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ABSTRACT

This report presents the evaluation of the data from the Steam Generator Separate

Effects Task of the Full-Length Emergency Cooling Heat Transfer Separate Effects

and Systems Effects Test Program (FLECHT SEASET). In this task a series of heat

transfer tests were run on a model steam generator operating under simulated

loss-of-coolant conditions. The model steam generator was made up of 32 full-length

U-tubes instrumented with thermocouples to measure secondary fluid, tube wall, and

primary steam temperatures. The separate effects tests measured steam generator

bundle heat transfer with known bounoary conditions to provide better unoerstanding of

the steam generator behavior in the systems effects tests. The test results are

presented in NRC/EPRI/Westinghouse Report No. 4. This report describes the analysis

of the data and an analytical model that adequately predicts the test oata.
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SECTION 1
SUMMARY

As part of the NRC/EPRI/Westinghouse FLECHT SEASEI reflood and natural

circulation test program, a series of separate effects tests were conducted on a model

U-tube steam generator.(I) The purpose of these tests was to measure and to

characterize the steam generator secondary side to primary side heat release under

postulated inlet fluid conditions for a calculated hypothetical pressurized water reactor

loss-of-coolant accident. The test results are presented in NRC/EPRI/Westinghouse

Report No.4.(2) This document presents the evaluation of the test results.

In this test program, a special heat transfer facility was constructed such that the

steam generator primary side inlet two-phase flow conditions could be varied in a

parametric fashion. Sufficient instrumentation was placed in the steam generator and

flow loop that heat transfer rates within the steam generator tube bundle could be cal-

culated from the resulting data. The results of these tests were used to develop a model

which describes the FLECHT SEASET steam generator heat release characteristics.

The steam generator heat transfer model uses two regimes to represent the primary side

heat transfer. Below the wet/dry interface, the model uses a two-phase forced

convection film coefficient; above the interface, a single-phase steam forced convection

film coefficient is used. The wet/dry interface is assumed to move with a constant

velocity. An empirical correlation was developed from the data to determine the

velocity of the wet/dry interface. Residual liquid at the wet/dry interface is assumed

to be atomized and entrained in the steam. Droplet evaporation to the steam phase is

modeled.

Model predictions were compared with test data to demonstrate the model's ability to

accurately predict steam generator heat transfer in a LOCA environment.

1. The model steam generator consists of 32 full-length U-tubes arranged in a circular
bundle. The bundle diameter is 31.8 cm (12.3 in.) and the tube pitch is
approximately 2.5 cm (I in.).
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SECTION 2
INTRODUCTION

2-I. TASK OBJECTIVES

The separate effects test described in the FLECHT SEASET Unblocked Bundle Task Plan

Report l) concentrated on the rod bundle heat transfer and thermal-hydraulic

behavior. The systems effects tests focus on the entire simulated thermal-hydraulic

response of a pressurized water reactor primary system during reflood. However, the

bundle inlet flooding rate in systems effects tests is dependent on the transient

hydraulic and heat transfer behavior of the whole loop, which includes the bundle and

different system components.

Therefore, to understand the performance of the simulated primary system, the

thermal-hydraulic behavior of the principal components of the system must be defined.

The objective of the steam generator separate effects task is to determine the heat

transfer characteristics from the larger steam generator for various known inlet fluid

conditions and secondary side conditions.(2) To meet this objective, separate

experiments on the main components of the simulated primary system, notably the

steam generator, are being performed before the integral systems tests. In this way,

the thermal-hydraulic behavior of these important components will be better understood.

The FLECHT SET Phase B tests indicated that, during the reflood portion of a

postulated loss-of-coolant accident (LOCA), not all the incoming entrained liquid flow

would be vaporized in the steam generators, and that droplets could be carried out of

the generator into the cold leg.0() Carrying entrained liquid through the steam

generators reduces the specific volume of the primary fluid. As the specific volume

decreases, its density increases correspondingly, and a larger mass flow can be vented

through the loops at the same loop pressure drop. Hence, the venting capacity of the

1. Hochreiter, L. E., et aL, "PWR FLECHT SEASET Unblocked Bundle, Forced and
Gravity Reflood Task. Task Plan Report," NRC/EPRI/Westinghouse-3, March 1978.

2. Previous FLECHT SET Phase B tests utilized two scaled steam generators. The
larger one represented three PWR reactor steam generators on the unbroken loops
during a postulated loss-of-coolant accident, and the smaller one represented the
steam generator in the remaining broken loop.
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primary system is increased, and steam binding effects are less severe. The increased

venting capacity could result in larger core flooding rates and correspondingly increased

core heat transfer and lower peak cladding temperatures.

To model steam generator behavior during reflood, detailed knowledge of how the steam

generator releases its heat, where the heat is transferred, and how the secondary side

fluid behaves during the reflood transient must be known. Because the steam generator

and the primary system interact, the easiest way to examine the steam generator

behavior is to isolate it and perform separate component tests. This is the approach

used in this experiment. Known inlet two-phase flows were injected into the generator-,

the resulting two-phase mixture leaving the steam generator was separated, collected,

and measured. This permitted a primary fluid energy balance which can be related to

the secondary side energy release.

A number of secondary fluid thermocouples, tube wall thermocouples, and shell wall

thermocouples were installed in the steam generator such that a secondary side heat

release rate could be calculated. Selected tubes were instrumented with primary side

steam probes and differential pressure transducers (probes) to measure superheat of

steam and liquid accumulation in the entrance region of the tubes. The steam probe

data allow an evaluation of thermodynamic nonequilibrium in the tubes, and the pressure

drop transducers allow an evaluation of the mass storage in the entrance region of

selected tubes.

Prior to the steam generator separate effects tests, a series of tests were run on the

inlet plenum using air and water to simulate the two-phase steam mixture. The

rbjective of these tests was to investigate the effect of the inlet plenum geometry

on the flow distribution at the entrance to the steam generator tube bundle.

Tv'o steam generator inlet plenum geometries were tested: one of the plenums

duplicated the model steam generator inlet plenum, and the other plenum resembled the

hemispherical shape of a plenum in a typical PWR with inverted U-tube steam

generators.

2-2. PHENOMENOLOGICAL DESCRIPTION OF STEAM GENERATOR HEAT

TRANSFER DURING REFLOOD

During the reflood portion of a postulated loss-of-coolant accident, the core generates a

two-phase mixture as it refloods and quenches. The two-phase mixture is swept into the
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reactor upper plenum and travels down the hot leg into the steam generator inlet

plenum. The steam generators, which have been isolated because of the postulated

accident, are dry on the primary side, and the secondary side collapsed level covers the

tubes. The tube wall temperature is at the secondary side temperature, typically 277 0 C

(532°F), as reflood begins. As the two-phase mixture enters the steam generator tubes,

film boiling occurs on the tube walls until the tube walls and adjacent secondary fluid

are cooled sufficiently that intermittent liquid contact occurs and the tube is

eventually quenched. The heat transfer process on the secondary side is natural

convection heating of the cooler primary fluid. The density gradients direct the cooler

and more dense secondary fluid to flow downward along the tubes toward the steam

generator tubesheet. The cooler secondary fluid then forms a cooler layer at

approximately the saturation temperature of the primary side two-phase mixture. This

cooler layer flows across the tubesheet, covering both the inlet and outlet tubes.

The quench front inside the primary tubes is the heat transfer boundary between a dry

wall tube (above the wetting temperature) and a quenched tube. Below the quench

front, the liquid film on the tube keeps the tube wall in nucleate boiling or forced

convection at the saturation temperature of the primary side. Above the quench front,

film boiling occurs in the primary tube and the heat transfer is from the superheated

tube wall to the vapor (which then becomes superheated) to the entrained liquid

droplets. Therefore, the dispersed two-phase flow above the quench front is in thermal

nonequilibrium, since the vapor phase is superheated relative to the satura- tion

temperature at the primary side pressure. The dispersed two-phase flow above the

quench front provides sufficient film boiling heat transfer and precursory cooling that

the quench front advances up the tube with time. The quench front advance is believed

to be due to both precursory cooling and axial conduction effects which lower the local

tube wall temperature.

At the exit of the U-tube, the nonequilibrium two-phase mixture in the tubes is now

cooled by the cooler layer of secondary side fluid. The vapor in the primary tube

desuperheats as it transfers heat to the cooler secondary fluid, such that the steam

generator primary side exit temperature is less than the original secondary side

temperature but higher than the primary side saturation temperature. As the steam

generator cools down, the primary side exit temperature becomes closer to the

saturation temperature of the primary side.
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rhe heat transfer pattern for these tests is quite complex, as described above. The

various test parameters resulted in the same overall heat transfer mechanisms.

However, the time scale for the tube rewetting would change; that is, higher primary

side flows, lower quality, or higher pressures would cause faster tube wall rewetting.

The heat transfer processes are shown in figure 2-1.

2-3. DATA REQUIREMENTS

The task data requirements were developed in the steam generator separate effects test

task plan.(I) The basic thermal-hydraulic parameters measured to meet the data

requirements are summarized in table 2-1.

A series of bench tests were performed to aid in the design, selection, and placement of

the steam generator instrumentation. Separate tests were performed to examine tube

wall thermocouple mounting, ability to measure pressure drop in a two-phase flow using

static probes with a cortinuous nitrogen purge flow, and the two-phase flow inlet

distribution at the steam generator tubesheet. These tests were described in section 6

and appendix C of the task plan.01 ) The results of these bench tests are presented in

appendixes A and B of NRC/EPRI/Wegtinghouse Report No. 4(2)

2-4. PARAMETER RANGES AND REFERENCE CONDITIONS

Parameter ranges and reference conditions for the steam generator separate effects

test were developed in section 4 of the Steam Generator Separate Effects Test Task

Plan.(I) The parameter ranges and reference conditions are listed in table 2-2. It

should be noted that all units in table 2-2 and throughout this report are given in metric

units, followed by English units in parentheses.

I. Hochreiter, L. E., et al., "PWR FLECHT SEASET Steam Generator Separate Effects
Task: Task Plan Report," NRC/EPRI/Westinghouse-2, March 1978.

