the end of the refill period in which
the lower plenum is filled with injected ECC water as the water is about to flood the E

i "core
4

|

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

I.
4 Carryout -- same as carryover
4

Carryout rate fraction -- the fraction of the inlet flooding flow rate which flows out

|
the rod bundle exit by upflowing steam

Carryog -- the process in which the liquid is carried in a two-phase mixture out of a
'

control volume, that is, the test bundle

v
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I

- Computational methods -- the procedure of reducing, analyzing, and evaluating data or

mathematical expressions, either by hand calculations or by digital computer codes
i

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

desired mathematical operations utilizing appropriate models and correlations

Computer deta acquisition system (CDAS) -- the system which controls the test and
records data for later reduction and analysis

Computer tape -- magnetic tapes that store FLECHT SEASET data

;

Core rod geometry (CRG) -- a nominal rod-to-rod pitch of 12.6 mm (0.496 inch) and
outside nominal diameter of 9.50 mm (0.374 inch) representative of vadous nuclear fuel

vendors' new fuel assembly geometries (commonly referred to a: the 17xl7 or 16x16

assemblies)

Correlation -- a set of mathematical expressions, based on physical principles and

experimental data but resting primarily on experimental. data, which describes the
thermal-hydraulle behavior of a system

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

t

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.

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

technical nature. It may, for example, document research, experimental,

I developmental, or engineering work, or be usable to define a design or process 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 printouts. Examples of
data include research and engineering data, engineering drawings and associated. lists,

specifications, standards, process sheets, manuals, technical reports, catalog item
identifications and related information, computer programs, computer codes, computer

data bases, and computer software documentation. The term data

vi
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j| 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, und that the instrumentation was functioning properly
during the test

Design and procurement -- the design of the system, including the specification
(consistent with the appropriate Tek 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 Task Plan.

ECC -- emergency core cooling

Entrainment -- the process by which liquid, typically in droolet forro, is carried in a
ibuing stream of gas or two-phase mixture

Evaluation -- the process of comparing the data with similar Sata, other data sets,
existing models and correlations, or computer codes to arrive at general trends,
consistency, and other qualitative descriptions of the results

Fallback -- the process whereby the liquid in a two-phase mixture flows countercurrent
to the gas phase

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

FLECHT SEASET -- Full-Length Emergency Core Heat Transfer - Systems Effects and
Separate Ef fects Tests

FLECHT SET -- Full-Length Emergency Core Heat Transfer - Systems Ef fects Tests

vii



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

changes (for ext.mple, vaporization, condensation, boiling) in a control volume or' a

system

Hypothetical-- conjectured or supp? sed. it is understood that this program is concerned

with 5 Jdy of physical phenomena associated with reactor accidents that have an
extremely low probability and are therefore termed hypothetical.

Loss-ci-coolant acddent -- a break in the pressure boundary integrity resulting in loss

of core cooling water

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

the thermal-hydraulic behavior of a system. A model rests on physical principles.
,

<

PMG -- Program Management Group

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

exceeds saturation pressure, thus preventing gross vapor formation under normal
'

operating conditions

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

cases the data are manipulated in a simple fashion to calculate quantitles sucts as flows.

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

detached from the gas phase4

Silicon-controlled rectifier (SCR)-- a rectifier control system used to supply de current
;_
' to the bundle heater rods
,

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

the heater rods in a bundle array
,

! Test section --lower plenum, bundle, and upper plenum

:

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

Transducer -- the devices used in experimental systems that sense the physical
quantities, such as temperature, pressure, pressure difference, or power, and transform

them into electrical outputs, such as volts

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

not purposely obstructed

ix
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SECTION 1
INTRODUCTION

,

1-!. BACKGROUND

The present nonproprietary data base for reflood hest transfer ,n a simulated

pressurized water reactor (PWR)is limited to heater rod bundles that are typifico by the

Westinghouse 15xl5 design anc results from the Full-Length Emergency Core Heat
Transfer ( FLECHT) tests. These tests utilizea roa bundles built to the Westinghouse
15x15 (or 14x14) dimensions which are representative of all the PWR v endors'
dimensions (table 1-1, old fuel assembly dimensions). PWR reactor and PWR fuel
vendors are currently utilizing new fuel assembly dimensions (smaller fuel rod diameter

and pitch)in their nuclear power plants, as shown in table 1-1; therefore, there is a need

for testing smaller fuel assembly dimensions. The tests planned under this task -
Ur.5 locked Bundle, Forceo and Gravity Reflood Task - utilized a new core rod geometry
(CRG)(I) that is typified by the Westinghouse 17xl7 fuel rod design, as presented in

table 1-1. This CRG is representative of all current vendors' PWR fuel assembly
geometries.

Models which predict the dependence of reflood heat transfer and mass carryout rate

fractions (CRF) as a function of fuel bundle geometry (partici,any rod diameter. and

pitch) have not been fully established ... either phenomenological or correlational form.

Carryout rate fraction models have been developed utilizing an energy balance method

by Sun and Duffey and similarly by Yeh and Hochreiter.( However, these

models could benefit from experimental verification relative to fuel rod geometries
other than the 15x15 type rod geometry.

1. The CRG is defined in this program as a nominal rod-to-rod pitch of 12.6 mm (0.496
in.) and outside nominal diameter of 9.5 mm (0.374 in.) representative of various
nuclear vendors' new fuel assembly geometries and commonly referred to as the
17xl7 or 16x16 assemblies.

2. Sun, K. H., and Duf fey, R. B.,"A Generalized Model for Predicting Mass Ef fluences
During Reflooding," Nucl. Tech. 4J 22-27 (1979).

3. Yeh, H. C., and Hochreiter, L. E., " Mass Ef fluence During FLECHT Forced Reflood
Experiments," Trans. Amer. Nucl. Soc. B 301-302 (1976).

l-1
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TABLEl-1

COMPARISON OF PNR VENDORS' FUEL

ROD GEOMETRIES (OLD AND NEN)

Rod Diameter Rod Pitch

Vendor [mm (in.)] [mm (in.)]

NEW FUEL ASSEMBLIES (CRG)

Westinghouse 9.5 (0.374) 12.6(0.496)

Babcock & Wilcox 9.63 (0.379) 12.8 (0.502)

Combustion Engineering 9.7 (0.382) 12.9 (0.506)

OLD FUEL ASSEMBLIES

Westinghouse 10.7(0.422) 14.3 (0.563)

Babcock & Wilcox 10.9 (0.430) 14.4 (0.568)

Combustion Engineering I1.2 (0.440) 14.7 (0.580)
-

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

bundle is isolated from the system and the thermal-hydraulic conditions are prescribed
at the bundle entrance and exit. Within the bundle, the dimensions are full scale,

,

compared to a PWR, with the exception of overall radial dimension. The low mass

housing used in these test series was designed to minimize the wall effects such that the

rods one row or s.. ore away from the housing in the FLECHT bundle are representative

of any region in a PNR core. Examination of the housing performanca for the skewed
axial profile FLECHT tests indicates that it does simulate this radial boundary condition

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

the housing presence. To preserve proper thermal scaling of the FLECHT facility with
respect to a PWR, the power to flow area ratio is nearly the same as that of a PWR fuel

assembly. In this fashion, the steam vapor superheat, entrainment, and fluid flow
behavior should be similar to that expected in a PNR for the same boundary conditions.

1-2
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1-2. T ASK OBJECTIVES

The objectives of the unblocked bundle task (with a bundle having a cosine axial profile)

are to develop a data base which meets the following objectives:

To aid in the development or vuification of computational methods used by others--

to predict the reflood thermal-hydraulic behavior of CRG rod arrays

To establish a baseline for comparison with the flow blockage task (Task 3.2.3(U)--

data to determine the effect of blockage

To evaluate the effects of bundle geometry on reflood heat transfer in comparison--

with previous FLECHT 15x15 unblocked tests

To provide and evaluate data for single-phase steam cooling heat transfer--

correlation development

1 --3. DATA EVALUATION AND ANALYSIS OBJECTIVES

The objectives followed in evaluating and analyzing the FLECHT-SEASET unblocked
bundle task data were as follows:

-- To present parametric effects and compare with previous tests

-- To apply the data for calculation of bundle average flow properties at several
elevations in the bundle and use these properties to help identify heat transfer
mechanisms which are important in reflood heat transfer

-- To develop more comprehensive models for mass effluent fractions and compare

these with the data and with available models

To develop empirical heat transfer correlations which are applicable to different--

bundle geometries

1. Conway, C. E., et al., "PNR FLECHT Separate Ef fects and Systems Effects Test
(SEASET) Program Plan," NRC/EPRIfNestinghouse-1, December 1977.
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1

I
To develop an improved understanding of the two-phase phenomenon at the quench ,--

front
i

1-4. REPORT ORGANIZATION
i-

Section 2 of this report presents a brief discussion of test hardware and procedure.

Sections 3 through 6 present the results of the data evaluation and rnodel developments. .

Section 3 presents parametric effects on heat transfer, temperature transients, and .
'

bundle mass effluent. The following parameters are included:
,

Flooding rate--

Peak power--

Pressure--

4

Subcooling--

Initial clad temperature--

Initial flooding rate for variable flooding rate tests--

Rod diameter--

i

The data are compared with existing FLECHT data, and data repeatability is examined.;

T

Section 4 presents the results of the calculation of the bundle average mass flow and

quality at several elevations within the bundle. Both the actual nonequilibrium and
equilibrium qualities are calculated.

.

Section 5 examines overall aspects of the mass effluence rate, including development4

of a new model. Mass and energy balance are used in stections 4 and 5. The balances

were applied to the region above the quench front in the data analyses of previous
FLECHT tests. These were extended to the region below the quench front in the.

present data analyses. .

Section 6 presents detailed analysis of the heat transfer data to assess different heat

transfer mechanisms.

r

1-4
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Section 7 deselops empirical heat transfer correlstions which are applicable to various

bunale geometries.

It should be rrentioned that the postlest examination of this heater bundle revealed rod

oistortions in the region of the 1.83 m (72 in.) elevation, as indicated in the data
report. A statistical analysis has pinpointed the test cycles in which the bundle
distortion could be an important factor. The results are shown in appendix F of the data

report.

|

1. Lof tus M. J., et al., "PWR FLECHT SEASET Unblockeo Bundle, Forced and Grasity !

Reflood Task Data Report," NRC/EPRl/ Westinghouse-7, June 1980. I

l-5 !
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SECTION 2
TEST DESCRIPTION

'
2-1. INTRODUCTION

The facility and test information provided in this section is sufficient for a clear
understanding of the data evaluation and analyses in subsequent sections. Detailed
descriptions of the test facility instrumentation, test procedures, and test matrix are
contained in the data report.

2-2. TEST FACILITY

The facility used for the FLECHT low flooding rate (LFR) skewed test series (2) was

modified to conduct the unblockad bundle, forced and gravity reflood tests as shown in

figure 2-1.

The facility with modifications consists of:

A new low mass housing test section and upper and lower plenums--

The !61-rod bundle and related instrumentation--

The existing pressurized water supply accumulator and injection line with three
rotameters and a turbine meter to measure injection rates from 10mm/sec (0.4 in./sec)

in forced flooding tests to 6.49 kg/sec (14.31b/sec) in gravity reflood tests were used.

The pressure control system developed in the previous FLECHT tests was also used.

A close-coupled carryover tank connected to the test section upper plenum had a
minimum capacity of 65.8 kg (145 lb). A commercia!!y available steam separator with a

capacity of 0.315 kg/sec (2500 lb/hr) and a liquid collection tank with a volume of 9.5 kg

(21 lb) to collect liquid entrained in the exhaust !!ne was connected to the test section

1. Loftus, M. J., et al.,"PWR FLECHT SEASET Unblocked Bundle, Forced and Gravity"

Reflood Task Data Report," NRC/EPRI/ Westinghouse-7, June .980.

2. Rosal, E. R., et al.,"FLECHT Low Fluoding Rate Skewed Test Series Data Report,"
WCAP-9108, May 1977.'

2-1
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upper plenum. The steam separator had a storage capacity of approximately 193 kg -

-(425 lb). The exhaust ~ piping had a system. pressure control valve' and an' orifice plate''

flowmeter to measure exhaust steam flow rate. A commercially available electric

steam boiler with a mapacity of 0.016 kg/sec (125 lb/hr) was used to establish initial-.

loop pressure and temperature.

During operation coolant flow from the 1.51 m (400 gal) capacity water supply
^

e .

,

accumulator entered the test section housing through a flow redistribution skirt in the

lower plenum to assure proper flow distribution. The flow Was regulated manually ~,

through a series of hand valves or automatically through a hydraulic control valve or

series of solenoid valves.
.

1

a ,

Test section pressure was initially established by the electric steam boiler, which'is
,^*6

~

/
connected to the upper plenum of the test section. During the exper~rri'ntal run, the

''
was! maintained -b'yboiler was valved out of the system and . the pressure o <<.,

* "

pneumatically operated control valve located in the exhaust line. '/ 3 * <'

, .,

; ;ti ), . .

'

Liquid effluent leaving the test section was separated in the uppetp:enum and collected ..++;. ,.

in the close-coupled carryover tank. A baf fle assembly in the uppe'r plenum was used to

improve liquid carryout separation and minimi e liquid entrainment into the exhaus,tJ
'

vapor. An entrainment separator located in the exhaust line was used to separate any 'i *a , .~
'

remaining entrained liquid carryout from the, vapor. Dry stesm flow leaving, the
separator was rneasured at an orifice section before exhausting to almosphere. To 'p - :'

ensure f inr.,le-phare flow measurement, the piphipstream of the-utifice sectio'n was;- _ 'q( ;
-

- pp i, ,

'

.ap, * * ~. ..- i~ ,

f
's/ , #heated to a temperature well above the saturation te'mperature. g /

'

/,
,

2-3. HEATER ROD BUNDLE - i n pg' .;
,.

7' .i.,, ;
'

"?c

r
, 6: O, 1 .

A cross section of the test bundle is shown in figure 2-2 in the or,iggnal configuration. f ,1
<

;. i ,- - e

The bundle comprised 161 heater rods (93 noninstrurnented ano 68 instrumentebp'4; y i:,

;

| thimbles instrumented with wall thermocouples,12 steam probes [ 8 solid triafguInr~ ' j'f
~ . , . p

fillers, and 8 grids. The triangular fillers were welded to the' grids to maintain th5.p jp
proper grid location. The fillers also reduced the amount of exces5Itow area from 9.3"U Qi-

- s
; [n.'to 4.7 percent. ., ,
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Figure 2-2. Bundle Cross Section
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2-4. SYSTEM DESIGN FEATURES

The 'following paragraphs describe the major design features utilized for the FLECHT

SEASET unblocked bundle test series.

2-5. Low Mass Housing

A low mass housing design was utilized in the previous FLECHT LFR Skewed Test

series to minimize the housing effects. The behavior of the skewed test low mass
housing was studied by performing two tests with the same initial conditions except for .
the housing wall initial temperature.II) The effect of the housing temperature on rod

surface temperature and the corresponding heat transfer coefficient was found to be

negligible. In addition, the housing temperature did not affect the quench front along -
'

the bundle. It was concluded that performing reflood tests with an unheated low mass

housing is acceptable, since a cold housing does not significantly affect the reflood heat -

transfer and hydraulic behavior of the rod bundle.

A low mass housing design was utilized again for the unblocked bundle" test series. The -

present design is a low mass cylindrical housing with a 19.37 cm (7.625 in.) ID by 0.478
cm (0.188 in.) wall. The wall thickness, the minimum thickness allowed by the ASME'

Code, was chosen so that the housing would absorb and hence release the minimum
amount of heat to the rod bundle.

'

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

as possible to minimize excess flow area. The excess flow area was further minimized

by the solid fillers mentioned in paragraph 2-3. The housing was constructed of 304
stainless steel rated for 0.52 MPa (60 psig) at 816 C (1500 F). The design allowed fo'r '

1000 pressure and temperature cycles. The housing was provided'with end flanges to

mate with the upper ano lower plenums used in the previous test series. Two
commercial quartz sight glasses were located 180 degrees apart at the 0.91,1.83, and

2.74 m (36, 72, and 108 in.) elevations for viewing and ' photographic study. The sight

glass configuration allowed back lighting in addition to front lighting for the purpose of

photographic studies. The sight glasses had clamp-on heaters to raise the quartz

1. Rosal, E. R., et al., "FLECHT Low Flooding Rate Skewed lest Series Data
Report," WCAP-9108, May 1977.
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temperature at the initiation of reflood to approximately 260 C (500 F). This
eliminated the formation of a liquid film on the quartz during a run.

2-6. Bundle Differential Pressure Cells

The test section dif ferential pressure cells provided data used in determining mass

balance and bundle void fraction. Low range [1 0.0069 MPa (1 I psid)] pressure
transoucers were used to improve the accuracy of the data. The cells were located

every 0.30 m (12 in.) along the test section, arranged as shown in figure 2-3. The

differential pressure cell manifold was carefully bled to eliminate any trapped air and

thus improve the repeatability of the readings.

2-7. Heater Rod Seals

The bundle heater rods passed through polyurethane O-ring seals in the upper and lower

seal plates. This design was improved by sealing each rod individually with an 0-ring
sleeve. The O-rings were inserted into the sleeve. In the previous FLECHT tests, the

O-ring was located in a groove in the seal plate. The new design allowed for the
removal and replacement of indiviaual O-rings, which was not possible in previous
designs. This feature permitted the replacement of heater rods in the bundle without a

total bundle disassembly.

2-8. Steam Probes

Steam probes were located in the bundle and in the test section outlet pipe. The bundle

steam probes, which were located in the thimble tubes, were redesigned from the
previous FLECHT test series. The probe was designed to separate moisture from the

high-temperature steam, and to aspirate the steam across the thermocouple and into an

ice bucket. Because of the larger number of probes, the probes were controlled to limit

the amount of steam aspirated from the test section. This was accomplished by
manifolding the aspiration lines for common elevations of steam probes together and

closing the lines when the particular elevation had quenched. The mass flow through

the probes represented about 0.7 to 5 percent of the injected mass the average was 1.42 -

percent. A steam probe was installed in the elbow of the test section outlet pipe, to
measure the temperature of the steam leaving the test section. This probe was designed

to measure steam temperature in the same manner as the bundle probes.

2-7
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2-9. Pressure Control

Maintaining a constant upper plenum pressure had been a dif ficult problem in previous

FLECHT test programs. In an effort to reduce the pressure oscillations, several
modifications were made to the f acility for the FLECHT Skewed Test series. The first

mvdification was to increase the volume of the steam separator to help reduce the

magnitude of the oscillations. The second modification was to replace the existing
air-operated globe exhaust control valve with an air-operated V-ball control valve.
The V-ball valve had a larger flow loss coef ficient (254 maximum) and a more linear

operating characteristic. These same modifications were used to help minimize the
pressure oscillations in the unblocked bundle tests.

2-10. cacility and Bundle Operation

The test facility was designed for automatic operation whenever critical functions

required a high degree of sophistication, safety, or repeatability. The Computer Data

Acquisition System (CDAS) was the heart of the operation; it monitored, protected, and

controlled the facility operation as well as collected data. Both contact and analog
outputs were used to control pressure, power, and flow during the test. The CDAS

sof tware monitored critical safety parameters during the test and used corresponding

outputs to run the test. These outputs included the safety interlock for proper
operation of the bundle power control system.

|
|

2-11. Power Measurement

The technique of bundle power measurement was improved for the FLECHT low

flooding rate skewed test series, and the improved technique was utilizeo again for the

present unblocked bundle test series. The Sundle power measurement systems were

improved by the addition of a secondary in'Jependent power measurement system and

the adoption of a system calibration. A r,econdary power-measuring system consisting {

of wide band Hall-effect watt transducers and stepdown current and potential
transformers was installed in each power zone as a check on the primary. With the two

data channels measuring the same parameter, any change in one system was detected
by the other,

2-9



-2-12. Coolant Injection System

: The facility configuration provided for both forced'and gravity reflooo injection. The-
~

injection system consisted of a' hydraulic valve 'for programmed flow and a turbine

meter in series with three rotameters. -The flow out of the rotameters.weni either to-
the lower plenum of the test section fo'r forced reflood or to the bottom elbow of the
downcomer for gravity'reflood. Solenoid valves were used to initiate flood and channel

the flow through the desired rotameter. A bidirectional turbo-probe in the oowncomer
crossover pipe measured the flow between the .downcomer and the test section in

~

gravity reflood tests.

In -the forced flooding configuration, the flooding rate into the test section lower.'-

~

plenum was measured directly by a turbine meter with a range of 3.78 x 10 t'o 3.78 x

10' m /sec (0.6 to 60 gal / min) or by one of three rotameters with ranges of 0 to 3.78|x
~ 310 ", O to 1.14 x 10~ , and' O to 6.31 x 10~ m /sec (0 to 6, O to 18,-and 0 to :100

gal / min).- The desired flow through each rotameter was preset using the . hand
throttling valves located upstream of the rotameters.

In the gravity reflood configuration, the injection flow rate into the. bottom elbow of
the downcomer was measured by the O to 9.46 x 10~ m /sec ( .0 to 150 gal / min)

turbine meter, with the rotameters providing the backup measurement.

'2-13. TEST PROCEDURE

The following is a general procedure used- to establish initial test conoitions and
perform a typical FLECHT SEASET unblocked bundle reflood test.

The accumulator is filled with water and heated to the desired coolant temperature of

53 C (127 F) nominal.

'The boiler is turned on and brought up to nominal gage pressure of 0.42 MPa (75 psig).

The carryover vessel, entrainment separator, separator drain tenk, test section upper

plenum, and test section outlet piping (located before the entrainment separator) are

2-10
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heated while empty to slightly above the saturation temperature corresponding to the
test run pressure. The exhaust line between the separator and exhaust orifice is heated

to 260 C (500 F) nominal and the test section lower plenum is heated to the
temperature of the coolant temperature in the accumulator. The above component
hcating is accos..plished by using clamp-on strip heaters.

The test section, carryover vessc!, and exhaust line components are pressurized to tre

cesired system pressure of 0.14 MPa to 0.41 MPa (20 to 60 psia) by valving the boiler
into the system and setting the exhaust line air-operated control valve to the desired
pressure.

The coolant la the accumulator is pressurized to 2.76 MPa (400 psia). Water is then

injected into the test section lower plenum until it reaches the beginning of the heated
length of the bundle heater rods. Coolant is circulated and dreined to assure that the

water in the lower plenum and injection line are at the specified temperature prior to
the run.

Power is than applied to the test bundle and the rods are allowed to heat up. When the

temperature in any two designated bundle thermocouples reaches the preset value of |

260 C to 871 C (500 to 1600 F), the computer automatically initiates flood
and controls power decay. Solenoid valves in conjunction with a hydraulic control valve

control coolant injection into the test section. The exhaust control valve regulates ''le
,

system pressure at the preset value by releasing steam to the atmosphere.

| After all the designated heater rods have quenched, as indicated by the rod
thermocouples, power to the heater rods is terminated, coolant injection is terminated,
the entire system is depressurized by opening a control valve, and the CDAS is
deactivated. Nater stored in all components is drained and weighed.

>

|

During the test series, the facility was modified to perform gravity reflood tests. The

same procedure was used to perform the gravitj reflood tests with the following
| exception: Af ter flood was initiated, the flooding rate was adjusted if necessary to

assure that the level in the downcomer did not go past the 4.88 m (192 in.) elevation.
1

2-11
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Af ter runs 30123 through 30817 had been conducted, a modification was made to the

above test procedure. This modification consisted of power pulsing the bundle to

approximately 260 C (500 F) prior to applying full power and subsequently venting the
Thisbundle steam probe lines before achieving the designated flood temperature.

procedure was followed to dry out the bundle thimbles and steam probes, in order to
achieve faster response and higher reliability of the steam probes.

2-14. SUMMARY OF RUN CONDITIONS AND TEST Rest)LTS

Data from 63 reflood and steam coeling tests performed during the FLECHT SEASET
unblocked bundle test program met the specified test conditions. The initial run
conditions and summary results are listed in table 2-1. The summary results for the
reflood tests include the following information:

-- Location of the hottest temperature recorded during the test, which is
characterized by the radial location of the rod in the bundle and tne thermocouple

nominal elevation with respect to the bottom of the heated length

-- Initial and maximum temperature of the hot rod

Turnaround time, which is the time after the start of flooding at which the hot--

rod maximum temperature was recorded

-- Hottest rod quench time, which is the time after the start of flooding at which the

temperature of the hattest rod started to drop very rapidly

Bundle quench time, which is the timc after the start of flooding at which all--

thermocouples in the bundle had quenched. On the average, the thermocouples

located at the 3.35 m(132 in.) elevation quenched last.

2-12
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| TABL

.FLECHT SEASET UNBLOCKED BUND

Actual Test Conditions
Rod

Upper Initial Rod
Plenum Tclad Peak Flooding
Pressure at 1.83m Power Rate Coolant Radial

Test Run [MPa (72 in.) [kw/m Imm/see Tem' erature Power -p
N o. N o. (psia)] [ C(0F)] (kw/ft)] (in./sec)] [0C(0F)] Distributio

CONSTANT FLOODING RATE

I 31701 0.28(40) 872 (1601) 2.3 (0.70) 155 (6.1) 53 (127) Uniform

2 31302 0.28 (40) 869 (l597) 2.3(0.69) 76.5(3.0l) 52 (126) Uniform

3 31203 0.28(40) 872 (1601) 38.4 (1.51) 52(126) Uniform
881 (1619) | 2.3 (0.70)33903 0.28 (40) 2.3 (0.70) 40.1(l.58) 52(125)- Unifarm

34103 0.28(40) 885(1626) 2.4 (0.74) 38.1 (1.50) 51 (123) Uniform

4 31504 0.28 (40) 863 (1585) 2.3 (0.70) 24 (0.97) 51 (123) Uniform

35304(a) 0.28(40) 915 (1679) 2.4 (0.74) 25.9 (l.02) 51 (l24) Uniform

5 31805 0.28 (40) 871 (1600) 2.3 (0.70) 21 (0.81) 51 (124) Uniform

6 34006 0.27 (39) 882 (l620) 1.3(0.40) 15 (0.59) 51 (l24) Unifarm

b 7 34907(a,b) 0.28(40) 897(1648) 1.4 (0.42) 11 (0.45) 51 (123) Uniform
} 76 (3.0)

35807(a) 0.28(40) 886 (1628) 0.89(0.27) 10 (0.4I) 50 (l2!) Unifarm

PRESSURE AT CONSTANT FLOODING RATE

8 31!08 0.13 (19) 871 (1600) 2.3(0.70) 79.0 (3.11) 33(9I) Uniform

9 34209 0.14 (20) 889 (1636) 2.4 (0.72)- 27.2(l.07) 32 (90) Uniform

a. Significant rod bundle distortion occurred between 1.52 and 2.27 m (60 and 90 in.)

b. Scrammed at 279 seconds becuase of high rod temperature

$
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E 2-1 I
E REFLOOD TEST DATA SUMMARY

Results

Hottest
Rod Turn- Bundle
T/C and Initial Maximum Temperature around Quench Quench Disconnected
Elevation Temperature Temperature Rise Time Time Time Rod
[mtin.)] [ C(DF); [ C(DF)] [0C(DF)] (sec) (sec) (sec) Locationn

91-1.78(70) 893 (l640) 923(l694) 30 (54) 5 55 114 4G, SG

E - 1.10(67) 889 (1631) 932 (1710) 43(79) 8 124 262 4G, SG,6J,1IG

9L- l.93(76) 870 (1597) 1037 (1898) 167 (301) 63 246 435 4G,SG
7K- 1.98(78) 868 (1594) 1048 (1919) 180 (325) 68 220 335 4G, SG,111,

!!J,itK,
121JK,13 JK

7K-l .98(78) 872 (1601) 1089 (1992) 217 (391) 71 24i 381 4G, SG,1 IIJK,
g 12IJK,13JK

8K- 1.98(78) 820 (1507) i150 (2101) 330 (593) 130 325 594 4G,SG

9F- 1.93(76) 797 (1467) 1230(2246) 433(779) 125 249 499 4G, SG, I11JK,
121JK,13]K,

i

1 IK-1.98(78) 851 (1563) 1232 (2250) 381(687) 134 419 691 4G,SG

7K-1.98(78) 864 (1587) i163 (2126) 299 (539) 175 327 566 4G, SG,1 IIJK,
121JK,13JK

,

9r- 1.98(78) 836 (1538) 1230 (2246) 394 (708) 203 326 385 4G, SG,1 IIJK,
121]K,13JK i

| 9F-l.88(74) 849 (1560) i182 (2160) 333 (600) 217 368 734 4G, SG,1 IIJK,,

121JK,13JK g,

91-1.78(70) 884 (1624) 938 (1720) 54 (96) 10 156 364 4G,SG

7K- 1.98(78) 054 (1370) I161 (2121) 307(551) 127 427 701 4G, SG,1 IlJK,
121JK,13]K

2-13
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I TABLE;

|
FLECHT SEASET UNBLOCKED

As-Run Test Conditions

Rod
Upper Initial Rod
Plenum Tclad Peak Flooding
Pressure at 1.83m Power Rate Coolant Radial

Test Run [MPa (72 in.) [kw/m [mm/see Temperature Power

N o. N o. (psia)] [0C(OF)] (kw/f t)] (in./sec)] [0C(CF)] Distributica

10 34610 0.14 (20) 892 (1637) 1.4 (0.42) 2I (0.82) 32(90) Uniform

i1 M711(a) 0.13 (19) 888 (1630) 1.4 (0.42) 17 (0.67) 33(9I) Uniform

12 35212(a,c) 0.14 (20) 879 (1613) 1.4 (0.42) 1I(0.43) 32 (89) Uniform
178 sec
79 (3.1)

I5912(a) 0.14 (20) 889 (1632) 0.89(0.27) 11 (0.42) 34 (93) Uniform

13 | 32013 0.4I(60) 887 (1629) 2.3 (0.70) 26.4 (l.04) 66 (150) Uniform

SUBCOOLING

14 32114 0.28(40) 893 (1639) 2.3(0.70) 25-31 125(257) Uniform
( l .0-1.2 2)

35114 0.28(40) 892 (1638) 2.4 (0.74) 25 (0.98) 123 (253) Uniform
,

i
15 31615 0.14 (20) 876 (1609) 2.3 (0.70) 0 (0) Uniform

34815(a) 0.14 (20) 895 (1643) 2.4 (0.74) 25(0.98) 94 (221) Uniform

16 34316 0.28 (40) 889 (1631) 2.4 (0.74) 25(0.97) 51--I19 Unifarm
(124-246)

INITIAL CLAD TEMPERATURE

17 30817 0.27(39) 531 (987) 2.3(0.70) 38.6 (l.52) 53 (128) Uniform

18 30518 0.28(40) 256 (494) 2.3 (0.70) 38.9(1.53) 52 (126) Uniform

19 30619 0.134 256 (494) 2.3 (0.70) 38.9(1.53) 36 (96) Uniform

(19.5)

c. Scrammed at 178 seconds because of high rod temperature

\
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bl (cont)

$UNDLE REFLOOD TEST DATA SUMMARY
,

Results s

Hottest
Rod T urn- Bundle
:T/C r;nd initial Maximum Temperature around Quench Quench Disconnected
ELv tion Temperature Temperature Rise Time Time Time Rod
'[m(in )] [ C( F)] @C(OF)] [ C(OF)] (sec) (sec) (sec) Location

6D-1.88 (74) 845 (1554) 1052 (1926) 207 (372) 137 310 507 4G, SG,1 IlJK,
12iJK,13JK

!9E-l.93 (76) 855 (1571) 1I19 (2045) 264 (474) 135 361 600 4G, SG,1 IlJK,
121JK,13]K

9E-1.83 (72) 830 (1526) 1231 (2247) 401 (721) 173 236 294 4G, SG, I 11JK,
121JK,13]K

9G-2.29 (90) 802 (1476) I128 (2062) 326 (586) 289 558 789 4G, SG, I IIJK,
121JK,13JK

6L-l.93 (76) 846 (1555) 1171 (2139) 325 (584) 115 269 461 4G,SG

t

6L-l.88 (74) 840 (1544) I189 (2172) 349 (628) i14 405 633 4G,SG

'

9D-1.83 (72) 886 (1628) I192 (2178) 306 (550) 123 394 651 4G, 5G,1 IlJK,
'121JK,13JK

1 IH-1.70 (67) 881 (1617) 1220 (2228) 339 (61I) 57 - - 4G,SG
7J-1.83 ( /2) 870 (1597) 1178 (2152) 308(555) 132 562 919 4G, SG, I ll3K,

121JK,13]K .j

60-1.88 (74) 849 (1560) 1207 (2206) 358 (646) 107 349 592 4G, SG, I 11JK,
121JK,13]K '

.

103-1.98 (78) 519 (965) 832 (l530) 313 (565) 84 219 395 4G,SG

BH-1.98 (78) 246(475) 653 (1208) 407(732) 96 187 344 4G,SG

2H-l.98 (78) 243(469) 727 (1340) 484 (871) 142 292 572 4G,SG

|
2-15
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| TABl
i
I FLECHT SEASET UNBLOCM

As-Run Test Conditions
Rod }

Upper Initial Rod
Plenum Tclad Peak Flooding
Pressure at 1.83m Power Rate Coolant Radial

Test Run [MPa (72 in.) [kw/m [mm/sec Temperature Power
No. N o. (psia)] [ C(T)] (kw/f t)] (in./sec)] [0C(OF)] Distributi

20 34420 0.27(39) 1119 (2045) 2.4 (0.74) 38.9 (1.53) 51 (124) Uniform

ROD PE AK POWER

21 30921(d) 0.27(39) 879 (1614) 1.3(0.40) 38.9 (1.53) 52 (126) Uniform

31021 0.28(40) 880 (1615) 1.3(0.40) 38.6 (1.52) 52 (126) Uniform

22 31922 0.14 (20) 883 (1621) 1.3(0.40) 27.2 (l.07) 35 (95) Uniform

23 30223 0.27 (39) 258 (497) 1.3(0.40) 37.8(l.49) 54 (129) Unifarm

30323 0.27(39) 259 (499) 1.3(0.40) 38.6 (1.52) 52 (126) Uniform

24 34524 0.28(40) 878 (1612) 3.0 (1.0) 39.9 (1.57) 52 (125) Uniform

RADIAL POWER CISTRIBUTION

25 Not run
i

26 35426(a) 0.28(40) 886 (1627) 2.54 (0.773) 25.7 (1.01) 52 (126) FLECHT
k 2.42(0.737)

2.08 (0.633)

36026( ) 0.28(40) 930 (1651) 2.42 (0.737) 25 (1.0) 51 (124) FLECHT
2.31 (0.703)
2.19 (0.667)

27 Not run

28 Not run

REPEAT TESTS

29 35304
_

d. Scrammed because of high-temperature thermocouple failure at 125 seconds

1
1

I
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.E 2-1 (cont) t

ID BUNDL E REFLOOD TEST DATA SUMMARY '

Results

Hottest
Rod Turn- Bundle
T/C and Initial Maximum Temperature around Quench Quench Disconnected
Elevation Temperature Temperature Rise Time Time Time Rod
[m(in.)] [ C(OF)j [ C(DF)] [0C(0F)] (sec) (sec) (sec) Locationan

7J-1.83 (72) I102 (2016) 1207 (2205) 105 (189) 34 222 376 4G, SG,1 IlJK,
12f JK,13JK

91-1.78 (70) 887 (1629) 949 (1740) | 62 (li 1) 17 152 158 4G,SG

9H-1.78 (70) 891 (1635) 941 (1726) 50 (91) 14 158 271 4G,SG

6F-1.83 (72) 883 (1621) 975 (1787) 92 (166) 70 229 435 4G,SG

(F-1.93 (76) 261 (501) 455 (852) 194 (351) 44 113 181 None

6F-l.98 (78) 256 (494) 459 (859) 203 (365) 57 115 171 None

7J-l.83 (72' 873 (1604) 1204 (2199) 331 (595) 89 266 520 4G, SG,1 I!JK,
12f JK,13]K

f
b

9F-l .93 (76) 814 (1497) 1229 (2243) 415(746) I13 240 485 4G,SG,IIJK,
121]K,13J <

1 IF-1.88 (74) 862 (1583) 1174 (2145) 312 (562) 113 286 475 4G, SG,1 !!JK,
121JK,13]K

2-17
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TAB

FLECHT SEASET UNBLOCF

As-Run Test Conditions

Rod
Upper Initial Rod
Plenum Tclad Peak Flooding
Pressure at 1.83m Power Rate Coolant Radial

fest Run [MPa (72 in.) [kw/m [mm/sec Temperature Power
No. No. (psia)] [ C( F)] (kw/ft)] (in./sec)] [oC(OF)] Distribus

30 Not run

VARIABLE FLOODING RATE

31 Not run

32 Not run

33 32333 0.28 (40) 889 (1631) 2.3 (0.70) 162 (6.36) 52 (125) Uniform
5sec
21 (0.82)
onward

34 Not run

35 32235 0.14 (20) 888 (1630) 2.3 (0.70) 166 (6.53) 31 (88) Uniform
5sec
25 (0.98)
200 sec

|
16 (0.62)

1-
onward

Injection
Rate
kg/sec

(Ibm /sec)

GRAVITY REFLOOD

36 33436 0.27 (39) 878 (1611) 2.3 (0.70) 5.80 (12.8) 52 (125) Uniform
15 sec
0.785 (1.73)
onward

37 Not run

38 33338 0.28 (40) 871 2.3 5.9 (13) 52 (125) Hot /
(1600)(e) (0.70)(e) 15 see cold
591 1.3 0.807 (1.78) channels
(1096)(f) (0.40(f) onward

e. Hot channel
f. Cold channel

1
- - - - - -



sE 2-1 (cont)

D BUNDLE REFLOOD (EST DATA SUMMARY
,

Results
i

Hottest
Rod Turn- t3undle
T/C and initial Maximum Temperature around Quench Quench Disconnected
Elevation Temperature Temperature Rise Time Time Time Rod

ion [m(in.)] [oC-(OF)] [0C(OF)] [oC(OF)] (sec) (sec) (sec} Location

6L-1.93 (76) 843 (1550) i148 (2099) 305 (549) 131 337 639 4G,SG

6K-1.98 (78) 823 (1514) 1146 (2096) 323 (582) 142 546 964 4G, SG

l
I
i

! l I

10H-1.78 (70) 891 (1636) 910 (1670) 19 (34) 4 121 174 4G,SG|

I

|

10H-l.78 (70) 906 (1664) 925 (1697) 19 (33) 6 76 181 4G,SG

2-19
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| TAI

FLECHT SEASET UNBLOC

As-Run Test Conditions

Rod
Upper Initial Rod
Plenum Tclad Peak injection
Pressure at 1.83m Power Rate Coolant Radia!

Test Run [MPa (72 in.) [kw/m [kg/sec Temperature Power
No. N o. (psia)] [0C(OF)] (kw/ft)] (Ibm /sec)] [ C(OF)] Distribu

39 Not run

HOT AND COLO CHANNELS
40 Not run

41 Not run

42 Not run

43 Not run

AXI AL TEMPERATURE DISTRIBUTION
44 33544 0.27 (39) 196 2.3 (0.69) 5.85 (12.9) 52 (125) Uniform

(385)(9) 15 sec-

! (0 to 3) 0.780 (1.72)
{ 874 (1605) onward*

33644 0.27 (39) 182 2.3 (0.70) 5.81 (12.8) 52 (125) Uniforra
(359){9) 15 sec
(0 to 3) 0.789 (1.76)
877 (1610) onward

STEAM COOLING
'45 32652 through 33056

46 36160 through 37170

OVERLAP COSINE TESTS

47 Not run

48 Not run

g. Axial temperature distribution - simulated gravity reflood

1

.
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|LE 2-1 (cont)

<ED BONDLE REFLOOD TEST DATA SUMMARY

Results

Hottest
' Rod. Turn- Bundle .
- T/C and . Initial. Maximum Temperature around Quench -Quench Disconnected

'

' Elevation Temperature -Temperature Rise Time Time Time Rod
'lon [m(in.)] - [0C(OF)] [0C(OF)] [0C(OF)] _. (sec) (s.ec) (sec) . Lccation '

I

i

i IK-1.93 (76)' 877 (1610) . 908 (1668) 31 (58)- 8 121 213 4G,SG

70-1.93 (76)' 884 (1623) 930 (1705) 46 (82) 9 104 250 4G,SG

i

'

2-21
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TABL

k FLECHT SEASET UNBLOCKi

I
As-Run Test Conditions

Rod
Upper Initial Rod
Plenum Tclad Peak Flooding
Pressure at 1.83m Power Rate Coolant Radial

Test Run MPa (72 in.) [kw/m |~mm/see Temperature Power
' No. No. psia)] [0C(DF)] (kw/ft)] lin./sec)] [0C(OF)] Distributl<

COMPARISON WITH WESTINGHOUSE PROPRIETARY REFL.OOD DATA

49 33749 0.27 (39) 745 (1374) 1.9 (0.57) 26.9 (1.06) 61 (142) Uniform
33849(h) 0.28 (40)' 745 (1374) 1.9 (0.57) 25.9 (1.02) 58 (138) Uniform

50 35050(a) 0.14 (20) 758 (1397) 1.6(0.48) 25.9 (1.02) 43 (109) Uniform

PO'NER DECAY

51 Not run

h. Rod 12J failed during test.

I
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E 2-1 (cont)

D BUNDLE REFLOOD TEST DATA SUMMARY

Results

Hottest
Rod Turn- Bundle
T/C and . Initial Maximum Temperature around Quench Quench, Disconnected

| Elevation Temperature Temperature Rise Time Time Time Rod
(m(in.)] [0C(OF)] (OC(0F)] [0C(0F)] (sec) (sec) (sec) Locationn

1 IK-1.88 (74) 730 (1346) 1017 (1861) 287 (515) 103 250 430 4G,SG
8K-1.98 (78) 705 (1302) 1025 (1878) 320 (576) 105 254 437 4G,SG

90-1.83 (72) 758 (1397) 958 (1758) 200 (361) 98 243 433 4G, SG,1IIJK,
121JK,13JK

_

?-

V

$
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SECTION 3
PARAMETRIC EFFECTS

3-1. . INTRODUCTiuN

This section is a qualitative presentation of the effects nf the principal test

paramet ers. Overlap testE have been used to determine bundle geometry effects. No

attempt has been made to analyze the causes of the observed trends. A detailed
qucatitative analysis of heat transfer mechanisms and their effects is tmated in
section 4.

Trends in temperature rise and quench. time are also compared with previous results.

Comparison of skewed and cosine power shapes for the same test conditions indicate

that the skewed profile is less severe than the cosine; that is, for the same test

conditions, including peak power, the skewed profile usually resulted in. lower
temperature rises than either the 17x17 or 15x15 cosine power shape.

Parametric ef fects examined are flooding rate, pressure, subcooling, initial cladding

temperature, peak power, and initial flooding rate for variable flooding rate tests. -
Table 3-1 presents the range of parameters and mlevant runs used for each comparison.

The effect of each parameter on heat transfer, temperature transients, and mass
ef fluent fractions are presented. Temperature rise and quench time trends are then
compared with previous FLECHT results. For these latter comparisons, the test

conditions are usually not the same. However, the main purpose of these comparisons is

to examiw the trends with each parameter, rather than the absolute values of

temperature rise or quench time. In particular, the quench times plotted for the skewed

-tests are 3,04 m (120 in.) values; for cosine (FLECHT final, low flooding cosine and
SEASET), the 1.83 m (72 in.) values are plotted. This typically results in much longer

quench times for the skewed tests.