2. Howard, R. C., et aL, "PWR FLECHT SEASET Steam Generator Separate Effects
Task Data Report," NRC/EPRI/Westinghouse-4, January 1980.
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TABLE 2-1

BASIC DATA OBTAINED IN THE STEAM GENERATOR SEPARATE
EFFECTS TASK TO MEET DATA REQUIREMENTS

Desired Data Measuring Device Location

Steam generator Fluid thermocouples Various radial locations
secondary fluid at several different
temperatures levels on the secondary

side of the steam generator

Steam generator tube Wall thermocouples Various locations on the
wall temperatures steam generator tube walls

Steam generator Steam probes Within the steam generator
primary side vapor (aspirating) tubes and inlet plenum
temperatures

Water flow rate Turbine meter Mixer inlet line

Steam flow rate Vortex meters Mixer inlet line, steam
separator outlet line

System pressure Pressure transducers Steam generator secondary
and transmitters side, containment tank,

and loop piping

Primary loop fluid Thermocouples/ In loop piping
temperatures RTDs(a)

Pipe wall temperatures Thermocouples On piping, steam generator
shell, plenum, and tanks

a. RTD - resistance temperature detector
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TABLE 2-1 (cont)

BASIC DATA OBTAINED IN THE STEAM GENERATOR SEPARATE
EFFECTS TASK TO MEET DATA REQUIREMENTS

Desired Data Measuring Device Location

System pressure drops Differential pressure Hot leg and inlet plenum,
transducers and steam generator inlet tube,
transmitters inlet to outlet plenum

Separator exit water Differential pressure Steam separator collection
mass rate transducers tanks

Mass storage Differential pressure Inlet plenum, water storage
transducer tanks

Secondary side fluid Differential pressure Secondary side of steam
level transducer generator

Flow regimes Photography Steam generator inlet and
outlet plenums
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TABLE 2-2

PARAMETER RANGES AND REFERENCE CONDITIONýS

Parameter Reference Condition Range

Primary side pressure 0.275 MPa(a) 0.138 to 0.414 MPa

(40 psia) (20 to 60 psia"

Secondary side 5.86 MPa 1.72 to 5.86 MPa

pressure (850 psia) (250 to 850 psia)

Primary side 130.5 C 109 0 C to 1450C

temperature (267°F) (228'F to 293'F)

Secondary side 2740F 2040C to 2740C

temperature (525 OF) (400 OF to 525wF)

Primary side mass 64.9 kg/sec/mr2  64.9 to 129.9 kg/sec/mr2

velocity(b) (13.3 lb/sec/ft 2) (13.3 to 26.6 lb/sec/ft 2)

Inlet quality 0.80 0.10 to 1.0

Secondary side water 100% 25% to 100%

level

a. Megapascals
2

b. Total steam plus water mass flow divided by hot leg flow area of 0.0035 m

(0.0375 ft 2 )
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SECTION 3
TEST FACILITY DESCRIPTION-

3-1. DESCRIPTION

Figure 3-1 is a detailed schematic diagram of the separate effects test loop. The major

components in the loop are the boiler, water supply tank, steam/water mixer, steam

generator, steam separator, and containment tank. The boiler and water supply tank

supply steam and water to a mixing chamber, which generates a two-phase flow in the

hot leg upstream of the steam generator. The test facility is designed to supply the

steam generator with a steady-state two-phase mixture. The test loop and steam

generator response are essentially steady-state except for the secondary water, which

cools down slowly. Steam separators in the steam generator discharge flow path

separate the two-phase effluent from the steam generator tube bundle to allow each

component of the two-phase flow to be measured. A bypass line around the steam

generator was provided to permit monitoring of the mixer effluent during shakedown

testing, using the instrumentation downstream of the steam generator. An auxiliary

steam line from the boiler to the hot leg was also provided to permit use of the boiler

for loop heatup. A vent line off the bypass line allowed the two-phase mixture to be

dumped to the atmosphere while test Darameters were being stabilized prior to running

a test.

The steam/water mixer consists of a liquid spray nozzle located inside the hot leg. The

two-phase flow in the steam generator hot leg and lower plenum is generated by spraying

saturated liquid into the steam. An alternate liquid injection point was provided inside

the steam generator inlet plenum in four of the matrix tests. Here a spray nozzle was

used to direct the liquid flow at the tubesheet. The same spray nozzle arrangement was

utilized as in the air-water bench tests described in appendix B of NRC/EPRI/Westinghouse

Report No. 4.(1)

1. Howard, R. C., et al., "PWR FLECHT SEASET Steam Generator Separate Effects
Task Data Report," NRC/EPRI/Westinghouse-4, January 1980.
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The model steam generator outlet plenum was modified by the addition of an integral

steam separator in the plenum to minimize time delays and energy losses between the

tube bundle exit and the liquid collection site. For most tests, the outlet plenum was

used to collect the separated liquid. For tests where significant carryover was

anticipated, the larger steam generator collection tank was utilized. Data were

collected for a period of 31 minutes -- I minute of pretest data, 25 minutes of test data,

and 5 minutes of posttest data.

3-2. FACILITY LAYOUT AND COMPONENT DESCRIPTION

The loop shown schematically in figure 3-1 was built using as many of the FLECHT SET

test series loop components as possible. This included the steam generator, con-

tainment tank, and some connecting piping. The detailed piping layout drawings for the

test loop are shown in appendix C of NRC/EPRI/Westinghouse Report No. 4.

The major loop components procured for this test included a water supply tank, a boiler

for supplying steam, a close-coupled water collection tank at the steam generator outlet

plenum, a steam separator and collection tank, and the necessary loop valves and

piping. Facility components are described in detail in NRC/EPRI/Westinghouse Report

No. 4.

The steam generator used during the separate effects task was the large steam

generator simulator used in a previous FLECHT test program.() Certain modifi-

cations were made to the generator for the separate effects task. All but one of the

stub tubes previously plugged for the previous FLECHT test series were opened. A total

of 32 of 33 tubes were needed to preserve, as closely as possible, the flow area scaling

relationship, because of the increased heater rod bundle flow area in the FLECI-IT

SEASET systems effects test. The tube chosen for plugging was the. tube in column A of

figure 3-2; this tube would be most strongly affected by edge effects of the shell on the

steam generator secondary side and edge effects of the inlet plenum on the primary side.

An instrumentation ring with multiple radial penetrations was added between the tube-

sheet flange and the lower plenum flange to bring out primary side instrumentation.

1. Waring, 3. P., and Hochreiter, L. E., "PWR FLECHT SEASEr Phase BI Evaluation
Report," WCAP-8583, August 1975.
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Two sight glass nozzles were added to the discharge side of the lower plenum section

for viewing and photographic study. An alternate 125 mm (5 in.) discharge nozzle was

added to the lower plenum. This served as an outlet for steam and also supported an

internal baffle assembly. The baffle helped to separate any entrained liquid carried

through the generator. The separated liquid drained through the old discharge nozzle

to a new 3.05 m (10 ft) long collection tank made from 15.2 cm (6 in.) pipe. The baffle

is illustrated in figure 3-3.

3-3. INSTRUMENTATION DESCRIPTION

Loop instrumentation (figure 3-4) was designed to measure mass and energy transport

across the primary side inlet and primary side exit boundaries of the steam generator.

Flowmeters in the boiler steam line, liquid supply tank feed line, and steam separator

exhaust line established the mass flow rates of steam and liquid in these lines. The

separator liquid flow rate was measured by the rate of change of liquid level in the

liquid collection tanks. The energy content of the steam and liquid was calculated

from measurements of the fluid temperature and-pressure at the collection and flow

measuring points. The difference between the steam generator primary side inlet

quality and the primary side exit quality, for a given constant mass flow, represents the

total energy exchange from the secondary to primary sides of the steam generator.

Any steam generator exit vapor superheat was also considered in the overall energy

balance.

Within the tube bundle, the heat transfer process was monitored by thermocouples in

the secondary fluid and on the tube wall, and by steam probes inside the tubes. The

steam generator bundle instrumentation locations are shown in figures 3-2 and 3-4. A

summary of the bundle instrumentation is presented in table 3-1. The tube bundle

instrumentation was specifically designed to measure a radial variation in heat transfer

rate due to expected nonuniform two-phase flow in the inlet plenum.

The distribution of secondary fluid and tube wall thermocouples was skewed toward the

bottom of the bundle, because prior FLECHT-SET Phase B test data showed that most

secondary temperature variation occurred below the 0.61 m (24 in.) elevation.
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TABLE 3-1

AXIAL DISTRIBUTION OF TUBE WALL AND FLUID THERMOCOUPLES AND STEAM PROBES

Steam Generator Inlet Steam Generator Outlet
Elevation
in Meters Tube Wall T/Cs Fluid T/Cs Steam Probes Tube Wall TiCs Fluid T/Cs Steam Probes

(Feet) Primary Backup Primary Backup Primary Primary Backup Primary Backup Primary

0 4 2 '4 2 2 2 3 1 4

0.153 4 - 4 - - 2 - 2 - -

(0.5)

0.305 4 2 4 2 4. 2 2 3 1 4
(1)

0.458 - - 4 - - - - 2 - -

(1.5)

0.610 4 2 4 2 4 2 2 3 1 7
(2)

1.220 4 - 4 -44 2 - 2 - -

(4)

1.830 - - 4 - -

(6)

3.050 2 - 4 2 2- 4
.(10)

4.575 - - 4 - - 4

(15)

6.100 2 2 2 2 -

(20)

'.9
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TABLE 3-1 (cant)

AXIAL DISTRIBUTION OF TUBE WALL AND FLUID THERMOCOUPLES AND STEAM PROBES

Steam Generator Inlet Steam Generator Outlet
Elevation
in Meters Tube Wall TICs Fluid T/Cs Steam Probes Tube Wall T/Cs Fluid T/Cs Steam Probes
(Feet) Primary Backup Primary Backup Primary Primary Backup Primary Backup Primary

8.235 2 - 2 ....
(27)
10.675 2 - 2 - - -

(35)

TataI~a) 28 6 34 6 24 14 6 19 3 23

0-'
a. Total tube wall T/Cs + fluid T/Cs = 116; total steam probes = 47



The steam probe axial spacing was based on calculations of vapor temperature versus

tube length from a model of the two-phase heat transfer process in the tubes.(l)

The tubes in the inlet side of the tube bundle were instrumented with differential

pressure probes to monitor differential pressure over the zero to 1.2 m (zero to 4 ft)

elevation. The differential pressure transducers had a range of zero to 6.9 kPa (zero to

I psi), which is much larger than the calculated vapor frictional or hydrostatic

differential pressure within the tubes, assuming uniform conditions at the tube

entrance. However, a larger differential pressure develops in the tube entrance when

liquid accumulation occurs in a tube. The purpose of the differential pressure probes

was to detect this mass accumulation when it occurred. To prevent spurious

differential pressure signals due to liquid migration into the differential pressure probe,

a continuous nitrogen purge flow was provided. The nitrogen flowed from the

differential pressure cell to the probe and prevented any liquid from entering the

probe. The volumetric flow rate of the nitrogen flowing into the steam generator

tubes, which was much less than I percent of the total flow rate, was neglected in the

overall loop mass balance. The effect of the nitrogen purge on the heat transfer was

minimal, because none of the tubes instrumented with thermocouples had differential

pressure probes. Also, because of the low nitrogen purge flow and because the probe

only perturbed a local zone within the total circumference of the tube, the heat

transfer effect was minimal. The continuous purge concept was tested successfully in a

single-tube bench test (appendix A, NRC/EPRI/Westinghouse Report No. 4).

The steam probes used to measure the primary side steam temperatures were

aspirating-type probes inserted in selected steam generator tubes from the lower

plenum. The probes were constructed of 2.4 mm (0.094 in.) diameter outer tubing with

a 0.6 mm (0.025 in.) diameter inner sheathed thermocouple. The maximum reduction in

steam generator tube flow area due to the steam probes was less than 10 percent, and

the flow area reduction averaged over the total tube length was less than 2 percent.

1. Hochreiter, L. E., et al., I'PWR FLECHT SEASET Steam Generator Separate Effects
Task: Task Plan Report," NRC/EPRI/Westinghouse-2, March 1978, figure 6-4 and
appendix B.
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All steam probes in the steam generator aspirated less than 3 percent of the total loop

mass flow rate. Aspirated steam was condensed, collected,-and accounted for in the

overall loop mass and energy balance.