Time-integrated values of mass effluent fractions are presented as a function of time

rather than the instantaneou= values. Fluctuations in the instantaneous values during a

3-1
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TABLE 3-1

SUMMARY OF RUN NUMBERS AND RANGE OF PARAMETERS

Rod initial
Pressure Tempeenture Rod Peak Power Flooding Rate Subcooling

Parameter Run. [MPa (psi)] [ C (UF)] [kw/m (kw/f t)] [mm/sec (in./sec)] . [ C ( F)]

Flooding rate 31504 0.28 (40) 863 (1585) 2.3 (0.7) 24.6 (0.97) 80 (144)

31805 0.28 (40) 87I (l600) 2.3 (0.7) 20.6 (0.8I) 79 (l43)
31203 0.28(40) 872 (1601) 2.3 (0.7) 38.4 (1.51) 78 (141)

31302 0.28 (40) 869(l597) 2.3 (0.7) 76.5(3.0I) 78 (I4I)
31701 0.28(40) 872 (1601) 2.3 (0.7) 154 (6.1) 78 (140)y.

" 34006 0.27 (39) 882 (l620)- 1.3 (0.4) 15.0 (0.59) 79 (l42)
31021 0.28(40) 879 (l615) 1.3 (0.4) 38.6 (l.52) 78 (l4l)

Pressure 31504 0.28(40) 863 (i585) 2.3 (0.7) 24.6 (0.97) 80 (144)

34209 0.14 (20) 89I (l636) 2.3 (0.7) 27.2 (l.07) 98 (l77)
P313 0.14 (60) 887 (1629) 2.3 (0.7) 26.4 (1.04)- 65 (I17)

31302 0.28(40) 869 (1597) 2.3 (0.7) 76.5 (3.01) 78 (141)

31108 -0.13 (19) 871 (1600) 2.3 (0.7) 79.0 (3.1I) 98 (176)

Initial clad 31203 0.28(40) 872 (1601) 2.3 (0.7) 30.4 (l.51) 78 (14|}
t emperature 30817 0.27 (39) 531 (987) 2.3 (0.7) 30.6 (l.52) 77 (I39)

30518 0.28(40) 257 (494) 2.1 (0.7) Tn.6 (l.52) 7H (l4 I)
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TABLE 3-1 (cont) .

SUMMARY OF RUN NUMBERS AND RANGE OF PARAMETERS

Rod initial
Pressure Temperature Rod Peak Power Flooding Rate Subcoolino

Parameter Run [MPa (psi)] ["C ( F)] [kw/m (kw/f t)] [mm/sec (in./sec)] . ["C ( F)]

Subcooling 31504 0.28(40) 863 (1585) 2.3 (0.7) 24.6 (0.97) 80 (144)
35114 0.28(40) 892 (l638) ~ 2.4 (0.74) 24.9 (0.98) 8 (l4)

Peak power 34209 0.14 (20) 891 (1636) 2.4 (0.72) 27.2(1.07) 98 (177)
g 31922 0.I4 (20) 883 (l62I) 1.3 (0.4) 27.2 (l.07). 96 (l72)0

-31203 0.28 (40) 872 (1601) 2.3 (0.7) 38.4 (1.51)- 78 (14l)
31021 0.28(40) 879 (1615) 1.3 (0.4) 38.6 (1.52) 78 (141)
34524 0.28 (40) . 878 (l612) 3.3 (l.0) -39.9 (l.57) 79 (142)

Initial flooding 31805 0.28(40) 871'(1600) 2.3 (0.7)_ 20.6 (0.8I)' 79 ('l43)
rate (variable 32333 0.28(40) 888 (1631) 2.3 (0.7) : 162 (6.36) 79 (142)
flooding rate runs)

5 sec

2I(0.82)
onward - '

_ _ _ _ . -_
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|
| TABLE 3-1 (cont)
|

SUMMARY OF RUN NUMBERS AND RANGE OF PARAMETERS

i

Rod initial

! Pressure Temperature Rod Peak Power Flooding Rate . Subcooling

Parameter Run [MPa (psi)] ["C ( F] [kw/m (kw/f t)] [mm/sec (in./sec)] [ C ( F)]

|

342G9 0.I4 (20) 891 (l636) 2.4 (0.72) 2.72 (l.07) 98 (l77)

32235 0.I4 (20) 888 (l630) 2.3 (0.7) 166 (6.53) 99 (l79)

i 5 sec

25 (0.98)

200 sec

b I6 (0.62)

on s .ird

Transient 31504 0.28 (40) 863 (1585) 2.3 (0.7) 24.6 (0.97) 80 (144)

subcooling

34316 0.28(40) 888 (1631) 2.4 (0.74) 24.6 (0.97) 79 - 11.7

(143 - 21)- 4

|

I 35iI4 0.28 (40) 892 (l638) 2.4 (0.74) 24.9 (0.98) 8 (l 4)-
|
|

|

| |

|
!

!

s

_ _ - _ _ _ _ _ _ _ - _ _ _ _ _ . _ _ _ . - _ _ - _ _ . - . _ _ _ _ _ _ __ u- m
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TABLE 3-1 (cont)
i

1

SUMMARY & RUN NUMBERS AND RANGE & PARAMETERS'

i

Rod Initial*

| Pressure Temperature Rod Peak Power Flooding Rate Subcooling

i Parameter Run [MPa (psi)] [ C ( F] [kw/m (kw/f t)] [mm/sec (in./sec)] [ C ( F)]

!

Repeat 31203 0.28(40) 872 (1601) 2.3 (0.7) 38.4 ( f.51) 78 (141)

34103 0.28 (40) 886 (1626) 2.4 (0.74) 38.1 (l.50) 80 (144)
;

!

:

Y'

w

i

L

- _ . . -
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run tend to obscure the small run-to-run dif ferences'in mass effluent fraction. On the,

- figures, r versus time is plotted. The parameter r is defined as follows*'g out

r
,

Min (t) - Mst (t)
'

r out (t) = (3-1) - [
Niin (t) e

e r;

where
.

,

-

: e
ip e * ,

M. (t) = total mass irdectec up to time t -
in

, 7,.
,- -m.
>

-

, r-._

Mst(t) = total mass ~storeon the bencle up to' time t
'

'
-

*';e, 7 j
"'

, ,,
l,_o -

(

It will be noted that some of tije r 5ut .. rp'[ tend to sMw large vale early jn Ume.
'

/ /"
'

if:, .

:

On physical grounos, r g mcit be,zegcj at] time zero,0since mass must . er;'teV the"
'

g
'

,

bundle some finite time.before):t leaves tlE bunale. ',Thelarge valudo of r out n the ru d:4
- -

- .
.~

. , -

first 10 to 20 seconds of the runs are artifincts of thehacertainty, in the mass balance ( w
s

-a,, ,q, ,. -

rneasurements and the definition of r which, by ecuatica (3-1,)p'becomes indefiniteout

at time zero. The mass effluent fraction c' urves'presentec in the-follow |ng discussiong.

have been modified to use extrapola'tions at the early. time period. r" ~ '[^
,- . . , ' _, ,- . /p L

s '- -

y. ,

The heat transfer and temperature transients in the followibg discussions represent ~ -
~

',
'

.a , r r
typical results measurea by rod thermocouple,s-at least two ' rows from the- tMWit _.,

housing and faileo roos.
_ w

' / '' ^

r e
.

~' .- e ./
-

-

3-2. FLOODING RATE EFFECT '
~

*
-, . - ~

|, ~~~

,

;
,

-

An aburtant amount of data is available on the effect of floocing rate with a cosine -
power shape.( In WCAP-8838, it was shown that temperature risc'and quench time

trends were consistent. among all the cosine data. W CAP-9183 inoicates that the
skewed power shaped test also showea the same trends.

1. Lilly, G. P., et al.,"PWR FLECHT Cosine Low Flocoing 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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jf. . . .

Figurat;3-1 arid 3-2 present the variation of heat transfer coef ficient ano peak
u. ,

temperatures at,the 183 m (72 in.) elevation versus time for the runs in which only-#
, %' f 7 - /

9 f!cadirhra)te was varied. The' figures show the expecteo croerly increase in heat'

transfer ^ at eli|Jimes as flooding rate increased. Temperatures show more rapid
- ., _ ,

>

- _ turneund cnd increasingly iower peek temperatures as the flooding rate wss increased.
. n, r i .s .: . -

so . <,,

. f. ,; i
, - Figure 3-Triteser.ts the variation of time-integrated mass effluent fraction versus time.
,

[-1 Jhe higher trE flocoing rate, the more rapidly the mass effluent fraction approaches its :
i: - ,- ,

7' cyfoptotir value. This is expected, simply because of the accelerateo pace of events in
~

A . a higbe[-fl6ocing rate'- runs. The same treno was observec in the previous tests. Of
1 -rw.

course, th'e principal effect of increasing flooding rate is to proportionately increase theA

j mass flow above the quench front .

._: . ,t x

N -/ Eigure 3-4'shows the quench front progress. As expecteo, the higher the floooing rate,
-w ..

. the fester the qGsnch fron' moves up.
v g

,
l',

.3, / FlGIres 3-5 a'nd 3-6 reproduce data from the skewea profile tests, with the acdition of

newr FLEC)iT SEASE,T results. Figure 3-5, for temperature rise, shows - that the
..1

ur.blor.kec ILECHT SEASET data exhibit- the same treno as the previous data of
f incedsing temperature rise with decreasing flooding rate. This trend is expected.

<~ ;_

- Figure }-6fshb_Ws the quench time versus flooding rate. The trends of. quench time with
o i, n

/, - , loo 6ing ra'.e observec in the previous FLECHT tests could be observeo in the presentM
,

data. / .;b,

/,
'

i''. . , . . ,

' ^ ~ 'The ' temperature" pise and quench time data of FLECHT SEASET [1.83 m (72 in.)
- + - ....

"

( elevation] are re:p!'otted in figures 3-7 and 3-8 against the ratio of flooding rate and peak
/-

f poner. The re~sults of a comparable run of the previous cosine power shape test are also

shown in the figures. The results are fairly well aligned. '

< c.
, ,

.

,

363. PRESSURE EFFECT *

.

-

Pressure and subcooling were two parameters which showed opposite trenos with respect

to temperature rise for the skewed profile ano the two cosine power shape tests. Trends-
=

,

of quench time were the same for all parameters for both power shapes.
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Figur'e 3-1. Flooding Rate Ef feet on Heat Transfer
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Figure 3-3. Flooding Rate Effect on Carryout Fraction
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Figure 3-4. Quench Front Advances at Various Flooding Rates
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5000
LEGEND:

INLET INITIAL
PRESSURE PEAK POWER

SYMBOL SUBCOOLING TEMPE R ATURE TEST
[MPa (psia)) [kw/m (kw/f t)) goc (OF)] {0C (OFl]

A 0.28 (40) 2.3 (0.7) 69 (125) 871 (1600) FLECHT
SEASET

* - O 0.28 (40) 1.0 (0.4) M (140) 882 (1620) FLECHT
SEASET

O 0.2s (40i 2.4 (0.73 78li40) 871 (1600> COSIN E
POWER

|

500 -

I

h b
s x
o
~

Y AG

A

100 -

50
O 1 5 10 50

'

FLOODING RATE / ROD PE AK POWER ((cm/sec)/(kw/ml!'

I
Vs. Flood Rate / Rod Peak PowerFigure 3-8. tOuench t

' L

i Figure 3-8. Quench Time Versus Flooding Rate and Rod Peak Power

!
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Figures 3-9 and 3-10 present the heat transfer coefficient and temperature transients

for the sectence of FLECHT SEASET tests at 25.4 mm/sec (1 in./sec).

Figure 3-!! displays the ef fect of pressure on integratea mass ef fluent fraction. The

low-pressure tests show a higher carryout fraction early in time. This same effect was

observea for the previous FLECHT testa. This trend could be expecteo, since lower

pressure will lead to higher void formation for the same steam generation. This
phenomenon will tend to reduce storage below the quench front. Figure 3- 2 presents
the effect of pressure on quench front progression.

Figure 3-13 plots temperature rise and cuench time versus pressure for both FLECHT

and FLECHT SEASET tests at the 1.83 m (72 in.) elevation for FLECHT SEASET and
FLECHT cosine tests, and at 3.05 m (120 in.) for FLECHT skewed power tests. The
FLECHT SEASET data indicate that the temperature rise is a weak function of
pressure. The trend of the quench time is consistent with the arevious FLECHT data.

Howeser, it must be noted that the temperature rise seems to increase with pressure for

the skewed tests and decrease with pressure for the cosine tests. This dif f erence is

believed to be due to the earlier entrainment and higher steam flow which occurred in

the skewed tests as a result of the large amount of stored and generated energy in the

first 0.6 m (24 in.) of the bundle.

3-4 SUBCCOLING EFFECT

Run 35114 was used to stuoy subcooling effect, even though the bunale may have been

oeformed. This run also experienced pressure oscillation, which influences the void

fraction distribution as a function of time in the buncle.

Figures 3-14 and 3-15 show higher heat transfer and more rapid turnaround for the
higher value of subcooling.

The integrated carrycut fraction increased markedly with decreased subcooling, as
shown in figure 3-16. This phenomenon, which was also observed for the previous cosine

and skewco tests, is expected since the lower subcooling results in more vapor
generation for the same heat input. Figure 3-17 shows the effect of subcooling on the
quench front progression.

3-14
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Figure 3-9. Pressure Effect on Heat Transfer
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Figure 3-11. Pressure Ef feet on Carryout Fraction
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The ef f ect of subcooling on temperature rise for the present test is very weak, as shown

in figure 3-18, which plots FLECHT SEASET and cosine test data from 1.83 m (72 in.)
ano skew test data from 3.05 m (120 in.). The same ef fect was observed in the previous .

cosine tests. It is notea that the skewea tests showed a stronger ef fect of subcooling,;

ano the trend was opposite. This coulo be due to the higher energy input in the skewed

tests as explained above.

3-5. INITIAL CLAD TEMPERATURE EFFECT

I Heat transfer coefficients and wall temperatures are compared in figures 3-19 'ano 3-20
.

| to show the ef fect of initial claa temperature. Figure 3-21 shows the mass effluence
; ~

i comparison. 1he delay in carryout for the lower clad temperatures' is to be expected,

; because less vapor formation ano liquid entrainment are occurring at the lower
temperatures. Therefore, the solid water level (or the saturation line) will' penetrate -

f- f arther into the bunole for lower initial cleo temperature early in time. Figure 3-22

compares quench front progress in the various tests.
i
;

.

f
Initial cleo temperature effects (figure 3-23,1.83 m (72 in.) for FLECHT SEASET and

| cosine, 3.05 m (120 in.) for skew) for the present tests parallel. closely the trends
observed in the previous cosine and skew tests. These ef fects are, basically, higher

temperature rises and shorter quench - times as the initial . cleading temperature
decreases.

3-6. ROD PEAK POWER EFFECT

Predictably, for the FLECHT SEASET tests, the higher power runs show higher heat
I transfer before turnarouno (figure 3-24). The power effect still dominates, however,
! leading to higher peak temperatures and longer quench time for higher power (figure-

| 3-25). The same trends have been observed in the previous cosine and skewed power

profile tests.

.

The mass etfluent fractions (figure 3-26) increase with power. The lower powers lead to4

lower void formation below the quench front ano hence more storage below the quench
1

. front ano also f aster quench velocity. Figure 3-27 shows quench f ront behaviors.

.

3-20



18944-145

SUBCOOLING ( F)
0 10 20 30 40 60

400 752g g g

300 -
600-

b-

U 4 E
-o

w 200 - - 400 $~

$ FLECHT SE ASET E
c- H

&
O

100
- 200

SKEWED

0 32

SKEWED

600 C _

COSINE

3
& 400 6- ~

( FLECHT SEASETy
P 200 -

0
0 20 40 60 80

SUBCCOLING ( C)

Figure 3-18. Subcooling Effeet on Temperature Rise and Quench Time

|

|

3-21 j



;I

18944 178,18944 168

.

E |
300 52.8 o

# "E
N e.

j250 - [ff
~ A0 5i |G g ;

b 200 - / $
G / e

j[/ - 30 oE
i5 150 -

/ wo r OU
f=f - 20 om

W 100 -

/
LEGEND: m

$ / RUN 31203, TINIT=8720C (16010 F) $
50 -

--- RUN 30817, TINIT=5310C (9870F)- 10 $$
--- RUN 30518, TINIT=2560C (4940F) m

[
5 M, i I I I y
I O O w

0 100 200 300 400 500 I

TIME (sec)

Figuro 3-19. Initial Clad Temperature Effeet on Heat Transf er

22821250
LEGEND:

RUN 31203, TINIT = 872 C (16010F)- 2000
--- RUN 30817, TINIT = 5310C (9870F)

1000 - --- RUN 30518, TINIT = 2560C (4940F)

CU
o_

- 1500 0-
W 750 f % @#

' s EE
< / \ <

/''' - 1000

#'

W '
i

(
250 -

! - 500

1( L '
,,

320
0 100 200 300 400 500

TIM E (sec)

Figure 3-20. Initial Clad Temperature Effect on Temparature

3-22

- - . . - _ . . . . . . _ - . . - . . . _ . . - . .. -. -



18944-249,18944 214

1.00

y _

'

- 0.75 -
-

u. /
0.50 - / RUN 31203, TINIT = 872 C (1601 F)7g

$ = == RUN 308'7, TINIT = 531 C (987 F)

$. 0.25 -

!

// UN 30518, TINIT = 256 C (494 F)-

c

6 EXTRAPOLATION

! ! I !0 *

0 100 200 300 400 500

TIME (sec)

Figure 3-21. Initial Clad Temperature Ef fect on Carryout Fraction

4.0 157.5

3.5 -

/ I
i

[3.0 - '

- / -

E 2.5 - / 100 j-

5 h 8
2.0 -

75-

| 1.5 - j
- 50

LEGEND:1.0 - /f
RUN 30518, TINIT = 2560C (4940F)

--- RUN 30817, TINIT = 5310C (9870F) - 250.5
-.- RUN 31203, TINIT = 8720C (16010F)

0 0
0 100 200 300 400 500 600 700 800

QUENCH TIME (sec)
Figure 3-22. Initial Clad Temperature Effect on Quench Front Advance

3-23
i

__



18944 147

INITIAL CLAD TEMPERATURE ( F)

32 400 800 1,200 1,600 1,832

| | | | | | | |
1,472 ]

- 1,200 ;

600 - COSINE

- 1.000 _
_ u.o
9L

o
- 800 y

N 400 -

SKEWED E2
<

- 600 1

- 400200 -

FLECHT SE ASET
- 200

0 32

400

SKEWED
_
U

$ FLECHT SE ASET

b 200 -

5
0 $

COSINE

100 -

| ! ! ! ! ! ! ! !
0

0 200 400 600 800 1,000

INITIAL CLAD TEMPERATURE (*C)

Figure 3-23. Initial Clad Temperature Effect on Temperature Rise and
Quench Time

3-24



i

|

18944 177,18944 167

1

400 70.44
LEGEND:

_
_

RUN 31203,2.3 kw/m (0.7 kwitt)
{u

e ___. RUN 31021,1.3 kw/m (0.4 kwlf t) - 60 c4
m RUN 34524,3.3 kw/m (1.0 kw/ft) ~

} 300 -

i; - 50 5
z / ;
g,250 -

f )i z

{ / 40 G-

' ' Iy 200 -

f

/ 8u !
e 8

'f
- 30 u

h150 - ) $
z / '
< #

- 20 2$ 100 VU <Y &n

1050 - s
-

, -

| | ! |0 0
0 100 200 300 400 500

TIME (sec)

Figure 3-24. Peak Power Ef feet on Heat Transfer

1500 2732
LEGEND:

RUN 31203,2.3 kw/m (0.7 kw/f t) - 2500
-- = = RUN 31021,1.3 kw/m (0.4 kw/ft)

1250 --- RUN 34524,3.3 kw/m (1.0 kwitt)

- 2m

g 1000 ,%
; N \ g
$ \

- 1500g g

\
$ \ \

$\3 \
- 500 - s

- 1000 g
i

\
l
i I

250 - I - 500

I '

O 32

0 100 200 300 400 500

TIME (sec)

Figure 3-25. Peak Power Effect on Temperature

3-25

i

|
I



18M4-248,18944-213

1.00

- " ~ ~ " " ~
g - , , , -

9 -

/ ,,
-'

#~~
t; 0.75

E ! '', , LEGEND:
< <

|

$
- /''0.50

RUN 31203,2.3 kw/m (0.7 kw/ft) !
RUN 31021,1.3 kw/m (0.4 kw/ft) j$ ---

$ 0.25 --- RUN 34524,3.3 kw/m (1.0 kw/ft) 1

[EXTRAPO-6 LATION

O

O 100 200 300 400 500

TIME (sec)

Figure 3-26. Peak Power Ef feet on Carryout Fraction

4.0 157.5

/ - 125
3.0 -

/
/

#/ - 100
/ --

.-.

/s E5
hh 2.0

-- /
- 75pp

E E

B B
d - 50 d

1.0 - LEGEND:

/ RUN 31021.1.3 kw/m (0.4 kw/f t)
--- RUN 31203,2.3 kw/m (0.7 kw/f t) - 25

--- RUN 34524,3.3 kw/m (1.0 kw/f t)

0 0

0 100 200 300 400 500 600 700 800

QUENCH TIME (sec)

Figure 3-27. Peak Power Effect on Quench Front Advance

3-26

i



,

Decreasing peak power oecreases both temperature rise and quench time. This is shown

in figure 3-28 at the 1.83 m (72 in.) elevation for FLECHT SEASET and cosine tests and

at the 3.05 m (120 in.) elevation for the skew tests.

1

3-7. VARIABLE FLOODING RATE EFFECT

The variable flooding rate tests examineo the effect of an initial period of high flooding
rate on an otherwise constant low flooding rate run. One run (32333), at 0.28 MPa (40

psia), was initiated with a high floocing rate [162 mm/sec (6.36in./sec)] for 5 seconos,

followed by a step down to 21 mm/sec (0.82 in./sec) for the remainder of the run. The

run at 0.14MPa (20 psia)(32235) was initiateo with 166 mm/sec (6.53 in./sec) floooing
rate for 5 seconds, followea by a step oown to 25 mm/sec (0.98 in./sec). This lower flow

rate continueo for 200 seconos and then the rate was stepped down again to 16 mm/sec

(0.62 in./sec) for the remainder of the run.

Heat transfer coefficients ano temperature transients for the pres (nt tests are
presented in figures 3-29 through 3-32. Figures 3-33 and 3-34 show the integrated mass

ef fluent fraction for the tests. The fact that a high proportion of the water injected in
the initial period is carried out of the bundle is responsible for the improved heat

.

transfer. Figures 3-35 and 3-36 compare quench front progressions.

The variable flooding rate tests indicate that temperature rise and quench times
decrease as increasing amounts of water are injecteo in the initial period.- This is
displayed in figure 3-37 at the 1.83 m (72 in.) elevation for FLECHT SEASET and cosine

tests and at the 3.05 m elevation for the skewed tests. Where the amount of water in
the initial period was directly proportional to the initial flooding rate. The decrease of

temperature rise and quench time were observeo in the previous skeweo and cosine
tests.

3-8. TRANSIENT SUBCOOLING EFFECT

During run 34316, the subcooling was changed from 79 C to 12 C (143 F to
21 F). This run was compared with the fixeo subcooling tests (runs 31504 ano 35114)

to see the transient effect. Figure 3-38 compares the low plenum fluid temperatures to

show the fluid temperature changes. Temperature rises and quench times of the runs at

3-27
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TABLE 3-2

SUSCOOLING TRANSIENT EFFECT

Subcooling Temperature Rise Quench Time

Run [ C ( F)] [ C ( F)) (sec)

34316 79-.I1.7 278 (500) 311

(143 ~ 21)

31504 80 (l44) 233 (419) 272

35114 8 (l4) 267 (481) 380
.
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- the 1.83 m (72 in.) elevation are compared in table 3-2. Although the trena of quench

time is as expected, the temperature rise trend is not easy to understand, it is believed

that run 35114 had.a higher temperature rise than run 34316, contrary to the data.
These unexpected results could be due to the pressure oscillation observed during run

35114. Figures 3-39 and 3-40 compare the heat transfer coefficients anc temperature

histories, raspectively. As indicated in the discussion of subcooling ef fect, run 35114

experienced a flow oscillation. Therefore, for convenience of comparison, a dotted line

is also shown in figure 3-39 to indicate the change of the averaged values of the heat
transfer coefficient of run 35114. The trends are as expected.

3-9. DATA REPEATABILITY

The data repeatability of this test series has been examined in the data report. A few

additional discussions are presented here, using runs 31203 and 34103. The test

- conditions of these runs are summarized in table 3-1. The data repeatability analysis
could be done in two ways: individual channel base and overall behavior.

Individual channel comparisons are one-to-one comparisons among corresponding
thermocouple measurements when the corresponding thermocouples are located at the

same position for the compared runs. A comparison at the 1.83 m (72 in.) elevation is

shown in fmure 3-41. It ; appears that, based on the individual channels, the
repeatability is' good except for the quench time data. Consioering the slight
differences in the operating conditicns in the repeat tests, the repeatability is better
than the figures show.

Overall tests of data repeatability could be approached in several ways: comparisons of

characteristic temperatures and heat transfer coefficient transients, or comparisons of

quench curves and overall quench characteristics like temperature rise, turnarounap
time, quench time, and maximum temperature.

Figures 3-42 ' arid 3-43 presen+. comparisons of the average temperature and heat
~

transfer coefficient transients 'of the repeat tests. Factoring in the differences of
operational conditions, it'is considered that the repeatability is acceptable. Figure
3-44 compares average'q(dench curves of the repeat tests.

f
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. A few quench characteristics at the 1.83 m (72 in.) elevation are compared in table 3-3.

For ref erence purpose _s, the same-information is available for the similar runs of the

previous cosine and skewed power profile tests. The variations of the FLECHT SEASET -
-

- variables are larger than those of the cosine test but comparable to those o! the skewed

test.<

t

3-10. OVERLAP TESTS

i
Some overlap tests linking the previous 15x15 FLECHT low floooing rate cosine tests

with-the current 17x17 array tests have been performed. Table 3-4 lists the overlap.

! tests with their operational conoitions.

s .

..

The methoo useo to rescale the 15x15 tests conditions preserves both generated power,

*

and storeo energy per unit flow area. The detailed equational forms of the scaling
methods are presented in the FLECHT SEASET unblocked bundle task plan.(IkBased

i

! on the philosophy behind choosing test conditions in this way, the following two

hypotheses could be proposed:
,

f

-- Guench times at given elevations for both the tests are the same if.the integrated'

power per unit flow area up to the elevations is the same.

' -- Heat transfer coef ficient are the same if the integrated power per unit flow area

up to the elevations is the same.

The first hypothesis can be checked out by comparing quench curves, because the two .!'

bundles have same Integrated power per. unit flow area up to the same ele stions. The'

results are shown in figures 3-45 through 3-48. It can be observed from the figures that

f the quench curves do not show any significant effect of the bundle geometry oifference ,

up to the time when the seconoary quench fronts from the top are significent.
!
,

- The secono hypothesis can be tested by using heat transfer coefficients of the two test

f. series at the same elevations. The heat transfer coef ficients at the 1.83 rn (72 in.)
I elevation are compared in figures 3-49 through 3-52.
|

!-

L.
|

l '. Hochreiter, L. E., et al., "PWR FLECHT SEASET Unblocked Bunole Forced ano
|

Gravity Reflood Task: Task Plan Peport," NRC/EPRl/ Westinghouse-3, March 1978.
; i
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. TABLE 3-3

REPEAT AND PREVIOUS TEST DATA COMPARISON [1.83 m (72 in.)]

Temperature

Test Quench Time- Turnaround Time Rise Maximum Temperature .

Run Series (sec) (sec) [ C ( F)] - [ C ( F)]

31203 FLECHT 217.7 55.6 148.8,(267.9) 993.7 (l820.6)

34103 SEASET 703.8 52.8 155.1 (279.1) 1011 (1851.8)-

04748 Cosine 207.4 66.7 -188.3 (338.9) 1036.9-(l893.4)
|

04831 210.3 :69.5 194.7 (350.5) 1043.8 (1910.8)

13303 Skewed 384 35.8 73.7 (132.6). 913 (1676)

11003 -337.4 23 54.5 ( 98.1) 893 (1640)

!. .

_ 157.9 (284.3) 1008 (1847)
-

17136 Skewed '453 143

13404 518.4 7.2 175.2 (315.3) 1015 (1859)



,

TABLE 3-4

OVERLAP TEST CONDITIONS

Test Rod Peak Power Flooding Rate Rod initial Temperature Subcooling Pressure
Run Series [kw/m (kw/f t)] [mm/sec (in./sec)] [ C ("F)] ["C ( F)] [MPa (psi)]

03113 Cosine 2.7 (0.81) 38.1 (l.5) 87 (1600) 76 (136) 0.26 (38)
31203 FLECHT 2.3 (0.7) 38.1 (l.5) 87 (1600) 78(140) 0.28(40)

SEASET

00904 Cosine 2.8(0.85) 38.1 (l.5) 537 (998) 78(140) 0.28 (4I)
30817 FLECHT 2.3 (0.7) 38.1 (l.5) 538 (1000) 78(140) 0.28(40)g

N SEASET

03709 Cosine 2.7 (0.81) 38.1 (1.5) 317(603) 78 (141) 0.14 (20)
30619 FLECHT 2.3 (0.7) 38.1 (1.5) 260 (500) 78 (140) 0.14 (20)

SEASET

02414 Cosine 2.8 (0.84) 20.6 (0.81) 87I (l600) 77(l38) 0.28 (40)
31805 FLECHT 2.3 (0.7) 20.3(0.8) 871 (1600) 78(140) 0.28 (40)

SEASET
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The heat transfer coefficient curves compare reasonably well for runs 31203 and 03113.

This is also true for runs 31805 and 02414. Runs 30817 and 00904 show good agreement

up to about 100 seconds and then start to deviate. A possible reason for the deviation at

the later period could be the fall-back effect. Runs 30619 and 03709 show poor
agreement, but the general trends of the heat transfer coefficient curves are the same.

It is concluded from the above observations that the effect of the bundle geometry
difference on heat transfer characteristics during a reflooding period is minimal.

1
|

|

i

,
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SECTION 4
BUNDLE FLOW CONDITIONS

4-1. INTRODUCTION

Methods were developed to calculate mass and energy balance above the quench front
for the previous FLECHT test s. The procedure discussed in - WCAP-8838 cnd
WCAP-9183 allows eu;ulation of the mass velocity and nonequilibrium quality at
several bundle elevations where steam temperatures are available. Equilibrium quality

is also calculated for reference conditions, assuming saturated vapor temperature at the

elevations. These calculations, along with a radiation heat transfer model, allow the
,

1

separation of the total heat flux into its- basic components: radiation to surface, !

radiation to vapor, radiation to drops entrained in the flow, and forced convection of |
1

vapor. Examination of the wall heat flux split for different test conditions, times, and

elevations makes it possible to investigate various heat transfer models or correlations ;

in relation to the physical picture calculated from the data. These heat transfer -
mechanisms are discussed in section 6.

An effort has been made in the present analyses to extend and improve the mass and

energy balance methods applied to the region above the quench front in the previous
FLECHT tests.

The method of analysis has some limitations which should be recognized. Completely

one-dimensional flow was assumed and all quantities calculated represent bundle
averages. Many calculated values rest rather heavily on the steam probe measurements;

one or two measurements at each elevation are assumed to give the average vapor
temperature for the whole cross section. This assumption is f airly valid, since the
steam temperature messarements do not show much scatter.

4-2. MASS AND ENERGY BALANCE IN BUNDLE

A procedure using a mass and energy balance above the quench front to calculate bundle

mass flows and qualities was detaileo in section 4 and appendix -A of

|

41
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.WCAP-8838. This procedure had been programmed into the computer code FLEM8, and

tnis code was used for data analyses of several key skewed and cosine runs.
~

This -code has been updated and improved in many areas .for the analysis of the
unblocked bundle test data, as discussed in the following paragraphs. Also, the analysis

has been extended to the region below the quench front.

4-3. . General Mass and Energy Balance

. General mass and energy balance equations are developed herein to provice a uniform

approach in the calculations for both below and above the quench - front. The
one-dimensional continuity equation of fluid in the test section can be written as

3 u)+ =0 (4-1)
9

where

fluid densityp =

,

fluid velocityu =
.

timet =

coordinate of axial directionz =

Equation (4-1) can be integrated between two axial levels to get a mass balance
equation for the control volume bounded by the two levels, as follows:

dZ (4-2)(ou)Z ~ (8 " Z * - Z t

.

2 1 1

4-2
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In the same way, the energy equation can be w ilten as

+ h (ohu) =G'" (4-3)

where

h = fluio enthalpy

C"' = energy addition rate per unit fluid volume

For a control volume bounded by two exial levels in the test bundle, equation (4-3) can
be integrated to give

(phu)7 - (o hu) 7 = f G"' dZ - f 2 3(#h} dZ
Z (4-4)

2 1 1 1

The general balance equations, equations (4-2) and (4-4), can be applied to the region of

interest in the bundle, as shown in the following paragraphs.

4-4 Mass and Energy Balance Above Quench Front

A control volume in the zone above a quench front can be taken as the volume between

the bundle exit and the axial elevation where a quality is to be determined (figure
4-1a). Since Z and Z 9re fixed for thi:: case, equations (4-2) and (4-4) can be3 2
rewritten as

Z

(ou)7 - Guh = - h f o dZ2 (4-5)
2 1 1

and

2 d
(ohu)7 - (ohu)7 -f O'" dZ = g J 2(ph)dZ (4-6)7 Z2 1 1 1

4-3
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The Leibnitz formula has been utilized in the derivation of the above equations.

Further, the terms on the right-hand side of equations (4-5) and (4 'd can be shown to

te negligible, as described in appendix A.

Therefore, equations (4-5) and (4-6) become,' when Z2 = 3.66 m,

(pu), _ (pu)Z = 0 (4-7)
g

(phu) (g,hu) =f Q"' dZ (4-8)-

The subscript o denotes the bundle exit [Z = 3.66 m (144 in.)]. Divioing each term in

equation (4-8) by the total mass flow rate, utilizing AQ"' = Q' and equation (4-7) gives

h - (h)Z I 'Z Q' dZ (4-9)*
g

1 m I
t

where rh is total mass flow rate and O' is total heat release rate per foot. This

equation can be further modified using the relation of h = X hy + (1-X) h { and the' fact
that h = (h ) as follows:g

- -

X(h - h )- f* O'dZ '(4-10)
(X)Z=Z = (h - h )Z * E Z

g O o 6 g ,

I- t

where

saturation liquid enthalpyh =

vapor enthalpyh =

outlet qualityX =
g

Equation (4-10) allows the calculation of local quality (X) when the data of m , Q', X ,g
h , and b are available.

y
o

.

.

4-5
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4-5. Mass and Energy Balance Below Quench Front

A control volume in the zone below a quench front can be taken as the volume between

the bundle bottom and the axial elevation where a quality is to be determined, as
indicated in figure 4-lb. The same conservation equations, equations (4-5) and (4-6),

can be applied for this case also. As discussed in appendix A, the right-hand-side terms

of equations (4-5) and (4-6) are negligible even below a quench front. Therefore, the
equations can be simplified as follows:

(o ) - (ou =0 (4-11)u

Z
(ohu) - (chu) Q"' dz (4-12)=

Since the total mass flow rate in the bunale can be expressed as

m =ouA

where A is the total flow area, equations (4-11) and (4-12) can be rewritten as

rh *(n t Z
Z=0 2

- - 7
th ( - (h)Z=0 f O' dz (4-14)=

t Z
-

2 0
-

By definition, the enthalpies in equation (4-14) are related as

(h) = . (Xh + (1-X) h )Z ( }
2

(h) Z=0 = (h ) Z=0 = h -C aT - 6)g SUB
o

4-6
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where X is a local quality and a T and C are the degree of subcooling of inletSUB p
water and water heat capacity, respectively.

Equations (4-13), (4-15), and (4-16) can be used to rearrange equation (4-14) as follows:

Z
2f O'dz - In . C aT0 in p SUB(X) (4,g7)=

2 rn h
in gg

where h is heat of evaporation.fg

Further, it is known that the heat release rate (Q') below the quench front is due to the
generated power only and is

Q' (t,z) = O',g, Pdec(O ax( ) ( -18)

where

Q' = peak power at time t=0ax

P f t) Power decay factor=
de

F (Z) axial power distribution factor defined as O'(t,Z)/O'(t,1.83 m)=
ax

Therefore, equations (4-17) and (4-18) make it possible to calculate local qualities
below the quench front.

4-7
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4-6. Coupling of Mass and Energy Balance at Quench Front

Mass and energy balcnces in the regions below and above a quench front have been

developed in the previous two sections. The relationships can be coupled to each other

by considering mass and energy balance in a control volume bounded by the bottom of

the bundle and the quench front, as indicateo in figure 4-Ic. An overall mass balance

over the control volume is written as

Z
rh * '" in - A I pdZ (4-19)

e d O

where

mass flow rate just above quench frontm =
e

quench frontZ =
q

it should be noted that the general mass balance equation [ equation (4-2)] is not useo

here because this equation does not give the mass flow rate above the quench front
because of the moving upper bounriary.

Since the upper boundary of the present control voluri.e is a function of time and the

lower level is fixed at Z=0, equation (4-19) can be reformulated, with the help of the
Leibnitz formula, into

dZ Z
rh = rh - Ap -A I dz (4-20)

e n q dt 0

where p indicates the two-phase density just below the quench front. Further, it is
assumed that the rate of density change in the bundle is small except around the quench

front (appendix A). Then, since h is a quench velocity (V ), equation (4-20) is
9

dt
reduced to

rh = rh . -Ap (A -) V (4-21)
e in q q q

l

i

4-8
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As' indicated' in paragraph 4-4, the mass accumulation above the quench front is

negligible. Therefore, equation (4-21) provides a method for estimating a mass '-

effluence from the bundle. 'A detailed discussion of mass- effluence 'is presented in-

section 5.

Further, the quality just above the quench front can be estimated by considering the
~

mass flow rate above the quench front (m ) and the heat release at the quench front.
e

The steam generated below a quench front is celculated from equation (4-17) as follovm

Z

J C d * - '" in C A T ~SUBO p
-(4-22)(m,

y )Z=0s Z
=

fg
C

Additional energy is released at the quench front because of the release of rod latent

heat. This can be estimated as

U = (cC A)roo(T - Tsa,)V (4-23)
A p .q q-

where

'
.

wall temperature at quench time IT =
q

saturation temperatureT =
sat

,

!

Housing heat release is neglected, becase of the low mass housing design, and heat loss

through the housing is also neglected.

Then the total steam flow rate at the quench front is

Z

f O'dz - rh C AT SUB+ q0 in p (4-24)
(m, )Z

=

fg
q

4-9
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Thus the quality just above the quench front is

(rh )Z- v
q

(4-25) ''X =
q g

e

'

The quality calculated by eaustion (4-25) can be compared with the quality calculated

by the method used in WCAP-9183, where the vapor temperature at the quench front

- was assumed to be the average of the wall temperature and saturation temperature.

-It must be noted that the quality just below the quench front is

(0 )Z=0-Zv
X

Z=Z
* ~

9 in

4-7. AXIAL DEPENDENCE OF BUNDLE MASS FLOWS AND CUALITIES

The new developments discussed above have been incorporated into the existing mass

and energy balance (FLEMB) code. The resultant FLEMB code has been useo to analyze

data from selected runs of the FLECHT SEASET unblocked bundle tests, as listeo 'in

tabic 4-1.

The results of the quality and mass flow calculation for run 31504 are presented and

discussed for illustration. The results of other runs are summarized in appendix B.

Figures 4-2 and 4-3 present the calculated axial dependence of local and equilibrium
quality for run 31504 The quench times at 1.83 m (72 in.) and 2.29 m (90 in.) are also

' indicated in figure 4-2. The local quality is calculated bastd on the vapor temperature

at the location, and. the equilibrium quality is based on the saturation vapor

temperature. Therefore, the difference between the local and equilibrium quality is a

measure of the steam superheating.

4-10
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-TABLE 4-1

RUNS ANA'LYZED BY FLEMB

Rod Initial
Pressure Clad Temperature Rod Peak Power Flooding Rate Subcooling

Run [MPa (psi)] [0C (OF)] [kw/m (kw/f t)] [mm/sec (in./sec)] [0C (DF)]

!

I' 31203 0.28 (40) 872 (1601) 2.3 (0.7) 38.4 (1.51) 78(141)
31302 0.28 (40) 869 (1597) 2.3 (0.7) 76.5 (3.01) 78(14I)

.31504 0.28 (40) 863 (1585) 2.3 (0.7) 24.6 (0.97) 80 (144) y,y

31701- 0.28 (40) 872 (1601) 2.3 (0.7) 155(6.1) ,78 (l40)

|
31805 0.28(40) 87i (1600) 2.3 (0.7) 20.6 (0.81).'g . '' 79(l43)

{' 31922 0.14 (20) - 883 (l 62I) 1.!3 (0.4) 27.2 (l.07) ^ 96 (l72)
32013 0.4I (60) 887(l629) 2. 3 (0.7) 26.4 (l.04) 6.2(l17)
34006 0.27(39) 882 (1620) 1.3 (0.4) . I5.0 (0.59) 79.(I42)

I

| '

L

i
-

!

|
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i

|
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t
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As'' described in appendix C, the steam probe measurements at five elevations,1.83,3

'2.29,2.44,2.82, and 3.05 m (72,90,96,1!!, and 120 in.), in the bundle were useo for all
,

' cases except run 34006. This run was executed at a low power and low flooding rate, so

thet steam probe measurements up to 3.51 m (138 in.) were available. ;
'; >

] The quality and vapor temperature at the housing exit were measured in the tests,

f 'These data can be utilized to calculate'the local qualities in the bundle using equation
,Q> -(4-10), as described in appendix D. It must be noted that the outlet qualities provioed :
' , here are not the loccl qualities at the bundle exit, but those at the housing exit. .The>

,
c

! steam probe measurements at the housing exit indicate that most steam desuperheating
''

occurred in the upper plenum region. The quality at the bundle exit could not be
; estimated bec.ause of the f aci< cf vapor temperature information there.

4

.The qualities at the quench fronts were calculated by two methods: equation (4-25) and

assumed vapor temperatures at the quench fronts. The second method assumes the
~

vapor temperature at a quench front as the average of the saturation and well. f

temperature. This method was used in the data analyses for the skewed power profile>
.

i

4 FLECHT tests. The solid line for the quench front quality in figure 4-2 is based on the

I assumed vapor temperature. The dotted line in the figure is based on the method using
equation f4-25), Jn which the voor temperature is assumed to be at the. saturation>-

s

* t emperature.

Figure 4-2 shows that the quench front qualities predicted by equation (4-25) sie in good
,

agreement with the qualities based on the steam temperatures at 1.83 and 2.29 m (72
$ and 90 in.) when the quench front is at these elevations, that is, assuming that the vapor

7

p is at the saturation temperature (equilibrium). This f act is also observed in other runs

under v,arious test conditions, as shown in appendix B. Therefore it is believed that the-

quench front quality can be predicted by equation (4-25) with confidence. Thus, it is
,

recommended that thermodynamic equilibrium be assumed when estimating quench
front qualities.

!
f

As shown in figure 4-2, the quality starts at a low value at the quench front and
progressively increases with increasing elevatiorg this is physically reasonable. The

; quality at upper elevations decreases slowly with time. Equilibrium qualities are higher

than the local cualities early in time', reflecting the highly superheated vapor in the

+,

4
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|

|

bundle. Figure 4-4 shows the vapor temperatures measured at the various elevations.
Superheats up to 816 C (1500 F) could be observed et the midsection of the
bundle. Figure 4 ' presents the quality histe ry at the 1.83 m (72 in.) elevation. The

l

methea developed in paragraph 4-5 was used to estimate the quality when the quench

front was located above 1.83 m (72 in.).
]

Figure 4-6 presen*c the mass flow f raction above the quench front in the bundle for run

31504. Becau* e of the low storage rate above the quench front in the bundle, the mass

flow rates at it.e steam probe elevations are the same when they are above the quench

frcnt.
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SECTION 5
EFFLUENCE RATE AND TRANSITION ZONE

5-1. INTRCCUCTION

Equation (4-21) was cerived to calculate the mass flow rate above a quench front. It has

also been shown that the mass accumulation rate above a quench front is so low that the

mass flow rate obtained by the equation can be consicered as a mass ef fluence rate. A

discussion of the methods of calculating mass effluence rate is provided in this section.

Also provided here are some preliminary discussions on the transition zone just above a

quench front, where the flow regime is not yet a dispersed flow.

5-2. AVAILABLE MODELS FOR MASS EFFLUENCE RATE

1

i Yeh and Hochreiter developed a model for mass effluence during a reflooding

|
(I')process. Their approach was based on an empirical void fraction correlaticn

| derived from the data cf the low flooding rate tests. This model is applicable to the low

| flooding rate tests only. Sun and Duffey(3) tried to remove the shortcomings of the
'

Yeh and Hochreiter model and found the importance of quench velocity in predicting

! effluence rate. A new model to extend their approach is provided here.
|
|

| 5-3. YEH/HOCHREITER MODEL FOR PREDICTING BUNDLE MASS EFFLUENCE

The model for calculating the mass flow above the froth level (or simply mass effluence)

and void fraction below the froth level has been formulated. This model has been

1. Yeh, H. C., and Hochreiter, L. E., " Mass Ef fluence During FLECHT Forced Reflood
Experiments," Trans. Am. Nucl. Soc. 24, 301-302 (1976).

2. Yeh, H. C., and Hochreiter, L. E.," Mass Ef fluence During FLECHT Forced Reflood
Experiments," Nucl. Eno. Des. 60, 413 (1980).

3. Sun, K. H., and Duffey, R. B.,"A Generalized Model for Predicting Mass Effluences
During Refloodina," Nucl. Tech. 43,22-27 (1979).
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. compared with the 15x15 -FLECHT cosine and skewed power data, with good

- agreement. Here this model is compared with the FLECHT.SEASET unblocked test data

to justify the applicability of the model to the 17xl7 rod array.

The model utilizes the Lagrangian method of describing fluio motion to compute the

fluid velocity and steam generation, and uses the Yeh void fraction correlation .to
compute the void fraction below the quench frunt. The rate of mass effluence, m , isf
then computed by

- -

I Y(dZ Wl Lfrh . ,

I *

V. )U
| tf= min dt 5 * in f

(in ( )
- -

where m and V are the inlet mess flow rate and velocity, respectively, andin n

ZLf(t) is the collapsed liquid height (net liquid height if all bubbles were collapsed)
below the froth level. The froth level is defined as the interface between the region of

continuous vapor phase (dispersed flow) and the region of continuous liquia phase (flow

boiling), and r 3 m /m is the mass ef fluent ratic.-
f g in

In FLECHT cosine power low flocding rate tests,' the froth level detected from the
pressure drop data was found to be in the scattering bano of the quench front data.
Therefore, the froth level and quench front elevation are assumed to be the same for

the low flooding rate test data. The collapsed liquic level Z ft) is btained byL
computing the void fraction and integrating the liquid up to the froth level. The voic
fraction is obtained by computing superficial steam velocity (steam volumetric flux) and

using Yeh's void fraction correlation. The superficial steam velocity is obtained by
computing heat release from the heater rods. The calculated mass effluent ratio, r ,f
and the void fraction for the FLECHT cosine power and skewed power low flooding rate

tests are in good agreement with the test data.

The model can also be applied to the recent FLECHT SEASET tests. As in the previous

FLECHT tests, the froth level was found~ to be in the scattering band of the quench
front data for the low flooding rate. Therefore, the froth level is assumeo to be the
same as the quench front elevation for a low flooding rate. Figure 5-1 plots the froth

1. Lilly, G. P., et al.,"PWR FLECHT Cosine Low Flooding Rate Test Series Evaluation
Report," WCAP-8838, March 1977.
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level (or the quench front elevation) and the saturation line. Also plotted in figure 5-1

are the collapsed liquid level, Zg(t), from this model and that measured from the
pressure drop data. The calculated Zg(t) is in excellent agreement with data. Figure
S-2 shows that the comparison of the calculated average void traction over 0.30 m (12

in.) intervals and that reduced from pressure drop data is not as good as the comparison

of the collapsed liquid level Zg(t) (figure 5-1). At this point it should be noted that
the collapsed liquid level data are more accurate than the average void f raction data for

the following reasons.

One reason is that the average void fraction data were reduced from the pressure drop

measured only over 0.30 m (12 in.) intervals, which can be small in the high voio fraction

region. Therefore, experimental uncertainty will be larger at the higher void fraction.

On the other hand, the collapsed liquid level is reduced from the pressure crop measureo

over the distance between the bottom of the bundle and the froth front. Furthermore,

it always contains the high-density region at the lower part of the bundle. T herefore,
the pressure drop is large and experimental error is expected to be small.

Another reason is that the pressure taps of the 0.30 m (12 in.) interval differential
pressure cells can be in the bubbly flow region; the pressure measurement may be
disterbed by the bubbles. The pressure between the bottom of the bundle and the froth

levetwas measured with one of the pressure taps at the bottom of the bundle, in which

the fluid is a sinale-phase liquid, and another pressure tcp at the elevation just above

the froth level, in which the fluid is mostly steam with some droplets. Therefore, the
pressure measurement could not be disturbed by the bubbles. Thus, the collapsed liquid

level data are more accurate than the average void fraction data. Since the calculated

collapsed liould level is in excellent agreement with the 17x17 FLECHT data, it is
concluded that the model and void fraction correlation are applicable to the 17x17 r0J

array.

To compare the calculated r , it should be noted that, since the void fraction is large
g

above the froth level and the mass storage (and hence the rate of man storage) is small

above the froth level, the mass flow ratio, r , above the froth level shoulo be about
9

the same as the ratio of mass flow out of the bundle, r . This is confirmed for theg

15x!S cosine power bundle and skewed power bundle by comparing the calculated

S-3
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r with the measured r . ' Figure 5-3 shows that the calculated r, and measured r,g o
for a FLECHT SEASET test are also in excellent agreement.

.The pressure drop data indicate that in runs in which the' flooding rate is equal to or

greater than 76 mm/sec (3 in./sec), the froth level is higher than the quench front
elevation, which means that there is film boiling above the quench front for these
runs. Since an appropriate method for computing the void fraction-is not available at
present, the calculatio i for these runs was not made.

Appendix C contains additional- comparisons of the collapsed liquid level, the void
fraction, and the mass flow ratio, r , above the froth level for the low flooding rate.g

From the agreement of the above comparisons and the conaparisons of WCAP-8838 and

WCAP-9108 for the cosine and the skewed power shapes, it can be inferred that the
model is applicable to any power shaph and to both 15x15 and 17x17 assemblies.

5-4. NEW MASS EFFLUENCE RATE MODEL

As pointed out in the introduction, equation (4-21) can be used to calculate ef fluence
rate. In addition to this, a new simple model has been developed.

A mass balance over a bundle is written as

*^m -

outin
0 .

.

where

b mass flow rate at bottom of bundle=
n

mass flow rate at top of bundlem =
9

A = total bundle flow area

L axiallength of bundle=

5-7
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<

. void fraction4_ a =

density. .-p =

i.
subscript for vapor

|-
v =

,

subscript for liquid watert =

:

} lt' is clear that effluence rate (rii ) can be calculateo from equation (5-1) if the volo

i fraction distribution in the bundle is provided as a function of elevation and time. But
# the void fraction information, dz,t), is not ' usually available. However, it is' still

'possible to develop a relation to calculate the effluence rate approximately, using
_

physically reasonable assumptions.

One possible approach is to assume that the void fraction distribution in the bundle,;

dz,t), can be expressed as a function of (z - V t) for t.ny short time period when V is a-
q q

quench front velocity. This assumption means that the' profile' 'of the axial void ' -

distribution at t = t. + at is the same as that at t = t and simply shif ted by (V at), as
i
- t i q -

- shown in figure 5-4 when at is small. It is further assumed that

i

dL,t + at) = dL,t) (5-2) |
.

That is, there is an interval (L ~ L) where the void fraction does not change forJ
g ;

] a small at at the top of the bundle, and
! i
' ;

dL ,t)= dl,t) (5-3)g

It must be noted that dL /dt is the same as the quench velocity, according to the first -
g

assumption. These assumptions are not true when at is large. But for small values of

ot, they are reasonably applicable in view of the relatively slow progress of the quench '

frcnt. These assumptions are useful because equation (5-1) does not have any term
.

involving an integration over time.
't

n

i

L !
'

5-9
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Using the above assumptions, equation (5 1) can be modified as shown below. When the

liquid density is assumed to be constent, the integration term in equation (5-1) can be
simplified as

d F

(1 - al o dz = (p -p)d
-

a dz (5-4)g an +y g

The integration of the right-hand side of equation (5-4) can be modified as follows,
using the above assumptions:

d fL
a dz +

Id i
g a dz = g

)
a dz (5-5).

J0 J l(0 j

where L is the exial elevation where a constant void fraction near the top of a bundleg

s tarts. The first assumption provides that the first integration term on the right-hand
side of equation (5-5) is constant. Also, utilizing Leibnitz' rule, it can be shown that
equation (5-5) can be simplified as

fL rL
a_ Ifdz- a (h , t) (5-6)a dz =

t JO sL g

Since the void fraction at the top of the bundle is a weak function of time, the first
term on the right-hand side of equation (5-6) becomes negligible. Further, the term
aL /at is V and dL ,t) = a(L,t). Therefore, equation (5-6) can be simplified asg g

PL

f a dz = - V a (L,t) (5-7)
s0 q

Using equations (5-4) and (5-7), ec,uation (5-1) can be modified as

* ^ ( 't #v}v a (L,t) (5-8)m ~*in out q

Since /nin = A p, V; , equation (5-8) can be rewritten as

5-11
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rin
" I

.(o ) "" - o ".a (L,t) V
'

(5-9)= 1-
E 9in ' in -m.

in

where V ando are reflooding velac:ty and the water density at the bottora of the
in

bundle, respectively. For practical purposes, the liquid density is much larger than the

vapor density. Therefore equation (5-9) becomes

.

m (81) sat a (L,t)
V (5-10)out

Iv=

in "in 9.

*in

This is a general relation to calculate mass flow rate at the top of the bundle; it shows
that the effluence rate is controlled not only by the quench front velocity as found by

Sun and Duf fey, but also by the void fraction at the top of the bundle.

As a special case, when the exit quality is unity (which is approximately true for the
case with a very low flooding rate), equation (5-10) is reduced to

.

* (Dt) sat (3,gg)out g, y

in "in 9*

in

This is the same as the equation developed by Duffey and Poi' house for an ideal case

in which the void fraction distribution is a step function where the void fractions below

and above the quench front are zero and one, respectively.

A general relation for estimating the mass effluence rate during a reflooding process
has been developed. It was found that the effluence rate is governed by the quench

velocity, as claimed by Sun and Duffey. But the rate is also controlled by the exit void

fraction or the density at the top of the quench front.

Duffey, R. B., and Porthouse, D. T. C., "The Physics of Rewetting in Water
1.

Reactor Emergency Core Cooling," Nucl. Eng. Des. 23 No. 3,379-394 (1973).

5-12

_



i

In summary, three relations for effluence rate have been provided:

General case 1--

.

I"t) sat "I''t)m
out =1- V (5-12,1

V 9*in in
*

*in

Special case of general case 1, when a(L,t) = 1--

.

(, , _' tut sat y (3,g))
Y*in in 9*

*in

General case 11--

.

m p(z )
g

=1- V (5-14)V*in in 9*

*in

5-5. IMP'.EMENTATION OF MODELS IN FLEMB

The implementation of the three models in FLEMB requires knowledge of the quench
front velocity, the density just below the quench front, and the void fraction at the top
of the bundle. Since these variables were measured or calculated for these tests, it is

possible to check out the models, using the data. For more general application of the
models, the quench velocity can be reasonably predicted using an empirical or
theoretical correlation. The determinations of the void fraction ano density can also
be done using an empirical relation like the Yeh void fraction correlation.(

The density just below the quench front and the void fraction at the top of the bundle
are readily available from the results of FFLOW, which is explained in the FLECHT
SEASET unblocked bundle data report.2) The quench front velocity can be calculated

1. Cunningham, J. P., and Yeh, H. C., " Experiments and Void Correlation for PWR
Small-Break LOCA Conditions," Trans. Am. Nuul. Soc. 11 369-370 (1973).

2. Loftus, M. J., et al., "PWR FLECHT SEASET Unblocked Bundle, Forced and i

Gravity Reflood Task Data Report," NRC/EPRl/ Westinghouse-7, June 1980. |
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1

from the cuench curve. A quench curve generally rises rapi'2' y at the start of a
reficoding and the slope reduces to a more or less constant level for some time af ter the

initial period. Therefore, a quench curve could be divided into twoparts: an early
period and a later period. The sect.ons of these two periods were separately curve-fit

by polynomials.

5-6. COMPARISCNS WITH D.TT A

Figure 5-5 compares the predictims of the models with the experimentel data for run
31504. The data were calculated using the rate of mass stored in the bundle. The figure

contains four dif ferent predictions: those of equations (5-12), (5-13), (5-14), and the Yeh

and Hochreiter model. Generally they predict the effluence rate fairly well. The
predictions made by equations (5-12) and (5-13) are very close to each other, to be
expected because this run is a low flooding rate test. In run 31701, where the flocoing
rate was 152 mm/sec (6 in./sec), the difference between the two predictions is about

7 percent. '(See figure B-II.) Therefore, for practical purposes equation (5-13) is a
fairly good tool for predicting the effluence rate when the flooding rate is low. More
data comparisens of all methods are provided in appendix B.

5-7. TRANSITION ZONE ABOVE CUENCH FRONT

lt has been known that there is a transition zone sbove a quench front where the flow

regime is not quite a dispersed flow (figure 5-6). Therefore, the heat transfer

mechanism in the zone should be different from those in a dispersed flow and below the

quench front. There have been efforts to delineate heat transfer mechanisms in a
dispersed flow above the quench front and to predict heat transfer above the quench
front. But the length of the transition zone should be known to apply the theories of

dispersed flow heat transfer to a proper region.

Mureo observed that in-bundle temperature history curves during reflood show

sudden slope increases and stay at the constant levels for some time before quench.

1. Murao, Y., et al., " Experimental and Analytical Modeling of the Reflood Phase
During PWR L OC A ," paper presented at the 19th National Heat Transfer
Conf erence, Orlando, FL (ASME), July 27-30, 1980.
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He related the slope change to the flow regime change above the quench front. Most of

the rod temperature measurements of the FLECHT SEASET unblocked bundle tests also

indicated such behavior, as shown in figure 5-7 and section 3.

If'it is postulated that the slope change is due to the advance of the transition zone
above the cuench front, it is possible to distinguish three different flow conditions at

each bundle elevation, as indicated in figure 5-7. The first period (1) is when the
elevation sees a dispersed droplet flow around it after a.short period of single-phase

,

1

steam flow. The second (11) is when the transition zone right above the quench front
'

surrounds the elevation, and the third period (111) is when it is below the quench front.

These different flow regimes are distinguished in heat transfer coefficient curves, as

shown in figure 5-7. The relatively moderate increase in heat transfer during the first
period is followed by a rather sharp increase during the second period and then quench

produces a sudden increase. This trend is consistent with the heat transfer

characteristics of the relevant flow regimes.

Based on the above discussions, the advances of the transition zone fronts during the
unblocked bundle tests have been measured. A schematic way to construct the
transittor, front curve is shown in figure 5-8. The resulting curves for eight runs' are
presented in figures 5-9 through 5-16. Corresponding quench data are shown to indicate

the length of the transition zones. It is observed that the transition zone could be about

0.30 m (12 in.) at a 25.4 mm/sec (1 in./sec) reflooding rate, and it could be 0.91 m (36

in.) at a 76.2 mm/sec (3 in./sec) reflooding rate.

It is of interest to compare heater rod temperatures to steam probe measurements and
thimble temperatures at the same elevation, as shown in figure 5-17. It is observed that

the steam and thimble temperatures drop down to the saturation temperature when the

second period is reached at a particular elevation.

From these observations,-it is concluded that there is a transition zone of finite length

above a quench front. Further, the vapor in the zone is under a saturated condition. It

has been observed that the transition zone length is a strong function of flooding rate.

5-17
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SECTION 6

EVALUATION OF DISPERSED DROPLET FLOW CONDITIONS
. AND HEAT TRANSFER MECHANISMS DURING REFLOOD

6-1. INT RODUCTION

'

Previous sections and the FLECHT SEASET 161-roc unblockeo buncle task plan ano data

report cescribe how FLECHT SEASET reflooc cate were recorcec ana then reducec by
various computer codes to obtain useful refloco flow concitions and heat transier

'

information. To summsrize, raw cata (system pressure, steam temperaturcs, thimble

well anc heater red inner clao surf ace temperatures, heater roc power, buncle inlet anc

outlet fluia temperatures, bundle and water collection tank pressure crops, and'
,

flowmeter r'eadings) were recorded by the CAT ALOG codq heater roc quench time,
turnarounk time, quench temperature, and turnaround temperature were calculated by

the QOENCEi coog mass flow above the quench f ront was calculated by the FFLOW

code; bundle mass and energy balance and actual nonequilibrium steam quality were
calculated by the FLEMB code.

Fluid states and heat transfer above the quench front during reflood have been
investigateo extensively by previous authors.(1) However, most earlier works have

'

been limited to tube experiments, or there were insuf ficient data to determine the local

fluid conditions (for example, droplet size distribution was not measured). The FLECHT
' SEASE1 reflood experiments were performed in a full-length 161-rod bundle, adequately

instrumented such that local fluid conditions (for instance, nonequilibrium steam

quality) could be determined. Also, droplet size distributions and velocities were
measured (see appendixes E and F) at several locations in the bundle. in this section,

local flow concitions in the disperseo flow regime are calculated. In the disperse- flow

regime, quasi-steady-state one-dimensional axial flow is assumed, sr d all flow
quantities referreo to in this section are bundle cross-sectional averaged values. The

important axial variation of flow conditions is evaluated in this section. 1 he calculated

I. For instance, Seben, R.A., et al., " Predictions of Drop Models for the Dispersed
Flow Downstream of the Guench Front in Tube Reflood Experiments," ASME paper
80-W A/HT-47.
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flow conditions are then used to evaluate the basic heat transfer components, forced

convection and thermal radiation, in the dispersed flow regime.

p In annlysis of the data; maximum use is made of the available data and data-based heat

transfer quantities; assumptions and physical models are introduced only when j
'

absolutely necessary to calculate dispersed flow conditions and the basic heat transfer

components. A mechanistic heat transfer model is developed in section 7, using
boundary condition information provided in this section to predict local flow conditions

and heat transfer in the dispersed flow regime.

5-2. ENERGY ABSORPTION BY DROPLETS ABOVE QUENCH FRON T

The FLECHT cosine and skewed power profile reflood experiments ( ' and the present

FLECHT SEASET reflood experiments show that two-phase dispersed droplet flow

exists above the quench front even for low flooding rates [less than 25.4 mm/sec (1

in./sec)]. The water droplets above the quench front serve as very effective heat sinks,

and the resulting heat transfer between the heated walls and the two-phase flow is
much higher than that which could be predicted by conventional single-phase heat
transfer correlations (for example, the Dittus-Boelter correlation), in which no droplet
evaporation is assumed.( )

Peak clad temperature during reflood is determined by the heat transfer between the

heated wall and the dispersed droplet flow. Hence it is most important to understand
the basic heat transfer mechanisms above the quench front ano the role of the water

droplets in these mechanisms.

Because of the high wall temperatures above the quench front, direct wall ano droplet
contact is not anticipated. The droplets absorb heat by convection and thermal
radiation from surrounding superheated steam, and by thermal radiation from the hot

walls. Neglecting heat release and absorption by the housing olid fillers, ano thimble
guide tubes, an energy balance in the buncle gives the following relationship:

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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Orod * 1 '*2 * Ovapor (*!'*2 + Odroplet *1'YI

where

G l'*2)rod total heat release by heater rods between=

elevations z and z2 [kw (Btu /sec)]g

IQvapor *l,z. ) t tal heat absorption by vapor between=

elevations z and z [kw (Btu /sec)]g 2

O # '*2) total heat absorption by droplets between=droplet 1
j elevations z and z

g 2 [kw (Btu /sec)]
$

Heat exchange-in the axial direction is also neglected in equation (6-1). Assuming
quasi-steady-state and the droplets at saturation condition, Q (z ,z ) can beg g 2
calculated if the actual steam quality is known:

s

i

droplet *l,z ) = hI m
7 T [* *2) - *(*l)]O 6-2)(

where
.

x(z) actual steam quality at elevation z=

.
h =-fg latent heat of vaporization [kw-sec/kg (Btu /lbm)]

i

T total mass flow in the bundle [kg/ ec (Ibm /sec)]; m =

) Using the steam quality calculated by the FLEMB code, O was calculated anddroplet
4 compared with Qrod. Typical results are shown in figures 6-1 and 6-2. It may be noted
"

that even for a low flooding rate cace [run 31504, 24.6 mm/sec (0.97 in./sec)], energy
absorption by droplets was significant and could not be neglected compared to the total

'

heat release by the heater rods. As flooding rate increased, O #*** * ''droplet
impodant and represented an even larger fraction of Orod. When Qdroplet was gr ater

than Q od, as shown in the figures, O in equation (6-1) was negative or the vaporva m
desuperheated (returned to equilibrium). Vapor desuperheating usually occurred at

"

higher elevations of the bundle.
o;

'

|
1

*
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From the results presented above, it is apparent that the droplets play an important role

in the: heat transfer processes above the quench . front during reflood. Adequate
moceling of the heat transfer processes that take place above the quench front requires

-a better knowledge of the droplet size, the droplet velocity, and the droplet-vapor
interactions, in the following paragraphs, local dispersed flow conditions and basic heat.

transfer components above the quench front are evaluated.

6-3. FLOW REGIMES ABOVE QUENCH FRONT

. As discussed in section 5, a transition flow regime exists right above the quench front.
In the transition regime, the flow is non;teady, large chunks of liquid may exist, droplets

may collide and interact with one another, vapor superheat is low, and steam quality and

void fraction increase rapidly.- Above the top of the transition flow regime (or
transition front), a dispersed droplet flow regime exists. In the dispersed flow regime,_

the flow is quasi-steady, vapor superheat is high, the. void fraction is high enough that -

droplets do not interact with one another, and drops are entrained upward and do not
make direct contact with the hot walls. Figure 6-3 illustrates the characteristic. vapor

quality and void fraction in these two flow regimes above the quench front. The
discontinuities at the quencn front are due to the rapio release of stored heat' from the

hot rods.

The distinction between the transition ano disperseo. flow regimes ~ is important,

particularly when calculating heat transfer from the hot walls to the two-phase fluw.
Researchers generally cistinguish between these two regimes by assuming that dispersed

flow exists when the vapor void fraction exceeds a certain preassigned value, but of fer

no data por convincing' theories to support the values they chuose. In section 5, a

method is proposed to distinguish between the transition and dispersed flow-regimes by

observing the time-slope of the heater rod temperature data. In the ~ following
paragraphs, no attempt is made to calculate flow conditions in the transition flow
regime. Local flow conditions ano assic heat transfer components in the dispersed flow

regime are evaluated; that is, all calculations presented in this section began at the
transition front and endeci at the bundle exit. The transition front elevations were input

from curves such as those shown in figures 5-9 through 5-14. Steam quality at the
transition f ront was obtained by extrapolating available steam probe data above the

transition front. Other input quantities are presented in appendix C.
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6-4. BASIC RELATIONS' FOR TWO-PHASE FLOW PROPERTIES IN DISPERSED

FLOW REGIME

in this section, one-dimensional quasi-steady flow is assvned above the transition front i
_

during reflood. Two-phase flow properties are calculated as a function of axial
positions; they are bundle-c veraged values. The required input quantities are ;

summarized in appendix C. To avoid lengthy and tedious : equations, ' the axial

dependence is omitted from the symbols.

Methods to calculate drop size, droplet velocity, droplet mass flux, droplet number

flux, droplet number density, droplet Rsynolds number, liquid volume fraction, vapor'

void fraction, and vapor Reynolds numbers are described in detail-in appendix F.
Relations of other dispersed flow properties are summarized below.

. he slip ratio, S , and the Weber number, We;, for the i-th drop size group are defined asT

u
(6-3)

g =[diS

W e . = y (u -udi) d
p y (6-4)

1 . og

where

vapor velocity [m/sec (f t/sec)]i u =

droplet velocity of i-th drop size group [m/sec (ft/sec)]u =
7 di
|

!

vapor mass density [kg/m (Ibm /f t )]=p
y

!
drop diameter of the,1-th drop size group [m (ft)]d. =

| '
!
I

2
surface tension for water-vapor interface [kg/sec2 (ibm /sec ))=

og

i

!

l
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Under typical reflood conditions, the droplets are in the geometric scattering regime,
and the liquid absorptior coefficient, a , can be computed by(

g

d

g= z 0.185wd n (6-5)a di,e I

where

liquid absorption coefficient [m-I (f t-l)]ag =

total number of drop sizu groupsNd =

droplet number density of i-th drop size group [ drops /m3 (drops /f t )]3ndi =

The vapor absorption coefficient, a , is calculated by(

0 [ -0.3 f1000
(6-6)a=P 5.6 i

T 'g T* \ y j y >

where

vapor absorption coef ficient (f t-I)a =v

pressure (stinosphere)P =

vapor temperature (0 Rankine)T =v

1. Sun, K.H., et s!., " Calculations of Combined Radiation and Convection Heat
Transfer in Rod Bundles Under Emergency Cooling Conditions," J. Heat Transfer
98, ASME,414-420 (1976).

2. Abu-Romia, M.M., and Tien, C.K., " Appropriate Mean Absorption Coef ficients for
Infrared Radiation of Gases," J. Heat Transfer 83 ASME,321-327 (1967).

|
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t

Equation (6-6)|is a curve-fit 'of the water vapor data presented by Abu-Romia and'
-T.ien.(1)

.

The optical thickness of the droplet and vapor media is computed by( l

I

t = (a + 2.7 a ) D (6-D. jg h

where

optical thickness (dimensionless)r =

!
F

- D =
h hydraulic diameter based on rod-centered subchannel[m (f t)]

Assuming that the droplet and vapor media are optically thin (that is, the optical
thickness is smaller than unity), the drop and vapor emissivities, c and e, are

g

computed by(I)4

-a LI*
cg= l-e (6-8)'

*~
g = l-e (6-9)

and the mean beam length, Lm, is defined as

| L = 0.85 D -

m h

for a rod bundle geometry.( }

1. Abu-Romia, M. M., and Tien, C. K., " Appropriate Mean Absorption Coef ficients for,

; Infrared Radiation of Gases," J. Heat Transfer 89, ASME,321-327 (1967).
!

2. Hottel, H.C., arid Sarofim, A.F., Radiative Transfer, McGraw-Hill, New York,1967.'

t
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6-5. BASIC HEAT TRANSFER COMPONENTS IN DISPERSED FLOW REGIN.E

The heater roo heat flux in the disperseo flow regime is assumed to be made up of a
convective component and a radiation component:

.. .. ..

T* (6-1I)+
cv r

where -

2q = total heat flux [w/m (8tu/sec-f t ))

2 2*

q = convective heat flux [w/m (8tu/sec-f t )]y

2 2
h = radiation heat flux [w/m (Btu /sec-f t ))

The total heat flux, (, is calculated from wall temperature measurements by an-
inverse concuction code. The radiation component is calculsted by a raajation network
analysis described in paragraph 6-6. The convective heat flux can then be calculated
-from equation (6-11) by

.. .. ..
h " T- b (6-12)cv r-

It is shown later that the convective heat flux calculated by equation (6-12) is generally

much higher than that which would be predicted' by conventional single-phase heat
transfer correlations (for example, the Dittus-Boelter correlation). . Based on
information developed in this section, a dispersed flow heat transfer. predictive mooel is -

proposed. Heat transfer enhancement due to the presence of the droplets is considered

and a higher convective heat flux component is calculated. Details of the predictive
model are described in section 7.

;
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6-6. ANALYSIS OF RADIATIVE HEAT EXCHANGE IN ROD BUNDLES

|The radiative heat exchange between the droplet' phase, the vbpor phase, and the wall-
'surfaces in a rod bundle system can be calculated by a radiation network. To~

account for the radiative heat exchange between various wall surfaces, the FLECHT

SEASET.161-rod bundle system is divided into four radiating nodes, as depicted -in - -|

figure 6-4: the heater rods in the central bundle (hot rods), the heater rods near the

housing (cold rods), the- thimble guide. tubes, and the housing wall and solid fillers.
Together with the. droplet and vapor phases, a radiation network with six radiating
nodes is solved, as illustrated in figure 6-5.,

4

.

The radiation resistances are calculated by

3

1 % (6-13)
R; _1 g ^i*

J

(6-14)(1-cg)(1 c ) A F;=
y g

lj

> i,j = 1, 2, 3, 4

1 (6-15)cg(1-c )Ag' =
y

I (6-16)
! g - c (1 cg)A;y

av s

i

4
i (6-17)* I A
R *1 *v g

I v- i=1
4

:
,

;

. Sun, K.H., et al., " Calculations of Combined Radiation and Convection Heat
,

1.
Transfer in Rod Bundles Under Emergency Cooling Conditions," J. Heat Transfer

.

98, ASME,414-420 (1976).
,

'

2. Yao, S.C., et al., "A Simple Method for Calculating Radiative Heat Transfer in-
i. .

Rod Bundles With Droplets and Vapors as Absorbing Media" (Technical Note), A
Heat Trang 101, ASME,736 (1979).

t

!
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where

A
g radiating area per unit length for the i-th radiating wall surface=

group [m (f t)]

c, wall emissivity=

F; view factor from i-th to j-th radiating wall surface group=

The view factors between the radiating wall surface groups are calculatea by

N. N.
8

J

A G) = q b-th rod ing k-th rod in 1-th rod in ~

. ,group i groupi groupj

where

N . , N.
1 J number of rods in i-th and j-th radiating wall surface group,=

respectively

Ak-th rod in radiating brea per unit length of k-th rcd in=

group i i-th radiating surface group [m (f t)]

Fk-th rod in 1-th rod in view factor from k-m rod in W=

group i group j radiating surface group to 1-th

rod in j-th radiating surface group

The view factors between individual rods can be computed from the known geometric
configuration (for instance, by the cross string method described by Hottel and
Sarofim). In the present work, the view factors between individual rods were
calculated by the MOXY computer code as described by Evans.II)

1. Evans, D.R., The MOXY Core Heat Transfer Code: Model Description and User's
Guide, Idaho National Engineering Laboratory, PG-R-76-003, December 1976.
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Once the radiation resistances have been calculated, the solution of the radiation
network is straightforward, and is similar to the solution of are electrical network.
Detailed solution are omitted here; sample calculations have been presented by Yao et |

!
al.(I)

6-7. FLECHT SEASET TEST RUNS ANALYZED

The analysis described in paragraphs 6-4 through 6-6 is programmed in a computer code
called HEAT-il. FLECHT SEASET reflood test runs analyzed by HEAT-Il are divided

into two categories:

-- R'eflood test runs with available droplet distribution data

Four reflood tests were analyzed by the HEAT-il code using available droplet
distribution data at time periods during which droplet movies were taken. These

four reflood test runs are summarized in table 6-1 for reference.

Reflood test runs analyzed by an input Sauter Mean . Diameter (SMD) at the--

transition front

Seven reflood test runs, summarized in table 6-2, were analyzed by the HEAT-Il

code using an input SMD. The seven reflood tests (excluding run 34006) cover a
reasonable range of test parameters and are the same tests choosen for the
FLEMB analyzed (see table 4-1). Run 34006 was not analyzed by HEAT-il because

the interpolation schemes on FLEMB data, described in appendix C, give negative

vapor temperatures near the bundle exit. The input SMD for runs 31504 and 31701

were taken trom the tirne-averaged values in tables F-2 and F-3, respectively.

Data-based SMDs for the other five tests in table 6-2 are not available. Because of
insufficient data, no attempt has been made to correlate the measured drop size

with reflood test parameters. However, it is reasonable to assume that the drop
size depends on the flooding rate and increases as the flooding rate increases. For

runs 32013, 31922, 31805, and 31203, it was assumed that the SMD is the same as

1. Yao, S.C., et al., "A Simple Model for Calculating Radiative Heat Transfer in Rod
Bundles with Droplets and Vapor as Absorbing Media" (Technical Note), J. Heat
Trarmfer 101, ASME,736 (1979).

6-16

,



TABLE 6-1

REFLOCD TEST RUNS WITH AVAILABLE DROPLET DISTRIBUTION DAT A

ANALYZED BY HEAT-II CODE (*

Time of Movie (b) McVie Camera Elevation Times of Analysis
Run (sec) [m (in.)] (sec)

30921 20-26 1.83 (72) 20,23,?6

31504 200-206 1.83 (72)- 200,210

31701 2-9 0.9I(36) 5, 10

31701 1-8 2.74 (108) 5,10

32114 10-24 0.91(36) 18,21,24

32114 20-30 2.74 (108) 20,26,30 |
l

'

a. For test conditions, see table E-4, appendix E.

b. Time zero corresponds to beginning of flooding.

.
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1 AbLE 6-2

REFLGLU T ES'l RUN5 WilH AN INPU i SMD Al 'IRANSillON

FRON1 ANALYZED BY hf Al-ll COGE(*}

linie (31 Analysisib} SMD(c) at Transition Runs Froni V.hich
hun (sec) Front [mm (in.)] SkD %es 1sken

3110) 30,50,ib,60,90, 1.16(0.0463) 31504
100,i10, lib

31301 10,10,30,40 1.31(0.0517) Average of
31504 ano 31701

>l504 60, 100, 110, 140, 1.16 (0.0463) 31504
160,160,200,110

31701 5,10,15,10 1.45 (0.0570) 31701

31605 60, 100, 130, 160, 1.18 (0.0463) 31504
200,230,260,160

)1921 50,70,90,i10,130, 1.18 (0.0463) 31504
150, 170, 190

3101) 50,70,90,110,130, 1.16 (0.0463) 31504
150, 170, 190

a. For test conditions, see table 4-1.

b. Time zero corresponds to beginning'of flooding.

c. Sauter Mean Diameter, assumed independent of time
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that of run 31504; for run 313L2, the SMD was taken to be the average of those of

runs 31504 and 31701. The time period which the analysis covered included a

reasonable period of flooding time before or shortly af ter the 1.83 m (72 in.)
elevation was quenched,

it should be noted that run 31504 appears in both tables 6-1 end 6-2. The results from
this reflood test are used to establish the validity of characterizing a drop size j

distribution by the SMD in the present heat transfer analysis.

6-8. CALCULATED FLOW CONDITIONS AND BASIC HEAT TRANSFER |
COMPONENTS IN DISPERSED FLOW REGIME

A unique feature of the present analysis is the extensive use of the droplet data
obtained from the FLECHT SEASET high-speed movies. The movies were analyzed in

detail by using a movie projector which had the capability to oroject and stop the
movies frame by frame; droplet size and velocities were then measured by tracing the
drops through successive frames. DetaH'. of the droplet movie analysis can be found in
appendix E.

The droplet information was used to calculate bundle average flow conditions and basic

heat transfer components as functions of axial position in the dispersed flow regime
(above the transition front) by methods described in appendix F and paragraphs 6-4

through 6-6. A computer code, HEAT-II, was developed to perform the analysis.

Measured drop size distribution is shown in appendix E. Comparisons between

measured and calculated drop velocities are shown in figures F-2 through F-7.
Calculated drop size distribution and Sauter Mean Diameter (SMD) at the transition

front are shown in tables F-1 through F-6. The following paragraphs illustrate typical
axial variation of vapor void fraction, vapor Reynolds number, optical thickness of the

two-phase media, drop size distribution, and vapor and droplet velocities, using the

results of run 31504. Relative contributions of thermal radiation and convection at
different elevations during reflood are also illustrated by run 31504. The validity of
using the SMD to characterize a drop size distribution is also demonstrated. Finally,

the calculated heat flux of all reflood test runs in table 6-2 is correlated with the
vapor Reynolds number and droplet volume fraction in order to illustrate the
significance of the convective heat transfer enhancement due to the presence of the
water droplets.

6-19
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Typical data-based wd.1 temperature, steam temperature, and quality _(see appendix C)

are shown in figure 6-6 for reference. The calculated _ vapor void fraction and vapor

- Reynolds number are shown.in . figures 6-7 and 6-8. Note that results for the droplet-
fspectrum and the SMD are practically identical after a short . distance |above -the .

transition front. The. vapor void frection increases rapidly above the transition front to

nearly I ~(>0.99). The vr-por Reynolds number is directly proportional to the . vapor
velocity and inversely proporti .,al to the vapor specific volume ur absolute vapor
temperature. The effect of' vapor temperature dominates and the vapor Reynolds

- number varies inversely with' the vapor temperature (compare figure 6-8 -with figure

6-6). The calculated optical thickness- fur the~ vapor and droplet ' media is shown in

figure 6-9. _Since the optical thickness is generally less than 1, the. assumption 'of an

optically thin dispersed medium is. valid and the radiation network ~ model described in

paragraph 6-6 is applicable.

As shown in figure 6-10, the drop sizes decrease monotonically _because .of_ 'the-
~

continuous evaporation in the superheated steam.. The increase .in evaporation rate, as

indicated by the change in slope at the 2.44 m (96 in.) elevation. corresponds, to the
increase in the slope of the input steam' quality (figure 6-6). 'Also, it~is to be noted that

the smallest drop size group evaporates rapidly and the drop diameter approaches zero
near the bundle exit [3.66 m (144 in.) elevation]. Because of' the very small drop

diameter, drops belonging to this drop size group accelerate very rapidly and approach

the vapor velocity (that is, the slip ratio for these drops approac'es one) as shown in

figure 6-11. In reality, these small drops will-be completely evaporated _before they _
reach the bundle exit. As explained at the end of paragraph F-1, these drops were kept.

in the numerical calculations for the sole purpose of efficient programming. Finally,

note again the close agreement of the vapor velocities calculated by using the drop size -

spectrum and the SMD.

Basic heat transfer components,_ convection and radiation, we*e calculated "by1the
method described in paragraphs 6-5 and 6-6; the results are shown, in table 6-F and

_

figure 6-12. It is apparent from table 6-3 that one can obtain satisfactory heat transfer
results by replacing the drop spectrum method with the SMD method. Figure 6-12
shows the relative contribution of convective heat flux during reflood, calculated by

using an input SMD at the transition front (see table 6-2). At higher
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T ABLE 6-3

BASIC HE AT 1RANSFER COMPONEN1S IN D15?ERSED

OROPLEl FLOW DURING REFLOOD

Run 31504 1ime = 200 see

Roo peak power = 2.3 kw/m (0.7 kw/f t) Quench f ront = 1.51 m (59.6 in.)

Flooding rate = 24.6 mm/sec (0.97 in./sec) Transition f ront = 1.68 m (66 in.)
Inlet coolant temp. = 51 C (123 F) SMD (Sauter Mean Diameter) at transition

Pressure = 0.28 MPa (40 psia) front = 1.18 mm (0.0463 in.)

Value at Indicated Elevation

Near Transition Front Away From Transition Frontp
U [1.83 m (72 in.) Elevation] [3.05 m (120 in.) Elevation]

~

Parameter ( ) Drop Spectrum Method SMD Method Drop Spectrum Method SMD Method

Q) (hot) [kw/m (kw/f t)] 242.75 (73.899) 242.45 (73.899) 51.77 (l5.78) 51.77 (l5.78)

Ocv (hot)/QT (hot) 0.8340 0.8414 0.5304 0.5297

| QR (hot)/QT (hot) 0.1660 0.1586 0.4696 0.4703

Q) (colo)[kw/m (kw/f t)] 161.33 (49.173) 161.33(49.173) 42.12 (12.84) 42,12 (12.84)

Ocy (cold)/QT (c Id) 0.7378 0.7441 0.3200 0.3195
,

\/

i hot = hot roos. See figure 6-4)a. OT = total heat release
O = convective heat release ccid - cold roris (see figure 6-4)

QR = radiative heat release thiin = thimbles (see figure 6-4)j

IOR*OR hous = housing (see figure 6-4)thot) + Q (cold)
t

|

i .

' * s
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1 ABLE'6-3 (cont)

BASIC HE Al IRANLFER COMPONEN1S IN DISPLRSED

DROPLEl FI OW DURING REFLODD

|

|
. _ _ _

Value at Indiccted Elevation

Near T ransition Front Away Frorrr T ransition Front

[1.83 m (72 in.) Elevaticn] [3.05 m (120 ir..') Elevation]

| Parameter " Drop Spectrum Method SMD Methoc Drop Spectrum Method SMD Method

_

Og (cold)/QT (c Id) 0.2622 0.2559 0.6800 0.6805

IQR [kw/m (kw/f t)] 82.55(25.16) 79.74 (24.30) 52.95 (16.14) 53.6I (16.16)

0.4875 0.4823 0.4591 0.4593
@ QR (hot)/IQR

QR (C Id}/E Q
0.5125 0.5177 0.3409 0.5237

R
-0.1189 -0.1284 -0.0509 -0.0506

QR (thim)/IQR
-0.3224 -0.3397 -0.7020 -0.7011

OR (hous)/IQR
-0.2867 -0.2349 -0.1347 -0.1363

GR (crop)/IGR

QR (*"P ')/I Q
-0.2720 -0.2970 -0.I124 -0.1120

R

hot = het roos (see ligure 6 4)
Q) = total heat releasea.

G = convective heat release cold = cold roos (see figure 6-4)

thim = thimbles (see figure 6 4)
QR = radiative heat release

IGR*QR (hot) + OR (cold)
Fnus = housing (see figure 6-4)
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100 ~~

RUN 31504
PRESSURE = 0.28 MPa (40 >sia)

90 - PE AK POWE R = 2.3 kw/m (0.7 kw/f t)
F LOODING R ATE = 24.6 mm/sec (0.97 in./sec)
INLET COOLANT TEMPERATURE = 51' C (123 F)

1.83 m (72 m.) ELEVATION
80 - --* 3.05 m (120 in.) E LEVATION
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M
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.
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Figure 6-12. Relative Contribution of Convective Heat Flux During
Reflood at 1.83 m (72 in.) and 3.05 m (120 in.) Elevations
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elevations, becauee of the lower power, total heat release from the rods is small, and

radiation accounts for a large fraction of the total heat release. However.' the
absolute magnitude of the radiation heat release is smaller at higher elevations than at

lower elevations. As the magnitude of the convective heat transfer and radiation to :

drops decreases at higher elevations, surface-to-surface radiation b'ecomes important.
!

From the above considerations, it is clear that radiative heat exchange among the
vapor and droplet media and the rod bundle synem is important during reflooo, and

cannot be neglected in best-estimate dispersed flow models.

From the calculated total and convective heat flux (paragraph 6-5), the following

Nusselt numbers can be defined:

(T Dh (6-20)
NN~(-4 k

Dv h (6-21)Nuev *T-T T
w v

where

i,usselt number based on total wall heat fluxNu =
T

Nusselt number based on convective wall heat fluxNu =

wall surface temperature [ C ( F)]T ,, =

vapor temperature [ C ( F)]T =
y

vapor conductivity [w/m- C (Blu/ft-sec- F)]k =

Figures 6-13 and 6-14 show the Nusselt number, based on total and convective wall
heat flux, respectively, versus the vapor Reynolds number. It should be noted that all
the 1.83 m (72 in.) results in figure 6-13 are well above the Dittus-Boelter correlation.