Photographic techniques-were used to identify the two-phase flow regime in the steam

generator inlet and outlet plenum. Droplet size and velocity information was obtained

from high-speed movies and still photographs (appendix D of NRC/EPRI/Westinghouse

Report No. 4). Movies and still photographs were taken in each of four different test

runs. The movies were taken with two Redlake Hycam model 41-0004 high-speed cameras

using a 25 mm lens at an F-stop of 1.4. The light source was a 1000-watt incandescent

lamp. The still photographs were taken with Nikon and Mamiya cameras synchronized

with Vivitar model/283 flash units, which have a flash duration of 25 microseconds. -

Motion pictures were taken for matrix runs 2, 5, 6, and 10. Two 400-foot rolls of film

were exposed at the inlet plenum window at the beginning and at the end of the run.

Four 400-foot rolls of film were exposed at the outlet plenum window at 1, 3, 5, and 7

minutes into the run. All film was shot at 2500 frames per second to allow tracking of

individual drops in the plenums.

Still photographs were taken in matrix runs 3, 4, 9, and 11. Inlet plenum photos were 4
taken at I-minute intervals, starting at 1 -minute into the test and terminating at 20

minutes. Outlet plenum photos were'taken for 10 minutes at 30-second intervals,

starting at 30 seconds into the test. High-intensity flash units were synchronized with

the camera shutter to freeze the droplet action in the plenum.

3-4. DATA ACQUISITION

The first stage of the data processing sequence was the data acquisition system. The

hardware was a microprocessor-based data logger which could record on either

21-column paper or digital magnetic tape. The paper readout feature was used to

monitor loop heatup, and the digital magnetic tape recorder stored data acquired during

a test. Data were recorded in engineering units either from standard conversion tables

for thermocouples and RTDs or from preprogrammed calibration files for the pressure

and flow sensors. Input signals from the loop sensors were conditioned so that the
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input to the A/D converter was a zero- to I-volt signal. These input conditioning cards

were specialized for different types of sensors. Three A/D converters were used

simultaneously to provide a system scan rate of 45 channels per second. With 212

channels, the data acquisition system was able to scaneach channel every 6 seconds;

this scan rate was acceptable for the slow transient response in this task. In addition

to data collection on magnetic tape, three strip charts continuously recorded the

signals from 12 test instruments. The strip chart recorders were used for operator

indication of loop operation during the test and for recording the cycling of the power

to the immersion heater located downstream of the loop separator. A channel list of

the data recorded on the magnetic tape is shown in table 3-2, and a list of the data

recorded continuously on the strip charts is shown in table 3-3.

After each test, the digital magnetic tape was processed on the existing FLECHT

computer data acquisition system (a Digital Equipment Corporation PDP 11/20). A

printout of all the data was made immediately following each test so that the test

director could evaluate its reliability. A subroutine of the PDP 11/20 compiled specific

data points so that the test director could. determine if the test met the requirements

of the test matrix. Finally, the PDP 11/20 produced a data tape which was processed

by the CDC 7600 computer at the, Westinghouse Nuclear Center in Monroeville,

Pennsylvania. All of the data reduction and data analysis was carried out on the CDC

7600.

3-5. FACILITY OPERATION

To perform a steam generator separate effects experiment, the facility and the steam

generator must be brought to the desired initial conditions. The steam generator

secondary side was heated using electrical strip heaters on the steam generator shell

and lower flanges. Previous experiments(l) have shown that this method of heating

produces a uniform temperature on the steam generator secondary side. In addition, a

low-pressure recirculation pump was utilized to eliminate any stratified temperature

distribution which might be present from the preceding day's test. During heatup, the

secondary side temperature was monitored, and the strip heaters at a given elevation

were deenergized when that elevation reached the desired temperature.

1. Waring, 3. P., and Hochreiter, L. E., "PWR FLECHT SET Phase B-I Evaluation
Report," WCAP-8583, August 1975.
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TABLE 3-2

STEAM GENERATOR SEPARATE EFFECTS TEST CHANNEL LIST

Channel Data

I Accumulator fluid T/C
2 Water injection line wall T/C
3 Steam line wall T/C
4 Mixer wall T/C
5 Steam generator inlet plenum fluid T/C
6 Steam generator inlet plenum wall T/C
7 Steam.generator inlet plenum steam probe
8 Steam generator outlet plenum fluid T/C
9 Steam generator outlet plenum wall T/C
10 Steam generator collection tank wall T/C
11 Steam generator collection tank fluid T/C
12 Steam generator plenum exit fluid T/C
13 Steam separator entrance wall T/C
14 Steam separator entrance fluid T/C
15 Steam separator exit fluid T/C
17 Steam separator wall T/C
18 Steam separator drain tank wall T/C
19 Steam separator drain tank fluid T/C
20 Superheater wall T/C
21 Containment tank top wall T/C
22 Containment tank bottom wall T/C
23 Steam generator plenum flange inlet wall T/C
24 Steam generator plenum flange outlet wall T/C
25 Steam generator 0 ft inlet wall T/C
26 Steam generator 0 ft outlet wall T/C
27 Steam generator 0.5 ft inlet wall T/C
28 Steam generator 0.5 ft outlet wall T/C
29 Steam generator 1.0 ft inlet wall T/C
30 Steam generator 1.0 ft outlet wall T/C
31 Steam generator 1.5 ft inlet wall T/C
33 Steam generator 1.5 ft outlet wall T/C
34 Steam generator 2.0 ft inlet wall T/C
35 Steam generator 2.0 ft outlet wall T/C
36 Steam generator 6.0 ft inlet wall T/C
37 Steam generator 6.0 ft outlet wall T/C
38 Steam generator 15 ft inlet wall T/C
39 Steam generator 15 ft outlet wall T/C
40 Steam generator 27 ft inlet wall T/C
41 Steam generator 27 ft outlet wall T/C
42 Test start/stop
48 Accumulator level (psid)
49 Steam generator collection tank level (psid)
50 Steam separator drain tank level (psid)
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TABLE 3-2 (cont)

STEAM GENERATOR SEPARATE EFFECTS TEST CHANNEL LIST

Channel Data

51 Steam generator secondary level (psid)
52 Steam generator inlet plenum pressure (psid)
53 Steam generator outlet plenum pressure (psid)
54 Steam generator hot leg pressure (psid)
55 Steam generator plenum inlet/outlet pressure (psid)
56 Water injection line pressure (psig)
57 Mixer pressure (psig)
58 Steam generator secondary side pressure (psig x 10)
59 Superheater power (kw)
64 Steam supply fluid RTD
65 Steam exhaust fluid RTD
66 Water injection fluid RTD
67 Steam before mixer fluid RTD
68 Mixer fluid RTD
80 Steam supply pressure (psia)
81 Steam exhaust pressure (psia)
82 Steam supply flow (lbm/sec)
83 Steam exhaust flow (Ibm/sec)
84 Containment tank p( ssure (psig)
85 Generator-tube B-a , 0 - 2 ft pressure (psid)
86 Generator tube B-7, 2 - 4 ft pressure (psid)
87 Generator tube C-6, 0 - 2 ft pressure (psid)
88 Generator tube C-6, 2 - 4 ft pressure (psid)
89 Generator tube E-5, 0 - 2 ft pressure (psid)
90 Generator tube E-5, 2 - 4 ft pressure (psid)

96 Steam supply vortex meter (cfm)
97 Steam exhaust vortex meter (cfm)
98 Injection water flow turbine meter (gpm)
257 Generator 0 ft inlet tube B-6 wall T/C
258 Generator 0 ft inlet tube C-4 wall T/C
259 Generator 0 ft inlet tube D-4 wall T/C
260 Generator 0 ft inlet tube E-3 wall T/C
261 Generator 0 ft inlet secondary B-6 fluid T/C
262 Generator 0 ft inlet secondary C-4 fluid T/C
263 Generator 0 ft inlet secondary D-4 fluid T/C
264 -Generator 0 ft inlet secondary E-3 fluid T/C
265 Generator 0.5 ft inlet tube B-6 wall T/C
266 Generator 0.5 ft inlet tube C-4 wall T/C
267 Generator 0.5 ft inlet tube D-4 wall T/C
268 Generator 0.5 ft inlet tube E-3 wall T/C
269 Generator 0.5 ft inlet secondary B-6 fluid T/C
270 Generator 0.5 ft inlet secondary C-4 fluid T/C
271 Generator 0.5 ft inlet secondary. D-4- fluid T/C

a. This pressure transducer was not connected to the data acquisition system.
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TABLE 3-2 (cont)

STEAM GENERATOR SEPARATE EFFECTS TEST CHANNEL LIST

Channel I Data

273 Generator 0.5 ft inlet secondary E-3 fluid T/C
274
276
277
278
279
280
281
282
283
284
285

Generator 1 ft inlet
Generator 1 ft inlet
Generator 1 ft inlet
Generator 1 ft inlet
Generator 1 ft inlet
Generator 1 ft inlet
Generator 1 ft inlet
Generator 1 ft inlet
Generator 1 ft inlet
Generator 1 ft inlet
Generator 1 ft inlet

tube B-5 wall T/C
tube D-4 wall T/C
tube E-3 wall T/C
secondary B-6 fluid T/C
secondary C-4 fluid T/C
secondary D-4 fluid T/C
secondary E-3 fluid T/C
primary B-6 steam probe
primary C-4 steam probe
primary D-4 steam probe
primary E-3 steam probe

286
287
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
305
306
307

Generator 1.5 ft inlet secondary B-6 fluid T/C
Generator 1.5 ft inlet secondary C-4 fluid T/C
Generator 1.5 ft inlet secondary D-4 fluid T/C
Generator 1.5 ft inlet secondary E-3 fluid T/C
Generator 2 ft inlet tube B-6 wall T/C
Generator 2 ft inlet tube C-4 wall T/C
Generator 2 ft inlet tube D-4 wall T/C
Generator 2 ft inlet tube E-3 wall T/C
Generator 2 ft inlet secondary B-6 fluid T/C
Generator 2 ft inlet secondary C-4 fluid T/C
Generator 2 ft inlet secondary D-4 fluid T/C
Generator 2 ft inlet secondary E-3 fluid T/C
Generator 2 ft inlet primary B-6 steam probe
Generator 2 ft inlet primary C-4 steam probe
Generator 2 ft inlet primary D-4 steam probe
Generator 2 ft inlet primary E-3 steam probe
.Generator 4 ft inlet tube B-6 wall T/C
Generator 4 ft inlet tube C-4 wall T/C
Generator 4 ft inlet tube D-4 wall T/C
Generator 4 ft inlet tube E-3 wall T/C

308
309
310
311
312
313
314
315
316
317
318

Generator 4 ft inlet secondary B-6 fluid T/C
Generator 4 ft inlet secondary C-4 fluid T/C
Generator 4 ft inlet secondary D-4 fluid T/C
Generator 4 ft inlet secondary E-3 fluid T/C
Generator 4 ft inlet primary B-6 steam probe
Generator 4 ft inlet primary C-4 steam probe
Generator 4 ft inlet primary D-4 steam probe
Generator 4 ft inlet primary E-3 steam probe
Generator 6 ft inlet primary B-i steam probe
Generator 6 ft inlet primary C-2 steam probe
Generator 6 ft inlet primary D-2 steam probe
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TABLE 3-2 (cont)

STEAM GENERATOR SEPARATE EFFECTS TEST CHANNEL LIST

Channel Data

319
321
322
323
324
325
326
327
328
329
330
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
529
530
.531
532
533
534
535
536
537
538
539
540
541
.542
543
545
546

Generator 6 ft inlet primary E-3 steam probe
Generator 10
Generator 10
Generator 10
Generator 10
Generator 10
Generator 10
Generator 10
Generator 10
Generator 10
Generator 10
Generator 15
Generator 15
Generator 15
Generator 15
Generator 20
Generator 20
Generator 20
Generator 20
Generator 27
Generator 27
Generator 27
Generator 27
Generator 35
Generator 35
Generator 35
Generator 35
Genera tor 20
Generator 20
Generator 20
Generator 20
Generator 15
Generator 15
Generator 15
Generator 15
Generator 10
Generator 10
Generator 10
Generator 10
Generator 10
Generator 10
Generator 10
Generator 10

inlet tube B-6 wall T/C
inlet tube E-3 wall T/C
inlet secondary B-6 fluid T/C
inlet secondary C-4 fluid T/C
inlet secondary D-4 fluid T/C
inlet secondary E-3 fluid T/C
inlet primary B-1 steam probe
inlet primary C-2 steam probe
inlet primary D-2 steam probe
inlet primary E-3 steam probe
inlet primary B-1 steam probe
inlet primary C-2 steam probe
inlet primary D-2 steam probe
inlet primary E-3 steam probe
inlet tube B-6 wall T/C
inlet tube E-3 wall T/C
inlet secondary C-4 fluid T/C
inlet secondary E-3 fluid T/C'
inlet tube B-6 wall T/C
inlet tube E-3 wall T/C
inlet secondary C-4 fluid T/C
inlet secondary E-3 fluid T/C
inlet tube B-6 wall T/C
inlet tube E-3 wall T/C
secondary C-4 fluid T/C
secondary E-3 fluid T/C
outlet tube G-4 wall T/C
outlet tube J-6 wall T/C
outlet secondary F-8 fluid T/C
outlet secondary 3-6 fluid T/C
outlet primary F-8 steam probe
outlet primary G-2 steam probe
outlet primary H-2 steam probe
outlet primary 3-1 steam probe
outlet tube G-4 wall T/C
outlet tube 3-6 wall T/C
outlet secondary F-8 fluid T/C
outlet secondary 3-6 fluid T/C
outlet primary F-8 steam probe
outlet primary G-2 steam probe
outlet primary H-2 steam probe
outlet primary 3-1 steam probe
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TABLE 3-2 (cont)

STEAM GENERATOR SEPARATE EFFECTS TEST CHANNEL LIST

Channel Data

547
548
549
550
551
552
553
554
555

556
557
558
559
561
562
563
564
565
566

567
568
569
570

571
572
573
574
575
577
578
579
580
581
582
583
584
585
586
587
588
768
769

Generator 4 ft
Generator 4 ft
Generator 4 ft
Generator 4 ft
Generator 2 ft
Generator 2 ft
Generator 2 ft
Generator 2 ft
Generator 2 ft

outlet tube G-4 wall T/C
outlet tube 3-6 wall T/C
outlet secondary F-8 fluid T/C
outlet secondary 3-6 fluid T/C
outlet tube G-4 wall T/C
outlet tube 3-6 wall T/C
outlet secondary F-8 fluid T/C
outlet secondary G-4 fluid T/C
outlet secondary H-4 fluid T/C,

Location J-6 for runs before run 21001
Generator 2 ft outlet primary F-8 steam probe
Generator 2 ft outlet primary G-2 steam probe
Generator 2 ft outlet primary G-4 steam probe
Generator 2 ft outlet primary H-2 steam probe
Generator 2 ft outlet primary H-4 steam probe
Generator 2 ft outlet primary J-1 steam probe
Generator 2 ft outlet primary 3-6 steam probe
Generator 1.5 ft outlet secondary F-8 fluid T/C
Generator 1.5 ft outlet secondary 3-6 fluid T/C
Generator 1 ft outlet tube H-4 wall T/C,
Location G-4 for runs before run 21001
Generator 1 ft outlet tube J-6 wall T/C
Generator 1 ft outlet secondary F-8 fluid T/C
Generator 1 ft outlet secondary G-4 fluid T/C
Generator 1 ft outlet secondary H-4 fluid T/C,
Location J-6 for runs before run 21001
Generator 1 ft outlet primary F-8 steam probe
Generator 1 ft outlet primary G-4 steam probe
Generator 1 ft outlet primary H-4 steam probe
Generator 1 ft outlet primary J-6 steam probe
Generator 0.5 ft outlet tube G-4 wall T/C
Generator 0.5 ft outlet tube J-6 wall T/C
Generator 0.5 ft outlet secondary F-8 fluid T/C
Generator 0.5 ft outlet secondary 3-6 fluid T/C
Generator 0 ft outlet tube G-4 wall T/C
Generator 0 ft outlet tube 3-6 wall T/C
Generator 0 ft outlet secondary F-8 fluid T/C
Generator 0 ft outlet secondary G-4 fluid T/C
Generator 0 ft outlet secondary J-6 fluid T/C
Generator 0 ft outlet primary F-8 steam probe
Generator 0 ft outlet primary G-4 steam probe
Generator 0 ft outlet primary H-4 steam probe
Generator 0 ft outlet primary J-6 steam probe
Steam supply mass flow (lbm/sec)
Steam exhaust mass flow (lbm/sec)

0

_____________________________________________L
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TABLE 3-3

STEAM GENERATOR SEPARATE EFFECTS TEST

CONTINUOUS STRIP CHART CHANNEL LIST

Channel Data

82 Boiler mass flow rate

98 Liquid mass flow rate

83 Exhaust steam mass flow rate

53 Liquid level, outlet plenum

49 Liquid level, steam generator-collection tank

50 Liquid level, loop separator collection tank

51 Liquid level, steam generator secondary

59 Power to loop superheater

57 Loop pressure at mixer

84 Containment tank pressure

48 Liquid level, liquid supply tank
(a) -- Bypass loop pressure

a. Recorded on strip chart but not on the data acquisition system.
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The primary side piping was heated to the primary side saturation temperature using

bleed steam from the boiler. While the system was being heated, the instrumentation

channels were checked, flowmeters and differential pressure transducer cells were

zeroed, and solenoid valves were cycled. Once the system hao been heated, the steam

and liquid flows were adjusted to their desired values at the mixer, and the resulting

two-phase flow was bypassed to the drain while these conditions were being established.

When the desired inlet flow conditions had been established, the inlet two-phase flow

was directed into the steam generator by proper alignment of the loop solenoid valves.

Loop pressure and inlet flow were maintained constant by the control valves.

Pressure-reducing valve CV-I (figure 3-5) was used to control the upstream pressure at

the boiler vortex meter and to minimize system instabilities caused by boiler pressure

fluctuations. The pressure drop of 0.28 to 0.52 MPa (40 to 75 psid) across CV-I also

helped to ensure a single-phase steam flow at the boiler vortex meter and the mixer.

Steam flow control was accomplished with control valve CV-2; feedback to the valve

was supplied by the boiler vortex meter.

Water flow to the mixer was controlled by valve CV-3. The turbine meter was used to

measure the flow and provide feedback to the control valve.

Two-phase fluid leaving the generator primary side tubes went through a first stage of

separation in the lower plenum section of the steam generator. An internal baffle

assembly was used to separate the liquid, which was collected and measured in the

outlet plenum or collection tank located below the plenum. The remaining steam passed

titrough a commercial separator of the same type used in the FLECHI low flooding rate

ttst series(l) The separator removed any remaining entrained liquid, which was then

collected and measured in the separator drain tank. Each collection tank was equipped

with a solenoid drain valve which could be activated to drain the tanks as needed during

low-quality test runs.

Dry steam leaving the separator passed through the exhaust vortex flowmeter prior to

entering the containment tank. An immersion heater, inserted upstream of the flow-

meter, was used to ensure that single-phase flow was being measured by the meter. The

exhaust valve (CV-5), located downstream of the containment tank, controlled the

I. Lilly, G. P., et al., "PWR FLECHT Cosine Low Flooding Rate Test Series Evaluation
Program," WCAP-8838, March 1977.

3-24







system backpressure. Control feedback to the valve was supplied by a pressure

transmitter located on the containment tank.

The tLllowing is a simplified test operating procedure for a typical run:

(l) Becin with all valves closed.

(2) Fill the steam generator and accumulator with water and heat up to desired

conditions.

(3) Fire boiler. Open V-I, SV-I, V-5, V-6, anoCV-5. Use steam to heat up steam

generator primary side, separator, collection tank, containment, and intercon-

necting piping. Adjust backpressure with CV-5 and control steam flow with V-I.

(4) Open CV-l, CV-2, SV-3, and CV-4 and use boiler steam to heat up piping from

boiler through mixer and steam generator bypass line. Control flow with CV-2 and

backpressure with CV-4.

(5) When all loop components have reached desired conditions, set the desired test

steam flow through the bypass line by using CV-I to control FM-I upstream pres-

sure and CV-2 to control steam flow. Control bypass line backpressure with CV-4.

(6) Open V-3 and set water flow to mixer by appropriate adjustment of CV-3.

(7) To establish flow through the steam generator, close SV-I, SV-3, and CV-4 and open

SV-2. Control backpressure with CV-5.

(8) To terminate the test, isolate the system by closing SV-2 and opening SV-3 and

CV-4. Close CV-3 and shut down the boiler.

Appendix E of NRC/EPRI/Westinghouse Report No. 4 contains the detailed test pro-

cedure used to run each test, and appendix F discusses the shakedown testing of the

facility and instrumentation calibration. The repair and testing of a leak in the steam

generator lower plenum divider plate are covered in appendix G of the same report.
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SECTION 4

RUN CONDITIONS AND TEST RESULTS

4-1. TEST MATRIX AND RUN CONDITIONS

The original test matrix for the steam generator separate effects tests is given in table

4-1. The test matrix of steam generator separate effects tests included runs I through

15 of the proposed test matrix in section 7.2 of the task'plan :plus a single-phase

steam and an isothermal (secondary temperature equal to primary temperature) test.

Test runs 16 through 19 in the proposed test matrix could not be run because the

required air/water tests with the spray nozzle in the inlet plenum duplicating the

hemispherical plenum flow distribution were not successfully completed. The hemi-

spherical plenum air/water flow distribution at the tubesheet was extremely non-

uniform and it appeared to be highly unlikely that a nozzle mounted in the FLECHT

inlet plenum could have reproduced the hemispherical plenum distribution. For this

reason, tests 16 through 19, which would have used the inlet plenum nozzle to reproduce

the hemispherical plenum distribution in the FLECHT steam generator, were not run.

The tests performed in the steam generator separate effects tests are given in table 4-2.

The five-digit run number in table 4-2 contains a 2 as the first digit, signifying a steam

generator matrix test the second and third digits indicate the sequence number of the

test and the fourth and fifth digits are the test matrix run number. Test parameters for

each matrix test are given in table 4-I. Table 4-2 includes three runs (21001, 22415, and

23005) in which one of the controlled test parameters was outside of the allowable range

for a valid test. Because the data from these tests are valid for the actual test run

parameters, they can be thought of as tests at off-nominal test conditions. For this

reason, they are included in the data report with results of the 17 valid runs at nominal

test conditions.

1. Hochreiter, L. E., et al, "PWR FLECHT SEASET Steam Generator Separate Effects
Task: Task Plan Report," NRC/EPRI/Westinghouse-2, March 1978.
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TABLE 4-1

TEST MATRIX FOR STEAM GENERATOR SEPARATE EFFECTS TEST

P!