In figure 6-14, only a few points from the 1.83 m (72 in.) elevation are slightly below
the Dittus-Boelter correlation. The convective heat flux, however, is based on a -

4

radiation model (see equation (6-12)]; the slight discrepancy between the few data

6-30



18944 155

310

_ LEGEND: ,

_ Q 1.83 m (72 in.) ELEVATION ( FOR REFLOOD TESTS1

_._ O 3.05 m (120 in.) ELEVATION ] IN TABLE 6 2

- 0
10 _ /2

0O
OQ 9

- - 6 n
i 66

-
cp

O

-

O

/o 0
10' / O

-

O-

_

-

-

-

- @
O O

- O

| | | | | I ll I l I l l lll010 4 5103 10 10

Rey

Figure 6-13. Calculated Nusselt Number (Bcsed on Heater Rod
Total Heat Flux) Versus Vapor Reynolds Number
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Figure 6-14. Calculated Nusselt Number (Based on Heater Rod Convective Heat
Flux) Versus Vapor Reynolds Number
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points and the Dittus-Boeitar correlation is well within the uncertainties of the
radiation model. A typical axial wall heat flux (total) distribution for a cosine-shaped
power distribution above the quench front is shown in figure. 6-15. The heat flux
becomes negative at higher elevations [ generally at 3.05 m (120 in.) ur above]. The
small Nusselt- numbers (points well below the Dittus-Boelter correlation) shown in

figures 6-13 and 6-14 are from results at the 3.05 m (120 in.) elevation and at times
when the heat flux approached zero. (Results for negative heat flux are not plotted in

figures 6-13 and 6-14.) Also, for low Reynolds numbers (below 10,000), figures 6-13 and

6-14 show that the Nusselt number tends to decrease as the vapor Reynolds number

increases, in contrast to conventional single-phase heat transfer correlations which
predict higher Nusselt numbers for higher Reynolds numbers. For higher Reynolds
numbers (above 20,000), the results tend to converge to the Dittus-Boelter correlation.

l

|

These observations clearly indicate the significance of the role of the droplets in
enhancing the heat transfer between the heated wall and the dispersed flow during
reflood, especially at low Reynolds numbers. At low Reynolds numbers (in the laminar

or laminar-turbulent transition regime) and without the presence of droplets, molecular

conduction would be the only means of removing heat from the hot wall surfaces. The

presence of evaporating drops may er4 hance the heat transfer by lowering the bulk

vapor temperature and flattening the vapor temperature profile, or by increasing the

turbulence level because of the slip between the droplets and vapor phase, which would

also increase the effective conductivity of the vapor phase. At high Reynoids numbers

(in the fully-developed turbulent regime), the turbulence intensity in the flow is so high

that the effects of the modified temperature profile and the additional turbulence
generated in the flow become insignificant, so that conventional single-phase
correlations generally predict the heat transfer data well, it is reasonable to assume
that, at low Reynolds numbers, the heat tr nsfer enhancement is proportional to the'

droplet number density or liquid volume fraction (or one minus the vapor void fraction).

1. Analytical investigation of the vapor temperature profile in - the presence of -
evaporating droplets was first performed by K.H. Sun, et al., " Calculations of
Combined Radiation and Convection Heat Transfer in Rod Bur dles Under
Emergency Cooling Conditions,'_' J. Heat Transfer 98,414-426 (1976).

1
l
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Figure 6-15. Typical Wall Heat Flux Axial Distribution for a
Cosine-Shaped Power Profile Heater Rod During Reflood
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Figure 6-16 illustrates the relationship between the Nusselt number and liquid volume
fraction at low to moderate Reynolds numbers. Figure 6-16 shows a definite increase in

heat transfer as the liquio volume fraction increases. The scattering of data in the
figure is due to the dependence of heat transfer on other reflood test parameters.
Correlation of the heat transfer with the test parameters is given in section 8.

From the above conriderations, it is clear that adequate reflood heat transfer modeling

must include the effects of the croplets and various radiation components. Using
information derived in this section and appendix F as boundary conditions, a predictive

dispersed flow heat transfer modelis proposed in section 7 which takes into account the

enhancement of the convective wall heat flux due to the evaporating drops and the
raoiation exchange within the rod bundle system,

6-35

_ - __



, ____

|
,

18944 156

'~

3
_

h

-

-

6

- .d
u
#

- c
O
U
t
O

T *"CO O
O a)

- o - u
i 3

O CD
- -

O
-

gc- -

O -
2 ISo c o

CD O -

y jg
- ca

$ O R) @OOz
_

. " , O QD60 g q)
#;

s E gg'i
g5 O O 00 -

g
$;O
t

053$ 0 3 3

ygg^g 00 00 % @ $ .I
a e a

s w =D ~>ed D 5 8E~

85ES OCL ] a*

Z >G
En

- LJ G 'o a
z5 0 - E9~

9p - ga
as O

- 3'
>w ug
$w *O

uI
B @O _

w_
e--

.s ; .

RO
-

$,__

EE ''

.. Q $ - 8

S"" .I
000 '

'
I l | I I I I i l I l I I O

o o o o C o O O O O C, O O O O
e M N e- o m CO N C LO V M N ""

e- e- e- *= *=

AOnN

6-36

_ _ _ _ _ _ _ _ _ _ _
__



. ___ . _ - _ __

SECTION 7
MECHANISTIC MODEL FOR DISPERSED FLOW

HEAT TRANSFER
7- 1. GENERAL

\

In section 6, dispersed flow conditions and heat transfer were evaluated using FLECHT

SEASET reflood data. This section presents a mechanistic model to predict the heat

transfer and flow properties. Because the model is strictly applicable in the dispersed
flow regime, input boundary conditions are required at the transition front. The
required input boundary conditions are obtained from information derived from section 6

and appendix F. The model was originally developed for predictions from the FLECHT

low flooding rate series cosine and skewed power profile reflood data. With minor
modifications, it was also used for the present FLECHT SEASET 161-rod bundle reflood

experiments. The model is outlined briefly in the following paragraphs, the input and
output variables are summarized, and the calculated results are compared with data.

7-2. MODEL DESCRIPTION

Details of the model have been published; only an outline of the key features is'

given here. The model is composed of two parts: a quasi-steady-state dispersed flow

model and a transient heater rod (or fuel rod) conduction model. The quasi-steady-state

dispersed flow model uses input flow conditions at the onset of dispersed flow and rod

surface temperature calculated by the transient heater rod model as boundary
conditions, and calculates dispersed flow properties and heater rod surface heat flux. (
The transient heater rod model uses input rod temperature data at the first time step as

initial conditions, and then uses tfie rod surface heat iiux calculated by the dispersed
flow model as a boundary condition to calculate the rod temperature transient at

subsequent time steps. Table 7-1 summarizes the input and output variables of the
model.

.

_._

l. Wong, S., "A Model for Dispersed Flow Heat Transfer During Reflood," Ph.D. Thesis,
Carnegie-Mellon University, Department of Nuclear Science and Engineering,1980.

2. Wong, S., and Hochreiter, L. E., "A Model for Dispersed Flow Heat Transfer During
Reflood," paper presented at the 19th National Heat Transfer Conference, Orlando,
Florida, July 27-30, 1980.
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1 AblE 7-1

SLNifviARY GF ll%PUl AND 0L1PU1 VARIABLES FOR

LISPERSED FLOW HEAL 1RANSFER NaOLEL

tv.c L e t Iriput Output

i raristerit rLL 0 Irsput tron Lata: R00 temperature transient
Lor cLLticre

n.Lcel Roc tempf ratures at the
initial tinie step as

initial coricitions

o loput trone oispersoo
flow mocel at ever)
tirne step:

Lalculatec wall heat
tiux as bounoary
CLriGilibris

G u asi-s teacy- At ever) time step, input Roo surf ace heat flux anc
state cispersec as bouncary conoition: the tollowing flow properties
flow n.occi in the oispersed flow regime:

o input from cate: orop size, crop velocity, steam
velocity, steam quality, steam

't ransition f ront elevation, temperature oistributions
ano the f ollowing quantities (three-oimensional), and
at the transition front: steam voio traction
crop size, total mass
flux, ano steam quality

o input ' rom transient roo
mocel:

Lalculatto roc at f ace

temperature as ,ouncary
cor citions for vapor
temperature fielo,

|

;

!
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The key feature of the model is the calculation of the convective heat flux from the.
rod surface to the dispersed flow. Conventionally, an empirical correlation is used to,

,

calculate this component; in the present model, a mechanistic approach is employed. A
'

three-dimensional energy balance equation is developed for the vapor temperature 4ield

in dispersed flow; effects of droplet evaporation, mixing of the newly formed vapor,,

'

and effects of radiation heat transfer are accounted for in the energy equation. ' The

vapor temperature distribution is then solvea, and the convective heat flux is computed
by the normal gradient of the vapor temperature field at the rod surface.

1
4

In the published version of the model, the calculations start at quench front. In the
present work, however, the calculations start at the transition front. Also, in the
previous version, it was determined by fitting the calculated steam quality with data
that the best overall predictions of the skewed and cosine low flooding rate- heat '

'

transfer data could be obtained by assuming the droplet velocity to be equal to the
terminal velocity and by using an input drop cize of 0.76 mm (0.03 in.). In the present

work, an alternative approach is taken. Instead of fitting calculated steam quality with
data, the droplet size at the transition front is taken to be the calculated Sauter Mean

Diameter, as described in appendix F (tables F-1 through F-6), and the droplet velocity

is calculated by the method described in paragraph F-1 (that is, the drop is being
accelerated by the drag, gravitational, and buoyancy forces). With these modifications,
predictive calculations for flow properties and heater rod temperature transitions were

performed as in the previous version, and results are presented in the following
paragraphs.<

i
7-3. RESULTS AND DATA COMPARISONS

1

Typical results of the predictive model are illustrated using run 31504. As mentioned
:

above, the previously published version of the model used an input drop size of 0.76 mm

(0.03 in.) and assumed the drop to be at terminal velocity, in the present work, drop

size at the transition front is taken to be the calculated Sauter Mean Diameter given in
table F-2, and the drops are accelerated according to equation (F-12).

4

Figures 7-1 and 7-2 show the calculated heat absorption rate by the droplets. It is seen

that the present model generally calculates a higher droplet absorption rate than the

previous model. Consequently, the steam quality calculated using the present model is

7-3
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RUN 31504
PRESSURE = 0.28 MPa (40 psia)

PE AK POWE R = 2.3 kw/m (0.7 kw/f t)
F LOODING R ATE = 24.6 mm/sec (0.97 in./sec)
INLET COOL ANT TEMPERATURE = 51 C (123* F)
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I
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@ =** " ~ %
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e / \
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PREDICTlONS:
INPUT DROP = 1.2 mm (0.047 in.) (SAUTER ME AN

-

40 -/
/ DIAMETER FROM TABLE F-2)

DROPS ACCELERATED ACCORDING TO EQUATION (F 12)
-=- INPUT DROP = 0.76 mm (0.030 in.)

DROPS AT TERMINAL VELOCITY | EQUATION (F4)|

30

~50 70 90 110 130 150 170 190 210 230

TIME (sec)

Figure 7-1. Predicted Droplet Heat Absorption Rate Between 1.83 and 2.29 m
(72 and 90 in.) Elevations
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Figure 7-2. Predicted Droplet Heat Absorption Rate Between 2.90 and 3.05 m (I14 and 120 in.) Elevations $
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higher and the calculated vapor temperature is lower, as shown in figures 7-3 through
7-5. Also, because of the higher heat transfer to the droplets,.the wall temperature
calculated with the present model is lower, as shown in figures 7-6 and 7-7. The wall..

temperature data are also shown in figures 7-3 through 7-7, for comparison.

Two majcr' uncertainties are' thought to . contribute to the. discrepancies between .

predictions and ' data. First, the droplet-vapor heat transfer and the droplet-vapor
relative velocity are not precisely known. The present work uses a larger drop size and

cal. 'stes a smaller relative velocity than the previous version. It is not'apparrot from
the cata comparisons in figures 7-3 through 7-7 which model is superior. Hence, more

work is . required, at a more deta!!ed and fundamental level, on the vapor-droplet
hydrodynamic and heat transfer interactions. Second, radiation exchange between
different roo and housing:se-faces was not. accurately calculated in either of the two'

models. It is shown in section 6 that surface-to-surface radiation could be significant,
particularly at higher elevations.

I

I

!

t

i

|
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Figure 7-3. Comparisons of Predicted Steam Quality With Data-Based Steam Quality $
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Figure 7-6. Comparisons of Predicted Wal: Temperature (Rod 8H) With Data,
1.83 m (72 in.) Elevation
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SECTION 8

HEAT TRANSFER CORRELATION

8-1. INTRODUCTION

A heat transfer correlation has been derivea based on the concept that the heat transfer

coefficient is primarily a function of the distance from the quench front,(I' and the

basis of this concept has been explained in detail. The correlation preaicts the quench
time and the heat tranfer coefficient quite well for the FLECHT cosine power tests and
the skewed power tests with the 15xl5 assembly rod bundle. However, the correlation is

i

not in dimensionless form; therefore, it is not general enough to be applicable to other

rod bundle geometries si'ch as the 17xl7 assembly rod bunale of the FLECHi SEASET
tests.

In this report, the correlation of Yeh and Lilly ( ' is reformulated in dimensionless
form and modified to provide better agreement with the data of the 15x15 FLECHT
cosine power tests and skewed power tests as well as with the data of the 17x17

| FLECHT SEASET tests.

The present correlation, like its predecessor, consists of t .o subcorrelations:

Quench correlation, which predicts the quench front elevation as a function of time--

-- Heat transfer coefficient correlation, which predicts the heat transfer cwfficient
as a function of the distance from the quench front, Z-Z

q

The heat transfer coefficient can be computed as a function of time by using the
quench correlation, which bridges the space variable Z and the time variable t.

q

|

1. Yeh, H. C., et al., "Reflood Heat Transfer Corcelation," Nucl. Tech. 46, 473 (1979).

2. Lilly, G. P., et al . "PWR FLECHT Skewed Prafile Low Flooding Rate Test Series
Evaluation Report," WCAP-9183, November 1977.

j
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8-2. QUENCH CORRELATION

The original quench corte'ation has been modified and reformutued in dimensionless

form as follows:II)

Q}in [Q + 0.5 O e
2-9t V.q, peak r |, g

i

Z

(r /
r

4t V.
qin,3 (8-1 )

b c.a q - T )i gq 1 + 50** I

(I-Tsat)o

where

Z

=(Z Q'(Z) dZ f peak g, (Z) dZ (B-2)4Q*
*0 0

linear power at elevation Z of one rod [j/sec-m (Btu /sec-f t)]O'(Z) =

quench ett ation [m (ft)]Z =
q

pe k power elevation [m(ft ]iZ =
peak

quench time at elevation Z (sec)t =
q

fl ding rate [m/sec (f t/sec)lV in =

204 C (400 F)T =
o

saturation temperature [ C ( F)]T =
sat

1. Whenever confusion is likely to occur, exponentiation is indicated by**.

8-2
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Q'(Z )q
T

(T nit- Tsat ) O'(Zpeak}init, q = '

T =
inR ladding tempera'.ure at peak power elevation at beginnng of

flood [ C ( F)]

and t pg is the quench time at the peak power elevation which is given by

t V
_q, pe k in

= 0.0028 Re (p /p )-0.262 [F g (F 2+Ft3 + F ) + Ft3 ]g t4q peak

-(Ft6 * t7) t8 (8-3)
.

where

Ft1 = exp [- 10.09 (C ATsugh, )) 6.458(10' )pf

Rel.938 ( p /pf) 0.5078 (Cg Drod/Zpeak)15/ g

-0.7 {l-exp [ .00000801 Re/(p /of)O.M) )

8
t2 = 1 + 0.5 exp [- 5.6251 (10 )(o jo,)3)F

Ft3 = 1.3 exp [- 1.652 (10-9) Re /(p /p ) * 2 ]
g

Ft4 = 17.3 exp [- 5.6251 (10 ) (p /pf) ]

exp [- 7.293(l0-9) Re /(o /0 )0.524]
9

t3 = 66203(o /o,) .2882,3,i.iF
g

-2.8 exp [- 0.000122 Re/(o /of)0.262] Fg t2

Ft6 = 1.01552 + 0.01388 CT

8-3
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|

|

1.05 exp (-0.66 - 0.59 C ) {l + 0.5/[I + 50**Ft7 T=

(2-8.l}7 (10-5) Re/(p /pf)0.262)] }g

Ft81 FtB2FtB =

0.3 + 0.7 {l - exp [-10.31(10-8) Re2 (,g/,f)0.524] }/Ft81 =

-2.9 (10- 1 I) Re3 (og/of)-0.786

exp [-9.3 (10-8) Re f(,gf,f)0.524]2

pf ATsub/hy ) + 1.333] }/ {l + 50" [- 15.75 (C g

l-0.16/[1 + 70* * 1250 (Drod/Z eak)FtB2 p=

-5.45 ] / [I + 80** (7.14 Co - 4.93)]

Z

peak Q(Z) dZ[(of/A Vf in f )hC =g

(T nit - Tsat)/ (TLe - Tsat)CT i=

3water density [kg/m3 (Ibm /f t )]=of

rod diameters [m (f t)]Drod =

2 2flow area formed by four adjacent rods [m (f t )]Af =

latent heat of evaporation [kcal/kg (Btu /lbm)]hfg =

Leider. frost temperature = 2600C (500aF)TLe =

intet sub<- "'a [0C ( F)]AT ub =s

8-4
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The rationale and the method of deriving equations (8-1) and (8-3) are as follows. In
the early FLECHT correlation,(I) the quench time was predicted only for the peak
power elevation. which is 1.83 m (72 in.) for the cosine power shape, in the later
version ( ' ) and the present version of the FLECHT correlation, since the concept of

the heat transfer coefficient h being a function of the distance from the quench front

Z-Zq was useo, it is necessary to have a correlation which is able to predict the quench

time for all elevations. Since the early FLECHT correlation predicts the quench time
at the peak power elevation quite well, it is used as a base correlation in the later and

the present versions [ec,uation (8-3)], which is denoted by t peak ; the quench time of
the other e'svations is predicted by adjusting t w th the integral of power Q aspeak

,

expressed in equation (8-1).
|

| In the above correlation, the quench time, t , is given as a function of the quench
q

elevation, Z . In practice, it is necessary to compute the quench elevation as a
9

function of timi . This can be accomplished by first computing the quench front
!

velocity, V , for a given time t by

(Z + AZ ) - Z
9 9 9

'
- (8-4)l V -

t (Z + aZ ) - t (Z )q q q q qq

| where t (Z + Z ) and tq (Z ) are the quench times aomputed from equation (8-1). Theq q q ,

quench front elevation at the time t + at is then computed by

Z (t + at) = Z (t) + V at (8-5)q q

This method of computing the quench elevation as function of time is also valid for

variable flooding rates. Note that, for the variable flooding rate case, the actual time
't is different from t .q

l. Lilly, G.P., et al., "PWR FLECHT Cosine Low Flooding Rate Test Series
Evaluation Report," WCAP-8838, March 1977.

2. Yeh, H. C., et al., "Reflood Heat Transfer Co rciation," Nucl. Tech. 46, 473 (1979).

3. Lilly, G. P., et al., "PWR FLECHT Skewed Profile Low Flooding Rate Test Series
Evaluation Report," WCAP-9183, November 1977.

8-5
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4

It is noted that the power per_ flow area is preserved in the above correlation through

the parameter C . It is also noted that through the use of the dimensionless quench-g.
time, t V gZ , the-length effect (originally f- factor ( ' ) has been taken care ofq g q

; automatically.

The above quench correlation has been compared with the data of the FLECHT SEASET

unblocked test series as well as with the data of the 15x15 FLECHT cosine power test

series and skewed power test series. In particular, the overlap runs of these three test

series have becn compared. The overlap tests are the runs which have the same test
conditions and the same total energy (the integral of power plus the stored energy)

below the peak power elevations,'so that the quench time at the peak power elevation I

is about the same. Table 8-1 lists the overlap or essentially overlapping' runs of the

three test series. Figures 8-1 through 8-3 compare the above quench correlation with

; the data of the first set o. overlap runs in Table 8-1. '

L I

i The comparisons of the other sets of the overlap runs can be found in appendlx G. All

: these comparisons show that the quench time at the peak power elevation is about the

same in each set of the overlap runs, and that the predicted quench times are in good

agreement with the data. The comparisons of nonoverlap runs are given in appendixH.

'Figures 8-4 through 8-6 compare the present correlation with previous correlations
,

end with the data. Note that the correlation of WCAP-8838 predicts only the quench

time at the peak power elevation. These comparisons indicate that the present
.,

correlation is in better r.greement with data than the previous correlations.

8-3. HEAT TRANSFER COEFFICIENT CORRELATION
,

i

As in all previous FLECHT reports, the heat transfer coefficient h is defined as

i
1

h=q / (Trod ~ sat}total
i

1. Yeh, H. C., et al., "Reflood Heat Transfer Correlation," Nucl. Tech. M, 473 (1979).
1

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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TA BLE 8-1

OVERLA P RUNS

Initial Clad inlet
Peak Power Flooding Rate 7 enperature Suticcoling Presmre Bundle

Run [kw/rn (kw/f t)] [rnm/sec (in./sec)] [oC (T)] [nc (T)] [MPa (psia)) Geonetry(a)

31203 2.3 (0.7) 38.1 (1.5) 871 (1600) 77 (140) 0.28 (40) A
03113 2.7 (0.81) 38.1 (1.5) 871 (1600) 76 (136) 0.26 (38) B
l1618 1.5(0.45) 38.1 (1.5) 881 (1618) 79 (142) 0.28 (4 | } C

30817 2.3 (0.7) 38.1 (1.5) 538 (1000) 'l40) 0.28(40) A
00?04 ( 2.8 (0.85) 37.6 (1.48) 538 (998) 7s 140) 0.28(4I) B
|1719

'

l.5(0.45) 38.1 (1.5) 538 (100l) 79 (142) 0.28(4|} C

30518 2.3 (0.7) 38.1(1.5) 260 (500) 77 (140) 0.28 (40) A
02005 2.8 (0.84) 38.4 (1.51) 274 (525) 78 (141) 0.28(40) D
12720 1.5(0.45 38.1(1.5) 762 (508) 78 (14I) 0.28(40) C

CD

L 30619 2.3 (0.7) 38.1 (1.5) 260 (500) 77 (140) 0.14 (20) A
03709 2.7(0.81) 38.1(1.5) 317 (603) 78 (141) 0.14 (20) B
i1821 1.5 (0.45) 41.7 (1.64) 263 (506) 79 (143) 0.14 (20) C

31805 2.3 (0.7) 20.3 (0.8) 871 (1600) 77 (140) 0.14 (40) A
02414 2.8 (0.84) 20.6 (0.81) 87I (1600) 77 (138) 0.14 (40) B

| 07836
34006 1.3 (0.4) 15.2 (0.6) 871 (1600) 77 (140) 0.14 (40) A

2.4 (0.76) 15.7 (0.62) 871 (1600) 78(141) 0.14 (40) H

36026 t.3(0.7) 25.4 (1) 871 (1600) 77 (140) 0.14 (40) A
05132 3.1 (0.95) 25.1 (0.99) 871 G600) 77 (140) 0.14 (40) H

32333 2.3 (0.7) 152.4 (6) 5 sec 871 (1600) 77 (It')) 0.14 (40) A
20.3 (0.8) onward

<:4516 3.1(0.95) 152.4 (6) 5 sec 871 (1600) 77 (140) 0.14 (40) H
20.3 (0.8) onward

~

n. A - 17 x 17 cosine power {
B - 15 x 15 cosine power j
C - 15 x 15 skewed power 1

,I
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where

rod total surf ace heat flux, which includes radiation and convectionq =
al

rod surf ace (cladding) temperatureT =

saturation temperatureT =

The present heat transfer coefficient correlation is divided into four parts instead of
three parts:(l)

-- Raciative Heat Transfer period

The radiative heat transfer perico exists only for the case of low initial cladaing

temperature. For low initial cladding temperature, there is practically no vapor
generation at the beginning of flood because the rods are colo at the lower
elevation. Therefore the heat transfer during this perico is essentially raciative

heat transfer.

-- Early developing period

This period extends from the end of the radiativa heat transfer period to the time
when the heat transfer reaches a quasi-steady state (figure 8-7). During this

developing perica, the heat transfer mechanism changes from the

radiation-dominated prereflood condition to single-phase steam flow. The

mechanism then changes to dispersed flow when the steam velocity becomes great

enough to carry droplets up the bundle.

$
These changes were indicated in the movies taken during the FLECHT cosine test

by the appearar' e of the first droplet. Figure 8-8 shows that the heat transfer
coef ficient started to increase at the time the first droplets were observed.

1. Yeh, H. C., et al., "Reflood Heat Transfer Correlation," Nucl. Tech. 6, 473 (1979).

2. Lilly, G. P., et al., "PWR FLECHT Cosine Low Flooding Rate Test Series
Evaluation Report," WCAP-8838, March 1977.
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Figure 8-9 sMws that the time of first ' droplets is primarily a function of flooding
,

rate. For low flooding rate, the ' dispersed - ' flow eventually becomes

quasi-s teady-state. For high flooding rate, the' heat transfer mechanism further

develops into the unstable film boiling which becomes a quasi-steady state.

Quasi-steady period.--

During this period the heat transfer is essentially in a quasi-steady state. : This;

means that the heat transfer pattern moves with the quench front; that is, the heat
,

- transfer coefficient versus the . distance from the - quench front is essentially .
i unchanged with time.

- Heat transfer coefficient above peak cladding temperature elevation

Because the situation above the peak cladding temperature' elevation is different -

from that . below the peak cladoing temperature elevation, it must' be treated -

separately. Above the peak cladding temperature elevation, the 2 steam
temperature may be greater than the cladding surface temperature, and the heat-

may be transferred from the steam to heater rods. The FLECHT definition of hest
transfer coefficient, saturation temperature equal to sink temperature, implies
that the heat transfer coefficient is negative. Below the peak cladding

,

temperature elevation, the steam temperature never becomes greater than the
,

cladding surface temperature. Therefore the heat transfer --coefficient never

becomes negative.

The transition between the. radiative heat transfer period and the developing period

occurs when-Z is equal to Zad, and the transition between the developing period andq
the quasi-steady period occurs when Z is equal to Zad * #s, where Zad and AZ,'are-q
computed from the following formulas.

;

The expression of the four-part heat transfer coefficient is as follows:

1'

.

<
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Radiative heat transfer period (Z <Zad)- q
- -

n tz r
h-h3=C 1 - exp - (8-6)

p roo r
- -

where Z is computed from the following dimensionless expression:
ad

(pC A)f AT V.
p sub in

g _5g

Sax' ad

(# ^ - sat inp rod init o
-0.234 Q Z +Z- h

max ad ad

and
2 2 236745 j/ C /m (0.215 Btu / F /f t )C =

heat capacity of a rod [j/m 0C (Btu /f t OF)](oC A) rod =p

O'(Z)
(

sat)g,(T -TT nitz += satinit

371 C (700 F)T =
g

224 C (435 F)AT =
r

heat capacity of water in a channel formeo by four adjacent roos
(oC A)f =

[j/m- C (Btu /f t- F)]

0.3496 m :1.147 f t)Z =
g

2heat transfer coefficient [j/sec- C-m (Btu /sec- F-f t )h =

1/ 1 + 70** [1-0.0133 (Z /Drod}F =
peak

lt is noted that the radiative heat transfer coefficient h given by equation (8-6) is mainly
g

due to the radiative heat exchange between the rod of interest and its neighboring
thimble and rods. Therefore, h depends on the temperature dif ference between the

g

8-20
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10ds and - the neighboring thimbles. The temperature . oifference cepends on the
pre-reflood heatup rate. For example, if the pic-reflood heatup rate is very slow, then
the radial temperature will be essentially uniform and the temperature difference
practically zero, so that h is also zero. The faster. the heatup rate, the larger theg

temperature difference and hence the larger the h .--This mechanism has been discussed
g

in great length in WCAP-7931.U) The heatup rate is proportional to the local power Q'(Z)

and is inversely proportional to the heat capacity (p C A) rod f e rod. Es leads Wp
the expression of equation (8-6).

-- Developing period (Z # < ad + aZ,)ad q

Nu = Nu [1 - exp (2.5x - 10)) + {Nu - Nu [1 - exp (2.5x - 10)]}
2

- - 2
(1 - e * - 0.9 x e * ) (8-8)

where Nu = h D /k . When Z =Za d + #s, e ea ansfer changes koni Werod q
developing period to the quasi-steady period, where AZ is computed from-

s

s 68
= 6329 (Re + 4000)- F (8-9)2 hV 8C D /kin fp e g

Other parameters are computed as follows:

Nu = Nu + 108 exp [-1.83(10-b Re/(p /p )0.262)
2 y g

exp [-0.0534 (Z - Z )/D ] (8-10)q e

Nu and Nu) are computed by first calculating hg g and h), respectively, then using the
definition of the Nusselt number as follows:

h = from equation (8-6)g

Nugah3 D /ke

1. Cadek, F. F., et al., "PWR FLECHT Final Report Supplement," WCAP-7931
October 1972.

8-21

1



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

h (T3 ef f,Z - T sat) D rod 62
v 1.21 1 - exp -3.05(10 ) Re(ogpf)

e f f,Z (8-11).

0.714 + 0.286 1 - exp (-3.05(10 ) (p /pg) * Re~
~

Nu)= h) D /ke

The other parameters in the above correlation are

i

[T. . - T ) ,

'"' "

aT ' l + 60 * * 1.08 -1.26
aT =

eff

s
-

) _
c

427 C (600 F)AT =
c

* *A
eff init eff

O'(Z )
-Tsat}Tsat+ IeffT =

e f f,Z
O'(Zpeak)

4 (Z - Z y/aZ,x =
q a

hydraulic diameter of channel formed by four adjacent rods [m (ft)]De =

3
density of water at saturation temperature [kg/m (ibm /f t )]=

of

density of steam at saturetion temperature [kg/m (Ibm /f t )]=p
g

specific heat of water at saturation temperature [j/kg- CC =
pf

(Btu /lbm- F)]

conductivity of water at saturation temperature'

k =
g

[j/sec- C-m (Btu /sec- F-ft)]

2297 w/m = 2297 j/sec-m (0.7 kw/f t)
Q' ff =

e

I '( peakG' ff,Z eff q*
e

B-22
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conductivity of steam at saturation temperaturek' =
9

'[j/sec- C-m (Btu /sec- F-f t)]

r d diameter [m (ft)]D =rod

V~Re pf in O l"f=
e

Quasi-steady period (Z >Zad + A sk--

q

Nu = Nu
2

Above peak elevation (Z > Zpeak)
--

Nu = Nu4 - 44.2 1- exp -0.00304 (Z - Zped)/D, ,

peak

equation (8-8) forwhere Nu = Nu for radiative heat transfer period, Nu =
4 g q

f r quasi-steady period.developing period, and Nu4 = Nu2

It should be noted that, in the above correlation, all expressions are in dimensionless

forms except equation (8-6), which is primarily dve to the radiation. Therefore
consistent units must be used.

Th above correlations are valid over the following range of parameters:

Pressure (P) 103 - 414 kPa (15 - 60 psia) '

Inlet suocooling (ATsub) 9 C - 78 C (16 F - 140 F)

Initial temperature (Tinit) 149 C - 1204 C (300 F - 2200 F)

Flooding rate (V;y) 1.02 - 25.4 cm/sec (0.4 - 10 in./sec)
Equivalent peak power (Q' max, eg) 0.984 - 6.56 kw/m (0.3 - 2 kw/f t) ,

where the equivalent peak power is the power equivalent to the peak power of the
FLECHT cosine power shape when the integrated power is preserved. That is,

,

,
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peak {* peak O'(Z) \
Sax,eq* ,'O

(*O
O Fl_ECHT cosine

pea

z i

. peak O'(Z) ( .z peak O'(Z) -,
_

=Q
O'( peak}dZ '(heak)dZ}

FLECHT cosinemax
-0 (0

In terms of dimensionless parameters, the above range of parameters can be written as

- eZ -

Peak
g O'(Z)dZ / (og AV in f} 0.204 'l.14-C = hf.-0 _

C = (T -Tsat) / (T ei -Tsat) 0.146 - 6.9
T init

o / of 0.000636 - 0.0036
g

(C AT /hf) '0.0165 - 0.158y SUB

V
De / "f. 4 0 - 8620Re = of n

Z /D 61 - 284peak rod

It is also noted that the dominating term in equation (8-3) of the quench correlation is

the ' first term in the expression for F The next dominating term is the brace -
B.

containing parameter C in the expression for Ftl._ The third dominating term is theg
brace containing AT in the expression for Fti. As for the heat transfer coefficientSUB
correlation, since the expressions are quite simple, nothing can be said about.
dominating terms.

Figures 8-10 through 8-12 compare the present heat transfer correlation with the data

of the first set of overlao runs (table 8-1).' The comparisons of the t,ther sets of overlap

runs can be found in appendix G. The comparisons of nonoverlap runs are in appendix-
,

H. These comparisons are in good agreement except for a few runt 4 which the quench

time prediction is slightly off..
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Figures 8-13 through 8-15 compare the present heat transfer correlation with the
previous correlations of WCAP-9183 and WCAP-8838 and the data. Again, in general
the present correlation is in better agreement with data than the previous correlations.

Comparisons of the present correlation with some of the boiling water reactor (BWR)
FLECHT data (1) and Semiscale test data (2) were also made, with reasonably good

agreement.

,

Figures.8-16 and 8-17 are typical comparisons of the Semiscale test data. In figure

8-17, the heater rod clad surface temperature rather than the heat transfer coefficient

has been compared, since the heat transfer coefficient of the Semiscale tests is-not

available. The predicted temperature in figure 8-17 was computed by using the heat.

transfer coefficient predicted from the present correlation. In Semiscale tests, the
heated length of the rod bundle is only 1.68 m (66 in.), with the peak power elevation at-

0.66 m (26 in.). That is, the power shape is slightly skewed to the bottom. The
diameter and filler material of the heater rod of Semiscale tests are the same as those
of the FLECHT tests.

Figure 8-18 shows the comparison of the heat transfer correlation with a BWR FLECHT

test that had bottom flooding only. The figure shows reasonable agreement between

the data and correlation. The test conditions are given in the figure. the BWR
FLECHT tests had a flatter cosine power shape (1.47 peak power to average) compared

with the PWR FLECHT tests. The rod diameter for the BWR FLECHT tests was also
- larger [11.45 mm (0.451 in.) versus 10.75 mm (0.423 in.) for the PWR FLECHT rod].
The BWR heater rod was MgO tilled instead of BN filled.

The listing of the computer program for the above correlation is reproduced in appenaix

1. It is recommended that the program listing be used for any calculations using this

correlation.

1. McConnell, J. W., "Effect of Geometry and Other Parameters on Bottom Flooding
Heat Transfer Associated With Nuclear Fuel Bundle Simulators," ANCR-1049,
Aerojet Nuclear Company,1972.

2. Crapo, H. S., et al., " Experimental Data Report for Semiscale Mod-l Tests 5-03-A,
S-03-B, S-03-C, and S-03-D (Reflood Heat Transfer Tests)," ANCR-NUREG-1307,
Aerojet Nuclear Company,1976.
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|

SECTION 9 |
|

CONCLUSIONS AND RECOMMENDATIONS I

The objectives of the unblocked bundle task have been achieved. Further understanding

of the reflood heat transfer mechanisms is documentec in this report and can be used
for assessing state-of-the-art prediction models. A new FLECHT-type heat transfer
correlation has been provided which c,an predict the FLECHT SEASET 17x17 cata as

well as the older FLECHT data. Detailed conclusions and recommendations are given |

belaw.

Qualitative trends of the FLECHT SEASET unblocked bundle teets are consistent with

the previous findings in the low flooding rate cosine and skewed test series. The ef fect

of bundle geometry (roa diameter ano pitch) dif ference was found to be minimal if the

scaling scheme of maintaining the same integratec power per unit flow area is met.
1
i

Increased sophistication of test hardware and instrumentation have mace possible a
significantly better understanding cf the reflooo heat transfer process. In particular,
steam temperatures measurea at several elevations in the bundle made it possible to
calculate more accurate local quality and to obtain the trend of quality changes in the

bundle.

The f ollowing items represent the significant results and accomplishments of the
present analysis of the unblocked bundle task of FLECHT SEASET:

- . The scaling logic of maintaining the same integratea power per unit flow area is
valid.

-- Local qualities at several elevations in the buncle were estimateo to show high
nonequilibrium between steam and water above the quench front.

-- A method has been developea to calculate the quality just above the quench front

using mass and energy balances below the quench front.

9-1
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.e

data obtained at movie camera locations, local two phste floponditfons (such as ' rop - ;Jfs d

size and velocity, slip ratio, and void fraction) were; calculated as a functbn ofiaxik
m- %a ,. ~

,

_ positions from the transition front (onset of dispersed flgg regime) to the bundigxit.1
.,c ..f

' ^ A
* +

E
~ A 2

Radiation heat exchange in the rod ' bundle 'syste'm was p% ,ic%ct5d - by 'a' netw'ork , gj-, g,

/
;

analysis, it was found that radiation to droplets is imjortant near the transitio'n Qont, N,.
8

and surf ace-to-surf ace radiation is important et highecelqvations. .f ifq
;' j 3

'

*
, i a

Dy subtracting the radiation component' from the total' heater rod beat' flux (calculated - N
x; ,e

from the measured heater rod temperatures by an inverse co,nduction technique), ;the .@;

I convective heat transfer component was' deduced, it w a:r .und that the convectiv'e##
~

.w

heat transfer during reflood was genero!!y higher than that which could be predicted bys
A.

4

conventional single-phase heat transfer correlations (when no dioplet evap, oration was;
Sassumed). Also, the droplet was found to play an importabrole 'in. the transfer

I enhancement in dispersed flow and the heat transfer enhancement are p'roportional to

the droplet density or droplet volume fraction (1 minus vapor voidlractionk-
w .

-, 4

Making use of the information obtained from the data ~ evaluation as boundary.
conditions, a mechanistic model was proposed to predict the two-phase flow.propertics '

and wall temperature transients in the dispersed flow regime. The droplet evaporation

transiti3q7 ron6 an,d, 'wasrate-_or heat transfer was overpredicted . near the f

underpredicted at higher elevations. As a result, the wall tempe,rature was

underpredicted at. lower clevations and was overpredicted sti higher elevations.
Continuing work to improve the droplet model is expected to give better' predictions frr
the heat transfer and wall temperature transients. (, *"
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A h5at transfer, eptrelatian 70. dimensionless form is presented in this report. The

mr, N',

correlation is basically developed from the correlation of WCAP-9183, which is based
a t M,

y3 on the theory that the heat, transfer' coefficient is primarily a function of distance fr m
,

a, ' the cuench front, cTbc present correlation is more general, since it is in dimensionless
P^ .. form and preservesgower jer tiow area. Con,parison of the correlation with the7- x

FLhCHT 15sl5 c6stne power and Seweo power data, the FLECHT SEASET 17x17 data,

the BWR FLE.CHT date,4no the Semiscale. test data shows generally good agreement.r
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As a result of ttie-datd?arpfysis Nnd evaluation effort, areas which may require in-depth
/-.,

. .,- '. -technical examiestbn are identifica. These areas are as follows:
- -( -. _ ,

W * ,~. -

N . _%^
.

9 -- Dgelopment of instruments to measure steam temperatures in relatively low
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. ~. - hUnlit(environments. This will allow the calculation of flow quality at the bundle
r s __ . -

exit which will result in more accurate bundle quality data.
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APPENDIX A
MASS STORAGE IN BUNDLE

The change of mass storage in a bundle is due to two phenomena the advance of the'

The'# 6 quenc'h front and the density change both below and above the quench front.
'j/s,

, concern here is the magnitude of mass storage change due to the second phenomenon.

The mass balance between two fixed elevations either below or above a quench front in

a bundle can be written as

Z

h~ od=Ad pdZ (A-1)
in

I

c

where ,

.

' .

mass flow rate at Zh = g

$1 mass flow rate at Zout = 2

bundle flow areaA =
,.

The right-hand side of equation (A-1) is the change of mass storage in the control
volume. Therefore it is necessary to determine the relative niagnitudes of the three

terms in eo,uation (A-1), to determine th6 importance of the storage change term.

The storage term in equation (A-1) can be rewritten for the FLECHT SEASET unblocked

bundle as
1

Z

st-*d A pdZ

i
> .

$

A-1

9



-

5

= h(A poZ) (A-2)

I
~

d(ep )
- 24 dt

where

average density in the axial interval of AZ = (Z ~ 2 Ip =
2 1

I hydrostatic pressure difference along the axial interval of AZtp =

The last relation of equation (A-2) is valid when M and op are expressed in Ib/secst
and psi, respectively.

1he available differential pressure data include the effect of mass storage,
acceleration, and friction. But if it is assumed that the components due to acceleration -

and triction are not a strong function of time,II) equation (A-2) can be modified as

d )i = 24 (A-3)

where op is a pressure drop measured by differential pressure cells. This relation can be

utilized in the comparison of the magnitudes of the terms in equation (A-1) as shown

in the following paragraphs.

Figure A-1 shows the differential pressure measurement at the interval of Z = 0.91 to

1.22 m (36 to 48 in.) as a function of time for run 31504. The curve can be divided into
three periods as indicated in the figure. As discussed in section 5, period I is the period

when the transition zone front is below Z = 0.91 m (36 in.), period 11 is the period when

the quench front is between 0.91 m (36 in.) and 1.22 m (48 in.), and period 111 is the

1. Lottus, M. J., et al.,"PWR FLECHT SEASET Unblocked Bundle, Forced and Gravity
Reflood Task Data Report," NRC/EPRl/ Westinghouse-7, June 1980.

A-2
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period when the quench front is above 1.22 m (48 in.). Therefore the mass storage
change term of concern for these purposes should be considered during periods I or III. |

The change in period 11 is predominantly af fected by the advance of the quench front.

When.the 0.91 to 1.22 m (36 to 48 in.) interval is located above the quench front, it can

be deduced from the figure that

d($). ~0-

dt max
,

a

~

Therefore, from equation (A-3), the storage term change is zero. Thus the storage
change term in this interval is negligible. The same argument also applies to oher
intervals, because the same trend was observed for the intervals.

When the interval is immersed in water,

"d(tp)' I
,

dt max ~ 1800
. .

Therefore, from equation (A-3),

hi = 5.9 g/sec (0.013 lb/sec)
st

The mass flow rate below the quench front is 367 g/sec (0.81 lb/sec) for this case. The

flow rate above the quench front at the time when the maximum change is observed is

about 336 g/sec (0.74 lb/sec).

Therefore the storage rate is only 1.6 percent of total mass flow rate below the quench

front. Since the value taken is the maximum value observed and the rates are lower in
other intervals, the accumulation rate is also negligible below the quench front.

A few more uns have been examined, as summarized in table A-1. These runs represent

a wide range of flooding rate and power. The results show that the storage change term

is relatively insignificant. Further, it must be noted that the estimation uncertainty of
the change term is very high because of the differentiation process. Therefore, the
inclusion of the storage change term does not guarantee improvement of the analysis.

A-4'
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T ABLE A-1

STORAGE RATE CHANGE

st max st max
Pressure Peak Power Flooding Rate Flooding Mass Flow Below Quench Front Above Quench Front

Run IMPa(psi)] Ikw/m (kw/f t)} [mm/sec (in./sec)} Ig/sec (th/sec)] [q/sec (th/sec)] [g/sec (Ib/sec)}

>
0 31504 0.28 (40) 2. 3 (0.7) 24.6 (0.97) 367 (0.8I) 4.5 (0.0 I) 0 (0)

34209 0.14 (20) 2.3 (0.7) 27.2 (l.07) 376 (0.83) 4.5 (0.0l) 0 (0)

31701 0.28 (40) 2.3 (0.7) 155 (6.1) 2270 (5.0) 0 (0) 0 (0)

34006 0.27 (59) 1.3 (0.4) 15.0 (0.59) 227 (0.5) 9.1 (0.02) 0 (0)

. _ _ - _ _ _ _ _ _ _ _ _ _ _ - _ _ _ - _ .
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APPENDIX B

MASS AND ENERGY BALANCE (FLEMB) RESULTS

The FLEMB results from run 31504 have been discussed in sections 4 and 5. The results
of the additional runs included in table 4-1 are provided in figures B-1 through B-28.
The local and equilibrium quality, mass effluence, and the quality transient at the 1.83
m (72 in.) elevation of each run are presented it must be noted that two quench front
qualities are provided.

The trends observed in run 31504 were generally true for the other runs, which were

conducted under various other conditiens. For all cases, the estimations of the quench

front quality are fairly good. Mass effluence estimations are in good agreement with
the data, except for the early time period (G to 20 see) of a high flooding rate test [152

mm/sec (6 in./sec)]. However, the predictions are in good agreement with the data
after 20 seconds even at this high flooding rate.

The discrepancy during the early period for the high flooding rate test can be traced to
several possible reasons:

Inadequate quench velocity data--

-- Time required to stabilize the test at the start

Instrumentation response time delay or test time delay--

|
1

i

B-1

. _ - -



'|

18944-70

LEGEND:

OUTLET
---- 3m (118 in.) ELEVATION
""" " 2.8m (110 in.) ELEVATION

1.0 --- 2.4m (94 in.) ELEVATION
,

- - 2.3m (91 in.1 ELEVATION
I,s - - 1.8m (71 in.) ELEVATION

0.8 :% ---- TOP.DOWNg,
'"'I BALANCE

b I C BOTTOM-UP
OUENCH

y 0.6 BALANCE

$ ~

- Q % . m ..% . . ~.~.~.' : - - ~.~ . _
< 0.4 - %" * -g _- . . . n. . n. . .;: . ..a .

~

"m..0.2 -

Q.O >

0.0

0 50 100 150 200 250 300 350

TIME (sec)

Figure B-1. Local Quality, Run 31203

LEGEND:

OUTLET
---- 3m (118 in.) ELEVATION
" * " 2.8m (110 in.) ELEVATION

--- 2.4 m (94 in.) E LEVATION1.0
- - 2.3m (91 in.) ELEVATION
-"- 1.8m (71 in.) ELEVATION

0.8 _ .. - QUENCH> ;
,

t- 1
' ~

* ** y..,

0.4 - %
- .x. Q ,. ... y ... ....

.
.

"N mW 0.2 -

, s-
mL A ~k/'-M. I I

0.0
0 50 100 150 200 250 300 350

TIME (sec)

Figure B-2. Equilibrium Quality, Run 31203

6-2

i
_



.
- - - - - - . .

-
. - _ _ _ _ _ ,

18944 77

1.00

$
g 0.75 -

u.

U
z 0.50
$ LEGEND:
d O EQUATION (512)

gy Q EQUATION (5-13)0.25

g 6 EQUATION (5-14)

0.00

0 50 100 150 200 250 300 350 400 450

TIME (sec)

Figure B-3. Mass Effluence, Run 31203

0.8

,% 0.6
s
$
0 0.4 -

5
3 0.2 - OUENCH TIME AT 1.83 m (72 in.) ELEVATION

u

0.0 I I

O 50 100 150 200 250 300 350

TIME (sec)

Figure B-4. Quality Transient,1.83 m (72 in.) Elevation, Run 31203
l

B-3

|
c

- _ _ - - - - _ - - _ _ _ - _ _ _ _ _



,

!

18944-71

i

LEGEND:

1.0
1

---- 3m (118 in.) ELEVATION
g ""

2.8m (110 in.) ELEVATION
> 0.8 O-i --- 2.4m (94 in.) ELEVATION
3 , ") - *

2.3m (91 in.) ELEVATION
$ \ 't
o 0.6 1 -'- 1.8m (71 in.) ELEVATION

-

---- TOP-DOWN
< g3 BALANCEo h O BOTTOM Up OUENCH

['?~

BALANCE%,,.>

[h.,.q,"'q" '. r. %.
n ' N > ~n . .- 7

,

0.2 - -

.% s %.~m. . mjs -

,

0.0 '-

0 25 50 75 100 125 150 175 200 225

TIME (sec)

Figure B-5. Local Quality, Run 31302

-

LEGEND:

OUTLET
i - - -- 3m (118 in.) ELEVATION

& C """"- 2.8m (110 in.) ELEVATION
3 0.8 --- 2.4m (94 in.) ELEVATION,.

$ 1 - - 2.3m (91 in.) ELEVATIONO
i

i

|Eg 0.6 ~* * - 1.8m (71 in.) ELEVATION--

---- OUENCHg
%>T-3

5 04 -

k 'k''\e%.,' r. . .-.s '
-

. .,

N. - ;
0.2

g .s-::: %%. T,>.- .er. ,w"
- -

.-6A
/ l\__ l I~M d." ~~%-dC0.0

0 25 50 75 100 125 150 175 200 225

TIME (sec)

Figure B-6. Equilibrium Quality, Run 31302

B-4

_..



-

18944-78

1.00
A_

hw
g 0.75 -

w2
30

d h 0.50 LEGEND:
5g O EQUATION (512)

0.25 - Q EQUATION (513)
2 A EQUATION (514)

! ! ! ! |0.00
0 50 100 150 200 250 300

TIME (sec)

Figure B-7. Mass Effluence, Run 31302

0.8

[ 0.6
a
$ QUENCH TIME AT 1.83 m (72 in.)a 0.4 - ELEVATION

2

5
3 0.2 -

'0.0
0 25 50 75 100 125 150 175 200 225

TIME (sec)

!

|

Figure B-8. Quality Transient,1.83 m (72 in.) Elevation, Run 31302

B-5
i



<

|
,

18944-72

!

LEGEND:

OUTLET

----- 3m (118 in.) E LEVATION
2.8m (110 in.) E LEVATION-

N --- 2.4m (94 in.) ELEVATION0.8 -- \> *->- *N - 2.3m (91 in.) ELEVATION
3 .,g

1.8m(71 in.) E LEVATION$ 0.6 - '\
- . . -

*

---- TOP DOWNU '-

0.4 -\ '\
*
.a
*\ BALANCE< OUENCH.

- \ O BOTTOM-UP
BALANCE-

| 0.2 -

.Q . .,% -

0.0

0 10 20 30 40 50 60 70 80 90

TIME (sec)

Figure B-9. Local Quality, Run 31701

LEGEND:

OUTLET
1.0 --- 3m (118 in.) ELEVATlON

.\ 2.8m (110 in.) E LEVATION. . . . -
> , .3
b 0.8 'I --- 2.4m (94 in.) E LEVATION

-

I - - 2.3m (91 in.) ELEVATIONy
O - - 1.8m (71 in.) E LEVATION-

! 0.6 - -- QUENCH-

|

l 2
m

'J .

5 0.4 --

O
w A

5.

4.DB" re-
0.2 4-

' ; -
- m~.,..

'

/ I N D'i T 'F^ M.T
0.0

0 10 20 W 40 50 60 70 80 90

TIME (sec)

Figure B-10. Equilibrium Quality, Run 31701
|

|

B-6

- . . - . - - . .- - . .. -. - - .- - .-- ..



I
,

18944 79

1.00 -
-

z

o 0.75

E

h 0.50 LEGEND:
3 Q EQUATION (5-12)

D .25 Q QUATION (543)0

h 6 EQUATION (5 14)

0.00

0 25 50 75 100 125 150 175 200

TIME (sec)

Figure B-11. Mass Effluence, Run 31701

0.8

> 0.6
s
<
b 0.4 -

#
8
" 0.2 -

OUENCH TIME AT 1.83 m (72in.) ELEVATION

| | } I " | |0.0 '

O 10 20 30 40 50 60 70 80

TIME (sec)

Figure B-12. Quality Transient,1.83 m (72 in.) Elevation, Run 31701

B-7

- -- . . - .. . . . . _ - . . . - . . - .-. --_ ,. . .,..



_
_ .- __,_ _

18944-73

L

LE GE ND

2 3m (91 m ) E LE V ATION- OUTLE T =* -

1 Sm (71 m $ E LE V ATION3m 1918 m - *tE V ATION - = == = = =

TOPOOru2 8m t11, m E LE V ATION --~ + - -

2 4m (94 e iILEV ATION BALA88CE--- OUENCH
O sOTTO= t*

SALANCE

1,0

* e

" a
E 's
*" %.c. -,- .3,%-. -~. - .- .wy C.n .5

.

. . .

g" NYk .-M * O,

e V*. t"
,

% s

02 -

0.0

. ,00 m ,00 . A00 .00 .00

TIME 4eec)

Figure B-13. Local Quality, Run 31805

LEGEND

OUTLET -- 2 3m t91 m l E LEV AYSON
t 8= 171 m l E LE V Af SON3m t118 m ) E LE V A TION ----

QUENCH-- 2 5m t110 m l ELEV ATION - - -

--- 2 4= 194 m I E LEVA TION

'^*
. es

k= E '7*--'U y >-08> ry . .- "~5

|"
' %. cc% ~-Q.

-,. .~

q, -

! 04 -

,, ~ % ~' _\ bY,
* s. -

\1|
0, _

LA(, |

-

..

m ,

..

/'s f I i I I3
00

0 100 200 300 400 500 000

Tut (sect

Figure B-14. Equilibrium Quality, Run 31805

B-8



18944-80

,

1.00

N 0.75 -

E
w LEGEND:

0.50 0 EQUATION (5-12)
3 Q EQUATION (5-13)
5 0.25 - O EQUATION (5-14)
:
<
2 d i I I I I I I I0.00

0 100 200 300 400 500 600 700 800 900

TIME (sec)

Figure B-15. Mass Effluence, Run 31805

1.0

0.8 -

b
3 0.6 -

!
O OUENCH TIME AT 1.83 m (72 in.) ELEVATION
N 0.4 -

u

0.2 -

0.0

0 100 200 300 400 500 600

TIME (sec)

Figure B-16. Quality Transient,1.83 m (72 in.) Elevation, Run 31805

6-9

|
- . . _ _ _ , _ _ . - _ . . _ _ _ _ . - . _ _ _ . _ _ _ _ _ . _ _ . _ - . __ _ _ - . _ ._



-__ _ _ - _ _ _ _ _ _ _ - _ _ _ _ _ _ _ ' ' - - " ' - - . _ _ . _ _ __

18944 74

LEGEND:

OUTLET
---- 3m (118 in.) ELEVATION

2.8m (110 in.) ELEV ATION
- - Am in.) EVATION

1.0 2.3m (91 in.) ELEVATION
-. 1.8m (71 in.) ELEVATION
---- TOP-DOWN

0.8 A/
* '" BALANCE.- "*

D 'll O BOTTOM-UP
.

BALANCE3 0.6 V-

O , p\ ' --% _ %
_

-

0.4 - ~ ?.~.'.7. ~ ?,- . s ,' g-

S h -... Q' -'>phgg,c.-.- - . .s,_ ,
'',

0.2 -
, ~ * ~ -

,, ,5 y G '' ~

A M., -

'

0.0

O 50 100 150 200 250 300 350

TIME (sec)

Figure B-17. Local Quality, Run 31922

LEGEND:
OUTLET

----- 3m 1118 in.) ELEVt TION
1.0

- - 2.8m (110 in.) ELEVATION

--- 2.4m (94 in.) ELEVATION*

y ,

-. 2.3m (91 in.) ELEVATION0.8 -

-.. 1.8m (71 in.) ELEVATION{ j _ _ QUENCH
<r . > --

0.6 - ~~>~5, --g

' t @M .. >s,,s ._ _ ._s (..g , ,

\

-Q. ,T.~~.
'-

% .

.,

0.2 - t..% m*g *

! ,[ %.m

/ 1% D'T'/I I -
I

,

0.0
0 50 100 150 200 250 300 350

TIME (sec)

Figure B-18. Equilibrium Quality, Run 31922

B-10

- - - - _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ __ _ _



__

18944-81

,

N 0.75 v'
_

E LEGEND:

O EQUATION (5 12)

Q EQUATION (5-13)
<

I 0.25 6 EQUATION (5-14)
A

*

N O YEH AND HOCHREITER

0.00 -~

0 100 200 300 400 500 600 100 800 900

TIME (sec)

Figure B-19. Mass Effluence, Run 31922

0.8

g 0.6

s
$
o 0.4 -

.J

6 OUENCH TIME AT 1.83 m (72 in.)
0,

_
. E LEVATION

'r

i i i I
L i !

0.0 '

O 50 100 150 200 250 300 350

TIME (sec)

Figure B-20. Quality Transient,1.83 m (72 in.) Elevation, Run 31922

1

B-11



_ _ _ _ _ _ _ _ _ _ _

18944-75

LEGEND
2 3m t91 m l E LE VATION- OUTLE T -

18m (71 m t ELEV ATION=== 3m (118 m l E LE VATION --

TOP DOWN-- 2 8m (110 in l E LEVATION --

2 4m 194 m.) E LEV ATION BALANCE~*=

OUENCH
O BOTTOM OP

BALANCE

!

10 -

08
,

> \

!* N \k b - m
! \1' K .--p% ,-______-v

,q 4 _
g- -

..

a ;____

$ N ..m W:S-SC.7 )# ~

' % .. f
0.2 -

,
,

,

0.0 L -
k

0 50 100 150 200 2% 3n0 3<,0

TIME (sec)

Figure B-21. Local Quality, Run 32013

LEGEND.

- OUTLET - - 2.3m (91 m l E LEV ATION
1 Sm (71 snJ E LEVATION3m (118 en1 E LEV ATION - . . ----

OUENCH:- 2 Sm (110 m) E LEVATION ----

2 em (94 in 1 E LEV ATION-*~

1.0

\V' \ e' ,w :w-s,_gr
- - . . w ,.

as
e se - sz
<
8 ** -

A._ gQb, '

E w ~.q%a
e 04 - ..N.. s,

e v : '4
**

0.2 - o

,g/ i,.-v'g| 1 1 I IAl /l,,

O so 100 is0 200 2s0 300 m

TIME (sec)

Figure B-22. Equilibrium Quality, Run 32013'

B-12

- - _ _ _ - . _ _ _ _ . _ _ _ _ _ _ _ _ _



__

18944 82

|
l

|

1.00 - 3
a

e o vw
0.75 -

' LEGEND:
'

0.50
O O EQUATION (5 13)

0.25 O EQUATION (5-14 ) .

O O YEH AND HOCHREITERw
g O ; ; ; ;

0.00

0 100 200 300 400 500 600

TIME (sec)

Figure B-23. Mass Effluence, Run 32013

0.8

0.6 -g

i Y
O 0.4 - OUENCH TIME AT 1.83 m

(72 in.) ELEVATION8
-

f
__

0.2 -
I

'

0.0

( 0 50 100 150 200 250 300 350

TIME (sec)

Figure B-24. Quality Transient,1.83 m (72 in.) Elevation, Run 32013

1

B-13



. . _ _ . . . _ _ . . _ . _ _ . _ . . _ _ _ _ . _ . _ _ _ _ . _ _ _ _ _ _ . . . . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ______

18944 76

LE GE ND

2 3 m (91.n I t LE V ATION- OUTLET --

18 m (71 en l E LEV AT;ON--- 3 m (118 :n ) E LE V ATION --

- 2 8 m (110 en l E LE V ATION TOP DOWN }
- - - -

--- 2 4 m (94 m.l E LEVATION BALA E

BALANCE >

$0 -

g, s

B A, f (
r

* y \ 0. . sm\

\,i\|kj hhi Gm *s| '!
*

k(+0

0 50 100 150 200 250 300 350 400

TIME (wel

Figure B-25. Local Quality, Run 34006

LEGEND

2.3 m (91 en l E LE V ATION- OUTLET --

3 m (118 en l E LEVATION -- 18 m (71 m.) E LE V ATION---

- 2 8m (110 n l E LE V ATION -- QUENCH
2 4 m (94 en.) E LE VATION-*=

3 5 m (138 m l
10 f g ..

Y f p***~
> 08 - .\ (! -''

[
*

- -( 1

0 06 - ) . ( Vh%%s
*

'

'N.[

04 - - f'

102 - g

'00

O $0 100 150 200 250 300 350 400

TIME (wel

Figure B-26. Equilibrium Quality, Run 34006

6-14

_ . _ _ _ _ . _



_. . . . .

18944-83

- .

ga0.75 -
|

e .
-
E 0.50 -

LEGEND:

0.25 O EQUATION (5-12)

h h EQUATION (513) ,

0.00 -
6 EQUATION (514)

w
= 0 YEH AND HOCHREITER

5 l ! l l l4 25

0 100 200 300 400 500 600

TIME (sec)

Figure E-27. Mass Effluence, Run 34006

0.8

OUENCH TIME AT
d 1.83m (72 in.)

,

0 0.4 -

5o i"
0.2 -

p

0.0

0 50 100 150 200 250 300 350 400 '

TIME (sec)

Figure B-28. Quality Transient,1.83 m (72 in.) Elevation, Run 34006 . . .

B-15 *

. . . . . .



. _ _ _
.

__ __ _ _ _ _ _ _ __ . _ .

APPENDIX C
INPUT AND OUTPUT SUMMARY

OF DATA EVALUATION MODELS
C-1. INPUT SUMMARY

Table C-1 summarizes the input data used in the evaluation of bundle flow conditions

and basic heat transfer components above the transition front by methods described in

section 6 and appendix F. Unless otherwise stated, the f ollowir.g schemes were also used:

-- The housinn temperature was defineo to be the average of all available
thermocouple measurements at a given elevation; housing temperatures at various

times or elevations not directly recorded were obtained by linear interpolation of
the two closest available data points.

-- Vapor temperatures at the 1.83, 2.29, 2.44, 2.82, and 3.05 m (72, 90, 96,111, and

120 in.) elevations were taken from steam probe measurements; vapor temperature

at the quench front was taken to be equal to the mean of the vapor saturation and

the average heater rod wsil temperaturg vapor temperature above the 3.05 m (120
in.) elevation was obtained by lineer extrapolation of the 2.44 and 2.82 m (96 and

!!! in.)' steam probe data; and vapor temperature at all other locations was
obtained by linear interpolation of the two closest steam probe measurements.

-- All local vapor physicai properties were evaluated at the vapor temperatures
specified above, and liquid proporties were assumed to be at saturation conditions.

Except at the transition front, steam quality was evaluated by the same method as--

vapor temperaturg steam quality below the lowest available steam probe
measurement to the transition front was obtained by linearly extrapolating data
from the next two available steam probe locations.

C-1
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TABLE C-1

SUMM ARY OF INPUT DATA FOR EV ALUATION MODELS

Input Data Source

Drop size distribution nnd velocity at FLECHT SEASET droplet

housing window locations motion movies

System pressure and thimble guide tube CATALOG code

temperature

Quench front elevation, total mass flow FLEMB code

above quench front, vapor temperature, and

quality at steam probe locations

Heater rod surface temperature and heat DATARH code

flux

Housing temperature FLUKE tape

Top of transition regime (transition front) Determined from he er

rod temperature data

(see section 5, figures

5-9 through 5-16)

C-2
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C-2. OUTPUT SUMMARY

The input data described in the previous paragraph were used in the data evaluation

models to calculate the following important information on dispersed flow properties:

-- Droplet size distribution and droplet velocity from the transition front to the

bundle exit (see appendix F).
;

-- Dispersed flow properties above the transition front such as vapor voic f raction,

slip ratio, droplet number density, droplet Weber number and Nusselt number, and

vapor Reynolds number (see appendix F and paragraph 6-4).

-- Basic heat transfer components above the transition front, which include

convective heat transfer from heater rod surface to vapor and radiative heat

exchange between heater rods, thimble guide tubes, housing wall, vapor, and
dispersed droplets (see paragraphs 6-5 and 6-6). '

/
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APPENDIX D
CALCULATION OF LOCAL QUALITY IN BUNDLE

D- 1. DERIVATION OF EQUATION

Equation (4-10) was developed in section 4 to calculate local quality in a bundle using

bundle exit quality and steam temperatures:

,
,3.66 m

,

(h - h )- O' dZZ=Z * (h - h ) Z v g ,7,
g g g g

-1- t

where

rb total mass flow rate=

h,g= liquid and vapor enthalpy
g

total of bundle and housing heat release rateO' =

per foot of elevation

X quality=

subscript for bundle exito =

Z, elevation in bundle=

This equation cannot be applied directly in the present problem because of the lack

of bundle exit quality or exit vapor temperature. A method has developed to

circumvent this difficulty it is detailed in the following paragraphs.

Figure D-1 shows instrumentation on the bundle, upper plenum, and a pipe from the

upper plenum to the orifice meter. These components can be schematically
arranged (figure D-2) to show interrelations among the components. In the flow

I

D- 1
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diagram, the known (measured) variables are rh Ty,T ,In' ,rh and T,,y y

(saturation temperature).

Mass and energy balances over the first block in figure D-2 give equation (4-10).
Equations (4-5) and (4-6) can be utilized to set up mass and energy balance over the

'lsecond block. Since no mass accumulation in the upper plenum occurred in the test, :

I
and heat release to the upper plenum wall from the fluid was negligible, the balance

equations give

. . . .

(D-1)
m , = m',i

+m +m
y

i 1

and

Xh + (1-X ) h (D-2)(1-X ) hXh + =
g g g

. .

Equation (D-2) is modified using the fact that X = m /m as foHows:g y t

.

m#
1 (D-3)g)g) = . (h -h

Xo (h
-h

vv gg

*t

A similar relation can be derived over the third block by noting that

..

m m
v #

'
12 and XX2=. 1=. . .

m +m m +m
y y

2 2 1 1

D-2
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_ "The resu} for the third block is-
~

a~. -

-,. _- _- .
,

i
., x -

- my m,

2 y
1- (h - h )= (h -h E) (D-4)

-
.

, 4 . v 1 V2 2 I l
* **

+ m +m-'; m +m1
Y2 'i #

*

2 l 1' ,
,'.e .

~.
.--

-'
..

. . . .

.nl
,1 ; i n ' y h 2

4- m +m' ~ I :V i (D-5)V
s ~,

,

.-
-

.

From equations (D-4) and (D-5),

'l
. ,' . .

v (h -h )= m (h -h )m
2 *2 "2 *1 *!' 'l (D-6)

-

'\
.%

Manipulating equations .(0-1), (D-2), end (D-6) gives

s

,.

I ,(h -h )tr
, y, v 1

2 2
- Xo (h -h g) = '~N (D-7)v

.g

, *t
m

~ s

's1
.

r /- . -

'

Equation (D-7) can be substituted into equation (4-10) to givex

|

\! .

A ; hv (h -h ) \; 2 3.66 m'

X(Z) = (b - h T O'dZ (D-8)
--

s . .v z Zs u. m m

This equation makes it possible to calculate local qualities in the bundle where steam

temperatures are known from the information on two-phase flow at the housing exit.

D-5
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D-2. STEAM PROBE LOCATIONS USED FOR ANALYSES .
~

|

Steam probes were installed in the bundle as indicated in figure D-1. It was found that

the steam probes which were aspirated through the bottom of the bundle were not
Therefore, these probe measurements were - notproviding valid steam temperatures.

considered in the present analyses. Some of the steam probes aspirated through the top

of the bundle also showed early. quenching. The data from the probes which quenched

were not used either. From the consideration of data validity, five ' steam probe
Thelocations were selected where reasonable steam temperatures were measured.

locations and rumber of steam probes used in the present analyses are shown in table

D- l .

TABLE D-1

STEAM PROBES USED IN PRESENT ANALYSES

11

Elevation Radial

Channel [m (in.)] Location

185 1.83 (72) 71

192 2.29 (90) 1O!

194 2.44 (96) 10L

195 2.82 (111) 10C

196 2.82 (I I I) 13F

5 197 3.05 (120) 7C

198 3.05 (l20) 131

D-3. MODIFICATION OF STEAM PROBE MEASUREMENTS

Several steam probe measurements showed quenching pulses [ figure D-3(a)]. Apparently

the downward pulses did not represent real steam temperatures. Therefore, the
measurements were modified to remove such pulses. A typical result of such a
modification is shown in figure D-3(b).

D-6
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Figure D-3. Modification of Steam Probe Measurements
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APPENDIX E
ANALYSIS OF FLECHT SEASET DROPLET MOVIE DAT/.

E- 1. INTRODUCTION

Information is needed on the density and size distribution of droplets entrained in the

flow to provide a calculation of heat t.ransfer in the region of dispersec flow shead of
the quench front during reflood conditions. In addition, information on the droplet
velocity is also of considerable importance in modeling the dispersed flow heat
transfer. At present, systematic measurements of drop size and velocity distribution

under reflood conditions in rod bundles are almost nonexistent.

In the 161-rod unblocked bundle task, high-speed black-and-white motion pictures were

taken through the housing windows for some test runs. The results have been reported

in the data report. Further analysis of the drop size spectra and the velocity
distribution is provided in this appendix, and the results obtained are summarized.N

E-2. METHOD OF MEASUREMENT

Movie film was projected onto a fine-scale graph paper attached to the wall. A
Lafayette Analyst Model D projector, which has frame-by-frame stop control and other

features, was used. The window and rods were traced on the graph paper.
Measurements of the rod and window diameters were taken and recorded on the graph
paper. They were used to calculate the scale factor between the real dimension and

the measured dimension. Any clear, distinct droplets observed were traced on the
graph paper directly. Among these traced droplets, those which could be seen to travel

a considerable distance within the gap were considered for droplet velocity

calculation. They were identified with numbers and their initial and final positions
were traced. The number of frames between the initial ud final positions was also

i

1. Thanks are due to Y. Y. Hsu of NRC-RSR, and R. Simeneau and E. Walker of I
'NASA Lewis Research Center for providing their expertise in analysis of the

high-speed rod bundle movie.
|

|
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recorded. This was facilitated by the frame-by-frame stop control of the projector, |

without which the droplet velocity . calculation would have been difficult. The' |

small-scale graph paper used'(readable to 1 0.5 mm) cnabled direct measurement of

drop size and distance travelled.
.

Prints from the movie films were made and are shown in figures E-1 and E-2.

E-3. DATA REDUCTION

The drop' diameter and distance travelled'were measurea directly' from the graph paper
and recorcied in tabular form. To obtain the real drop diameter as well as distance

travelled, a scale factor was needed.

Since the real dimensions of the window and the rod diameter were known, either the

ratio of 'he measured window diameter to the real window diameter or that of the
measured rod diameter to the real rod diameter could be used as the scale factor.

Because the window diameter was larger than the rod diameter and the window had less

susceptibility to optical illusion, the window diameter ratio was preferred. It was found
later that the window diameter ratios (defined as measured diameter divided by actual

diameter) were always less than the rod diameter ratios. The difference was about 17

percent for the 0.91 m (36 in.) elevation movies and between 30 and 50 percent for the
2.74 m (108 in.) elevation movies. No comparison could be made for the 1.83 m (72 in.)

elevation movies because the window perimeter was not visible in those movies. It was

suspected that the 17-percent difference in the ratios for the 0.91 m (36 in.) elevation

movies was caused by the slight rod misalignment or by optical illusion, which resulted

[ in the larger rod diameter seen in the movies. Most of the 2.74 m (108 in.) elevation
movies did not show a completely clear window, and the window diameter had to be
estimated roughly. It was suspected that the window diameter was underestimated and

the result was a larger difference between the two ratios. It was then decided that the

window diameter ratio would be used for 0.91 m (36 in.) elevation movies and the rod
diameter ratio with a 17-percent reduction would be used for both the 1.83 m (72 in.)

and the 2.74 m (108 in.) elevation movies.

,

E -2
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The real drop diameter and drop velocity were calculated accordingly, using the
following simple relationships:

Dm
(E-1)Dr =p

f

WX
WX *

r SF

Wt= (E-3)

WX
V= X 10 ~ (E-4)wt

where

' real drop diameter (mm)D =r
measured drop diameter (mm)D =

m
real distance traveled (mm)WX =

r
, .ed (mm)measured distance ttWX *=

scale factor (measured diameter divided'by actual dimension)S =f
time interval for the drop to travel the distance WX (sec)at =

r

number of movie frames taken during the interval WtN =

film speed (frames /sec)F =

drop velocity (m/sec)V =

E-4. RESULTS AND ANALYSIS

Drop diameter frequency distributions, in the form of histograms, were obtained. They

are tabulated in table E-1 and sketched in figures E-3 through E-20. From the

summary of continuous distributions in Hahn and Shapiro, the log-normal distribution

seemed to be the best choice to represent the drop diameter distribution. To test the

appropriateness of the log-normal distribution for representing the drop diameter data,

l. Hahn, G. J., and Shapiro, S. S., Statistical Models in Engineering, John Wiley and
Sons, Inc., New York,1967.

E-11
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a series of probability plottings were made. These plots are shown in figures E-21
through E-M. In these figures, the- common logarithm of measured drop diameter
instead of the natural logarithm of real drop diameter was used. Although some data
reduction work was saved, the linearity of the curves was still preserved. This
probability plotting technique was found to be very simple and convenient to use. If
the assumed distribution model is correct, the plotted points will tend to fall in a
straight line. If the model is inadequate, the plot will not be linear and the extent and

type of departure can be observed. The underlying principle is described in Hahn and
Shapiro.

It should be mentioned that many droplets were seen in the 1.83 m (72 in.) elevation
movies of runs 30921 and 32333. These movies were divided into several segments, and

drop diameter distributions were obtained for each individual segment as well as for

the whole film. They are shown in table E-1 and figures E-4 through E-7 and E-17
through E-19 where A, B, and C after the run number refer to the different individual

film segments and " total" refers to the whole movie. The plots show that the drop
diameter distributions of the different film segments of the same movie agree quite
well with one another.

With few exceptions, most of the probability plottings appear to be quite linear. This
suggests that the log-normal distribution may be an appropriate representation for the
drop eize distribu' ion. As a result, the lon-normal distribution was used.

The following paragraphs describe briefly the log-normal distribution and explain how

the parameters of the distribution were estimated from the drop diameter data.

The probability density function, f(x), for log-normal distribution is given by

f(x) = (x-c) /li exp
- - J

n + In (x-c) (E-5)-

L

for x ,> c ; n > o ; - . < y < + .
_

where c,y,and n are the parameters characterizing the distribution, with c the lower
bound on the ranoom variable x and

E-12
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DROPLET DIAMETER

Run 30518 Quench front - information not Total drops - 334
available

Elevation - 1.03 m (72 in.) Time - information not available

Diameter Range [mm (in.)] Number of Drops Percentage of Total

0.11-0.32 (0.004-0.0 L 3) 0.5 0.15

0.32-0.52 (0.013-0.020) 31.5 9.43

0.52-0.73 (0.020-0.029) 95.5 28.59

0.73-0.94 (0.029-0.037) 88.5 26.50

0.94-1.15 (0.037-0.045) 62.5 18.7l

1.15-1.36 (0.045-0.054) 28.5 8.53

I .36-I .57 (0.054-0.062) 14.0 4.I9

1.57-1.78 (0.062-0.070) 8.5 2.54

1.78-1.99 (0.070-0.078) 3.0 0.90

1.99-2.20 (0.078-0.087) 1.5 0.45

f Run 3092i A Quench front - 0.38 m (14.9 in.) Total drops - 562

Elevation - 1.83 m (72 in.) Time - 20-26 see

Diameter Range [mm (in.)] Number of Drops Percentage of Total

0.29-0.49 (0.0 I I-0.019) iI I.96

0.49-0.68 (0.019-0.027) 146.5 26.07

0.68-0.88 (0.027-0.035) I93.5 34.43

0.88-0.07 (0.035-0.042) 102.5 18.24

1.07-0.27 (0.042-0.050) 51.5 9. I 6

1.27-0.46 (0.050-0.057) 29 5.16

I.46-0.66 (0.057-0.065) 15 2.67

1.66-0.05 (0.065-0.073) 8 1.42

1.85-0.05 (0.073-0.08I) 4 0.71

2.05-0.24 (0.081-0.088) 0.5 0.09

2.24-2.44 (0.088-0.096) 0.5 0.09

!
!



o

BLE E-l
i

@EGUENCY DIS 7 RIBUTION

Run 30921B Quench front - 0.38 m (14.y in.) Total drops - 641

Elevation - 1.83 m (72 in.) Time - 20-26 see

Diameter [mm (in.)] Number of Drops Percentage of Total

Os2 7-0.44 (0.011-0.017) 1.5 0.23

0.44-0.62 (0.017-0.024) 93.5 14.59

0.62-0.79 (0.024-0.03I) 237 36.97

0.79-0.97 (0.031-0.038) 177 27.61

0.97 . 15 (0.038-0.045) 79.5 12.40

1.15-l.32 (0.045-0.052) 31 4.84

1.32-1.50 (0.052-0.059) i1 1.72

1.50-1.68 (0.059-0.066) 6 0.94

1.68-l.85 (0.066-0.073) 3.5 0.55

1.85-2.03 (0.073-0.080) 1 0.16

Run 30921C Quench front - 0.38 m (14.9 in.) Total drops - 836

Elevation - 1.8 m (72 in.) Tine - 20-26 sec
_

Diameter [mm (in.)] Number of Drops Percentage of Total

0.25-0.42 (0.0098-0.017) 7.5 0.90

0.42-0.59 (0.017-0.023) 89.5 10.71

0.59-0.76 (0.023-0.030) 260 31.10

0.76-0.93 (0.030-0.037) 223 26.67

0.93-l.10 (0.037-0.043) 132 15.79

1.10-1.26 (0.043-0.050) 77 9.21

1.26-1.43 (0.050-0.056) 30 3.59

1.43-1.60 (0.056-0.063) 10 1.20

1.60-1.77 (0.063-0.070) 2.5 0.30

1.77-1.94 (0.070-0.076) 3.5 0.42

1.94-2.11 (0.076-0.083) 1 0.12

P E-13
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TABL(

l - DROPLET DIAMETER C

I

Run 30921 (Total) Quench front - information not Total drops - 2039
available

Elevation - 1.83 m (72 in.) Time - 20-26 sec

Diameter Range [mm (in.)] Number of Drops Percentage of Total

0.27-0.45 (0.011-0.018) 20 0.98

0.45-0.63 (0.0 ' B-0.025) 329.5 16.16

0.63-b.81 (0.025-0.032) 690.5 33.86

0.81-6.99 (0.032-0.039) 502.5 24.64

0.99-0.I7 (0.039-0.046) 263 12.90

1.17-1.35 (0.046-0.053) 137 6.72

1.35-1.52 (0.053-0.060) 56 2.75

1.52-1.70 (0.060-0.067) 24 1.18

1.70-1.88 (0.067-0.074) 10 0.49

1.88-2.06 (0.074-0.081) 5 0.25

a.nt, 7.7 A (0.08 l-n.n RR) 1.5 0.07

\ -

.

I Run 31504 Quench f ront - 1.53 m (60.1 in.) Total drops - 101

Elevation - 1.83 m (72 in.) Time - 200-206 sec

Diameter Range [mm (in.)] Number of Drops Percentage of Total

0.20-0.33 (0.079-0.013) 2 1.98

0.33-0.47 (0.013-0.019) 17 16.83

0.47-U.60 (0.019-0.024) 16.5 16.34

0.60-0.73 (0.024-0.029) 14 13.86

0.73-0.87 (0.029-0.034) 16 15.84

0.87-0.99 (0.034-0.039) 10.5 10.40

0.99-0.13 (0.039-0.044) 10 9.90-

1.13-1.27 (0.044-0.050) 3 2.97

1.27-l.40 (0.050-0.055) 4 3.96

1.40-1.53 (0.055-0.060) 1 0.99

1.53-1.66 (0.060-0.065) 1 0.99

1.66-l.80 (0.065-0.07I) 3 2.97

1.80-1.93 (0.071-0.076) 2.5 2.40

I.93-2.06 (0.076-0.08i) 0.5 0.50

|
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f-l (Cont)
<

EGUENCY DISTRIBUTION
-

i.

Run 31701 Quench front - 0.75 m (29.4 in.) Total drops - 153

Elsvation - 0.91 m (36 in.) Time - 2-9 see

Diameter [mm (in.)] Number of Drops Percentage of Total

0.41-0.68 (0.016-0.027) 6 3.92

0.68-0.95 (0.027-0.037) 43.5 28.43

0.95-1.23 (0.037-0.048) 44 28.76

1.23-1.50 (0.048-0.059) 32 20.92

1.50-1.77 (0.059-0.070) 12 7.84

1.77-2.04 (0.079-0.080) 8 5.23

2.04-2.32 (0.080-0.091) 4 2.61

2.32-2.59 (0.091-0.102) 3 1.96

2.59-2.86 (O.102-0. I 13) 0.5 0.33

Run 31701 Quench front - 0.40 m (15.6 in.) Total drops - 108

Elevation - 2.74 m (108 in.) Time - I-8 see

Diameter [mm (in.)] Number of Drops Percentage of Total

0.31-0.5I (0.012-0.020) 5 4.63

0.51-0.72 (0.020-0.028) 25 23.15

0.72-0.92 (0.028-0.036) 31.5 29.I7

0.92-1.13 (0.036-0.044) 28.5 26.39

1.l3-1.33 (0.044-0.052) 9.5 8.80

1.33-1.54 (0.052-0.061) 3 2.78

1.54-1.74 (0.061-0.069) 2.5 2.31

1.74-1.95 (0.069-0.077) 3 2.78

E-15
t
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TABLE E-
1

DROPLET DIAMETER FRE(

Hun 31805 Guench f rent - 0.4 2 n. (15.6 in.) T otal drops - 32

L levation - 0.91 m (36 in.) T ime - 10-16 see

I)ian eter F' anoe [mm (in.)] Numtier of Drops Percentage of Totr

0.46-0.76 (0.018-0.030) 8.5 26.56

(1.76-1117 (0.030-0.042) 21.5 67.19

I.07-1.37 (0.042-0.054) 2 6.25

_

l<on 5111(15 Quench f ront - 0.42 m (15.6 in.) T otal crops - 12

I levat n.n - 1.H 3 n (72 in.) l ime - 10-16 see,

i

I han.et er Rance In rn (in.)] Nun 1ber of Drops Percer tage of Tot;

11.34-0.5 7 (0.013-0.022) 1 8.33

0.5 7-0.f'O (0.022-0.031) 2.5 20.83

0.00-1113 (0.031-0.041) 6 $ 0.00

1.03-1.26 (0.041-0.050) 2.5 20.83

\

l

-
.-
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f
' _

!
(Cont)

\,

JUENCY DISTRIBUTION
l.

P un 32114 Quench f ront - 0.21 m (8.2 in.) 1otal drops - 346

Elevation - 2.74 m (108 in.) T ime - 20-30 see

Diameter [mm (in.)] Nurober of Drops Percentage of l otal

L_ -

0.43-0.60 (0.017-0.024) 23.5 6.79

0.60-0.77 (0.024-0.030) 71 20.52

0.77-0.95 (0.030-0.037) I i 7.5 33.96

0.9 5- t . I 2 (0.037-0.044) 76.5 22.11

1.12-1.29 (0.044-0.051) 31 8.96

1.29-l.46 (0.051-0.057) 15 4.34

1.46-1.63 (0.057-0.064) 4.5 1.30

I .63- I .80 (0.064-0.07I) 4.0 I .1 t>

1.80-1.98 (0.07 |-0.07 8) 1 0.29 ,

l.98-2.15 (0.078-0.085) 2 0.58

Run 32114 Quench f ront - 0.18 m (7.2 in.) T otal drops - 316
,

Elevation - 0.91 m (36 in.) Time - 18-24 sec
L

il Diameter [mm (in.)] Jun her of Drops Percentage of 1 otal

__

0.41-0.69 (0.016-0.027) $ 5.5 17.56

0.69-0.96 (0.027-0.038) 107.5 34.02

0.96-I.24 (0.038-0.049) $ 3.5 16.93

1.24-1.51 (0.049-0.059) 35 11.08

1.51-I.79 (0.059-0.070) 29 9.IB

1.79-2.06 (0.070-0.08I) i 1.5 3.16

2.06-2.34 (0.081-0.092) 10 3.20

2.34-2.61 (0.092-0.103) 8 2.5 )

2.6l-2.89 (0.103-0.114) 1 0.32

2.89-3.16 (0.114-0.I24) 1 0.32

1.16-3.44 (0.124-0.I35) 1 0.32

3.44-3.7I (O. I 35-0. I 46) 2 0.63

3.7l-3.99 (O.146-0.157) ! 0.32

E-17
1

|
1

L
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TA BLE

DROPLET DIAMETER EF

Hun 32235 Quench f ront - 0.20 m (8.0 in.) Total drops - 53

L |evation - 0.9 I m (36 in.) T ime - 0-6 see

Diarpeter Rance [mm (in.)] Nurrber of Drops Percentage

0.46-0.77 (0.018-0.030) 13 24.5

0.7 7-1 D 7 (0.030-0.042) 15 28.3

1.07-1.38 (0.042-0.054) .I 20.7:

1.38-l.69 (0.054-0.067) 3 5.6:

I.69-1.99 (0.067-0.078) 5 9.4'

l.99-2.30 (0.078-0.091) 3 5.6

2.30-2.61 (0.091-0.103) 3 5.6i;
i

Hun 32235 Quench f ront - 0.16 m (6.2 in.) Total drops - 79

I levat son - 0.9 I m (36 in.) T ime - 0-6 see

I)iarveter H ..ae (rom (in.)] Nun her of Orops Percentage c

U.4 7-0.7 9 (0.019-0.03I) 6.5 8.2

0.79-1.II (0.031-0.044) 31.5 39.8

1. l l- l .4 2 (0.044-0.056) 20 25.3

1.42-I.74 (0.056-0.069) I2 15.l'

I.74-2.05 (0.069-0.08I) 4.5 5.7

2.0'> - 2. 3 7 (0.0fs !-0.093 ) 3 3.8

2.37-3.0 0 (0.093-0.118) 1.5 1.9

9
!
I

4
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f-l (Cont)

EGUENCY DISTRIBUTION

l

i Run 32333A Quench front - 0.92 m (36.2 in.) T otal deops - 706

Elevation - 2.74 m (108 in.) Time - 50-61 sec

) Total Diameter [mm (in.)] Number of Drops Percentage of Total

0.32-0.53 (0.013-0.021) 1.5 0.21

0.53-0.74 (0.021-0.029) 36.5 5.17

0.74-0.96 (0.029-0.038) 220.5 31.23

0.96-1.17 (0.038-0.046) 265 37.54

1.17-l.38 (0.046-0.054) 132.5 18.77

1.38-l.59 (0.054-0.063) 38.5 5.45 e

1.59-1.81 (0.063-0.071) 9.5 1.35

1.8l-2.02 (0.07 |-0.080) 1 0.14 '

2.02-2.23 (0.080-0.088) 1 0.14

Run 32333B Ouench front - 0.92 m (36.2 in.) Total drops - 76t1

Elevation - 2.74 m (108 in.) Time - 50-61 sec

) T otal Diameter [mm (in.)] Number of Drops Percentage of lotal

0.28-0.46 (0.0 I l-0.018) 0.5 0.07

0.46-0.65 (0.018-0.026) 80 10.42

0.65-0.83 (0.026-0.033) 239 31.12

0.03-1.02 (0.033-0.040) 220.5 28.7i

I.02-1.20 (0.040-0.047) 142 18.49

1.20-1.39 (0.047-0.055) 54.5 7.10

1.39-l.58 (0.055-0.062) 20.5 2.67

1.58-l.76 (0.062-01 s9; 8.5 1.1|

| .76- 1.95 (0.069-0.07 b 2.5 0.33

E-19

L
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TABLE

DROPLET DIAMETER FF

Run 32333 (Total) Quench f ront - 0.92 m (36.2 in.) Total drops - 1472

I levt: tion - 2.74 m (108 in.) T ime - 50-60 see

Iliamet er R ange [mm (in.)] Number of Drops Percentage of '

0.30-0.49 (0.012-0.019) 2 0.I4

0.49-0.69 (0.019-0.027) i I 6.5 7.90

f 0.69-0.89 (0.027-0.035) 459.5 31.17

| 0.89- 1 J19 (0.035-0.043) 485.5 32.94

1.09-1.29 (0.043-0.05I) 274.5 18.62

1.29-1A8 (0.0 5 |-0.0 5 8) 93 6.31

1.48-1.68 (0.058-0.066) 30 2.04

1.68-l.88 (0.066-0.074) 9.5 0.64

l.88-2.08 (0.074-0.082) 3.5 0.33

s

8

L
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-1 (Cont)

:QUENCY DISTRIBUTION

Run 34524 Quench f ront - 0.26 m (10.2 in.) T otal drops - 330

Elevation - 2.74 m (108 in.) T ime - 0-24 see

ntal Diameter [mm (in.)] Number of Drops Percentage of Total

0.29-0.48 (0.011-0.019) 3 0.91

0.48-0.67 (0.019-0.026) i2 3.64

f0.67-0.86 (0.026-0.034) 46 13.94

0.86-1.05 (0.034-0.04I) 62 18.79

1.05-l.25 (0.041-0.049) 72 21.82

!.25-I.44 (0.049-0.057) 58.5 17.73

1.44-1.63 (0.057-0.064) 37 11.2I

l .6 3-I .8 2 (0.064-0.072) 18.5 5.6 I

I.82-2.01 (0.072-0.079) 12.5 3.79

2.01-2.20 (0.079-0.087) 4.5 1.36

2.20-2.39 (0.087-0.094) 2 0.6 |

2.78-2.97 (0.109-0.I17) 2 0.6 I
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Figure E-25. Log-Normal Distribution Probability Plot, Run 30921 (Total)
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Figure E-26. Log-Normal Distribution Probability Plot, Run 31504
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Figure E-27. Log-Normal Distribution Probability Plot, Run 31701, 0.91 m
(36 in.) Elevation
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Figure E-28. Log-Normal Distribution Probability Plot, Run 33 701, 2.74 m
(108 in.) Elevation
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Figure E-29. Leg-Normal Distribution Probability Plot, Run 32114, 0.91 m
(36 in.) Elevation
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Figure E-30. Log-Normal Distribution Probability Plot, Run 32114, 2.74 m
(108 in.) Elevation
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Figure E-31. Log-Normal Distribution Probability Plot, Run 32235
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| Figure E-32. Log-Normal Distribution Drobability Plot, Run 32333, 0.91 m
! (36 in.) Elevation
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Figure E-33. Log-Normal Distribution Probability Plot, Run 2333A, 2.74 m
(108 in.) Elevation
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Figure E-34. Log-Normal Distribution Probability Plot, Run 323338, 2.74 m
(108 in.) Elevation
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Figure E-35. - Log-Normal Distribution Probability Plot, Run 32333 (Total),
2.74 m (108 in.) Elevation
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Figure E-36. Log-Normal Distribution Probability Plot, Run 34524 |

E-39

|
- - - . - _ . . _ _ _ - _ _ _ _ . - _ _ _ - _ _ - - _ _ - - _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ - _ - _ _ - _ . _ _. .



..
I f(x) dx = 1 (E-6)
.I c

1

in the droplet diametcr distribution, x corresponds to the drop diameter and f(x) is the 1

)

percent droplet per unit drop diameter at drop diameter x. The variable c was chosen
to be zero for all the cases considered. Parameters y and n were estimated from the

!droplet data by using the following formulas:
I

"
i I in (x . - c) (E-7)

u = " i= 1 '

n- -2 -n - 2' 1/2
n I In (x.- c) - : In (x;-c)

J i"1 I*I
S= -

[ (E-8)
I o(n-1)

y={with n = and

where

total number of dropsn =

drop diameterx; =

Parameters obtained wi'.h the above formulas were used to generate the log-normal

distribution. As shown in figures E-3 through E-20, the log-normal distribution
represents the drop diameter distribution fairly well. The estimated parameters (y, n)

of the log-normal distribution are summarized in table E-2.

Drop velocity distributions were also obtained from the movies. They are tabulateo in

table E-3 and plotted in figures E-37 through E-49.

Information on run conditions, time of movie, mean drop diameter, total number of

drops, and quench front elevation is summarized in table E-4.

E-40
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TABLE E-2

ESTIMATED PARAMETERS FOR LOG-NORMAL DISTRIBUTION

Elevation
Run [m (in.)] S y y

'
30518 1.83 (72) -0.19655 0.36081 2.77153 0.54474
30921 A 1.83 (72) -0.19185 0.31369 3.18790 0.61159
309218 1.83 (72) -0.22709 0.26157 3.82307 0.86819
30921C 1.83 (72) -0.21413 0.28629 3.49295 0.74794
30921T 1.83 (72) -0.20457 0.29107 3.43560 0.70281
31504 1.83 (72) -0.32740 0.44155 2.26475 0.74148
31701 0.91 (36) 0.12270 0.33120 3.01936 -0.37047
31701 2.74 (108) -0.14903 0.32491 3.07774 0.n5868
31805 0.91 (36) -0.18088 0.20520 4.87325 0.88146
31805 1.83 (72) -0.16237 0.26129 3.82718 0.62143
32114 0.91 (36) 0.02170 0.44162 2.26439 -0.04914
32114 2.74 (108) -0.11898 0.26529 3.76952 0.44850
32235 0.91 (36) 0.09525 0.43740- 2.28622 -0.17204
32333 0.91 (36) .0.15665 0.33033 3.02726 -0.47422
32333A 2.74 (108) 0.02338 0.21460 4.65992 -0.10896
32333B 2.74 (108) -0.12096 0.25847 3.86889 0.46799
32333T 2.74 (108) -0.08385 0.23880 4.18750 0.35112
34524 2.74 (108) 0.13332 0.32169 3.10862 -0.41448

l

|

I

E-41
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T ABLE E-3

DROPLET VELOCITY VERSUS DROPLET DIAMETER

RUN 30$18 ELEVATIONa 1.83 to Fil
ilME I$EC = NOT AVAILABLE

NO. DIAMETEk VELDCITf
MM IN M/S F t/s

1 .7F .0304 4.17 13.67
2 71 0281 3.36 11.02
3 .SF 0226 2.93 9.60
4 .S7 0226 3.87 12.F1
S .77 0304 2. 9 S 9.07
6 .77 0304 4.34 14.24
7 .67 0263 4.72 15.47 .

8 .87 .0341 2.88 9.44
9 .77 0304 2.46 8.06

10 ..S7 0226 S.17 16.97
11 67 .0263 2.78 9.14
12 96 .0378 2.86 9.37

p3 13 96 0378 2.48 8.14
s 14 .S7 0226 3.86 12.67
[$ 15 .53 .0207 3.00 9.83

16 .67 .0263 2.61 e.S6
17 .S7 .0226 S.23 1F.16
16 1.35 .0530 2.00 6.56
19 1.10 .0433 3.02 9.90
20 .AF .0341 1.71 S.60
21 57 .0226 3.42 11.21
22 1.3S .0330 3.04 4 . 88
23 .77 .0304 3.42 11.21
24 1 15 .04St 2.4S 8.02
25 .77 0104 1.91 6.26
26 . 77 0104 1.80 S.91
2F .67 0263 2.98 9.F9
28 .67 0263 2.69 8.83
29 . 71 .0281 2.98 9. F9
30 . 71 .0281 3.78 12.40
11 1.0$ .041S 2.94 9.64
12 .96 . 0378 2.90 9.52
33 . 71 .0281 2.11 7. $ 6
34 .71 .0281 3.12- 10.40
35 96 .0378 2.07 0. F 9
36 7F 0304 2.23 F.33
37 . 71 0281 2.67 8. FS
38 87 .0341 1.98 6.49
39 .71 0281 2.14 F. 0 3

. - _ _ _ - - - - - _ - _ _ _
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TABLE E-3 (Cont)

:

DROPLET VELOCITY VERSUS DROPLET DIAMETER
.

40 1.0s .0415 3.98 13.0S
41 .77 0304 2.95 9.67
42 .67 .0263 2.73 6.44
43 .62 .0244 3.87 12.71
44 91 .03S9 2.76 9.06-
45 87 .0341 2.55 s.37
46 57 .0226 2.S5 9.37,

47 .57 .0226 2.80 9.17
48 19 .0152 1.29 4.22
49 1.10 04!1 2.04 6.6b
SO 62 .0244 1.37 4.49
S1 . 71 0241 3.10 10.t1 F+

S2 1.49 . 056S 3 40 14.17
*53 77 .0304 4.07 13.36,

' $4 77 0304 4.27 14.01-
SS l.35 0530 3.69 12.09>

56 67 .0263 3.16 10.36
S7 1 17 .0461 3.66 12.02

SI S8 1.08 .0424 3.42 !!.21

($ S9 73 0286 4.12 13.51
60 .78 0309 3.01 12.51
61 78 0309 2.73 d.94
62 92 .0364 4.34 14.24

'

63 73 .0286 4.69 15.39
64 '.73 02nA 2.78 9 .11 4

i

e

i

4
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TABLE E-3 (Cont)

DROPLET VELOCITY VERSUS DROPLET DIAMETER

RUN 30921 ELEW4 TION = 1.o) 16 FilTIMt 15Ec le 20-26

NO. DIAMETER VELOCITY
nM IN MF5 FI/5

1 1.22 .0479 7.69 25.22
2 .69 .0272 S.43 17.81
3 96 . 0378 S.09 16.70
4 78 40309 6.01 19.73
5 .87 .0341 S.51 16.06
6 .87 .'0341 5.44 17.e5
7 .78 0309 4.75 15.58
8 48 .,0189 S.38 17.66
9 .74 0290 6.26 20.24

to 74 .0290 5.84 1 9 .11 S
L1 1.12 .0442 S.96 19.24

g 12 1.12 0442 S.88 14.31
e 13 83 0327 4.48 14.F0j$ 14 .87 .0341 6,00 19.69

15 .61 .0240 b.72 18.il 7
16 .66 .0258 4.26 13.97
17 66 .0258 6.84 22.41
18 .87 0341 S.07 16.62
19 .87 0341 6.12 20.07
20 1.30 .0511 6.42 21.07
21 .75 0309 S.67 18.62
27 .78 .0309 S.72 18.17
23 .8) .0327 4.13 13.SS
24 69 0272 4.38 '14.36
2% .74 .0290 6.75 22.15
26 .61 .0240 4.29 14.09
27 .69 .0272 S.92 19.42
28 87 0341 S.32 17.46
29 7e 0309 4.87 15.97
30 1.04 0410 3.64 11.44
31 .78 .0309 6.34 20.80
12 .69 0272 S.51 18.0e
33 1.04 0410 S.86 19.23
34 96 .0378 6.69 21.9b i

15 61 0240 S.88 19.31
36 1.12 .0442 4.67 15.32
17 .69 0772 S.49 18.0L
38 78 0309 S.21 17.06

- - - - - _-- - - _ =



TABLE E-3 (Cont)

DROPLET VELOCITY VERSUS DROPLET DIAMETER

39 69 .0272 4.67 15.32
40 53 0207 4.60 15.19
41 69 .0272 .S.64 16.30
42 1.22 .0479 6.77 22.22
43 .n7 .0341 A.79 2t.16
44 61 .0240 S.98 19.61
45 69 0272 4.84 !$.av
46 .69 .0272 4.68 12.3$
47 78 0309 S.32 1F.46
48 .78 .0309 4.38 14.J6
49 . 78 0309 S.92 19.42
SO .61 .0240 6.54 21.4b
S1 96 .0378 8.06 26.4$
S2 61 .0240 3,74 12.28
$3 .87 .0341 S.67 18.62
S4 53 .0207 5.64 18.30
SS 96 0178 3.99 13.09

P1 56 87 .0341 4.42 14.$1
13 57 .69 .0272 S.59 15.3S
AP 58 .96 .0378 10.34 34.05

59 91 .0359 e.32 2 7. 2 v
60 96 .0378 S.21 17.0s
61 66 0258 S.64 16.Sb
62 .82 .0322 7.41 24.30

63 78 0309 4.36 14.32
64 .69 .0272 5.92 19.42
65 . 78 0309 S.84 19.1S
66 78 0309 6.36 20.on
67 .69 .0272 6.18 20.27
68 .73 .0266 6.05 19.84
69 78 .0309 3.69 12.u9
70 .69 .0272 S.59 18.3S
71 7s 0309 S.56 18.23
72 .78 .0309 4.83 15.85
73 .74 .0290 6.28 20.61
74 96 .0378 SelS 16.d9
7S 78 0309 6.96 22.92
76 74 .0290 4.52 15.41
7F 1.04 .0410 8.62 24.29
78 69 .0272 S.15 1b.89

79 .82 0322 S.23 17.16
80 1.e3 0719 S.11 16.77
81 .61 02*,0 S.00 16.J9

82 .56 0221 4.31 14.13

_ _ _ _ _ _ _ _ _ _ _



T ABLE E-3 (Cont)

DROPLET VELOCITY VERSUS DROPLET DIAMETER

83 1.22 .0479 6.62 21.73
84 83 .0327 S.76 18.Se
85 69 0272 S.S6 18.23
e6 61 0240 S.31 17.43
87 .AA .0258 S.72 18. F 7
88 69 0272 S.49 to.00
69 .53 0207 S.30 I F. 39
90 .78 0309 6.52 21.36
91 1.04 0410 S.86 19.23
92 .61 0240 S.08 16.66
93 .87 .0341 3.67 12.0S
94 1.04- 0410 S.10 16.74
95 .69 .0272 4.96 16.27
96 69 027.* 4.95 10.24
97 .61 .C24L S.53 18.16
98 .61 .0240 6.17 20.23
99 1.04 0410 8.07 26.48

P1 100 .56 .0221 S.51 16.00
b 101 .87 .C341 S.32 17.46
0' 102 51 .0203 S.01 16.43

103 .61 0240 S.45 17.89
104 78 0309 4.77 1$.66
105 61 .0240 S.09 16.70
106 96 0378 S.97 19.00
107 87 0341 6.75 22.15
108 . 78 .0309 6.S9 21.61
109 .83 0327 5.60 Is.3w
110 .87 .0341 S.30 17.39
111 69 .0272 S.33 IT.50
112 . 78 .0309 4.89 16.04
11) .69 .0272' 4.90 16.08
114 .61 0240 4.96 1o.27
115 .78 .0309 S.74 18.85
116 1.12 .0442 2.50 8.21
117 1.35 .0530 3.72 12.21
118 1.26 .0497 2.46 0.96
119 96 0378' 3.47 11.40
120 69 .0272 3.47 11.40
121 .S3 .0207 4.70 !).43
122 .83 .0327 6.06 19.96
123 .70 .0309 . 4.48 14.FC
124 .69 .0272 3.84 12.S4
125 61 .0240 S.79 19.00
126 63 .0249 4.63 15 20

_ _ _ - _ _ _ _ _ _ .



T ABLE E-3 (Cont)

DROPLET VELOCITY VERSUS DROPLET DIAMETER

827 1.22 .0479 3.22 10.56
128 78 0309 3.45 11.32
129 1.22 04). 3.38 11.09
130 .69 0272 S.14 10.65
131 .87 .0341 4.66 15.28
132 .83 0327 3.28 10.75
133 .83 0327 3.88 12.74
114 .69 .0772 S.64 18.30
135 . se 0309 3.78 12.40
136 61 0240 4.09 13.43
137 61 .0240 4.66 1$.20
138 .87 .0141 S.St. 14.08
139 69 .0/72 4.50 14. 78
140 1.22 .0479 3.23 10.S9
141 53 0207 4.87 15.tv 7
142 .61 .0240 4.70 15.43
143 1.04 .0410 3.28 10.75
144 .96 .0378 3.04 9. de

(I 14S 78 0309 4.34 14.24

e 146 .91 .0359 4.17 13.66
'd 147 66 .02S8 4.86 IS. 9 3

198 . 78 .0309 3.46 11.36
149 1.12 0442 3.87 12.'71
tan 96 0378 4.29 14.09
Ida 78 .0309 3.39 11.13
152 .69 .0272 4.84 lb.89

153 .78 0309 4.21 13.82
IS4 51 0207 6.95 22.b0
ISS .69 .0272 4.47 14.66
156 .78 . 0309 3.3$ 10.98
157 1.47 .0560 3.54 11.63
158 .69 0272 S.28 17.31
159 .87 0341 3.45 11.32
160 69 .0272 3.R1 10.21
161 69 0272 3.87 12. 71
162 69 0272 4.38 14.36
163 .69 .0272 S.18 17.00
164 .74 .0290 4.27 14.61
16S .61 .0240 6.35 20.84
166 . 78 .0309 4.77 13.66
167 78 .0309 S.53 18.16
168 .$3 0207 S.48- 17.96

169 69 .0272 4.36 14.32
170 61 .0240- 4.04 1$.09

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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TABLE E-3 (Cont)

DROPLET VELOCITY VERSUS DROPLET DIAMETER

171 69 .0272 4.63 15.20
172 1.04 .0410 S.04 16.54,

171 1.04 .0410 1.73 12.24.

174 87 .0141 4.71 15.47
175 .69 .0272 3.58 11. 75
176 53 .0207 4.34 14.24
177 53 .0207 S.29 17.35

; 178 83 .0327 4.81 15.7s' 179 69 0272 S.56 18.23'

180 1.04 0410 3.56 11.67
1RI 1.04 .0410 4.60 15.06
182 1.30 .0511 3.8S 12.63
183 87 .0341 S.76 18.88
184 7e 0309 4.34 14.24
ISS 69 0272 6.17 20.23
186 61 0240 4.80 15.74
187 .66 .02$8 S.42 17.17
108 .69 .0272 4.24 13.e 9

*

7I 104 66 .0258 S.08 16.66j; 190 96 0178 4.47 14.66
191 .87 0341 S.29 l i.'3 S
192 .61 .0240 S.12 16.el

f 191 1.30 0S11 4.84 15.e9
1 194 .78 .0309 S.62 18.42

19S 74 0290 4.07 13.36
196 66 .02S8 4.08 13.40
197 1.22 .0479 3.19 10.48
198 . 78 .0309 1.50 11.4e
199 1.22 .0479 2.43 7. J 6
200 .87 0341 6.08 19.96
201 69 .0272 S.01 16.43
202 1.04 .0410 4.14 13.59
203 .69 0272 3.66 12.01
204 69 0272 S.30 17.39
205 .87 0341 S.0S 16.-38
206 .69 .0272 S.62 18.42
207 .87 0341 3.78 12.40
208 1 22 0479 3.73 12.74
209 78 0 309 S.64 18.50
210 .87 .0 341 4.73 I S.61
211 78 .0309 4.11 11.47
212 .78 0309 S.SS 18.19
213 .66 .02S8 3.86 12.67
214 66 0255 4.87 15.47

. _ _ _ _ _ _ _ _ - _ _ _ _
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T ABLE E-3 (Cont)

DROPLET VELOCITY VERSUS DROPLET DIAMETER

215 .61 .0240 4.90 16.08
216 61 .0240 3.62 11.66
217 .69 .0272 6.19 2J. J 1
218 .69 .0272 6.32 20.73
219 69 .0272 3.99 13.09
220 .57 .0341 4.34 14.24
221 69 . S 272 S.23 17.16
222 .69 .0272 4.50 14.F8
223 .61 .0240 4.60 IS.os
224 53 .0207 S.08 16.66
225 .61 .0240 4.67 15.32
226 66 .0258 3.84 12.SW
227 96 .0373 4.12 13.51
*sa .7a . 61tio 4.19 13.74
229 1.04 0410 3.40 !!.17
230 96 0378 2.98 d. Tv
231 .69 0272 3.94 12.44
232 .96 .0378 4.59 IS.0S

(U 233 96 .0378 4.S4 14.49
& 234 69 0272 4.19 13.74
* 23S 61 .0240 3.16 10.J6

236 .69 0272 S.49 18.uo
237 .96 .0378 3.93 12.99
238 . 78 .0309 4.39 14.39
239 .R7 0341 3.99 13.09
24^ 1 04 .0410 .4.77 15.66
241 .69 0272 S.10 16.74
242 1.04 0410 4.63- 15.20
243 .78 .0309 5.02 16.47
244 . 61 .0240 4.32 14.16
245 1.12 0442 3.42 41.21
246 1.04 .'0410 3.09 10.13
247 .96 .0378 4.50 14.iF8
248 91 .0359 3.25 10.67
249 .R7 .0341 S.74 lo.e 5
250 96 0378 4.32 14.16
251 .67 .0341 4.48 14.70
252 96 0376 3.8b 12.74
253 69 .0272 9.80 13.74
254 .87 .0341 3.90 !?. F8
255 .83 0327 4.04 13.24
2S6 78 0309' 2.61 8.64
257 1.12 .0442 4.24 13.e v
258 .87 .6341 3 65 11.ve

-



- .
.

_ _ . . . _ _

T ABLE E-3 (Cont)

DROPLET VELOCITY VERSUS DROPLET DIAMETER

259 l . n4- .0410 1.91 6.26
260 .%6 .0378 3.71 12.17
261 96 0378 4.02 13.20
262 .96 .0378 3.00 9.R3
263 .96 037d 3.83 12.$5
264 .69 .0272 4.09 13.43
265 78 0309 4.48 14.70
266 .69 .0272 S.6$ 18. S b
?61 69 0272 1.19 10.4e
268 ~.69 .0272 4.63 IS.20
269 .87 .0341 3.97 13.01
270 1.22 0479 4.60 15,0o

2 71 .7m . 0309 3.31 10.86
272 66 .0258 4.95 16.24
27) 66 .0258 6.01 19.73
274 69 .0272 4.29 14.0v
274 1.72 .r0 479 2.40 7.87
276 1.73 0682 3.30 lu.82p)

e 2?? .8) 0327 4.0S 13.lu

h$ 278 .87 .0341 4.39 14.39
279 1.22 .0479 4.32 14.16
280 78 .0309 3.97 13.01
281 61 0240 S.71 18.73
282- 96 0378 S.76 18.48
283 74 .0290- 4.68 16.01
284 1.04 .0410 3.10 10.17
285 .83 0327 4.50 14.78
286 78 0309 4.97 16.31
287 1.22 .0479 2.20 7.22
288 .61 .0240 4.54 14.89
289 .69 .0272 S.64 lo.Su
290 87 .0341 4.20 13.78
291 61 .0240 3.28 10.TS
292 69 - 0272 4.75 12.68
293 . 78 .0309 4.12 13.51
294 1.12 .0442 4.47 14.66
295 1.12 .0442 3.37. 11.0S
296 .87 0341 4.91 l b.il 2
297 .61 .0240. S.08 16.66
298 .78 .0309 6.62 22.36
299 1. 39 .0S48 2.41 F.41
300 61 0340 S.92 19.42
301 .8F 0341 3.30 11.48
102 1.30 .0511 4.32 14.16

_ - _ - _ _ _ .



_ _ _ _ _ _ _ - _ _ _ - - _ _ _ - _ _ _ ._ - _ _ . _ _ _ _

T ABLE E-3 (Cont)
i

DROPLET VELOCITY VERSUS DROPLET DIAMETER

303 87 .0341 3 10 10.17
304 .69 .0272 4.39 14.39
305 53 .0207 6.60 21.6S
306 .78 0309 3.98 13.05,

'

307 .87 .0341 2.00 9.44

308 .78 0309 4.71 A).47
309 69 .0272 S.52 18.12
310 96 .0378 4.42 14.51
311 .$6 .0221 3.16 10.36
312 1.12 .0442 3.44 13.28
313 78 . 0309 S.32 17.46
314 .53 0207 3.71 12.17
31S 69 0272 4.26 13.97
316 1.22 .0479 2.95 9.67
317 .99 0392 4.36 14.32
318 .69 0272 4.60 15.08

319 78 .0309 3.28 10.75
320 .61 . 0240 -3.84 12.S9

5 321 .61 0240 S.32 17.46

}[ 127 .R7 .0341 4.06 13.32
323 .87 . 0341 2.81 9.21
324 .87 .0341 S.78 1d.96
32S 69 0272 4.01 15. 7 b

326 . 69 0272 S.79 19.0u

327 69 0272 4.34 15.49
328 96 0376 4.95 16.24
329 96 .037d 4.56 14.97
330 7P 0309 4.08 13.40
331 .66 0258 S.30 11.39

i
|

.

i

i

.
,

I
-|,



T ABLE E-3 (Cont)

DROPLET VELOCITY VERSUS DROPLEl DIAMETER i

RUN 31504 fLfv4T104= 1.8) 46 FTITIME 15ECl= 200-20%

NO. DIAMETER VELOCITV
MM IN M/S FT/3

1 92 0364 1.40 4.61
2 .70 0276 .76 2.50
3 .70 0276 1.84 6.03
4 .70 0276 1.10 3.61
5 1 02 0401 1.06 3.49
6 .81 0318 1.47 4.84
7 .87 0341 44 1.46
8 .00 0235 1.95 6.419 .61 .0240 2.04 6.6e10 1.64 664S 1.54 5. 0 'i

11 .47 0184 1.64 S.37
12 .84 0332 1.60 S.26P1 13 .73 .0286 1.37 4.4%

dn 14 .39 0152 1.95 6.41b3 IS 41 0161 2.20 7.22
to .81 0318 1.08 3.53
17 1 31 0516 .9h 3.22
18 .54 .0212 1.86 6 10
19 . 9 'i 0392 1.45 4.7620 .7S 029$ 1.2$ 4.11
21 #48 .0189 1.33 4.35
22 .29 .0115 2.tS 6.72
23 1.38 0544 .40 2.61'
24 .97 0 3u2 1.17 3.84
25 2.01 0792 .57 1.80
26 .53 0207 1.90 6.22
27 .89 0350 1.77 S.80
28 .97 03b2 1.66 S.4S29 1.23 0464 .85 2.50
30 1 06 0419 .18 56
31 .75 029) 1.53 S.01

,

32 1 09 042e 1.79 S.CF
31 .62 .0244 2.02 6 64
34 1 17 0461 1.12 3. 4 m35 49 0193 2.67 9.75
36 .47 ..Olb4 '.35 7. 72 J

,

37 .39 0l$2 1. 86 6.10
38 1.94 0765 .74 2.42
39 .69 0272 1.65 S.41

_ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _



_ . -. .. _.
__

TABLE E-3 (Cont)

DROPLET VELOCITY VERSUS DROPLET DIAMETER

RUN 31701 ELEWATION= .N14 63Fil
TIME 15ECl= 2-9

NO. DIAPETER VEL 9Ciff
MM IN M/S F(#$

1 1.01 .0398 1.37 4.49
2 1. 33 .0524 2.72 e.97
3 1.28 .0504 2.96 9. 71
4 .e8 .0346 1.59 S.22
S 91 .03St 1.72 S.64
6 .80 .0315 1.68 S.S!
7 93 .0366 1.04 3.54
8 96 .0378 1.19 J.40
9 1.33 0524 77 2.$3

10 85 .033S 3.39 4.56
!! 91 0350 .59 1.d4

P1 12 1.07 .0421 63 4.07
dn 13 .93 .0366 1.16 3.81
\d 14 95 .0374 1.26 4.13

15 1.68 .0661 1.55 S.09
16 1.99 0783 1.47 4.82
17 1.12 0441 1.94 6.36
18 95 .0374 1.14 3.74
'9 1.70 .0472 1.89 6.20
la 1.90 . 0748 1.38 4.53
21 98 0386 2.29 7.Sl

1

i

i

i

_ _ _ _ - . - _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ - . . - _ _ _ _ _- .



T AOLE E-3 (Cont)

DROPLET VELOCITY VERSUS DROPLET DIAMETER

RUN 31F01 EtiVAT10F= 2. 74 49 Fil
TIME ISLCl= l-8

NO. DI AME T E8 VELOCIIf
MM IN Mt3 FT/S

1 81 0118 E.77 2.o2
2 1.92 0738 2.00 9.19
3 1.52 .0600 2.91 9.54
4 1.02 .0400 1.67 S.49
S .61 .0239 2.89 9.49
6 1.8) . 0 118 3.27 10.74
7 1.77 .0479 2.62 8.61
8 .e' .0361 3.19 10447
9 .. 92 .0361 4.19 13, TS

10 L.02 .0400 4.16 13.64
11 1.72 .0679 2.30 7.24
12 4S 0177 3.92 12.85

99 13 1.62 .0640 3.73 12.25
(n 14 1 32 .0S18 3.52 al.S6
* 15 .81 .0318 2.72 d.91

16 .Sl .0200 7.28 23.89
17 1.12 0440 S.97 19.bb
18 61 0239 6.35 20.83
19 1 02 .0400 4.79 IS.F2
20 1.82 .0718 S.22 17.14
21 1.02 .0400 4.12 13.50
22 .51 .0200 3.30 10.u3
23 1.12 0440 S.34 1F.32
24 .61 .0239 7.71 22.29
25 . 71 .0279 6.67 21.07
26 61 .0239 6.S7 21.$4
27 65 0256 6.52 28.40
28 71 0279 6.64 21.79
29 1.03 .0%07 7.21 23.oS
30 93 .0367 6.12 20.07
31 1.4S 0571 S.95 19.52

| 32 66 0259 8.33 27.34
| 33 .82 0325 11.02 16.1 F

34 82 .0325 7.87 25.83
3S 1.03 0%07 6.30 20.67
36 .82 0 825 7.87 23.81
17 1.14 0449 8.9S 29.36
38 .82 032S 4.10 26.;S7

- _ _ _ - _ _ _ _ _ _ _ _ _ _ _
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i
.

j TABLE E-3 (Cont)
i
l
<

j. DROPLET VELOCITY VERSUS DROPLET DIAt/ETER
i
i RUN 31805 ELEVA!!DN= 1.e3 (6 Fil
j TIME (SECl= 10-16
|

NO. DI AME TER VELDCITY4

j MP IM M/S FT/5
t

! 1 89 0350 4.19 13.FS
j 2 1.05 .04i3 3.05 12.63
; 3 80 .0315 4.25 13.44
1 4 .50 .0197 1.46 4.79
j S .64 0252 3.67 12.04
1 6 .82 .C323 3.13 1 u.2 7
l 7 1 03 0406 5.23 17.16
j 8 1.19 0469 3.34 10.96
j 9 .09 .0350 4.46 15.94

10 84 .0331 S.02 16.47-

P1

S

,
1

i
!

i

|

i

i
4

I
i
|

|
4

!
i

!
!

I
t ..



TA BLE E-3 (Cont)

DROPLET VELOCITY VERSUS DROPLET DIAMETER

RUN 32114 E1EVAT104 .w14 13 Fil
TIME ISECl= 18-24

NO. 01AMETEk VELOCITY
MM IN M15 FT/>

1 .68 026u 2.90 9.S1
2 .87 .0343 2.40 T. 8 7
3 .54 0213 4.02 13.19
4 60 .0236 1.4e 4.86
5 . 71 .0200 2.07 4.79
6 .54 .0213 1.98 a.50
7 .49 .0193 3.41 11.19
8 .62 .0244 1.33 4.36
9 68 .0268 2.92 J.56

10 .65 .0256 1.78 S.84
11 76 0299 1.81 S.94
12 .81 0319 2.04 6.69

71 13 71 .0200 1.52 4.99
km 14 68 .0268 2.09 6.86
* IS 62 .0244 2.86 v.3o

16 .54 0i13 2.0S 6.T3
17 .82 .0323 2.29 T.51
18 76 .0299 2.S8 8.46
19 .76 .0299 2.24 7. 3 S
20 96 .0378 1.78 S.84
21 70 0276 3.43 11.25
22 65 02$6 2.40 1.87
23 62 0244 2.85 9.3S
24 76 .0299 2.04 6.69
25 62 0244 2.24 7.35 .

26 .62 .0244 3.09 10.14
27 62 .0244 1.85 6.07
28 70 .0276 2.34 7.68
29 .68 .0268 2.$9 8.50
30 .82 0323 3.00 a.84
31 .8S 033S 2.26 T. 41
12 .85 .0335 2.71 8.89
33 76 .0299 1.86 6.10
34 .56 .0220 2.76 9.06
3% 6S .0256 2.43 T. 9 7
36 e76 0307 2.26 7.41
37 1.11 043T 1.66 S.45
38 81 60319 2.95 9.68

_ - _ _ _ _ _ _ _ _ - _ .



-
.

TABLE E-3 (Conti

DROPLET VELOCITY VERSUS DROPLET DIAMETER

39 83 .0327 1.90 6.23
40 .11 .0161 2.33 1.64
41 97 .03b2 2.22 7.26
42 56 0220 2.0S o.73
43 .69 .0272 2.79- 9.1S
44 .69 .0272 3.24 10.63
4S 69 0272 2.60 o.33
46 69 .0272 1.49 4.d9
47 .83 0327 2.49 8.17
48 .86 0339 2.86 9.16
49 1.35 0S31 1.87 6.14
SO .86 0339 2.88 9.4S
51 1.02 0402 2.8S 9.35
52 1.54 0606 1.4S 4. 16
53 .89 .0350- 2.22 7.28
$4 .94 0370 2.68 8.79
55 57 0224 4.57 14.99
S6 1. 0 S 041'. 2.44 F.8 7

71 SF .61 . ( 31' 3.26 10.70
(n $8 .81 .0314 3 75 12.30
4' 59 1.08 .042S 3.64 11.94

60 1.16 04S7 1.30 4.27
61 .70 .0276 3.66 12.J1
62 1.48 .0583 1.73 S.6m
6l 1.16 .04S7 2.56 8.40
$4 .86 .0339 2.93 9.61
65 1.48 .0583 2.11 6.92
66 1.29 0508 2.41 F. 91
67 1.35 .0531 2.16 7.09
68 1.21 .0476 1 98 6.30
69 1 62 .0638 9.63 31.59
70 1.62 0638 1.32 4.33
71 .67 .0264 1.23 10.60
72 6S .02$6 3.69 12.11
73 .73 .02e7 3.30 10.83
74 .70 0276 2.36 T. 7 4
FS 65 .0256 1.12 10.24
76 .81 .0319 2.09 -6.86
77 1.08 .0425 1.67 S.45
78 .81 .0319 1.77 S.81
79 94 0331 2.80 9.19
80 .94 .0370 1.4S 4.76
81 76 .0307 2.83 9.28
82 .75 .029$ 2.51 8.23

_ _



_

T ABLE E-3 (Cont)

DROPLET VELOCITY VERSUS DROPLET DIAMETER

83 .e1 .0319 2.12 o.96
84 81 0319 2.10 6.89
85 84 .0331 2.46 d.07
86 .6S 02S6 4.21- 13.81
n7 1.02 .0402 2.23 7.3d
88 .73 .02e? 2.SS e.37
89 .61 .0319 3.92 12.66
90 .89 .0350 1.9a 6.50
91 1.08 0425 1.88 6.1F
92 1.00 .iO 39 4 4.81 1). Fe
93 .65 .0256 3.85 12.63
94 .81 .0319 3.33 10.43
95 .96 .0370 2.66 8.73
96 .85 0335 2.99 9.81
97 1.16 04$7 2.63 0.61
98 2.48 .0076 1.50 %.42
99 1.43 .0t61 1.99 6.$3

100 69 .0272 3.86 12.66
P1 101 1.49 .0587 1.22 4.00
5 102 3.09 .1217 .97 3.i18
C3 103 1 0S .0413 2.70 8.86

104 1.74 .0685 1.11 a.64
105 1.24 .0488 1.95 6.40
106 1.10 0433 2.e d.53
107 2.2 .0866 . 2.43
108 1.10 .043) 2. 8.69
109 1.19 .0469 2,34 7.6b
110 1.38 0$43 2.59 d.50
111 .88 .0346 4.54 14.e9
112 1.41 .0SSS 2.42 F. 9 4
113 .77 .0303 3.14 10.30*

114 96 .0378 3.12 10.24
11S 1.16 04SF 2.39 7.d4
116 1.21 0476 2.04 6.69
117 1.19 .0469 7.32 f. 61
118 97 .03b2 1.48 11.42
119 1.49 .0$u7 1.24 4.07
120 1.70 0669 2 +1 F. 4 7
121 76 .0299 4.41 1J.16
122 1.24 .0488 3.09 10.14
123 1.62 .0638 2.35 7. 71
124 .62 0244 3.80 12.47
125 1.57 0616 .88 2.8v
126 1.0p .0425 3.35 10.19

. . _ . .
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TABLE E-3 (Cont)

DROPLET VELOCITY VERSU5 DROPLET DIAMETER

127 1.35 0531 2.40 7.87
128 95 .0374 2.13 6.49
129 1.57 .0618 2.16 F.09
130 89 .0350 2.38 1.01
131 95 .0374 2.02 6.63
132 3.S2 .1386 1.74 S.71
133 1.06 0425 1.83 6.00
114 .81 . 0 310 1 77 17.70
13S 1.22 .04bo 1. S 4 . S.0"
tJ6 .87 0343 2.87 9.44
137 .el .0319 3.68 12.07
138 1.03 .0406 2.67 d. F0
139 65 .0268 3.56 11.60
140 .83 .0327 3.09 12.76
141 1. S 2 0'98 1.60 S.25
142 1.6S .0650 . 79 2.59
143 .53 .0327 3.11 10.20
444 96 .0378 3.34 10.J6

P1 - 145 .83 0327 3.41 !!.19
i $s 196 1.10 0433 2.34 F.66

147 .96 .0378 2.76 7.06--

148 .69 .0272 S.12 16.10
149 1.79 .070S 1.22 4.00
150 .83 .0327 2.41 7.91
151 1.10 0433 2.18 1.15
152 1.24 0488 2.92 9.Se
153 .SS .021P 3.07 12.70
154 .63 .0248 3.50 11.40
ISS 1.79 . 0 70$ 84 2.76
156 1.52 .0598 1.31 4.30
IST .69 0272 3.65 11.47,

| 1Sn 1.10 .0433 2.84 9.32
159 1.18 .0543 2.17 T.12

| 160 1.65 06S0 1.25 4.10
.161 96 .0378 S.08 16.67
162 .96 .0378 2.8S 4.35
163 1.65 .0650 1 78- S.e4
164 1.24 0488 2.62 8.00
165 1 10 0433 3.23 10.60
166 2.20 .0866 1.76 S.77
167 1.24 .0488 1.40 4.59
168 1.52 .0598 1.49 4.d9
169 .77 0303 3.70 12.14
170 2. 34 .0921 .T3 2.30

|

|

l

_ _____________ _ ______ _ ______- .. ..
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T ABLE E-3 (Cont)

DROPLET VELOCITY VERSUS CROPLET DIAMETER

171 .88 .0346 3.11 10.20
172 .e3 0327 2.96 9.71
173 2.07 0815 2 82 - 9.25
174 96 0378 2.21 7.25
ITS 1.52 .0598 2.27 7.45
176 .69 .0272 4.1% 11.55
177 69 0272 3.26 10.70
178 .83 0327 3 50 11.48
179 1.93 0760 1.19 3.90
180 1.6$ 06SO 8.66 28.41
Int 2.33 .0917 1.41 4.63
182 1.51 .0$94 1.18 3. d 7
h83 1.7b .0731 2.09 6.66
184 2.06 .0811 1.44 . 72
183 1.92 0756 1.86 s.10
186 2.33 0917 1.89 6.20
187 1.65 .0bSO 2.59 9.S0
188 1.51 .0594 1.10 3.61

rq 189 1.65 .06S0 1.87 6.14
g 190 1.17 0539 1.33 4.36
sa 191 1.37 0539 1.59 5.22

192 1.92 .0756 1.79 S.47
193 .77 .0303 3.23 10.60
194 1.10 .0433 3.18 10.43
195 1.6S .0650 2.62 8.60
196 .92 0323 3.53 11.58
197 1.37 0539 2.02 6.63
198 1.65 .0650 1.42 4.66
199 1.51 .0594 1.22 4.00
200 1.24 0488 2.59 9.50
201 .82 .0323 2.69 8.83
202 .96 0378 3.61. 11.44
203 1.92 .0756 1.24 4.07
204 1.51 .0594 3.00 f d4
205 1.37 .0539 2.59 8.50
206 1.24 .0488 3.48 11.42
207 1.10 0433 1.90 6.23
206 1.92 .0756 2.77 v.09
209 1.51 .0594 2.72 e.42

_ _ _ . _ - - . _ ___



TABLE E-3 (Cont)

DROPLET VELOCITY VERSUS DROPLET DIAMETER

RUN 32114 ELEVATION = 2. 7% 19 Ffl
TIME (SECl= 20-30

l NO. DIAMETER WELOCITf
MM IN M/S FI/S

1 90 .0355 9.30 30.31
2 .73 .0286 S.Sl lo.0'v
3 .73 .02u6 4.S9 15.04
4 1.00 0393 S.04 16.24
S 1.09 .0427 S.54 lo.16
6 .64 .0254 6.06 19.87
7 81 .0318 6. 74 22.17
8 .73 .02u6 6.3A 20.85 .

9 1.00 0393 8-36 27.44
to .73 .0286 6.15 2a.16
11 1.93 .0761 S.70 18.69
12 96 .0379 6.67 21.90

P1 13 96 0379 S.66 18.Se
Es 14 .81 0318 6.08 19.46
bd IS 81 0318 7.48 24.S$

16 .7s .0286 6.51 21. 34
17 .81 .0320 6.36 27.94
18 .90 03SS 6.48 21.25
19 .96 .0379 4.75 15.38
20 .48 0190 S.20 1F.u7
21 96 .0379 7.08 23 23
27 96 0379 7.33 24.04
23 96 0379 6.38 20.94
24 1.13 0443 6.55 21.48
25 1.00 0393 7.64 25.08
26 90 .03SS 8.21 26.95
27 .56 .0222 S.30 17.36
28 48 0190 4.30 14.!!
29 .81 0318 S.8S 19.21
30 64 02S4 8.00 26.26
31 .81 .0318 S.63 18.47
32 48 .0190 6.76 22.19
33 1.24 .0489 10.37 34.01
34 1.09 .0427 4.75 15.38
35 .h4 .0254 6.72 22.0s
36 64 .0254 S.43 17.d b
37 .81 .0318 6.40 20.99
3R 96 .0379 7.24 23.7S

.
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TABLE E-3 (Cont)

| DROPLET VELOCITY VERSUS DROPLET DIAMETER

|
39 64 .0254 S.78 18.96'

| An 98 .0187 4.42 1s.Sl

41 1.09 .0427 9.19 30.16
42 2.11 .0831 6.15 20.16
43 .88 0345 3.51 11.53

44 73 0286 2.28 F.4 8
45 1.09 0430 S.04 16.54
46 .82 .0323 6.28 20.61

| 47 .73 .0286 3.98 ! ). 0 4
48 .90 03SS S.35 IF.b6
49 73 .0286 7.76 25.46 1

50 .68 .034S 4.88 10.00 ;

S1 1.23 .J403 5.85 19.21 |

$2 1.C0 .0395 4.96 16.27
$3 73 0286 4.73 !).53

S4 73 0286 7.10 23.i10
SS 1.09 0427 3.62 11.86

56 1 00 .0393 S.65 18. 54
P1 '7 . 73 .0286 8.59 29.1F,

& $8 79 .0312 6.59 21.61

& 59 .88 .0345 4.50 14.76
60 .82 0323 6.46 21.21 (
61 .91 0358 S.92 19.43
62 91 .0358 S.92 19.43
63 1.09 .0427 6.49 21.30
64 1.09 .042T S.22 17.14
65 1.61 .0713 7.35 24.10
66 .79 .0312 4.48 14.6v
67 .62 .0243 4.41 14.47
68 73 .0266 4.69 15.38
69 91 .03S0 S.S4 18.18
70 1.36 0$34 6.78 22.26
71 1.27 .0499 5.61 18.40
72 90 .0355 7.76 25.46
73 1.27 .'0499 0.07 26.45
74 1.32 0518 3.30 10.84
75 .96 .0379 S.78 lo.96
76 .SS .0216 3.74 12.26
FT .73 .0266 S.16 16.94
70 .90 .03SS 6.96 22.83
79 1.81 0713 4.$8 l$.02
80 .90 03SS S.54 18.i16
nl 1.36 .0534 7.00 23.23
82 . 79 .0312 S.26 17.25

.____
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TABLE E-3 (Cont)

DROPLET VELOCITY VERSUS DROPLET DIAMETER

83 88 0345 6.13 20.10
84 .82 0323 3.79 12.44
85 91 0358 4.67 15.111

86 1.63 0641 4.85 15.91
87 1.17 .0462 3.71 12.17
88 1.27 .0499 S.65 19.0 4
89 .61 .0320 10.09 33.12
90 1.49 .0588 4.42 14.49
91 1.14 .0449 4.57 14.40
92 .73 .0206 2.69 8.81
93 1.00 .0395 S.47 17.94
94 1.81 .0713 4.78 15.6v
95 1.36 .t0534 4.19 13.75
96 1.09 .0427 4.58 15.02
97 1.09 .0427 6.41 21.03
98 71 .0278 S.07 16.62
99 .88 0345 S.62 18.43

100 91 . 0358 2.96 9.70

(U 101 .82 .0321 6.76 22.17
os 102 1.63 .0641 4.88 16.02
'" 103 1.09 .0427 S.27 17.29

104 1.09 .0427 3.49 11.44
105 . 81 .0320 8.00 26.26
106 .88 .0345 3.13 12.24
107 96 .0379 S.16 16.94
108 91 .0358 3.28 10.75
1G4 91 .0358 6.11 20.03
!!0 1.00 .0393 6 18 20.27
111 1.09 .5427 S.74 18.83
112 1.00 0393 S.12 16.80
113 1.09 .0427 7.36 24.15
114 62 .0243 4.00 13.11
115 1.05 .0414 6.01 19.72
116 1 00 .039S 3.98 IJ.06
117 91 .0358 S.69 18.67
118 1.17 .0462 4.61 15.13
119 90 .03S5 3.74 12.28
120 .A3 .0248 4.70 1$.42-
121 1.C9 .0427 7.05 23.15-
122 7) 0278 5.64 18.52
123 1 14 0449 4.52 14.82
124 .91 .0358 S.20 17.05
!?S 91 .0358 4.27 14.00
126 .54 .0214 S.04 16.54



_ __ .