Primary SG Secondary SG Secondary
Flow Rate Pressure Temperature Level

Run No. Run Description fkq/sec (lb/sec)] [MPa (psia)] Quality C(C (OF)]

1 Reference run 0.23 0.28 0.80 274 100
(0.5) (40) (525)

2 Flow sensitivity 0.45 0.28 0.80 274 100
(1.0) (40) .(525)

3 Pressure sensitivity 0.23 0.14 0.80 274 100
(0.5) (20) (525)

4 Pressure sensitivity 0.23 0.412 0.80 274 100

(0.5) (60) (525)

5 Quality sensitivity 0.23 0.28 0.50 274 100
(0.5) (40) (52

6 Quality sensitivty 0.23 0.28 0.20 274" 100
(0.5) (40) (525)

Secondary temperature 0.23 0.28 0.80 204 100
sensitivity (0.5) (410) (40(0)



-E 4-1 (cont)

TEST MATRIX FOR STEAM GENERATOR SEPARATE EFFECTS TEST

I

Primary SG Secondary SG Secondary

Flow Rate Pressure Temperature Level

Run No. Run Description [kc/sec (lb/sec)] [MPa (psis)] Quality [OC (OF)] (%)

8 Secondary level 0.23 0.28 0.80 274 25

sensitivity (0.5) (40) (525)

9 Postbundle quench 0.45 0.28 0.10 274 100

(1.0) (40) (525)

10 Replication of 0.23 0.28 0.80 274 100

reference run (0.5) (40) (525)

11 Replication of 0.23 0.28 0.80 274 100

reference run (0.5) (40) (525)

12(8) Reference run 0.23 0.28 0.80 274 100

(0.5) (40) (525)

13(a) Flow sensitivity 0.45 0.28 0.80 274 100
(1.0) (40) (525)

14(8) Quality sensitivity 0.23 0.28 0.50 274 100

(0.5) (40) (525)

a. Runs with a liquid spray nozzle in the steam generator inlet plenum



TABLE 4-1 (cont)

TEST MATRIX FOR STEAM GENERATOR SEPARATE EFFECTS TEST

Primary SG Secondary', SG Secondary
Flow Rate Pressure Temperature Level

Run No. Run Description [kq/sec (lb/sec)] [MPa (psia)] Quality [OC (OF)] (%)

15(a) Quality sensitivity 0.23 0.28 0.20 274 100
(0.5) (40) (525)

16 to 19 Deleted from test matrix

20 Single-phase steam 0.23 0.28 1.0 274 100
(0.5) (40) (525)

21 Isothermal 0.23 0.28 0.80 130 100
(0.5) (40) (267)

4L,

a. Runs with a liquid spray nozzle in the steam qenerator inlet plenum











4-2. DATA REDUCTION

The data were recorded in engineering units on a Consolidated Controls Corporation

(CCC) data logger at the test site. The incoming signals from the instrumentation were

converted to the desired engineering units by using preprogrammed calibration files.

Each flowmeter, pressure sensor, and differential pressure transducer had unique

calibration coefficients. The bundle and loop thermocouple data were converted to

temperature units (OF) using a common thermocouple calibration function. Data from

the five loop resistance temperature detectors (RTDs) were also converted to

temperature units (0F) using a common RTD calibration function in data reduction

program SGCATALOG. The RTD data were corrected for the individual RTD

calibrations. Prior-to each test, reference data from each pressure and flow transducer

were recorded on the data tape. These reference data were used to subtract any bias

due to drift in the instrumentation out of the data.

The CCC data logger created a magnetic tape with the data; the tape was then used to

create a permanent retrievable data file on the CDC 7600 computer system at the

Monroeville Nuclear Center. The data processing hardware is shown in figure 4-1.

Once the steam generator data were on file on the CDC 7600, a series of data reduction

and analysis programs were utilized to obtain the various thermal/hydraulic quantities

desired from the experiment. The steam generator test data reduction software

includes computer programs that perform the following functions:

o Plot the test data versus time

o Perform an overall mass and energy balance on the steam generator

o Interpolate the tube bundle temperature data

o Calculate the local bundle heat flux and quality from the bundle temperatures

The data reduction scheme is illustrated in figure 4-2.

4-9









PDP 11/20 DATA TAPE

I SGCATA LOG]

MICROIFICHIEPEMNT
DATA TABLES PERMANENT
SI AND ENGLISH DATA TAPE
UNITS

.1
SGPLOTS

PLOTS AND
DATA TABLESN
SI AND ENGLISH
UNITS, ALL DATA,
CHANNELS

SGFLOWS SGTEMP
OVERALL MASS AND BUNDLE TEMPERATURE

ENERGY BALANCE INTERPOLATION

HARDCOPY IMAGNETIC HARDCOPYAND MAGNETIC
AND FICHE TAPE OF FICHE OF TAPE OF
OUTPUT OUTPUT FILE TEMPERATURE AT OUTPUT

ALL NODAL POINTS FILE
I

SGFLUX
LOCAL BUNDLE

HEAT FLUX AND
LOCAL QUALITY

HARDCOPY AND
FICHE OF HEAT

4 FLUX AT EACH
NODE

MAGNETIC TAPE OF
SGFLUX OUTPUT
FILE

Fiqijr~e 4-2. Stelm Gronerntinr Test DtiLn Reduction Soft ware



STEAM PROBE
TEMPERATURES

TUBE WALL
TEMPERATURES

SECONDARY FLUID
TEMPERATURES

35.0

27.0

20.0
Z 15.0
0

12.0
> 10.0

-1 8.0
w 6.0

- 4.0

a • 2.65
',2.0

1.5

1.0

z 0 .5
0.125

II I

'II ys FS

BEEE
432 1

_

| • • ••

4321 12 34 12 34 43 2 1

INLET SIDE

12 34

INLET SIDE

TOWARD SHELL

OUTLET SIDE
T R.E

TOWARD SHELL

INLET SIDE OUTLET SIDE OUTLET SIDE

0• INTERPOLATED DATA L THERMOCOUPLE DATA

Ci

Fiqur 4-3. Sta Generator Nodalization p)



cc

320.00

300.00

275.00

250.00

225.00

200.00

175.00

150.00

lR:S

500.00

•5C .00

40C.0

350 .01

300.00O

CD

c;

C,

c'

a'

o, C> C, C,

o C' C-;C
o

DISTANCE ABOVE INLET (FEET)

(a) Linear Plot

C.
CD

0t-

CD

CD

C

I

32C.00

300.00

275.00

250.00

225.00

200.00

175.00

150.00

l ;:88

550.00

50C. 00

450.00

400.00

350.00

300.0C

15C0
oCD C CDC CD CD = C C> CD C = C) C CD C '..
Co C CD (D ' ' CD 0>.= L CD CD CD ~ C'cl CD C, m' c' -<

C' C ' C> C C' c = ~ C C, C CD CCxc- c ' c ' c' c' c .
. . . . c.. . . . .C c' CD ' oc'o oC C )' c, ' C' rQ I,,, -' o Inoo-.

DISTANCE ABOVE INLET (FEET)

(b) Semilogarithmic Plot

Figure 4-4. Linear and Semilogarithmic Plot of SGTEMPS Data (Run 22010)

4-15



the bundle temperatures from the SGTEMPS program ano calculated the local quality

and heat flux, the heat flux integratea over the tube bundle heat transfer area, and the

total heat transfer rate integrated over the time interval of the test. The local heat

flux was calculated from the secondary side fluid and tube wall temperatures using a
(1)

natural convection film coefficient from Eckert and Jackson:

Nu = 0.021 (Gr * Pr)0.40 (4-1)
s

where

Nu = secondary side Nusselt number
s

Pr = secondary side Grashof number
Pr = secondary side Prandtl number

The Grashof number is defined as

2

and the Nusselt number is defined as

Nu = hx/K5

where

= secondary fluid density

g = acceleration of gravity

8 = volume coefficient of expansion

T = secondary fluid temperature
f

T = tube wall temperaturew

x = distance from the leading edge of the boundary layer (figure 4-5)

U = secondary fluid viscosity

h = secondary side tube wall film coefficient

K = thermal conductivity of secondary water

1. Eckert, E. R. G., and Jackson, T. W., "Analysis of Turbulent Free-Convection
Boundary Layer on Flat Plate," NACA-1015, 1951.
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The parameter x in the Grashof number is defined as the distance from the leading edge

of the boundary layer. On the steam oenerator inlet side, where the secondary side fluid

is being cooled, the boundary layer is assumed to start at the first support plate. On the

steam generator outlet side, where the secondary fluid is heated, the boundary layer is

assumed to start at the tubesheet. The determination of x is illustrated in figure 4-5.

A comparison of equation (4-1) results with data is shown in figure 4-6.(l) The
9 12Grashof numbers for the Eckert and Jackson data range from 10 < Gr < 10 . The

Crashof number can be as large as I d5 in the steam generator tests. Therefore, the

Eckert and Jackson correlation was extrapolated to these higher Grashof numbers

because the correlation does have the proper Crashof number treno. It is to be noted

that several different free-convection correlations were examinec when comparing the

thermocouple bench test data. Because the Eckert and Jackson correlation gave the

most consistent results in the evaluation of the data, it was then chosen for evaluating

the steam generator secondary side heat transfer.

In the wall heat flux calculation, the measured tube wall temperature was corrected by

a linear function of the wall heat flux. The tube wall correction factor was determined

from a series of single-phase liquid and steam heat transfer tests that were run during

the shakedown test program. In these shakedown tests, the heat flux and tube wall

temperature were calculated from the primary and secondary side fluid temperatures.

The difference between the calculated and measured tube wall temperature was

correlated with the calculated tube wall heat flux.