T ABLE E-3 (Cont)

DROPLET VELOCITY VERSUS OROPLET DIAN1ETER

127 .73 .0286 7.60 24.93
128 1.09 .0427 S.58- 18.29
129 1.17 .0462 9.49 31.13
130 .79 .0312 S.80 19.03
131 1 23 .0481 4&l6 13.64
132 .55 .0216 4.67 15.31
133 .e2 .0323 4.16 13.64
114 1.27 .0499 5.35 17.S6
135 .81 .0320 S.50 18.0$
136 .63 .0248 6.65 21.01
137 1.63 .0641 6.47 21.23
138 .71 0278 4.69 iS.38
139 1.23 0483 3.80 12.66
140 1.09 .0430 4.39 14.40
141 91 .0358 4.95 16.25
142 1.44 0569 4. 'a 6 13.64
143 .90 .0355 S.51 lo.09
144 1.17 .0462 S.74 18.83

P1 145 90 .0352 S.24 17.20
$ 146 .88 .0343 S.43 17.83
cs 147 1.14 0449 3.8% 12.60

146 73 .0286 4.10 13.44
149 1.09 .0430 4.61 15.13
150 90 .03SS 4.69 12.J8
151 .81 .0320 S.73 18.78
152 1.00 .0393 6.33 20.76
153 .90 .03SS 6.6s 21.74
154 .88 .0345 S.14 16.87
ISS 1.40 .0353 4.01 13.15
156 .91 .0358 5.40 17.72
157 .73 .0266 4.55 14.93
158 90 .0355 4.59 15.07
159 .90 0355 S.94 19.47
160 1.27 .049G S.S8 16.29
lol .90 .035$ S.43 17.80
l u ?. .96 .0379 4.42 14.61
163 1.14 0449 4.90 16.07
164 1.09 .0430 S.92 19.43
16S 91 03Se 4.41 14.47
166 1.36 .0534 4.52 14.82
167 .81 0320 S.05 16.56
168 90 .03SS S.20 17.05
169 1.09 0427 6.80 22.00
170 96 .0379 3.48 11.42

- - - _ _ _ _ _ _ _ _ _
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TABLE E-3 (Cont)

DROPLET VELOCITY VERSUS DROPLET DIAMETER

1 71 .68 0345 S.07 16.6S
172 91 .0358 S.24 17.lu

173 .64 .0251 8.43 27.04

174 1.09 0427 6.15 20.16

175 .90 03S5 S.20 17.05
176 1.00 .0393 4.84 15.89

177 .90 0355 7.91 25.95
178 1.40 .0553 4.86 15.96
1 79 79 .0312 4.27 14.02
180 .73 .0286 S.79 18.9b
181 .73 .0286 4.19 13.75
182 1.17 0462 3.55 11.66
183 73 .0286 S.70 10.69
184 1.27 .0499 5.24 17.2u
185 1.17 .0462 6.19 20.32
186 1.03 .0414 4.06 13.31
187 73 02s6 4.61 15 13
188 73 0286 4.37 14.33

Sl 189 1.09 0430 6.04 17.83
es 190 1.27 .0499 6.60 21.6S
'd 191 1.00 .0393 3.51 18.99

192 1.17 0462 4.86 15.93
193 .90 03SS 4.71 15.45
194 1.40 .0553 S.18 16.98
195 .73 .0266 3.71 12.17
196 1.09- .0410 3.41 11.19
197 73 .0266 6.76 22.17
198 1.09 0427 4.01 13.15
199 1.44 0569 SelS 16.e9
200 1.27 .0499 S.48 17.98
201 .57 .0224 S.81 19.05
202 .82 0323 6.65 21.41
203 73 0288 S.18 16.98
204 .62 .0323 6.40 20.99

~

205 82 .0323 7.17 23.52
206 .57 .0224 6.5% 21.4S
207 1.31 .0515 7.24 23.75
208 .65 0256 6.72 20.74
209 .65 0256 6.61 21.68
210 1.15 .04S1 7.00 22.97
211 .6S .0236 6.91 22.68
212 1.15 0451 6.82 24.39
213 90 .03S5 7.43 24.37
214 .82 0323 4.14 13.38



h

1 ABLE E-3 (Cont)

DROPLET VELOCITY VERSUS DROPLET DIAMETER

215 .82 .0323 6.50 21.12
216 .82 .0323 S.63 14.47
217 98 .0307 S.77 15.92
218 .73 .0268 6.95 22.79219 98 0387 11.36 17.J e220 .90 0355 4.88 16.00
221 .82 .0323 6 13 2J.12
222 .82 .0323 7.28 23.e8
223 98 .038S 6.91 22.66
224 1. 4 t- .0574 7.60 24,93
225 1.62 ,0638 6.S0 21.32
226 .81 =0320 7.15 23.46
227 .73 .0288 6.03 19.78228 .65 .02S6 4.71 15.45229 .81 .0320 7.96 26.11
230 .81 .iO 3 20 7.S7 24.84
231 .73 .0280 S.47 17.94

p) 232 90 .0353 S.60 to.3e
e 233 .81 .0320 6.30 20.65$ 234 98 . 0 30S 0.05 26.19

235 90 .0353 7.85 25. 75
236 1.14 .0449 7.?S 24.12
237 .81 .0320 7.03 2S. 70
238 .61 .0320 7.12 23.37
239 90 .0353 10.66 34.96
240 98 .0385 R.53 27.47
241 .90 .03S3 0.32 27.31
242 .81 .0320 0.07 26.46
243 .81 .0320 9.39 10.80
244 .81 .0320 T.8F 23.52
245 .81 .0320 7.47 24.S0
246 .90 .0353 7.75 23.44
247 81 .0320 S.68 15.65
248 .98 .0365 S.65 18.54
249 6S .0256 8.26 27.08
250 .65 .0256 8.12 26.64
251 .61 .0320 6.58 .l.59
232 49 .0192 3.20 10.50
253 .81 .0320 7.98 26.19254 98 .0 3a 5 7.71 2S.30
2SS 98 .0365 7.S1 24.64
256 .65 .0256 8.08 26.S1
257 98 .0365 7.51 29.64
238 90 .03S3 7.47 24.50

_ _ _ _ _ - _ _ _ _ _ _
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TABLE E-3 (Cont)

i

DROPLET VELOCITY VERSUS DROPLET DIAMETER
:

259 .81 .0320 6 25 20.52
,

1 260 .65 .0256 8.32 27.31
I 261 .73 .0288 7.96 26.11
; 262 1.30 .0513 7.31 23.99

263 .65 .0256 8.89 29.15
| 264 .82 0323 9.23 30.27
| 265 .98 .0387 8.38 27.51-

266 98 .03b7 9.84 32.29
267 .98 .0 38 F 9.02 29.60'

268 1.15 .0451 9.90 32.47
269 98 .03e7 10.00 32.804

4 270 98 .,0387 10.09 3J.09
! 271 .82 .0323 9.08 29.o0

272 98 0357 8.25 27.064

273 98 .03i7 8.20 26.91
1 2 74 1.15 .045; 9.59 31.45
4 774 1.15 .0451 8.52 27.95

276 1. 31 0515 9.44 J0.96
P1 277 1.31 .0515 8.20 26.91
$ 278 1.23 .0483 1.31 23.99
43 2F9 1. 31 0515 7.20 23.61

-280 1.15 .0451 8.97 29.44
281 97 .0362 7.24 23.77

. 282 .89 .0350 8.56 2 o . 0's
! 2e3 73 0286 7.29 23.90
'

284 .97 03b2 5.91 19.r3 0
295 81 .0318 7.63 25.04
286 .81 0318 7.81 25.64
287 .81 0318 9.54 .31.29

i 288 .81 . 0 318 7.15 23.46
; 289 1.30 .0510 8.35 27.40

290 .89 .0350 2.28 7.4e
<
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! T ABLE E-3 (Cont)
i
|

| DROPLET VELOCITY VERSUS DROPLET DIAMETER

j RUN 32235 FLEV4 TID 4= .G44 8 3 f Il

TIME 15ECl* 0-6
!

t NO. DIAMETEk VELOClit
' MM IN Mtb FT/5
'

1 .61 .0240 2.40 7. 6 F
.. 2 .61 .0240 2.24 F. 3S
i 1 '.61 0240 1.79 S.87
.' 4 .61 .0240 2.00 6.S6

S .61 .0240 1.82 S.77
6 .61' .0240 3.03 9.94

$ 7 61 .0240 2.65 8.69
; 8 61 0240 1.46 4.79

9 .61 .0240 1.23 4.04
i 10 '.61 .0240 2.36 T. 74
4 11 92 0162 1.11 2:64
' 12 61 .3240 2.38 7.81
1 P1 13 92 .0362 2.00 6. S t.
t la 14 92 .0362 1 30 4.27'

C3 IS 92 .0362 2.42 7.94
to 1.23 .0484 88 7.09

4 IF 1.23 .0484 1.46 4.56
18 .92 0362 1.64 $.36

s- 19 1.84 0724 3.02 9.91
? 20 1.53 .0602 2.64- 8.06

21 1.23 .0484 1.15 3. F 7
22 1-?) .04u4 2.86 f.3o

| 23 .o1 .0240 1.53 S.02
24 92 .0162 1.70 S.38

! 25 .92 .0362 2.09 6.86
26 2.15 .0846 1. 2 r, 4.20
27 1.53 0t02 1.3W . 4.23
28 92 0522 1.48 4. u b -
29 92 0362 1.38 4.53

' 30 1 23 04ms 1.88 6.17
31 2.45 .0965 87 2.85
32 92 .0362 2.41 7.91
33 1.84 .0724 .S2 a.iil
34 1.23 .0486 1.52 4.99
35 1.53 .0602 1 25 4 10
36 2 15 .0846 1.53 S.02
37 92 .0362 2.59 d.$0
38 1.84 . 0724 2.67 d.F6

,

s -- r 2 -
_ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ . -



TABLE E-3 (Cont)

DROPLET VELOCITY VERSUS DROPLET DIAMETER

39 1.23 .0484 1.69 S.54
An 2.15 .'0846 1.15 3. T 7

41 2.45 .0965 2.19 F.18
42 1 84 .0724 1.48 4.86

'



T ABLE E-3 (Cond

DROPLET VELOCITY VERSUS DROPLET DIAMETER

RUN 32333 ELEVATI01= .914 13 F TI
TIME 15ECl* 0-6

I
NO. DIAMETER WELDCtfY

MM IN M/5 FT/5
,

! 96 0378 2.62 8.60
2 1.12 .0441 4.47 14.67
3 96 0378 2.60 8.53
4 96 0378 3.12 10.24
5 .96 .0378 1.85 6.07
6 96 .0378 2.66 8.73
7 1.28 .0$04 2.11 6.92
8 1.59 0626 1.69 S.54
9 2.23 .0878 1.31 4.30

10 .80 .0315 1.80 S.11
11 1.44 .0567 .94 3.08

P1 12 96 .0378 1.32 4.J3
ja 13 96 .iO 3 78 1 19 3.90
na 14 .96 0 378 90 2.95

15 1 28 0504 1 17 J.6 4
16 1.91 .0752 49 1.61
17 .80 . 0 31 $ 1.34 4.40
le 1.44 05o7 .57 1.87
19 96 0378 1.28 4.20
20 1.12 .0441 .88 2.89
21 1.59 .0626 49 1.61
?? 80 .0315 1.25 4.10
23 .80 .0315 1.48 4.86
24 .96 0378 1.54 S.05
25 94 .0370 1.65 S.41
26 1.S7 .0618 .58 1.90
27 1.88 .0740 1.15 3.,77

28 94 0370 1.89 6.20
29 1.25 .0492 .27 .o9
30 1.25 0492 46 1.51
31 .63 .0248 2.29 T.Sl
32 .94 .0370 1.02 3.35
33 2.19 0862 .76 2.49
34 .78 .030F .94 s.08
35 1.25 .0492 2.03 6.66
36 1.25 .0492 .84 2.76
37 1.25 0492 .46 1.31
38 1.25 0492 2.82 9.2S

- - - _ . _~



TABLE E-3 (Cont)

DROPLET VELOCITY VERSUS DROPLET DIAMETERi

39 1.41 .0555 .77 2.53
} 40 1.25 .0492 .62 2.03
. 41 1.41 .05S5 .08 2.ov
| 47 1.41 .0$$$ 1.29 4.23; 43 94 .0370 1.99 6.53
1 44 1.57 .0618 1.25 4.10'
8
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TABt.E E-3 (Cont)

DROPLET VELOCITY VERSUS DROPLET DIAMETER

RUN 3452% ELEvaT10N. 2. T4 19 F T l
!!ME 1$ECI. 0-24

NO. DI A ME T ER VELOCITT
KA IN Ni$ Fits

1 .39 0152 1.64 S.36
2 .76 .0300 1.41 4.61
3 .S8 .0228 1.93 6.33
4 39 0152 1.34 4.40
S .76 .0300 2.99 9.52
6 .76 .0300 2.52 8.26
7 .76 .|0300 3.52 11.54
8 .39 0152. 2.95 9.67
9 76 0300 4.26 14.04

10 .58 .0228 S.56 18.2 3
11 .58 .0228 3.95 12.76
12 .58 . 0 22e 6.51 21.37(I 13 . 76 .0300 6.85 19.86

'J 14 .76 .0300 4.39 14.40''
15 .58 .0228 1 55 S.09
16 .58 .0228 7.58 24.86

r 17 .76 .0300 3.07 10.07"

18 .76 .0300 7.00 22.96
19 .76 .0300 6.22 20.40

.
20 .56 .0228 6.06 19.49
21 76 .0300 5.06 19.23
22 96 .0376 S.13 16.82
23 1.34 .0528 S.67 18.59
24 .76 .0300 S.91 Iv.38
25 .76 .0300 6.40 21.00
26 76 .0300 5.96 19.62
27- 1.34 .0528 4.41 14.47
28 96 .0376 6.61 21.70
29 .96 .0376 6.05 14 56
30 .76 .0300 S.17 16.97
31 1 34 0526 3.72 12.21'
32 76 0300 S.13 16 s5
33 . 76 .0300 S.40 17 12
34 .96 .0376 4.41 14.47
35 96 .0376 4.22 13.d3
36 76 0300 4.64 15.22,

'
37 96 .0376 5.95 19.23
38 76 .0300 S.62 18.44

.

. _ _ , ___ _ _ _ _ . _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ . _ - _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ . _ _ _ , ___ _ _ _ _ _ _ ._
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T ABLE E-3 (Cont)

DROPLET VELOCITY VERSUS DROPLET DIAMETER

39 96 .0376 4.00 13.14
40 . 76 .0300 S.42 17.7b
41 .56 .0228 6.10 20.01
42 1.15 .0452 4.24 13.d2,

43 1.15 .0452 S.36 1F.60
| 44 2.11 .0832 4.45 14.62
i 4S 1.53 .0604 4.24 13.92
'

46 . 76 .0300 7.36 24.14
47 .76 .0300 2.65 8.6m
$8 1.15 04S2 4.00 13.14
41 76 .iO 300 4.19 13.74
SO 76 .0300 S.34 1F.S1
51 58 .0228 S.35 11.54
S2 1.15 .04S2 4.76 19.61
53 96 .0376 4.40 14.44
54 1.34 .0528 4.35 14.26
SS .S8 .0228 4.79 15. 13
Se 1.15 .0452 4.94 16.21

QI Si 76 .0300 S.13 16.85
-J $8 .96 .0376 S.49 18.02
0' $9 1.34 .0528 5.58 18.29

60 .76 .0300 5.02 19.11
61 .96 .0376 6.$7 21.55
62 .76 .0300 6.37 23.8b
63 96 .03r6 S.e3 1(.14
64 96 .017h S.61 14. 41
65 1.34 .0324 6.15 20.19
66 96 .0376 S.48 17.99
67 1.15 10452 S.41 17.75
68 .96 .0376 S.36 17.60
69 1.1S .0452 S 75 18.87
70 1.15 .0452 S.45 17.07
71 1.73 .0600 4.07 13.35
72 1.15 .0452 6.69 21.94
73 .76 .0300 S.14 16.88
74 1.53 .0604 4.68 15.34
75 .96 .0376 7.16 23.S!
76 1. 34 .0528 4.96 10.27
77 1.15 .0452 4.09 13.41
78 1.34 .0528 5.8S 19.2G
79 1.15 04SZ S.33 IT.4G
80 1.73 .0680 S.11 10.76
81 1.34 .0528 3.38 11.09
82 .5b .:0228 3.55 11.66

,

- . _ _ _ . _ _ _ _ _ . _ _ _ _ _ _ _ _
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/ tat 3LE E-3 (bont)-
'

,

e
"

.i..

DR'OPLET VELOCITY VERSUS DROPLffT DIAMETER,

Q-
- -

L,

A 71, 1.3'75, . f Jf28 6.2/ 20.40*'

l.3+ ,.0528 7 7.61 24.9u172 -
, ,

1.53 .0tC f i e 6.09 19.9e/- 173 ,

g~e.> .+ 174 96 .0316 '- j #.
+ 6.02' 19.T4

6.26 20.55*

* 175 1. 34 . 0528, ,.

176 96 0376 S'.78 15.96,
'

"''f IT7 .96 .0376 5.70 18. 71
178 96 .0376 6.66 21.85- r,

179 1.53' .0604 9.65 15.25
' '

180 it.92 . 0756 . 5.23 17.15,

181
'

.96 0376, 6.39 20.97.,
182 96 .0376 5.82 19.11
183 .96 0376 6.68 21.vl

' - 184 1.92 .0756 5.13 16.d5s
' / 185 1.73 .0600 5.62 18.44

'

.i'
l- 5 j

.
186 1.15 .G452 5.24 IF.lb'

,

'

' '- ,
187 1.34 .05?8 1.55 11.63'

,

188 1.53 0604 4.92 16.15
7I 189 1.53 .0604 5.89 19.32
co - 190 1.73 .0680 4.96 10.21
""

191 1.92 .0756 6.56 21.52
192 1.92 0756 6.22 20.40
193 1.34 0528 5.70 lo.60
194 1.92 .0756 7.32 24.02
195 1.15 .0452 7.13 23.39
196 1.15 .0452 7.13 23.39
197 1.E2 .0716 6.27 20.>8
198 1.15 0452 7.12 23.36
199 96 .0376 7.99 26.22
200 1.53 . 0604 7.52 24.6b
201 1.53 .0604 7.16 23.51
202 1 53 0604 9.10 29.86
203 1.53 0604 7. u 4 25.71
204 1.15 0452 4.83 15.85
205 1.73 .0660 6.68 21.91
206 1.53 .0604 7.22 23.o9
207 1.34 .0528 7.67 25.16
208 96 0376 7.20 23.63
209 1.34 .0528 7.28 23.90
210 1.53 0604 7.78 25.S3
211 2.30 .0904 6.27 20.38
212 1.34 .0528 8.15 26.73
213 1.06 .0416 6.56 21.52
214 2.01 .0792 5.91 19.sb

l



_ _ _. . .~

TABLE E-3 (Cont)

DROPLET VELOCITY VERSUS DPOPLET DIAMETER

215 2.01 .0792 S.90 19.35
216 1.34 .0528 4.68 15.37
217 1.S3 .0604 8.43 27.66

218 .1.43 0564 7.01 22.99
219 1.25 .0492 6.16 20.22

! 220 1 43 .0564 4.99 16.30

221 2.01 .0792 S.07 16.63
222 2.68 .1132 4.77 15.64
223 1.25 .0492 0.32 27.30
224 1.53 .0604 7.40 24.53
225 1.53 .0604 9.34 30.65
226 1.63 .9e40 5.51 16.05
227 1 63 .0640 4.68 13.34
>>A 1.19 .0452 0.16 26.76
229 1.53 .0604 7.24 23.75
230 1.34 0528 7.61 24.45
231 1.15 .0452 7.06 25.80
232 1.06 .0416 7.94 26.04p3

s 233 1.15 0452 7.29 23.93

h5 234 1.73 .0680 6.90 22.63
235 1.73 .0680 7.72 25.31
236 1.34 .0528 7.73 2S.34
237 1.lS .0452 8.18 26.82
238 1.1 S 04S2 6.63 28.30 -
239 1.43 0564 6.90 22.63
240 1.06 .0416 4.99 16.36
241 1.25 .0492 6.37 20.66
242 1.34 .0528 9.14 24.79
243 1.34 0528 8.35 27.39
244 1.43 .0564 7.80 25.86
245 1.34 .0528 7.62 25.01
246 1.34 .0528 7.00 25.59
247 96 .0376 6.29 20.64
248 1.73 0680 7.73 25.37
249 1.15 0452 0.76 29.75
250 1.06 .0416 9.07 32.40
251 1.82 .0716 7.75 25.43
?S2 1.73 .0680 10.92 15.83
2S3 1.25 .0492 11.50 37.73
254 1.15 .0452 11.55 37.86
255 1.01 0398 10.68 35.05
256 1.63 .0640 7.33 24.05
257 1. 73 0600 6.97 22.87
258 1.15 04S2 9.39 30.00

L
. - - _ - _ - _ _
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TABLE E-3 (Cont)

DROPLET VELOCITY VERSUS DROPLET DIAMETER

259 2 01 0792 8.27 27.12
260 1.S3 0604 8.11 26.61

261 1.39 .0546 10.54 34.60
262 .96 .0376 9.16 30.05
263 1.36 053S 10.49 34.42
264 1.43 0564 9.43 30.JS

265 1.30 .0514 9.68 31.76

| 266 1.97 .0774 0.24 27.03t

| 267 1.43 .0564 8.78 28.81
268 1.15 04S2 11.69 39.16

269 1.39 0546 10.74 35.23
270 1.39 0546 10.b4 JS.06

271 .96 .0376 a.72 28.60
2 72 1.27 .0499 8.97 29.41
273 1.27 0499 8.97 29.41
274 1.01 0398 7.05 23.11
275 1.43 .0164 8 35 27.09
276 1.77 .0698 10.46 34.32

e 277 1.!! . 0 ',3 8 10.35 33.46p)

(3 278 1.15 0452 9.69 31. F9

279 1.25 .0492 10.08 33.06
280 1.is .0452 13.91 45.63

| 281 le64 0647 19.22 33.54

282 1.30 0310 9.29 30.47
283 1 06 .0416 10.73 35.20
284 92 .0362 9.10 29.86

285 .96 .0376 8.96 29.47
286 1.31 .0521 9.08 29.80

287 1.19 .0470 8.57 29.12
288 76 .0300 9.20 3J.20
289 1.53 0604 9.41 30.86

290 1.19 .0470 10.31 J3.81
291 1.06 .0416 10.11 33.le

292 96 .0376 12.33 40.44

|

|

.
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SUMMARN

Peak Flooding Coolant

Power Rate T empera- Bundie

8 levation Pressure [kw/m [mm/see ture[ C Power

P un [m (in.)] [Mpa (psia)) (kw/f t)) (in./sec)] ( F)] Profile

30518 1.83 (72) 0.28 (40) 2.3 (0.7) 38.9 52 (126) Liniform
( 1.53)

30921 1.83 (72) 0.27 (39) 1.3 (0.4) 38.9 52 (126) Uniform
(1.53)

31504 1.83 (72) 0.28 (40) 2.3 (0.7) 24.6 5I (123) Uniform
(0.97)

31701 0.91 (36) 0.28 (40) 2.3 (0.7) 155 53 (127) Uniform
(6.1)

31701 2.74 (108) 0.28 (40) 2.3(0.7) 155 53 (127) Uniform
(6.1)

31805 0.91(36) 0.28 (40) 2.3 (0.7) 20.6 5I (124) Uniform
(0.8 !)

31805 1.83(72) 0.28(40) 2.3 (0.7) 20.6 5I (124) Unifarm
(0.8 I)

32114 0.9I (36) 0.28(40) 2.3 (0.7) 2 5.4 + 31.0 125 (257) Uniforp

(1.0 + 1.2 2)
32114 2.74 (108) 0.28 (40) 2.3 (0.7) 25.4 +31.C 125 (257) Uniform

(1.0 + 1.2 2)

] 32235 0.91 (36) 0.14 (20) 2.3 (0.7) 166 31(88) Uniform
j (6.5 3)
# 5 sec

24.9
(0.98)
200 sec
15.7
(0.62)
onward

32333 0.9I (36) 0.28 (40) 2.3 (0.7) 166 52 (125) Uniforrr
(6.36)
5 sec
15.7
(0.82)
onward

32333 2.74 (108) 0.28 (40) 2.3 (0.7) 166 52 (125) Uniforrr
(6.36)
5 sec
20.8
(0.82)
onward

34524 2.74 (108) 0.28 (40) 3.3(1.0) 39.9 52 (125) Uniforrr
(1.57)

t
i

I
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TABLE E-4
c

> OF MOVIE DROPLET DAT A

I

Hottest initial Maximum Mean

Rodcod Rod T emp- Red T emp- Time Drop Quench

Elevation erature erature of Movie Diameter Number Front

[m (in.)] [ C ( F)] [ C ( F)] (sec) [mm (in.)] of Drops [m (in.)]

8H-l .98 (78) 257 (494) 653 (1208) Missing 0.89 (0.035) 334 Missing

91-1.78(70) 879 (1614) 949 (1740) 20-26 0.86 (0.034) 2039 0.38 (14.9)'

| 8K-l .98 (7 8) 863 (1585) I149 200-206 0.81(0.032) 101 1.53(6.0l)
(2101)

872 (160!) 2-9 1.19 (0.047) 153 0.75 (29.4)

872 (1601) 1-8 0.9I (0.036) 108 0.39 (15.6)

871 (1600) 10-16 0.86(0.034) 32 0.42 (16.6)

871 (1600) 10-16 0.86(0.034) 12 0.42 (16.6)

6L-1.88 (74^ 893 (1639) I194 18-24 1.14 (0.045) 316 0.18 (7.2)
(2172)

6L-1.88 (74) 893 (1639) I194 20-30 0.91 (0.036) 346 0.21(8.2)
(2172)

6K-1.98 (78) 888 (1630) i147 0-6 1.19 (0.047) 53 0.20 (8.0)
(2096)

6L-l .98 (78 888 (163I) I148 0-6 1.24 (0.049) 79 0.16 (6.2)
(2099)

6L-1.93 (76) 888 (1631) I148 50-61 0.97(0.038) 1474 0.92 (36.2)
(2099)

7J-1.83(72) 878 (1612) 1204 0-24 1.19 (0.047) 330 0.26 (10.2)
(2199)
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E-5. DISCUSSION

The drop size spectra of droplets entrained in the dispersed flow ahead of the quench
front in the rod bundle is found to be represented well by the log-normal distribution.
As s' mmarized in table E-4, the mean drop diameter varies from 0.81 mm (0.032 in.) tou

1.24 mm (0.049 in.). Lindsted, et al., observed an elliptical droplet shape and found an
average axis ratio of about 0.6. In the present study, the droplets seen in the movies

were mostly spherical in shape; no significant distortion from a spherical shape was
observed, as shown in figures E-1 and E-2.

It is believed that the drop diameter distribution depends on many variables. Among

them are system pressure, bundle power, coolant injection rate (flooding rate), coolant

subcooling, initial rod temperature, quench front elevation, and bundle geometry. The
present drop diameter distribution results do not provide sufficient information for a

thorough parametric study. The effects of only a few of the parameters mentioned

above can be obtained. The 0.91 m (36 in.) elevation movies of runs 32235 and 32333
show that the effect of system pressure on the mean drop diameter is small within the

pressure range of 0.14 to 0.28 MPa (20 to 40 psia). The 0.91m (36 in.) elevation movies

of runs 31701, 31805, and 32333 show that the mean drop diameter increases with
flooding rate. It appears that flooding rate is an important parameter af fecting the
drop size. Movies of runs 31701, 31805, and 32114 show the effect of elevation. The
mean drop diameter decreased by about 20 percent for runs 31701 and 32114 from the

0.91 m (36 in.) elevation to the 2.74 m (108 in.) elevation, but remained unchangea for
run 31805 between the 0.91 m (36 in.) and the 1.83 m (72 in.) elevations. However, the

number of drops observed and recorded for run 31805 was much less than for the other

runs (see table E-1); hence the results of run 31805 may not be conclusive. The effect
of quench front elevation on the drop size is not clear.

The drop velocity versus drop diameter plots (figures E-38, L . 41, E Id E-46, and
E-47) chow o trend of decreasing velocity with increasing drop diameter. existence

of drop acceleration is also observed. Runs 31701,31805, and 32114 show that droplets

1. Lindsted, R. D., et al., " Droplet and Flow Pattern Data, Vertical, Two-Phase
(Air-Water) Flow Using Axial Photography," NRC Public Document Room,
Accession No. 7904110139 (1979).
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were accelerated as they moved up the bundle. The droplet velocity at the higher
elevation was considerably larger than that at the lower elevation. Although the drop
diameter distributions follow closely the log-normal distrioution, wide scattering is
found in almost all the drop velocity versus drop diameter plots. The large variation in

the velocity of drops having the same drop diameter may be due to the rapid change in

bundle flow conditions at the beginning of flooding (for example, the mass flow rate

above the quench front increases rapidly at the beginning of reflood); also, the net

upward force acting on a droplet may depend strongly on the position of the droplet

relative to the surrounding rods.

.
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APPENDIX F

CALCULATION OF DROPLET SIZE AND DROP VELOCITY
IN DISPERSED FLOW REGIME

F-l. GENERAL

The following paragraphs describe how the drop size and drop velocity from the
transition front to the bundle exit were calculated. The calculated drop sizes and drop
velocities were then compared with the measured data from the movies (appendix E), to

determine the drop size distributions at the transition front. The input data required '.o

perform the calculations are summarized in appendix C. One-dimensional

quasi-steady-state axial flow is assumed. In the following paragraphs, the axial
dependence of various parameters is omitted from the equations for simplicity.

F-2. BASIC EQUATIONS

Because of the assumption of quasi-steady-state, the bundle tntal (vapor plus droplet)

mass flux and the droplet number flux (number of droplets per unit area passing a given
elevation per second) are constants above the transition front. The droplet number flux

is related to the measured drop size spectrum and mass flow by

* , ,

6 (1-x) m T "i. , ,

Ndi *
d

1b Vd*P j
j= 1

where

. . .
N = droplet number flux of i-th drop size groupdi

2 2[ drops /m -sec (drops /f t -sec)]

steam qualityx =

F-1
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2
total (vnoor plus droplet) mass flux [kg/m -secm =

2
(lbm/fL - sec)]

3saturation liquid mass density [kg/m (Ibm /ft )]=p
g

total number of drop size groupsN =
d

v; measured frequency of i-th drop size group=

diameter of i-th drop size group [m (f t)]d =

At the transition front, the vapor and droplet mass flux are calculated by
/

.. ..
(F-2)m =xm

T

3 . . .. . .
3 (m Adi* T i l di

where

2 2. . .
vapor mass flux [kg/m -sec (ibm /ft -sec)]m ,, =

..
droplet mass flux of i-th drop size groupm =

di 2 2[kg/m -sec (Ibm /f t -sec)]

The droplet velocity is assumed to be equal to the terminal velocity at the transition
front. Assuming that the drag force and the gravitational and buoyancy forces are the

only forces active on the drop, the terminal velocity condition is expressed by

F-2
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lo )(C A"i ) I1 vi (F-4)v di P

0.75 ! -
I l- g J=0

(8 ) ( d A
1 i ) ( l)

where

vapor mass density [(kg/f t (ibm /f t ))p =
y

C drop force coefficient for i-th drop size groupdi =

velocity dif ference between vapor and i-th dropau =

size group [m/sec (f t/sec)]

2gravitational acceleration [m/sec (ft/sec ))g =

The drag coefficient is an empirical fit of data for a solid sphere:

24 1 5
+ 0.4 0 < Redi < 2x10 (F-5)C

Re . + 1+ /Re
*

d! di di

where

au. d.'' (F-6)Re . =
di v

2kinematic viscosity of vapor [m /sec (f t /sec)]v =y

It should be noted that the drag force coefficient, Cdi , is itself a function of Au ; thusg

equations (F-4) and (F-5) may be solved simultaneously for au by iteration. The vapor

and drop velocities at the quench front can then be calculated from the velocity

difference, au;, by the following iterative scheme. A value for the vapor void fraction
at the quench front is first assumed and the velocities computed by:

1. White, F. M., Viscous Fluio Flows, McGraw-Hill, New York,1974, p 209.
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m |=d (F-7) |u

v oa |

di * "v " A" i ( 0}u

where:

vapor velocity [m/sec or (f t/sec)]u =
y

vapor void fractiona =

drop velocity of i-th drop size groupu =
di

[m/sec or (f t/sec)]

Using the calculated droplet velocities, a droplet volume fraction is defined:

* , ,

*di
a'* Md' # "di1

where adi = droplet volume fraction of the i-th drop size group.

The following relation is then checked with the assumed vapor void fraction and the

computed liquid volume fractions:

d

I=a+{a ~

di
,

i= 1
!

If the above relation is not satisfied (to within a specified error margin; 10~ is used in

the present calculations), a new value for the vapor void fraction is assumed, and the

| calculations are repeated until convergence is achieved.
|

l

It should also be mentioned that in the numerical calculation, the terminal velocity

condition in equation (F-4) is represented by

F-4
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/ D I I' ifC di " f 8Av v (F-il)(1+10-6) g i l -
v i> 0.751 H I>g1 1- -/dg> A0 1f( i / ( 0( O

1

so as to ensure a finite positive acceleration for the droplets right above the transition
front.

Abose the transition front, the drop is accelerated according to

2 -

A fD I 0di "i i l Dv (F-12)di i v
= - 0.75 | .

|-g 1 1- |' -

Az u \0 1 /\ i / \ 0 Idi
1 --

where

axial increment [m (f t)]az =

drop velocity of i-th drop size group at z + azau =
di

minus that at z [m/sec (f t/sec)]

Drop velocity above the transition front is computed from equation (F-12) by a forward

dif ference numerical technique. That is, in order to compute the drop velocity at z

+ az, the right-hand side of equation (F-12) is evaluated at z and the droplet velocity
computed by

aud
di (* * A*) * "di az

-

(* A*u + ~

-

If-the calculated droplet velocities of certain drop size groups exceed their respectise

terminal velocities, the droplet velocities of these groups are assumed to be equal to

their terminal velocities.

F-5
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The assumption th:.t the druplet velocity is calculated by the terminal velocity
condition at the transition front is not critical. An overestimate (or underestimate) of
the droplet velocity at the transition front will result in an underestimate (or
overestimate) of the droplet acceleration [through the au term in equation (F-12)], and

so tend to " correct" for the droplet velocity at subsequent axial nodes. This

self-correcting effect of the velocity calculations ensures that the droplet velocity, at
a distance sufficiently far from the transition front [> 0.30 m (12 in.)], is independent
of the assumed boundary value.(

Assuming that the droplet evaporation rate is proportional to the product of the droplet )
surface area and the vapor-droplet heat transfer coefficient, the droplet mass flux of

each drop size group is given by
|

.n di i "din *"
m ax (F-14)am,=- N T

d

(" df j df
u

j=1

n n - o

di (di (z + az) = mdi ( *Am ~

The vapor-droplet heat transfer Nusselt number is computed by the Lee and Ryley

correlation:(2)

Nu = 2 + 0.M Me F-16)
di oi

where Pr = vapor Prandtl number.

The term n in equation (F-14) is the droplet number density of the i-th drop size group
d

(number of drops per unit volume) and is related to the droplet number flux and droplet

velocity by

n

"di
n.= - (F-17)di udi

1. Lilly, G. P., et al., "PWR FLECHT Skewed Profile Low Flooding Rate Test Series
! Evaluation Report," WCAP-9183, November,1977.

2. Lee, K., and Ryley, D. J., "The Evaporation of Water Droplets in Superheated
Steam," J. Heat Transfer 90, ASME,445-451 (1968).
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The droplet diameter is related to the droplet number flux and mass flux by

[ 6 m ;)IO
(F-18)d.=

L . . .
'D NI di

Finally, the droplet volume fractions and vapor void fraction are calculated by
equations (F-9) and (F-10), respectively, and the vapor velocity is computed by equation

(F-7).

To ensure that the calculations described above do not give nonphysical results, two

additional assumptions are made. First, it is assumed that all drop size groups will

survive through the bundle exit; that is, no drop will evaporate completely before it
reaches the bundle exit. Hence, when the following condition is encountered for the

k-th drop size group:

| . . . .i.
-I')

dk(*}# *dk(*| Am

equation (F-14) will be replaced by

.n n
2

dk *dkam *

di ; Nudid." n *" *"

(*T Ax - andk i !
~

am *~
di

d

b ("dj djd Nu

j/k

1

Equation (F-19) implies that the drops belonging to the k-th drop size group will
cortpletely evaporate between elevations z and z * az. When this happens, the
magnitude of am aM ( are usuaW at least an oder of magnMe smak man Wedk
average drop size group, and have negligible effect on the behavior of the rest of
the drop size groups. Equations (F-20) and (F-21) serve to keep d fr m evaporatingk

F-7
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completely in-the numerical calculations; these equations are introduced solely for:the -

. purpose of efficient programming.

S'econd, it is required that-if the size of th'e drop (drop A) is greater (or smaller) than
the size of another drop (drop B) at the transition front, then the size of drop A should

remain greater (or smaller) than the size of drop B th'roughout the entire bundle length

(although the relative difference in size of the two drops may change). Hence, if f

dp (z) ' > d (z)- (F-22)

but'the computed drop sizes (by equation (F-18)] at z + az are such that

d (z + az) < d n(z + az) F-2M

then equation (F-14) will be replaced by

(0.5)m n d Wdk p dk'. , , *"

dk N Wam - ~

d

{ n d;Nudj "dkk "dk* *dj
.j/k .

.n d Nu. 3, d g di *

. rg" ax ; i / k (F-2.5) -Am * ~
di ~N.

d

(0.[ ndk k "dk! {nd Nu) +
d

_ j/k ,

i

where m is equal to 1. The calculations of equations (F-15) through (F-18) will then be

[
- repeated for all drop size groups. It is necessary to repeat the calculations for all drop

size groups in order to preserve mass balance in the bundle. If the condition of equation

(F-13) still persists, then the process is repeated with m set equal to 2,3, and so forth,
unut

., .,

t

d (z + az) > d (z + az) (F-26)

F-G

L
_ . _ _ _ _ _ _ _ . _ .



F-3. CALCULATION METHODS

Based on the measured drop size distrita ' ,i at the camera or window location, a drop

size distribution at the transition front is first assumed. The calculations described in
the above paragraph are then performed through the movie camera location. 'i he
calculated drop sizes are then Ocmpared with the measured drop size spectrum. A
better estimate of the drop sizes at the trcnsition front is then made and the

calculations are repeated until the computed drop sizes agree with the movie data to
within a specified margin (an error margin of 1 percent is used in the present

calculations); the calculations are then continued through the bundle exit.

.

F-4 FLECHT SEASET TEST RUNS ANALYZED

Droplet motion movies are available for nine reflood test runs (see table E-4, appendix
E). Out of these nine test runs, four were analyzed according to the descriptions given

in paragraphs F-1 and F-2. These are runs 30921, 31504, 31701, and 32114. Analysis of

the above tests was limited to time periods during which the droplet movies were taken

(see also table 6-1). Reasons for not performing the analysis for the other five test runs

are summarized below:

-- The exact movie time for run 30518 is not available.

FLEMB (mass and energy balance program for reflood tests) results for runs 31805--

and 34524 at early times (shortly after flooding) are not adequate for the present

analysis. For example, steam quality at the transition front is obtained by
extrapolating steam probe data (see appendix C); extrapolating the steam probe

data for run 34524 at early times gives negative steam qualities at the quench
front, as shown in figure F-1.

Runs 32235 and 32333 are variable flooding rate tests. FLEMB results are not--

available for variable flooding rate cases; also, the assumption of quasi-steady-state

is invalid as the flooding rate varies.

F-9
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Figure F-1. Data-Based Steam Quality for Run 34524 Shortly After Flooding
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! F-5. RESULTS AND CONCLUSIONS

Tables F-1 through F-5 show the measured drop sizes at the camera location and also

the calculated drop sizes at the transition front. The data show that the large drops

evaporate more than the smaller drops since they have a lower velocity, and thus there
is more time for evaporation. A Sauter Mean Diameter (SMD) at the transition front is
also calculated:

d

"i i'" I
SMD = N (F-27)

d

"i i
=1

It is shown in pargraph 6-8 that replacing the drop size spectrum by the SMD gives
satisfactory heat transfer results.

Figures F-2 through F-7 show the comparisons of the calculated droplet velocities with

data. Three factors are thought to have contributed to the discrepancy between
predictions and data. First, the assumption of terminal velocities at the transition front

may have overestimated the droplet velocities near the transition front. Figure F-2, for
example, shows the results for run 31504 at 200 and 210 seconds at the 1.83 m (72 in.)

elevation. The transition fronts at 200 and 210 seconds are at 1.75 m (69 in.) and 1.80 m

(71 in.), respectively. The comparisons shown in figure F-2 thus suggest that the
boundary conditions for the droplet velocities may hae been overstated. Second, the
drag coefficient given in equation (F-5) is an empirical fit for a solid sphere; it may not

be adequate for reelerating droplets under nonequilibrium dispersed flow conditions.
Third, the assurrption of quasi-steady-state implies that

dV aV aV I
d d d d

* + *
dt d az at d az

' nis assumption may not be valid, especially for high flooding rate tests. Indeed, thei

worst comparisons with data come from run 31701 (figures F-4 and F-5), which was a

high flooding rate test with a water injection rate of 155 mm/sec (6.1 in./sec).