The correction factor is intended to compensate for local perturbations in the measured

wall temperature due to the thermocouple installation method. The tube wall

temperature correction factor data from the shakedown test were fit to the linear

equation

aT = AQ 1 + B (4-2)

1. Eckert, E. R. C., and Jackson, T. W., "Analysis of Turbulent Free-Convection
Boundary Layer on Flat Plate," NACA-1015, 1951.
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where

A'T = tube wall temperature correction

C I = local tube wall heat flux

Values for A and B are given in table F-4 of the data report.(1)

In the SGFLUX program, the local tube wall heat flux in the two-phase matrix test was

calculated from the simultaneous solution of equation (4-2) and the following equation:

Q I h s(Tf- Tw +AT) (4-3)

where

0 1 = tube wall heat flux (calculated)

h = turbulent free convection film coefficient calculated from equation

(4-1)

Tf = secondary fluid temperature (measured)

T : tube wall temperature (measured)

AT = tube wall temperature correction calculated from equation (4-2)

A and B = coefficients in tube wall correction factor equation, determined from

single-phase shakedown tests

The solution of equations (4-2) and (4-3) shows that for the case where I/A is less than

hs, the value of(Q will be negative for positive values of (Tf - Tw) and B. Since this

solution is physically not correct, an alternate solution was used to calculate the heat

flux if I/A was less than h . In this case, the primary side flow regime is assumed tos

be dispersed flow with no liquid film on the walls. The primary side film coefficient was

calculated from the Dittus-Boelter correlation. The overall heat transfer coefficient

and local heat flux were then calculated from the following equations:

-- + (4-4)

U OVERALL h t + ht(

1. Howard, R. C., et al., "PWR FLECHT SEASET Steam Generator Separate Effects
Task Data Report," NRC/EPRI/Westinghouse-4, January 1980.
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Q UOVERALL (T f 7p (4-5)

where

UOVERALL = overall heat transfer coefficient

h = secondary side turbulent free convection film coefficients

ht = tube wall equivalent heat transfer coefficient

h = primary side turbulent forced convection film coefficientP
T = primary side temperatureP

From the measured heat flux in the four instrumented tubes, the total bundle heat

transfer rate was calculated by multiplying the instrumented tube heat transfer by a

weighting factor, which represented the number of uninstrumented tubes assumed to

respond like the instrumented tube. The weighting factors were determined from a

series of air/water tests on the inlet plenum. These tests measured the flow distribution

of air and water at the tubesheet. The weighting factor represents the number of tubes

with inlet flow conditions close to the inlet flow of the instrumented tube. The

weighting factors developed from the air/water tests are presented in appendix B of the

data report.(l)

The local tube wall heat flux, the primary steam temperature, and the individual tube

inlet flow distribution data from the air/water test were combined to calculate local

quality in the tubes from a nodal energy balance (figure 4-7). The nodal energy balance

was written as

Energy transferred to the node = Energy absorbed by the primary fluid

That is,

Tube wall heat flux - Wall heat stored = Energy absorbed by steam plus energy absorbed

by evaporating liquid drops

dT
QA-M C w = W [Ho- H] + W [H H] (4-6)1 Wp dt g i fg f

I. Howard, R. C., et al., "PWR FLECHT SEASET Steam Generator Separate Effects
Task Data Report," NRC/EPRI/Westinghouse-4, January 1980.
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where

I = measured nodal tube wall heat flux

A = tube wall nodal heat transfer area

M = tube wall nodal massw

C = tube wall heat capacityp

dTrw/dt = rate of increase of tube wall temperature

W = primary side steam mass flow rate at the entrance to the node
g

H = steam enthalpy at the node exito
H. = steam enthalpy at the node entrance

Hf = enthalpy of saturated liquid

Wfg = rate of liquid evaporation in the node

From the steam probe data, the primary steam enthalpy was determined. The rate of

change of tube wall temperature was calculated from the tube wall thermocouple data

and the tube wall heat flux was calculated from the measured secondary fluid and tube

wall thermocouples. The individual tube inlet steam flow was derived from the air/

water test data. The remaining unknown in equation (4-6) is Wfg, the rate of liquid

evaporation in the node. By starting at the first nodal elevation, where the inlet steam

mass flow rate was known from the air/water tests, equation (4-6) was used to compute

the liquid evaporation in the node. From this calculation the inlet steam flow to the

next node could be found and equation (4-6) could again be used to compute the liquid

evaporation in the second node. The calculation was continued for all the calculational

nodes. From the local nodal steam flow and the total tube mass flow (assumed to be

constant), the local quality was found.

Uncertainties in the total bundle heat transfer rate due to measurement error and the

additional uncertainty of the tube wall correction factor are discussed in appendix I of

the data report.(1) The data show that the uncertainty is relatively small for low flow

and high quality experiments, where the tube wall quench front only reaches

approximately 1.22 m (4 ft). For lower qualities and higher flows, the quench front

1. Howard, R. C., et el., "PWR FLECHT SEASET Steam Generator Separate Effects
Task Data Report," NRC/EPRI/Westinghouse-4, January 1980.
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advances beyond the 1.22 m (4 ft) elevation into a region of the tube bundle which is not

as well instrumented. Therefore, the temperature interpolation/extrapolation methods

which are used have greater uncertainty, resulting in larger uncertainties in the

calculated energy transfer. It is also to be noted that, since the quality calculation is a

step-wise marching approach, errors can accumulate and produce larger errors at the

upper regions of the steam generator where there is less instrumentation to correct the

calculation.

4-3. SUMMARY OF TEST RESULTS

Table 4-2 presents the actual run conditions for each valid test, and summary test

results. Summarized in table 4-2 are the time-averaged test boundary conditions (total

inlet flow, quality, and loop pressure) and the test initial conditions (steam generator

secondary liquid temperature and level). More detailed test run conditions are

presented in appendix H of the task plan.(l)

The data in tables 4-2A and 4-2B were also presented in the data report. However,

since the data report was issued, it has been learned that the date in column 12

reporting total energy transport for test runs prior to run 22701 were not based on the

current version of the data reduction program SOFLOWS. In the original version of

SGFLOWS, the heat loss through the superheater pipe wall was neglected. This

assumption tended to overestimate the energy absorbed by the primary flow in the

separator and the calculated liquid evaporation in the superheater. Since the amount of

liquid evaporated in the superheater is subtracted from the measured loop outlet steam

flow to get the steam generator outlet plenum steam flow, overestimation of the liquid

evaporation in the superheater will result in underestimation of the steam generator

outlet plenum steam flow. This error led directly to an underestimation of the bundle

energy transfer. The data presented in tables 4-2A and 4-2B in this report are taken

from the current version of SGFLOWS.

1. Hochreiter, L. E., et al., "PWR FLECHT SEASET Steam Generator Separate Effects
Task: Task Plan Report," NRC/EPRI/Westinghouse-2, March 1978.
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SECTION 5

DATA ANALYSIS

5-.I. INTRODUCTION

In this section, the steam generator test data are explored in depth. Phenomenological

reasons are proposed to explain the data trends within a run and the variation in oata

trends among runs.

The first test run to be analyzed was the reference run, run 22701. Data from this run

were evaluated to determine that the loop boundary conditions were properly

controlled. The boundary conditions at the steam generator tubesheet were calculated

from the loop instrumentation, and the overall bundle heat transfer was calculated from

the tubesheet boundary conditions. Reduced data from the tube bundle thermocouples

were evaluated to aid in understanding of the radial and axial variation within the tube

bundle. The replicate reference runs and the single-parameter variation tests were

evaluated by comparing key parameters with those of the reference run.

Test results for each run are presented graphically in appendix H of NRC/EPRI/

Westinghouse Report No. 4.(1) Additional information relating to each test is

presented in the summary sheets preceding the plots in appendix H of Report No. 4 and

in table 4-2 of this report. Summary sheets for the three reference runs and the two

quality sensitivity runs are reproduced in tables 5-I through 5-5. In these tables, the

mixer pressure and containment tank pressure are reported as recorded in gage pressure

units. Where a conversion from gage to absolute pressure is required, a constant

conversion factor of 97.9 kPa (14.2 psi), the mean atmospheric pressure at 300 m

(1000 ft), is used. The elevation at the Westinghouse Forest Hills test facility is

approximately 300 m (1000 ft) above sea level.

1. Howard, R. C., et al., "PWR FLECHT SEASET Steam Generator Separate Effects
Task Evaluation Report," NRC/EPRI/Westinghouse-4, January 1980.
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TABLE 5-I

REFERENCE RUN SUMMARY SHEET

DATE: 4/4/79

A. TIME-AVERAGED RUN CONDITIONS

1. Boiler steam flow [ kg/sec (lb/sec)] - 0.179 (0.395)

2. Water flow [ kg/sec (lb/sec)] - 0.045 (0.100)

3. Containment tank pressure [ kPa (psig) ] - 172 (25)

4. Steam temperature [ °C (OF)] - 155 (311)

5. Water temperature [°C (OF) ]- 122 (251)

6. Mixer pressure[ kPa (psig)] - 193 (28)

7. Test time (sec) - 1439.0

B. INITIAL SECONDARY LIQUID LEVEL AND TEMPERATURE

1. Level [m(ft)] - 10.1 (33.1)

2. Initial temperature

Elevation Initial Temperature[n(ft 0[PC ( FA]

0.00 (0.00) 262 (504)

0.15 (0.50) 271 (520)

0.30 (1.00) 274 (526)

0.46 (1.50) 273 (523)

0.61 (2.00) 273 (524)

1.22 (4.00)

3.05 (10.00) 274 (525)

6.09 (20.00) 273 (524)

8.23 (27.00)

10.67 (35.00) 273 (524)

0
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TABLE 5-I (cont)
REFERENCE RUN SUMMARY SHEET

C. MASS BALANCE COMPONENTS

1. Steam probe purge steam [kg (lb)] - 3.19 (7.04)

2. Liquid collection

(a) Outlet plenum [kg (Ib)] - 4.48 (9.87)

(b) SG collection tank [ kg (lb)] - NA

3. Posttest drain from hot leg [ kg (lb)] - 1.29 (2.85)

D. FAILED BUNDLE T/Cs(1)

294, 295, 298, 305, 309, 310, 311, 321, 326, 532, 549, 553, 555, 564, 565, 568, 569

E. OVERALL ENERGY EXCHANGE FROM SECONDARY TO PRIMARY FROM

BEGINNING OF TEST TO 1.2-METER (4-FOOT) QUENCH TIME

5 5
1. From primary side energy balance [kw-sec(Btu)] - 1.13 x 10 (1.08 x 105)

t HTA 5 5

2. From local heat flux (ff t dadt) [kw-sec(Btu)] - 0.960 x 10 (0.914 x 10 )

3. * = tube wall heat flux (kw/m2

H'A = bundle heat transler area

t = integration time limit (900 sec)

1. T/Cs are defined as failed based on resistance reading or TIC response.
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TABLE 5-2

SUMMARY SHEET FOR REPLICATE OF REFERENCE RUN

(Run 21711)

DATE: 3/14/79

A. TIME-AVERAGED RUN CONDITIONS

1. Boiler steam flow [kg/sec (Ib/sec) ] - 0.179 (0.395)

2. Water flow [kg/sec (Ib/sec)] - 0.045 (0.099)

3. Containment tank pressure [kPa (psig)] - 172 (25)

4. Steam temperature [ 0C (OF)] - 157 (315)

5. Water temperature [0C ('F)] - 124 (256)

6. Mixer pressure [ kPa (psig)] - 193 (28)

7. Test time (sec) - 1439.0

B. INITIAL SECONDARY LIQUID LEVEL AND TEMPERATURE

1. Level [ m(ft)] - 9.9 (32.4)

2. Initial temperature

Elevation Initial Temperature
[ m(ft)] [0C ( F) ]

0.00 (0.00) 260 (500)

0.15 (0.50) 266 (510)

0.30 (1.00) 274 (525)

0.46 (1.50) 271 (520)

0.61 (2.00) 271 (520)

1.22 (4.00) 271 (520)

3.05 (10.00) 271 (520)

6.09 (20.00) 271 (520)

8.23 (27.00) 271 (520)

10.67 (35.00) 271 (520)
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TABLE 5-2 (cont)

SUMMARY SHEET FOR REPLICATE OF REFERENCE RUN

(Run 21711)

C. MASS BALANCE COMPONENTS

1. Steam probe purge steam [kg (lb)] - 4.04 (8.91)

2. Liquid collection

(a) Outlet plenum [ kg (lb)] - 2.15 (4.74)

(b) SG collection tank [ kg (lb)] - NA

3. Posttest drain from hot leg [ kg (lb)] - 1.33 (2.94)

D. FAILED BUNDLE T/Cs(1)

294, 295, 298, 305, 309, 310, 311, 321, 326, 549, 553, 564, 565, 568

E. OVERALL ENERGY EXCHANGE FROM SECONDARY TO PRIMARY FROM

BEGINNING OF TEST TO 1.2-METER (4-FOOT) QUENCH TIME

1. From primary side energy balance [kw-sec(Btu)] - 0.594 x 105 (0.566 x l05)

t HTA
2. From local heat flux(f f dadt) [kw-sec(Btu)]- 0.678 x 10 (0.646 x 105)

3. * = tube wall heat flux (kw/m )

H'A = bundle heat transfer area

t = inteoration time limit (600 sec)

1. T/Cs are defined as failed based on resistance reading or T/C response.
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TABLE 5-3

SUMMARY SHEET FOR REPLICATE OF REFERENCE RUN

(Run 22010)

DATE: 3/22/79

A. TIME-AVERAGED RUN CONDITIONS

1. Boiler steam flow [ kg/sec (lb/sec)] - 0.182 (0.402)

2. Water flow [ kg/sec (lb/sec)] - 0.045 (0.100)

3. Containment tank pressure [kPa (psig) ]- 172 (25)

4. Steam temperature [ °C (OF)] - 154 (309)

5. Water temperature [ C (OF) ]- 125 (257)

6. Mixer pressure [ kPa (psig)] - 193 (28)

7. Test time (sec) - 1440.0

B. INITIAL SECONDARY LIQUID LEVEL AND TEMPERATURE

1. Level [ m(ft)] - 10.2 (33.6)

2. Initial temperature

Elevation Initial Tem~erature
[m(ft) ] [ C(F)]

0.00 (0.00) 257 (495)

0.15 (0.50) 271,(520)

0.30 (1.00) 274 (525)

0.46 (1.50) 274 (525)

0.61 (2.00) 274 (525)

1.22 (4.00) 274 (525)

3.05 (10.00) 274 (525)

6.09 (20.00) 274 (525)

8.23 (27.00) 273 (524)

10.67 (35.00) 273 (524)
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TABLE 5-3 (cont)

SUMMARY SHEET FOR REPLICATE OF REFERENCE RUN

(Run 22010)

C. MASS BALANCE COMPONENTS

1. Steam probe purge steam [kg (Ib)] - 4.01 (8.84)

2. Liquid collection

(a) Outlet plenum [kg (lb)] - 3.18 (7.01)

(b) SG collection tank [ kg (lb)] - NA

3. Posttest drain from hot leg [kg (lb)] - 1.09 (2.40)

D. FAILED BUNDLE T/Cs(1)

294, 295, 305, 309, 310, 311, 326, 532, 553, 564, 565, 568, 569

E. OVERALL ENERGY EXCHANGE FROM SECONDARY TO PRIMARY FROM

BEGINNING OF TEST TO 1.2-METER (4-FOOT) QUENCH TIME

1. From primary side energy balance [kw-sec(Btu)] - 0.627 x 105 (0.597 x i05)

t HIA 5 5
2. From local heat flux(I f * dadt) [kw-sec(Btu)]- 0.613 x 10 (0.584 x 10 )

0 0o

3. * - tube wall heat flux (kw/m 2)

HIA = bundle heattransfer area

t = integration time limit (600 sec)

1. T/Cs are defined as failed based on resistance reading or T/C response.
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TABLE 5-4

SUMMARY SHEET FOR QUALITY SENSITIVITY RUN (Run 23605)

DATE: 4/27/79

A. TIME-AVERAGED RUN CONDITIONS

1. Boiler steam flow [ kg/sec (lb/sec)] - 0.111 (0.245)

2. Water flow [ kg/sec (Ib/sec)] - 0.113 (0.249)

3. Containment tank pressure [kPa (psig) ] - 172 (25)

4. Steam temperature [ °C (oF)] - 152 (306)

5. Water temperature [°C (OF) ]- 126 (258)

6. Mixer pressure [ kPa (psig)] - 193 (28)

7. Test time (sec) - 1446.0

B. INITIAL SECONDARY LIQUID LEVEL AND TEMPERATURE

1. Level [ m(ft) ] - 10.1 (33.3)

2. Initial temperature

Elevation Initial ýemgerature
[m(ft) ] [ C F)]

0.00 (0.00) 257 (494)

0.15 (0.50) 266 (510)

0.30 (1.00) 274 (526)

0.46 (1.50) 273 (523)

0.61 (2.00) 272 (521)

1.22 (4.00)

3.05 (10.00) 274 (525)

6.09 (20.00) 273 (524)

8.23 (27.00)

10.67 (35.00) 273 (524)
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TABLE 5-4 (cont)

SUMMARY SHEET FOR QUALITY SENSITIVITY RUN (Run 23605)

C. MASS BALANCE COMPONENTS

1. Steam probe purge steam[ kg (lb)] - 6.75 (14.88)

2. Liquid collection

(a) Outlet plenum [ kg (Ib)] - 10.06 (22.18)

(b) SG collection tank [kg (Ib)] - NA

3. Posttest drain from hot leg [ kg (lb)] - 9.07 (20.0)

D. FAILED BUNDLE T/Cs(1)

287, 294, 295, 298, 305, 308, 309, 310, 311, 326, 517, 518, 520, 521, 524, 531,

532, 533, 549, 553, 555, 564, 565, 568, 569, 570

E. OVERALL ENERGY EXCHANGE FROM SECONDARY TO PRIMARY FROM

BEGINNING OF TEST TO 1.2-METER (4-FOOT) QUENCH TIME

1. From primary side energy balance [kw-sec(Btu)] - 0.719 x 105 (0.685 x 10 )

t HTA 5 52. Fromlocalheat flux (f A 0 dadt) [kw-sec(Btu)] - 0.378 x 10 (0.360 x 10 )

3. * = tube wall heat flux (kw/m )

HTA = bundle heat transfer area

t = integration time limit (300 sec)

1. T/Cs are defined as failed based on resistance reading or T/C response.
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TABLE 5-5

SUMMARY SHEET FOR QUALITY SENSITIVITY RUN (Run 21806)

A. TIME-AVERAGED RUN CONDITIONS

1. Boiler steam flow [ kg/sec (lb/sec)] - 0.045 (0.100)

2. Water flow [ kg/sec (Ib/sec)] - 0.181 (0.400)

3. Containment tank pressure [ kPa (psig) ] - 172 (25)

4. Steam temperature[ 'C (OF)] - 148 (299)

5. Water temperature ['C (OF) ]- 128 (262)

6. Mixer pressure[ kPa (psig)] - 200 (29)

7. Test time (sec) - 1679.0

B. INITIAL SECONDARY LIQUID LEVEL AND TEMPERATURE

1. Level [m(ft)] - 10.0 (32.7)

2. Initial temperature

Elevation Initial ýemlerature
[ m(ft)] [C (F)]

0.00 (0.00) 260 (500)

0.15 (0.50) 266 (510)

0.30 (1.00) 268 (515)

0.46 (1.50) 271 (520)

0.61 (2.00) 271 (520)

1.22 (4.00) 271 (520)

3.05 (10.00) 271 (520)

6.09 (20.00) 271 (520)

8.23 (27.00) 271 (520)

10.67 (35.00) 271 (520)
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TABLE 5-5 (cont)

SUMMARY SHEET FOR QUALITY SENSITIVITY RUN (Run 21806)

C. MASS BALANCE COMPONENTS

1. Steam probe purge steam [kg (lb)] - 13.09 (28.85)

2. Liquid collection

(a) Outlet plenum[ kg (lb)] - NA

(b) SG collection tank [kg (lb)] - 65.23 (143.8)

3. Posttest drain from hot leg [ kg (0b)] - 17.33 (38.21)

D. FAILED BUNDLE T/Cs(1 )

310, 311, 326, 553, 564, 565, 568

E. OVERALL ENERGY EXCHANGE FROM SECONDARY TO PRIMARY FROM

BEGINNING OF TEST TO 1.2-METER (4-FOOT) QUENCH TIME

1. From primary side energy balance [kw-sec(Btu)] - 0.752 x 105 (0.716 x 0 5)

t HTrA2. From local heat flu..(off o dadt) [kw-sec(Btu)] - 0.378 x 105 (0.360 x 105)

3. t = tube wall heat flux (kw/m2

HTA = bundle heat transfer area

t = integration time limit (300 sec)

1. T/Cs are defined as failed based on resistance reading or T/C response.
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5-2. ANALYSIS OF REFERENCE RUN

Evaluation of the reference run data shows that the boundary condition at the inlet

tubesheet quickly reaches steady state. The liquid phase is very nearly completely

evaporated in the tubes and the secondary water develops a temperature profile with a

steep axial gradient but very little radial gradient. Inside the tubes, a liquid film

forms which slowly advances up the tubes in a fashion that is analogous to the

conduction-controlled rewetting of a hot fuel rod. The hot secondary fluid provides a

source of stored energy which is cooled by the primary side two-phase mixture. The

wet/dry interface, which is clearly seen by the tube wall thermocouples, advances at a

constant velocity up the inside wall of the tubes. Residual liquid is present at the

wet/dry interface. This liquid is dispersed into drops by the boiling at the interface and

becomes entrained in the steam flow. Liquid evaporation occurs in the liquid film

below the wet/dry interface and in the dispersed droplets above the wet/dry interface.

The tube wall heat flux reaches a maximum at the wet/dry interface. The heat flux

magnitude is consistent with the assumptions of single-phase forced convection above

the interface with entrained droplets, two-phase forced convection below the

interface, and critical heat flux at the interface, as shown in the following discussion.

In the following discussion, the controlled test parameters are evaluated. The

reference run data are reproduced in figures 5-1 through 5-31.

Figures 5-1 through 5-3 and figures 5-14 through 5-16 illustrate reference test data

reduced by the SGFLOWS data reduction program. The mass flow rates in figures 5-1

through 5-3 are reduced from volumetric flow rate data. From the mass flow rate data

calculated for the inlet and outlet steam generator plenums, the inlet and outlet

plenum quality was calculated (figures 5-15 and 5-16) and from the mass flows and

enthalpy, the overall bundle energy flow (figure 5-14) was calculated. The

SGLOWS-reduced data are indicated by an asterisk at 300-second intervals on the

plotted data line. Figure 5-10 plots the outlet plenum temperature measured by a

thermocople in the outlet plenum, and figure 5-12 plots the steam temperature

downstream of the superheater in the exhaust line, as measured by a resistance

temperature detector (RTD). The steam temperatures in figure 5-12 are higher than

those in figure 5-10 because of the superheater. The test was terminated at 1500

seconds.

0
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Figures 5-29 through 5-31 illustrate plots of the secondary fluid temperature spatial

variation. On these plots, an asterisk represents nodal temperatures that were

interpolated from measured temperatures in adjacent nodes. The bundle nodalization is

illustrated in figure 4-3. The fluid temperature plots illustrate how the temperature

changes with time in a parametric fashion. In the computer-generated plots, the

temperature distribution plot was recreated at an interval calculated by dividing the

time by 11. The nearest integer number of scans to this interval times the scan time

(6 seconds) is the time interval between plots on figures 5-29 through 5-31. The scan

interval between plots is stated in the title of the temperature distribution plots. The

scan number associated with the start of the test and the end of the test is also stated

in the title block.