F-11
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From the results presented above, it is clear that more detailed and fundamental studies

of the hydrodynamic interactions between dispersed droplets and steam and the droplet

formation mechanisms at the quench frr.at are required to give more accurate

evaluation of dispersed two-phase flow conditions during reflood.
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' TABLE F-1

MEASURED DROP SIZES AT CAMERA LOCATION AND

CALCULATED DROP SIZES AT TRANSillON FRONT,

RUN 30921

Movie time = 20 - 26 see - Camera location = 1.83 m (72 in.) '
Calculation times = 20, 23, and 26 see Transition front at 20 sec = 0.62 m (24.6 in.)

at 23 sec = 0.69 m (27.0 in.)

at 26 cee = 0.73 m (28.8 in.)
.

! Measured Drop Size Calculated Drop Size Calculated Drop Size Calculated Drop SizeDrop Group - at Camera Location at Transition Front at Transition Front at Transition FrontNumber imm (in.)) at 20 see Imm (in.)] at 23 sec [mm (in.)] at 26 sec [mm (in.)] '
I 0.37 (0.0145) 0.41 (0.0163) 0.42 (0.0164) 0.42 (0.0167)

'7~ 2 0.55 (0.0215) 0.59 (0.0233) 0.59(0.0234)- 0.60 (0.0236)U 5 0.73 (0.0286)' O.77 (0.0304) 0.77 (0.0305) 0.78 (0.0307)-
i 4 0.90 (0.0355) 0.95(0.0373) 0.95(0.0374) 0.96(0.0377)

5 1.08 (0.0425) 1.12(0.0443) 1.13 (0.0444) 1.13 (0.0446),

6 1.3 I (0.05 I 7) 1.36(0.0535) 1.36 (0.0536) 1.37(0.0539),
.

7 1.44 (0.0565) 1.48 (0.0583) 1.48 (0.0584) 1.49 (0.0587)i 8 1.6I(0.0635) 1.66 (0.0653) 1.66 (0.0654) 1.68 (0.0660)
i 9 1.79 (0.0706) 1.85(0.0727) 1.85 (0.0730) 1.87(0.0734)
f 10 1.97 (0.0775) 2.03(0.0799)
i . 2.03 (0.0800) 2,06 (0.08 I I)
i -c, 1I 2.I4 (0.0845) 2.23 (0.0877) 2.23 (0.0877) 2.28 (0.0896)

,

*

,$.
A raiculated Sauter Mean Diameter at

1

jg t ransition front 1.07(0.042I) 1.08 (0.0426) 1.08 (0.0426)
,

4
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. TABLE F-2

,
MENSURED' DROP SIZES Al CAMERA LOCATION AND
CALCULATED DROP SIZES AT TRANSITION FRONT,

RUN 31504 .
' -

Moyie time = 200 206 see Camera location = 1.83 m (72 in.)
'

Calculations time : 200 and 210 see Transition front at 200 sec = 1.75 m (69 in.)

at 210 sec = 1.80 m (70.8 in.)

Measured Drop Size Calculated Drop Site Calculated Drop Sire
Drop Grnup . at Camera Location at Transition Front at'. Transition Front -
Number Imm (in.)) at 200 see Imm (in.)] . at 210 sec [mm (in.)]

I 0.27 (0.0104) -0.27 (0.0107) 0.27 (0.0106)

2 0.41(0.0160) 0.4 I (0.016I) 0.4I (0.0160)
1 0.55 (0.0215) 0.55 (0.0216) 0.55 (0.0215)
4 0.67(0.0265) 0.67(0.0266) 0.67(0.0265)

#
5 0.80 (0.03I61 0.80 (0.0317)- 0.80 (0.03I6)
6 0.91(0.0365) 0.93 (0.0366). 0.93(0.0365)
7 1.07 (0.0420) -1.07 (0.042I) 1.07 (0.0420)
H I.2 I (0.0475) 1.21(0.0476) 1.21 (0.0475)
9 1.34 (0.0526) 1.34 (0.0527) I 34 (0.0526)
10 .I.46(0.0575) 1.46(0.0576) 1.46(0.0575)
iI I.60 (0.0630) 1.60 (0.063I) 1.60 (0.0630)
12 1.74 (0.0685) 1.74 (0.0686) .l.74 (0.0685)

I.87'0.0736) 1.87(0.0737) 1.87 (0.0736)(I3

I4 1.99 (0.0785) 2.00 (0.0786) 1.99(0.0785)

Calculated Santer Mean Diame" r at
transition front 1.18 (0.0463) 1.'17(0.0462)

. . .. . _.
.

. . .. . . . . _ .. .. . . . _ . .. .. . . . . . . . . _ . . . .. ..
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T ABLE F-3 ~

'"

MEASURED DROP SIZES Al CAMERA,'L'OCAllON AND
-

~

CALCULATED DROP sizes AT TRANiilllON FRONT,
,,

'
>

s RUN 31701 ^

j , a
r

Movie time = 2 - 9 see Camera location = 0.91 m (36 in.)

Calculation time = 5 and 10 see Transition front at 5 sec = 0.88 m (34.8 in.)

at 10 sec = 1.22 m (48 in.)'

*
.

J
,[, Measured Drop Size Calculated Dr@I5ize Calculated Drop Size

,- ,

at Camera Location adTransition Front . at Transition F ront , . , -_I. Drop Groupf'
, -

[mm (in.)] at 5 sec [mm (in.)),. e at 10 sec [mm (in.)]
, '

,

Number'

s e
. , -

I 3a .
,

,
.

.$ -

~

|, ' '' 1 0.55 (0.0215) [ 0.55 (0.0216) 0.55 (0.0216) '--'

,y
''

h '2 . 0.81 (0.0320) 0.82 (0.0322)
'

O.82 (0.0322)
,,

3 , - 1.p8 (0.0425) 1.08 (0.0426) * 1.08 (0.0426)

4 1.36 (0.0535) 1.36 (0.0536) 1.36 (0.0536)

5 1.64 (0.0646) 1.64 (0.0647) 1.64 (0.0647)

6 1.91 (0.0750) 1.91 (0.0751) 1.91 (0.0751)

7 2.I7 (0.0856) 2.I8 (0.0857) 2.I8 (0.0857)

8 2.45(0.0965) 2.45(0.0966) 2.45(0.0966)

9 2.73 (0.0108) 2.73 (0.0108) 2.73 (0.0108)
_

Calculated Sauter Mean Diameter at

transition front 1.5 (0.0590) 1.5 (0.0590)
_



1 ABLE F-3 (cont)
MEASURED DROP SIZES AT CAMERA LOCATION AND

CALCULATED DROP MZES Al TRANSillON FRUN1,

RUN 31701

Movie time = 1 - 8 see Camera location = 2.74 m (108 in.)
Calculation time = 5 and 10 see Transition front at 5 sec = 0.91 m (36 in.)

at 10 sec = 1.22 m (48 in.)

Measured Drop Size Calculated Drop Size Calculated Drop Size
Drop Group at Camera Location at Transition Front at Transition Front
Number [mm (in.)] at 5 sec [mm (in.)] at 10 sec [mm (iru)]

2

1 0.4I (0.0160) 0.83 (0.0329) 0.75 (0.0296)y

h 2 0.6I (0.0240) 1.02 (0.0401) 0.94 (0.0372)
3 0.8I (0.0320) I.2 i (0.0476) 1.I4 (0.0449)
4 1.01 (0.0400) s.41 (0.0554) 1.34 (0.0527)
5 1.22 (0.0480) 1.60 (0.0631) 1.54 (0.0605)
6 1.42 (0.0560) !.81 (0.0712) 1.74 (0.0686)
7 1.64 (0.0646) 2.03 (0.0798) 1.96 (0.0773)
8 1.85 (0.0730) 2.24 (0.0882) 2.18 (0.0857)

Calculated Saotar Mean Diameter at
transition 1.44 (0.0568) 1.38 (0.0544)

I

_ _ - _ - _ _ _ _ - _ _ _ _ _ _ _ _
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1 ABLE F-4

MEASURED DROP SIZE 5 Al CAMERA LOCATION AND
CALCULATED DROP SIZES AT TRANSillON FRON1,

RUN 32114

Movie time = 10 - 24 see Camera location = 0.91 m (36 in.)
ralculation times - 18,21, and 24 see Transition front at 18 sec = 0.29 m (II.4 in.)

at 21 sec = 0.40 m (15.6 in.),

at 24 sec = 0.44 m (17.4 in.)

l
Measured Drop Size Calcu!91ed Drop Site Calculated Drop Sire Calculated Drop 'iVeDrop Group at Camera 1.ocation at Transition Front at Transition Front at Transition FrontNumber Imm (in.)1 at 18 see Imm (in.)] at 21 sec [mm (in.)] at 24 r.ec [mm in.il

| | 0.55 (0.0215) 0.55 (0.0216) 0.55 (0.0217) 0.5510.021 M
[ 2 0.83(0.0325) 0.83(0.0328) 0.84 (0.0329) 0.H3 t0.032fD '
"

3 1.1I (0.0436) 1.I2(0.0439) 1.I2 (0.0438) I.I2 f 0.04 58;

4 1.37 (0.0540) I.38 (0.0545) 1.38 (0.0545) 1.58 0.0 % 5)
5 1.64 (0.0646) I.65 (0.0650) 1.65 (0.0r 50) 1.65 + 0. fit.Nf1':
6 1.92 (0.0755) 1.93(0.0760) 1.93(0.0761) 1.9 5 < 0. flit.fli
7 2.20 (0.0865) 2.21 (0.0870) 2.21 (0.087I) 2.21 fl.f)H /fti
8 2.48 (0.0976) 2.50 (0.0983) 2.50 (0.0985) 2.',0 f 0.f MH2)
9 2.76 (0,108) 2.78 (0.110) 2.78 (O. I 10) 2. ?H + fI.1IW!i

10 3.02 (O. I I 3) 3.05 (O. I 20) 3.05 (0,i20) 5.04 (f1. I 2fli
|I 3.29(0.129) 3.32 (0.131) 3.31 (0.130) 3.12 'fl. I 51)( 12 3.57 (0,I41) 3.60 (O. I42) 3.6 I (O. I42) 5.60 (O. I42)

| |3 3.85 (O. I 52) 6.34 (0.250) 5.95(0.254) '. 76 'I t. ?? 7 *|

ralculated Sauter Mean Diameter at

| t ransition front 2.07 (0.0814) 2.00 (0.07HR : 1.98(0.0778)|
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T ABLE F-5

MEASURED DROP SIZES Al CAMERA LOCATION AND
CA CULATED DROP SIZES AT TRANSillON FRONT,

RUN 30921

Movie time = 20 - 30 see Camera location = 2.74 m (108 in.)

Calculation times = 20,26, and 30 see Transition front at 20 sec = 0.38 m (15 in.)

at 26 sec = 0.47 m (18.6 in.)

at 30 sec = 0.53 m (21 in.)

Measured Drop Size Calculated Drop Size Calculated Drop Size Calculated Drop Site
Drop Group at Camera Location at Transition Front at Transition Front at Transition Front
N umber [mm (in.)) at 20 sec [mm (in.)] at 26 sec {mm (in.)J at 30 sec [mm (in.)]

I 0.52 (0.0205) 0.57 (0.0226) 0.76 (0.0300) 0.79 (0.0310)

) 2 0.67(0.0270) 0.74 (0.0290) 0.73(0.0366) 0.95(0.0376)

3 0.85(0.0335) 0.91 (0.0358) 1.10 (0.0433) 1.12(0.0442)

4 1.03(0.0406) I 09(0.0430) 1.30 (0.0510) 1.3I(0.0517)

5 1.21 (0.0475) 1.27 (0.0502) 1.49(0.0586) 1.51 (0.0594)

6 1.37(0.0540) 1.44 (0.0569) 1.67(0.0659) 1.69(0.0666)

7 1.54 (0.0605) i.62 (0.0638) 1.87 (0.0736) 1.87 (0.0738)

8 1.72(0.0676) 1.82(0.0716) 2.09(0.0822) 2.09(0.0822)

9 1.89 (0.0745) 2.03(0.0798) 2.32(0.0914) 2.32(0.0912)

10 2.07(0.09I5) 6.6I (0.260) 5.09(0.201) 4.57(0.180)

ralculated Sauter Mean Diameter at

transition front 2.2i (0.0870) 1.65 (0.0650) 1.55(0.0612)

. _ _ - _ _ _ _ _
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Run 32114,0.91 m (36 in.) Elevation

,

F-23
.

.

______-_.____mm .______-_m_ _ _ . . _ _ _ _ . _ _ _ _ . _ _ _ _ _ _ _ _



'8344 240

|
|

DROPLET DIAMETER (in.)

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

'# 551
I I I I I i l I

5
~

12 _ [ LEGEND:

O O DATA _

O PREDICTION 8
~

h 10 - Q
_ 400 ;O

E o 5

$8 _ CQ $26 see

8 [ C3 0 O o - 3N 8
d O q d
>6 - y O >

h 20 sec - 200

S $$4 - o
> oo o

2 _ bO - '"

MOVIE TIME = 20 TO 30 sec

0 0

0 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25

DROPLET DIAMETER (mm)

Figure F-7. Comparison of Calculated and Measured Drop Velocities,
Run 32114,2.74 m (108 in.) Elevation

F-24

.. .- -.- - _. . . _ _ _ .



1

APPENDIX G

COMPARISON OF HEAT TRANSFER CORRELATION
WITH DATA FOR OVERLAP RUNS

Data from overlap runs 31203 (FLECHT SEASET),03113 (FLECHT cosine power), and
11616 (FLECHT skewed power) have been compared with the heat transfer correlation

of this work in par % graph 8-2. Comparison for the remaining sets of overlap runs are
presented in figuri s G-1 through G-34. Run conditions are summarized in table G-1.

|
,

G-1



T ABLE G-1

OVERLAP RUNS

Initial Clad Inlet
Peak Power Flooding Rate T emperature Subcooling Pressure Bundle

Run [kw/m (kw/l t)) [mm/sec (in./ scc)) [0C (OF)] [0C ( F)) [MPa (psia)) Geometry (a)

30817 2.3 (0.7) 38.1 (l.5) 538 (l000) 77 (l40) 0.28 (40) A
00904 2.8(0.85) 37.6 (l.48) 538(998) 77 (l40) 0.28 (4l) B
i1719 1.5(0.45) 38.1(1.5) 538 (1001) 79 (142) 0.28(4I) C

30518 2.3 (0.7) 38.1(1.5) 260 (500) 77 (140) 0.28 (40) A
02005 2.8 (0.84) 38.4 (1.51) 274 (525) 78 (14!) 0.28 (40) B
12720 1.5 (0.45 38.1(1.5) 262 (508) 78 (141) 0.28 (40) C

30619 2.3 (0.7) 38.1(1.5) 260 (500) 77 (140) 0.14 (20) A
9 03709 2.7 (0.81) 38.1(l.5) 317 (603) 78 (l4 l) O.14 (20) B"

1I821 1.5(0.45) 41.7 (l.64) 263 (506) 79 (143) O.14 (20) C

3I805 2.3 (0.7) 20.3 (0.8) 87 i (l600) 77 (l40) O. I A (40) A
02414 2.8 (0.84) 20.6(0.8I) 871 (1600) 77 (138) O.I4 (40) B

34006 1.3 (0.4) 15.2(0.6) 871 (1600) 77 (140) O.14 (4 0) A
07836 2.4 (0.74) 15.7 (0.62) 871 U600) 78(141) O.14 (40) B

36026 2.3(0.7) 25.4 (1) 871 (1600) 77 (140) 0,14 (40) A
05132 3.1(0.95) 25.1 (0.99) 871 (1600)- 77 (140) 0.14 (40) B

32333 2.3 (0.7) 152.4 (6) 5 sec 871 (1600) 77 (140) 0.14 (40) A.
20.3 (0.8) onward

04516 3.1(0.95) 152.4 (6) 5 sec 871 (1600) 77 (140) 0.14 (40) B
20.3 (0.8) onward

a. A - 17 x 17 cosine power
B - 15 x 15 cosine power
C - 15 x 15 skewed power

. ..

_.
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. . . . . ... _ _ _ _ _ _ _ _ _ _ _
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APPENDIX H

COMPARISON OF HEAT TRANSFER CORRELATION
WITH DATA FOR NONOVERLAP RUNS

Data from the FLECHT SE ASET nonoverlap runs (table H-1) are compared with the

correlation of this work in figures H-! through H-16. Data from the cosine power test
nonoverlap runs (table H-2) are compuced with the correlation in figures H-17 through

H-26. Data from the skewed power test nonoverlap runs (table H-3) are compared with

the correlation in figures H-27 through H-40.

H-1



TABLE H-1

FLECHT SE ASET NONOVERLAP RUN DATA

Peak Flooding Initial Clad inlet
Power Rate Temperature Subcooling Pressure

Run [kw/m (kw/f t)] [mm/sec (in./sec)] [0C ( F)] [0C ( F)] [MPa (psia))

31701 2.3 (0.7) 152 (6) 871 (1600) 78 (140) 0.28 (40)

31302 2.3 (0.7) 76 (3) 871 (1600) 78 (140) 0.28 (40)

31504 2.3 (0.7) 25.4 (1) 871 (1600) 78(140) 0.28 (40)

34209 2.3 (0.7) 25.4 (1) 871 (1600) 78 (140) 0.14 (20)

32013 2.3 (0.7) 25.4 (1) 871 (l600) 78 (l40) 0.4I (60)

35114 2.3 (0.7) 25.4 (1) 871 (1600) 2.7 (5) 0.28 (40)

I 31922 1.3 (0.4) 25.4 (1) 871 (1600) 78 (140) 0.14 (20)

32235 2.3 (0.7) 152-25.4H S.2 871 (1600) 78 (140) 0.14 (20)

(6-1- 0.6)
_

. - _ _ _
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TABLE H-2

COSINE POWER NONOVERLAP RUN DATA

Peak Flooding Initial Clad inlet
Power Rate Temperature Subcooling Pressure

Run [kw/m (kw/f t)] [mm/sec (in./sec)] [ C (OF)] [0C ( F)] [MPa (psia)]

02603 2.7 (0.81) 20.6 (0.81) 556 (1032 77 (138) 0.28 (40)

04930 1.7 (0.51) 20.3 (0.8) 872 (1601) 77 (138) 0.28 (40)

04831 3.1 (0.95) 38.1 (1.5) 871 (1600) 79 (142) 0.28 (40)

06638 3.1 (0.95) 20.8 (0.82) 871 (1600) 79 (143). 0.14 (20).
05342 3.1 (0.95) 20.3 (0.8) 872 (160l) 1I (19) 0.28 (40)

f
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TABLE H-3

SKEWED POWER NONOVERLAP RUN DATA

Peak Flooding Initial Clad Inlet
Power Rate Temperature Subcooling Pressure

Run [kw/m (kw/f t)] [mm/sec (in./sec)] [0C ( F)] [ C ( F)] [MPa (rnia)]

13303 2.3 (0.7) 38.1 (1.5) 871 (1600) 78 (141) 0.28 (41)
t

15305 2.3 (0.7) 20.3(0.8) 871 (1600) 78 (140) 0.28 (40)!

16110 2.3 (0.7) 20.3 (0.8) 881 (1617) 73 (132) 0.14 (20)

,

15713 2.3 (0.7) 25.4 (1) 875 (1607) 1(2) 0.28 (40)
,

! 12816 2.3 (0.7) 38.1(1.5) 264 (507) 78 (141) 0.78 (40)

I 16022 3.3 (1) 38.1 (1.5) 891 (1636) 77 (139) 0.28 (40)

b 15132 2.3 (0.7) 152 - 20.3 846 (1555) 77 (139) 0.27 (39)
|

(6-0.8)

|

|

I

'
_ . _ _ _
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APPENDIX l
HEAT TRANSFER CORRELATION COMPUTER PROGRAM

The computer program for calculating the quench front elevation and the heat transfer

cc3fficient correlation of section 6 is listed in this appendix. An example of calculation

for run 31805 ir given at the end of this appendix. The inputs and outputs for the
program are described below:

NRUN run number=

DTSUB inlet subcooling ( F)=

pressure (psia)P =

initial clad temperature at peak elevation (I)TINIT =

peak power (kw/t t)QMAX =

TSAT saturation temperature ( F)=

Z elevation at which the heat transfer coefficient is to be computed (f t)=

peak temperature elevation (f t)Z PEAK =

time (sec)TIME =

H = heat transfer coefficient in English units (Btu /hr-f L - F)
<

2
H(SI) heat transfer coefficient ;n SI units (w/m - C)=

ZQ(F1) quench front elevation (ft)=

ZQ(M) quench front elevation (m)=

1-1

1

,-



Input table for flooding rate:

VINTM(J) = time t (sec)j

VINTB(J) = flooding rate at time t) (in./sec)

In reactor applications, if the rower decay and the a xial power shape are.different_ from.
'

those in FLECHT or FLECHT SEASET tests, then the " Table of. Normalized Power .

Decay," " Table of A >ial Power Shape Factor," and " Table of Normalized Integral of'
Power" in the following computer program must be replaced. These tables are defined -

as follows:

Table of Normalized Power Decay--

PDCT(J) = time tj (sec)

.tj Q'(Z,t)

>0 Q'(Z,0)
. PDCAY(J) =

.tj O'(Z,t)

I

_' O Q'(Z,0) _ decay curve B

where the normalized FLECHT power ' decay curve B is shown in figure 1-1. The ~

table of PDCAY(J) in the following computer program is for the ANS + 20%. power

decay curve.

Table of A >ial Power Shape Factor--

FAXZ(J) = elevation Z. (f t)
1

F AXTB(J) = Q'(Z ,0)/Q'ma x f r FLECHI cosine power or FLECHT SEASET '

same as FAXZ(J) and FAXTB(J), respectively,F AXZS(J), FAXTBS(J) =

for FLECHT skewed power

1-2
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Table of Normalized Integral of Power--

i

QAXZQ(J) = elevation Z (f t)j

Q AXTB(J) = { O'(Z,0) dZ for FLECHT cosine power or FLECHT SEASET
' 'O O'ma x

,

. '

.
t

Q AXZQS(J), QAXTGS(J) = same as QAXZQ(J) and QAXTB(J), respectively, for

FLECHT skewed power' '

s

Subroutine INTERP is used for linear interpolation between tabulateu values.

Steam properties are evaluated with the Westinghouse steam table functions. These
functions and their functional performances are as follows:

HG = HSV(P, TSAT, S, VOLG) h, T, s, v = f(P)

VOLF = VCL(P, TSAT) v = f(P, T)

CPF = CPL (P, TSAT) C g = f(P, T)p

g = f(T)HF = HSL(TSAT) h

VISF = VISL(P, TSAT) uf = f(P, T)

g = f(P, T)KF = CONDL (P, TSAT) k

KG = CONDV (P, TSAT) K = f(P, T)

These functions may be replaced by appropriate functions or the values of the steam
properties given as inputs.
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HEAT TRANSFER CORRELATION COMPUTER PROGRAM

i

TYPE YHTDL.F4
00100 C FLECHT-SEASET UNBLOChED BUNDLE EVALUATION REPORT
00200 C REFLOOD HEAT TRANSFER COEFFICIANT CORRELATION IN
00300 C DIMENSIONLESS FORM DEVELOPED BY YEH.
00500 REAL KFeK0eNU1eNU2eNU3eNU,

j. 00600 DIMENSION DAXZO(92)e0AXTB(92),FAXTB(93),FAXZ(93)
00700 1ePDCAY(111)ePDCT(111)e0AXTBS(99)eQAXZDS(99),FAXTBS(99),
00800 2FAXZS(99)eVINTM(111),VINTB(111)e0AXZG4(99),0AXTB4(99),
00900 3FAXZO4(99),FAXTB4(99)eFTOTBS(99),FT0ZDS(99)
01000 4,OAX203(33),0AXTB3(33),FAXZO3(33),FAXTB3(33),
01100 SFT0ZO3(33),FTOTB3(33),ZOTM(55),ZOTB(55)

! 01200 10 CONTINUE
01300 TYPE 950
01400 950 FORMAT (* MR=1 FOR FLECHT POWER, MR=2 FOR UNIFORN POWER')
01500 TYPE 900
01600 900 FORMAT (' M=1 FOR COSINE, M=2 FOR SKEu'/
01800 1' MBDL=15 FOR 15X15, MBDL=17 FOR 17X17')
01900 TYPE 1000
02000 1000 FORMAT (* ENTER RUN DTSUB P TINT OMAX TSAT
02100 1 M MR Z ZPEAK MBDL'/)
02:00 ACCEPT 1002,NRUN,DTSUBePeTINITe0 MAX,TSATeMeNRe
02300 1 ZeZPEAKeMBDL
02400 1002 FORMAT (11G)

( 02500 TYPE 1100
t 02600 1100 FORMAT (* ENTER VIN TABLE BELOW')
| 02700 TYPE 1110
|

02800 1110 FORMAT (' ENTER NO. OF POINTS'/)
> 02900 ACCEPT 1112, NVIN

03000 1112 FORMAT (I)
03100 TYPE 1102
03200 1102 FORMAT (* ENTER TIME (10/LINE)'/)

1 03300 ACCEPT 1104, (VINTM(J)eJaleNVIN)

| 03400 1104 FORMAT ((100))
f 03500 TYPE 1106
| 03400 1104 FORMAT (' ENTER VIN (10/LINE)'/)
1- 03700 ACCEPT 1104, (VINTB(J)eJ=leNVIN)
| 03800 IF (NZO .NE. 1) GO TO 1300

03900 TYPE 1200
04000 1200 FORMAT (' ENTER 20 TABLE BELOW')
04100 TYPE 1210
04200 1210 FORMAT (* ENTER NO. OF POINTS'/)
04300 ACCEPT 1112, NZO
04400 TYPE 1202
04500 1202 FORMAT (* ENTER TIME (10/LINC)'/)
04600 ACCEPT 1104e (ZOTM(J)eJ=leNZO)
04700 TYPE 1206

1-5
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04800 1206 FORMAT (* ENTER ZD (10/LINE)'/)
04900 ACCEPT 1104, (ZOTB(J),JaleNZO)
05000 1300 CONTINUE
05100 C
05200 C TABLE OF NORMALIZED POWER DECAY
05300 C
05500 DATA (PDCAY(J)eJ=1,17)/1., 1 085, 1 153, 1 190e 1.226
05600 1, 1.244, 1.255, 1.262, 1 27, 1.28e 1.298, 1.311, 1.319
05700 2e 1.324, 1.327, 1.328, 1.33/
05000 DATA (PDCT(J)eJ=1,17)/0., 20., 40., 60., 80.

05900 1, 100., 120., 140., 160.e 200.e 280., 360., 440.
06000 2, 520., 600.e 680., 2000./
06800 IF (M .NE. 1) GO TO 12
06900 C
07000 C TABLE OF NORMALIZED INTEGRAL OF POWER FOR FLECHT COSINE
07100 C POWER BUNDLE
07200 C
07300 DATA (OAXZG(J),J=1,17)/0.e 1.83, 2.34, 3., 3.58,

07400 1 4.17e 4.83, 5.42, 6., 6.58, 7 17e 7.83, 8.42, 9.,

07500 2 9.66, 10.17, 12./
07600 DATA (OAXTB(J)eJ=lel7)/0.e .53e .735, 1.089,
07700 11 478, 1.935, 2.534, 3.096, 3.6795e 4.263, 4.825,

07800 2 5.424, 5.881, 6.271, 6.424, 6.829, 7.359/
07900 C
08000 C TABLE OF AXIAL POWER SHAPE FACTOR FOR FLECHT COSINE
08100 C PWER BUNDLE
08200 C
08300 DATA (FAXTB(J)eJ=1,303/.289e .289, .41e .41, .53, .53

C8400 1, .669e .669, .783, .783, .898, .898e .964, .964, 1., 1.

08500 2, .964, .964e .898, .898, .783, .783, .669, .669, .53, .53

08600 3e .41, .41, .289, .289/

08700 DATA (FAXZ(J),J=le 30)/0., 1.83e 1.84, 2.33, 2.34, 3.
08800 1, 3.01, 3 58, 3.59, 4 17, 4.18, 4.83, 4.84, 5 42e 5.43
08900 2, 6 58, 6.59, 7.17 7 18, 7.83, 7.84. 8.42 8.43

09000 3, 9.e 9.01, 9.67, 9.48, 10.17e 10.18, 12./
09100 GO TO 16
09200 12 CONTINUE
09300 C
09400 C TABLE OF NORMALIZED INTEGRAL OF POWER FOR FLECHT SKEWED
09500 C POWER BUNDLE
09600 C
09700 IF (M .NE. 2) GO TO 13
09800 DATA (OAXZDS(J),J=1,14)/0., 1.5e 2.5e 3.5, 4.5, 5.5
09900 1, 6.5e 7.5, 8.5, 9.25, 10.25, 10.75, 11.25, 12./
10000 DATA (OAXTBS(J),J=1,14)/0., .722e 1.285, 1 907, 2.589
10100 1, 3.33. 4 13, 4.989, 5.915e 6.643, 7.643, 8 098
10200 2, 8.494, 8.845/

10240 C
10250 C TABLE OF AXIAL POWER SHAPE FACTOR FOR FLECHT SKEWED POWER
10260 C BUNDLE
10270 C

I-6



-
_

10300 DATA (FAXZS(J),J=1,26)/0.e 1.5, 1 51, 2.5, 2 51, 3.5
10400 1, 3.51, 4.5, 4 51, 5.5, 5.51, 6.5, 6.51, 7 5, 7 51
10500 2, 8.5, 8.51, 9.25, 9.26, 10.25, 10.26, 10.75, 10 76
10600 3e 11.25, 11 26, 12./
10700 DATA (FAXTBS(J) J-1,26)/.4815, .4815, .563, .563, .622
10000 1, .622, .681, .681, .741, .741, .8, .8, .859, .859
10900 2e .926, .926, .97, .97, i.e 1., .911, .911, .793, .793
11000 3, .5259e .5259/
11500 GO TO 16
11600 13 CONTINUE
14900 16 CONTINUE
14950 TYPE 2100
15000 2100 FORMAT (3Xe4HTIME,8X,1HH,4X,6HZ0(FT)

15100 1,4Xe5HH(SI),1X,5HZO(M))
15200 IX=30
15300- IF(M.EO.1) CALL INTERP(FAXZ,FAXTBeIXeZeFAX,FAXVZO)
15400 IX=26
15500 IF(M.EO.2) CALL INTERP(FAXZS,FAXTBS,IXeZeFAXeFAXVZO)

16000 TINITZ=(TINIT-TSAT)* FAX +TSAT
16100 RCPA=.05562
16200 IF (MBDL .EO. 17) RCPA=.03851
16300 H1=.21580 MAX *.9481* FAX /RCPA*(1.-EXP(-(TINITZ-700.)/435.))
16350 IF (TINITZ .LT. 700.) H1=0.

j 16370 C
16375 C STEAM PROPERTIES---THE FOLLOWING ARE WESTINGHOUSE STEAM
14380 C TABLE FUNCTIONS. THEY MAY BE REPLACED BY APPROPRIATE
16385 C FUNCTIONS OR GIVEN AS INPUTS.
16390 C
16400 HG=HSV(P,TSAT,SeVOLG)

16405 C THIS FUNCTION PERFORMS hetes,V=F(P)
16406 C WHERE ENTROPY S IS NOT USED.
16410 VOLF=VCL(P TSAT)
16415 CPF= CPL (P,TSAT)

16420 HF=HSL(TSAT)
16425 VISF=VISL(PeTSAT)
16430 KF=CONDL(P,TSAT)/3600.
16435 NG=CONDV(P,TSAT)/3600.

16440 C
14500 A=.00123
14400 IF (MBDL .EO. 17) A=.0009455
15.00 RHOG=1./VOLG
16900 RHOF=1./VOLF
17000 RHOGF=RHOG/RHOF
17100 CT= ( TINIT-TS AT ) / ( 500. -TS AT )
17400 HFG=HG-HF
17500 DR=.422/12.
17600 DE=.04451
17630 IF (MBDL .EO. 15) RCPAF=.00123
17635 IF (MBDL .EO. 15) RCPAR=.05562
17640 IF (MBDL .EO. 17) RCPAF=.0009455
17645 IF (MBDL .EO. 17) RCPAR=.0385
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17700 IF (MBDL .LO. 17) DE=.03863
17800 IF (MBDL .EO. 17) DR=.374/12.
18300 H=H1
18400 HSI=Hs5.67826
18500 T=0.
18600 20=0.
19100 DZQ=.005
19200 CALL INTERP(VINTMeVINTS,NVIN,0.eVIN,VINSL)
19300 JTYPE=0
19400 JSTYPE=0
19500 J=1
19600 15 CONTINUE
19800 19 CONTINUE
19900 C
20000 C COMPUTE QUENCH FRONT ELEVATION
20100 C
20200 ZO=Z0+DZO
22000 60 CONTINUE
22100 DO 40 IVO=1,2

22200 IF (IVQ .EO. 1) Z0=Z0 .0005
22300 IF (IVO .ED. 2) 20=Z0+.0005
22400 IX=17
22500 IF (M .ED. 1) CALt INTERP(GAXZO,0AXTB IX,ZO,0AX,0AXSLP)

22600 IX=14
22700 IF (M .ED. 2) CALL INTERP(OnXZDS,0AXTBS,IX,20,GAX,0AXSLF)
24050 DE01=0 MAX
24100 IF (MR .ED. 2) DE01=0E01*1 1
24500 IX=30
24600 IF (M .ED. 1) CALL INTERP(FAXZ,FAXTB,IX,ZO, FAX,FAXVZO)
24700 IX=26
24800 IF (M .EO. 2) CALL INTERP(FAXZS,FAXTBS,IX,20, FAX,FAXVZQ)
25300 OEQ=0E01
25400 TINITE=(TINIT-TSAT)* FAX +TSAT'

25430 DTC=800.
25440 DTE=DTC/(1.+60.**(1.088(TINIT-TSAT)/DTC-1.26))
25450 TE=TINIT+DTE
25460 TEZ=TSAT+(TE-TSAT)* FAX
25500 GEFFZ=.78 FAX *.9481
25600 CALL INTERP(VINTMeVINTB,NVIN,T, VIN,VINSL)
25800 RE= VIN /12.*RHOF*DE/VISF .

I
25850 FH=1./(1.+70.**(1. .0133*(ZPEAK/DR)))
25900 ZS=6329.*(RE+4000.)**(-1.468)* VIN /12.*RHOF
26000 1*CPF8DE*DE/KF*FH
26050 ZAD=51.*RCPAF8DTSUB8 VIN /12./0 MAX /.9481 .2348RCPAR
26055 1*(TINIT-TSAT)* VIN /12./0 MAX /.9401+1.1478FH
24057 IF (ZAD .LE. 0.) ZAD=0.
26100 FDTSUB=EXP(-10.09*(CPF8DTSU3/HFG))

. 26200 FVIN1=1.-EXP( .00008137*RE/RHOGF**.262)
26300 FVIN2=1.3*EXP(-1.652E-98RE*RE/RHOGF**.524)
26400 FVIH3=EXP(-7.293E-98RE*RE/RHOGFa*.524)
26500 FVIM4=66203.*RHOGF**.2982/RE**1.1-2.8sEXP( .0001228

>
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26600 1RE/RHOGF**.262)
26700 FVIN5=1.+.5/(1.+50**(2. .000081378RE/RHOGF**.262))
26800 FPl=1.+.58EXP(-5.6251E+088RHOGF*RHOGF*RHOGF)
26900 FP2=17.3*EXP(-5 6251E+088RHOGF*RHOGF*RHOGF)
27000 FP3=FP1 .
27100 FP4=1.+.32/(1.+50.**(5.-2520.*RHOGF))
27200 CT=(TINITE-TSAT)/(500.-TSAT)
27300 FT1=1.01552+.01388sCT
27400 FT2=1.05sEXP( .66 .59sCT)
27500 FT=FT1+FT2
27600 FVSUB=.3+.7*(1.-EXP(-10.31E-88RE*RE/RHOGF**.524
27700 1))-2.9E-11*RE*RE*RE/RHOGF**.786*EXP(-9.3E-88RE*RE
27800 2/RHOGF**.524)/(1.+50.**(-15.75*(CPFSDTSUB/HFG)+1.333))
27900 DO 20 K=1,3

28000 IF (M.ED.1) ODLS=.9481*3.6795/RHOF/A/ VIN *12./HFG
20100 IF (M.EO.2) GDLS=.948187.393/RHOF/A/ VIN *12./HFG
28300 C0=0E080DLS
28400 FV01= .7*(1.-EXP( .0000801*RE/RHOGF**.262))
28600 FV02=6.458E-58RE**1 938/RHOGF**.50788(CO*DR/ZPEAK)**1.5
28700 FVD=FVD1+FVG2
28750 FO=1. .16/(1.+70.**(1250.*(DR/ZPEAK)-5.45))
28760 1/(1.+80.**(7.14*CD-4.93))

-

28800 T0=(FDTSUBsFVO*(FP1+FVIN2+FP2*FVIN3)
28900 1+FVIN4*FP3)*(FT1-FT2*FVIN5sFP4)*FUSUB*FO
29000 TQ=ZPEAK/ VIN *.002288RE*RHOGF**( .262)*TO
29400 FR1=.5
29500 FR2=9.
29600 IF (M .ED. 1) OR=0AX/3.6795
29650 IF (M .EO. 2) OR=0AX/7.393
29700 FO=0R+FR1*0R*EXP(-FR280R*0R)
30300 T0=TQ*FO
30400 T0=Z0/ VINS 12.+(TO-Z0/ VIN *12.)/(1.+50.**
30500 1(-(TINITE-400.)/(400.-TSAT)))
30700 IX=16
30800 CALL INTERP(PDCTePDCAYeIXeTaePDECAYePDCP)
30900 GE0=0E01*PDECAY
31000 20 CONTINUE
31050 C TYPE 3000, NSeTeT0eHSIeZGM
32100 IF (IVO .ED. 1) ZO1=ZO
32200 IF (IVQ .ED. 1) TG1=TO
32300 IF (IVQ .EO. 2) 202=ZO
32400 IF (IVO .EO. 2) T02=TO
32500 40 CONTINUE
32600 VO=(202-201)/(T02-T01)
32700 VOINCH=V0812.
32800 C
32900 C COMPUTE HEAT TRANSFER COEFFICIENT
33000 C
33100 70 CONTINUE
33200 ZON=ZGS.3048
33250 C TYPE 3000, NSeTeTueHSIeZGM

I-9

.
.

.

.

_ - _ _ _ _ _ _ _ - _ _ _ _ - - -



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

33300 IF(J.EO.1) TYPE 2200,T,H,ZO,HSI,ZON
33400 T=T+DZ0/VO
33600 X=4.*(20-ZAD)/ZS
33650 NU1=H1/3600.*DE/KG
33900 H3=0EFFZ/(TEZ-TSAT)/DR*1.21*(1.-EXP( .0000305*RE/RHUGF
34000 1**.262))
34100 2*(.714+.286*(1.-EXP(-3.05E-4*RHOGF**1.524/RE/RE)))
34200 NU3=H3*DE/KG
34500 NU2=NU3+108.*EXP( .0000183*RE/RHOGF**.262)*
34600 1EXP( .0534*(Z-ZO)/DE)
34650 IF (20 .LE. ZAD) NU=NU1
34700 IF (20 .LT. (ZS+ZAD) .AND. 20 .GT. ZAD) NU=HU1*
34800 1(%.-EXP(2.5*X-10.))+(NU2-NU1*(1.-EXP(2.5*X-10.)))
34810 2*(1.-EXP(-X) .9sx*EXP(-X*X))
34900 IF (ZO .GE. (IS+2AD)) NU=NU2
34930 IF (Z .LE. ZPEAK) GO TO 27
34935 IF (M .EO. 1) CALL INTERP(FAXZ,FAXTBe30,Z, FAX,FAXV)
34940 IF (M .EO. 2) CALL INTERP(FAXZ6,FAXTBS,26,Z, FAX,FAXV)
34955 27 CONTIUUE
35000 TF (Z .GT. ZPEAK) NUaNU-44.2*(1.-FAX)*EXP( .00304
35100 1*(2-ZPEAK)/DE)
35200 JTYPE=JTYPE+1
35300 JSTYPE=JSTYPE+1
35400 H=NU*KG*3600./DE
35500 HSI=H*5.67826
35600 IF(20.LE.ZS.AND.JSTYPE.EO.40.AND.JTYPE.NE.100)
35700 1 TYPE 2200,T,H,ZO,HSI,ZGM
35800 ZMZu=Z-ZO
35900 IF(JTYPE.EO.100) TYPE 2200,T,H,ZO,HSI,ZGM
36000 2200 FORMAT (F7.0,F11 2,F7 1,F9.0,F6.2)
36100 IF(JSTYPE.EO.40)JSTYPE=0
36200 IF (JTYPE .EQ. 100) JTYPE=0
36300 IF (20 .GE. 12.) GO TO 30

k 36400 J=J+1
36500 00 TO 15
36600 30 CONTINUE

- 36800 STOP
36900 END
37000 SUBROUTINE INTERP(X,YeL,X1,Y1, SLOPE)
37100 DIMENSION X(100),Y(100)
37200 DO 100 K=1,L

37300 K1=K
37400 IF (X(K1)-X1) 100,100,200
37500 100 CONTINUE
37600 200 Y1=Y(K1-1)+((X1-X(K1-1))/(X(K1)-X(K1-1)))
37700 1*(Y(K1)-Y(K1-1))
37800 SLOPE =(Y(K1)-Y(K1-1))/4X(K1)-X(K1-1))
37900 RETURN
38000 END
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EXAMPLE OF CALCULATION (RUN 31805)

RUN fMTDL

NR=1 FOR FLECHT POWER, MR=2 FOR UNIFORM POWER
M=1 FOR COSINE, M=2 FOR SKEW
MBDL=15 FOR 15X15e MBDL=17 FOR 17X17
ENTER RUN DTSUB P TINT OMAX TSAT M MR Z ZPEAK MBDL

31805, 140., 40., 1600., .7, 267., 1, 2, 6., 6., 17

ENTER VIN TABLE BELOW
ENTER NO. OF POINTS
2

ENTER TIME (10/LINE)
0.e 1000.

ENTER VIN (10/LINE)
.Br .8

TIME H 20(FT) H(SI) 20(M)
O. 3.24 0.0 18. 0.00
5. 3 24 0.2 -18. 0.06

10. 3.24 0.4 18. 0.12
13. 3.24 0.5 18. 0.15
15. 3 24 0.6 18. 0.18
20. 3.55 08 20. 0.24
25. 5.27 1.0 30. 0.30
30. 6.71 12 38. 0.37
37. 7.33 15 42. 0.46
54. 7.68 2.0 44. 0.61
75. 7.84 2.5 45. 0.76
93. 8.16 3.0 46. 0.91
117. 8.79 3.5 50. 1 07
142. 10.07 4.0 57. 1.22
174. 12.61 45 72. 1.37
209. 17.68 5.0 100. 1.52
247. 27.81 5.5 158. 1.68
287. 48.01 6.0 273. 1.83
326. 88.35 45 502. 1.98
362. 168.86 7.0 959. 2.13
394. 329 58 7.5 1871. 2.29
419. 650 36 80 3693. 2.44
435. 1290 67 85 7329. 2 59
460. 2568.77 9.0 14586. 2.74
456. 5119.91 9.5 29072. 2.90
442. 10212.13 10 0 57987. 3.05
410. 20376 46 10 5 115703. 3.20
418. 40665 03 11.0 230907. 3.35
427. 81162 08 11.5 460859. 3 51
436. 161996 38 12.0 919858. 3.66

?
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