The reference run computer plots indicate that the three controlled variables, loop

pressure (figure 5-5), steam flow (figure 5-2), and water flow (figure 5-1), were well

behaved during the test interval. The slight pressure spike at time zero in figure 5-5 is

due to the step changein loop flow that occurred when the loop isolation valve SV-2 was

opened to begin the test. The valve switching transient at the beginning of the test

caused a slight shift in the loop pressure at the spray nozzle (figure 5-6) and a slight

steam flow oscillation which decayed with time (figure 5-2).

The above evaluation demonstrates that the test requirement of constant loop boundary

conditions was achieved in the test loop. The boundary conditions -at the tubesheet, in

the inlet plenum can be calculated by subtracting the mass storage in the hot leg pipe

and inlet plenum from the loop inlet boundary conditions.

To record these mass accumulation terms, D/P cells were installed on the inlet plenum

and on the hot leg vertical rise. The hot leg D/P cell also -includes the inlet plenum

vertical rise.

The inlet plenum D/P cell plot (figure 5-8) indicates a slightly negative pressure drop

(that is, a pressure increase) in the inlet plenum. The pressure rise was caused by the

steam deceleration from theiinlet nozzle velocity to the inlet plenum velocity. This

effect is clearly shown in the single-phase steam run (page 22920-6 in Report No. 4.)
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The smaller pressure rise in the two-phase conditions of the reference run indicates that

some of the pressure increase was cancelled by the liquid being stored in the inlet

plenum. The inlet plenum liquid storage can be estimated by subtracting the inlet

plenum AP, run 22920, from that of run 22701. This AP was approximately 0.003 MPa

(0.04 psi), which implies that the mass of liquid stored in the inlet plenum was 0.599 kg

(1.32 Ib).

The liquid stored in the hot leg vertical rise is equal to the channel 54 AP, run 22701,

minus that of run 22920, minus the inlet plenum A P. The net hot leg A P was 0.006 MPa

(0.09 psi) minus 0.003 MPa (0.04 psi), or 0.003 MPa (0.05 psi), and the implied mass of

liquid stored in the hot leg is 0.14 kg (0.3 lb).

In the reference run, the hot leg and inlet plenum D/P cells indicate a total liquid

storage of 0.73 kg (1.6 lb). Additional sources of liquid storage are the horizontal run of

the hot leg from the spray nozzle to the bend radius in the inlet line and the liquid

storage in the tube bundle above the tubesheet. Although D/P probes were installed in

the tube inlet region, their response was unreliable, as discussed in appendix I of Report

No. 4.

At the end of each test, the hot leg was drained into a weigh tank. For the reference

run, 1.29 kg (2.85 Ib) of water was collected. This liquid collection is consistent with

the liquid accumulation calculated from the D/P cells. At the-reference run liquid flow

rate of 0.045 kg (0.10 lb/sec), the hot leg and inlet plenum liquid storage will reach

equilibrium within 30 seconds. The shape of the D/P data from the hot leg and inlet

plenum show that the D/P cells reached equilibrium relatively quickly; for test times

greater than 30 seconds, the measured liquid injection flow rate can be assumed to be

the liquid flow rate at the tubesheet in the inlet plenum.

The automated data reduction program SGFLOWS converted the hot leg and inlet

plenum D/P data directly to a liquid mass; it neglected pressure drop components due to

friction and momentum effects. Because the inlet plenum and hot leg liquid storage was

small, these simplifying assumptions do not lead to large errors. The quality at the inlet

plenum tubesheet as calculated. by SGFLOWS is shown in figure 5-15.
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At the tubesheet in the outlet plenum, the liquid mass flow rate was calculated directly

from the rate of increase of the outlet plenum liquid collection. The steam mass flow

was measured downstream of the loop moisture separator ano superheater. The steam

flow rate at the outlet plenum upstream of the superheater was calculated from an

energy balance on the moisture separator and superheater.

The liquid flow rate leaving the steam generator was collected in the outlet plenum

itself or in the collection tank below the outlet plenum. For the reference run, the

outlet plenum was used and the D/P response is shown in figure 5-4. The delayed

response in figure 5-4 is due to the storage volume below, the lower tap having to fill

before the D/P signal responds. For the outlet plenum, the volume below the lower tap

held 1.5 kg (3.3 lb) of water. Since the D/P cell responoed at 350 seconds, the average

liquid collection rate over this interval was 0.004 kg/sec (0.009 lb/sec). The slope of

the outlet plenum liquid collection D/P signal after 350 seconds was 1.6 Pa/sec (2.3 x

10-4 psi/sec), which corresponds to a liquid accumulation rate of 0.004 kg/sec

(0.009 lb/sec). This rate demonstrates that the liquid collection rate was continuous

over the test interval.

The steam generator outlet plenum nozzle was constructed to act like a moisture

separator, so that any residual moisture in the outlet plenum steam would stay in the

outlet plenum. However, to provide for possible moisture in the exhaust steam, a

commercial moisture separator was installed in the exhaust line and an electric

resistance superheater was installed downstream of the moisture separator. The

temperature response of the steam leaving the superheater (figure 5-12) indicates

generally dry steam, although the one negative temperature spike at 600 seconds was

probably caused by a liquid drop striking the RTD. The data recorded to measure the

entrained liquid in the exhaust line included readings from the D/P cell on the moisture

separator collection tank, the power to the superheater, and fluid and wall

thermocouples.

From the following mass and energy balance around the loop separator and superheater,

the amount of liquid evaporated by the superheater is calculated:

- MC d'T (5g-n)
Q n Wg h -(W h + W h )(5-1)

in Pdt g gin in
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W 9 %in + in (5-2)

where

=in net superheater power (total input power - heat loss to ambient)

M = mass of steam separator and superheater loop piping

C p = pipe wall heat capacity

dT/dt= rate of change of pipe and superheater wall temperature

W = exhaust steam mass flow rate90

h = steam enthalpy at superheater exit

h = steam enthalpy in the outlet plenum
gin

hf = enthalpy of saturated liquid

W = steam flow rate into the superheater
gin

W = liquid flow rate into the superheaterf.
in

The two unknowns in these equations are W andWf . The solution for shows
gin in f in

that a negligible amount of liquid was evaporated by the superheater. The loop

separator liquid collection tank also accumulated a negligible amount.of liquid.

A summary of the measured mass flow rates in the test !oop is presented in table 5-6.

Table 5-6 presents the liquid flow rate to the spray nozzle as measured by the turbine

meter and calculated from the rate of change of the accumulator level D/P transducer.

The rate calculated from the accumulator D/P serves as a check on the turbine meter

reading.. The most accurate flow rate indication is from the turbine meter. The test

data show that after a brief transient within the first minute of the test, the steam

generator inlet boundary conditions were constant. At the bundle exit, a small amount

of liquid migrated to the outlet plenum even though the outlet plenum steam temp-

erature was close to 26CP C (5000F) at the beginning of the test. The shape of the

outlet plenum liquid collection D/P curve shows that the rate of liquid collection was at

a maximum at time zero and slowly decreased during the test. From the initial outlet

plenum liquid collection rate, the outlet plenum nonequilibrium quality was calculated

to be 98. 1 percent at time zero, increasing with time.
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From the calculated mass flow rates and measured temperatures in the inlet and outlet

plenums, the overall energy exchange rate in the tube bundle was calculated. The

results of this calculation are presented graphically in figure 5-14. This plot shows that

the maximum energy exchange rate occurred at the beginning of the transient. The rate

then gradually approached a constant value.

The initial peak in the total heat flow rate plot in figure 5-14 is due to the initial flow

transient caused by the loop flow and pressure controllers. After the first minute, this

transient had decayed and the change in the heat flow rate was due to changing con-

ditions in the tube bundle. The heat flow transient decayed from a peak of 158 kw

(150Btu/sec) at 60 seconds to a value of about 116 kw (110 Btu/sec) at the end of the

test, with a very small change over most of the test time interval. The heat flow rate

has two components. The first contribution to heat flow comes from the evaporation of

the liquid-phase primary side flow. The remaining contribution comes from the

superheat absorbed by the primary side vapor flow.

The maximum energy exchange rate would consist of complete evaporation of the liquid

phase plus superheating of the steam phase to the highest outlet plenum measured tem-

perature. For the reference run parameters, complete evaporation of the liquid phase

would require 0.45 kg/sec times 2.17 3/kg (0.10 lb/sec times 934 Btu/lb), or 98.4 kw

(93.4 Btu/sec). To superheat the steam to 260 0 C (500 0 F) would require 0.23 kg/sec

times 2.44 x 106 3/kg (0.5 lb/sec times 105 Btu/lb), or 55.3 kw (52.5 Btu/sec). These

two heat flux components sum to 154 kw (146 Btu/sec). To account for the measured

liquid flow in the outlet plenum of approximately 0.005 kg/sec (0.01 lb/sec), the above

heat rate should be reduced by approximately 9.8 kw (9.3 Btu/sec).

Over the course of the transient, the superheat component continually decreased, as

shown by the outlet plenum temperature plot (figure 5-10). The heat flow rate plot

(figure 5-14) is flatter than the temperature plot because some of the loss in the

superheat component was compensated for by an increase in the liquid evaporation. The

increased liquid evaporation late in the test is inferred from lower outlet plenum liquid

collection rate, which is reflected in the smaller slope of the liquid collection D/P cell

in the outlet plenum.
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A check on the heat flow rate can be performed by comparing the heat flow integrateo

over the test time with the change in the tube bundle stored energy. From the plot of

temperature versus distance from the tube bundle inlet (figure 5-29), the average bundle

temperature at the end of the test is calculated to be 228 0 C (443 0F). The initial bundle

fluid temperature and level (table 5-1) are 274 0 C (525 0F) and 10.1 m (33.1 ft). The

steam generator metal mass used in the energy storage calculation is the mass above

the tubesheet, which is calculatec to be 3400 kg (7500 lb) of metal. The heat capacity

of the metal is 418 J/kg-°C (0.10 Btu/lb-°F). The calculated change in the stored

energy of the bundle water and metal over the time interval of the test (1500 seconds)

is 1.6 x 108 J (151,800 Btu). Based on a uniform rate of energy transfer, the heat

transfer rate is 106.7 kw (101.2 Btu/sec). This heat transfer rate is in reasonable

agreement with the heat transfer rate calculated from the primary side mass flows and

temperatures.

To further investigate the heat transfer process in the steam generator tube bundle,. the

local tube wall heat flux was studied. The data reduction program SGFLUX was used

to calculate the local tube wall heat flux, as described in paragraph 4-3. Selected plots

of the local heat flux variation with time at several axial and radial positions in the

lower inlet region of the tube bundle are shown in figures 5-32 through 5-41.

The general shape of all of the local heat flux plots is similar. These plots show that

the heat flux was initially small [approximately I I kw/m2 (1 Btu/sec-ft 2)] and changed

slowly with time. As time increased, the heat flux underwent a sudden increase to a

peak of approximately 170 to 340 kw/m2(15 to 30Btu/sec-ft2). The heat flux began

to decay from the peak immediately and asymptotically approached zero as

time increased.

Comparison of the local heat flux plots with the local temperature versus time plots,

(figures 5-17 through 5-22) permits correlation of the local heat fluxes with the local

temperatures. This comparison shows that the low heat flux region at the beginning of

the test corresponds to a region of high tube wall temperature. Typically in this zone

the tube wall is above 232 C (450 0 F), or about 100°C (180 0 F) above the saturation

temperature of 130 C (257 0F) at 0.28 MPa (40 psia). At the time of the sharp rise in

local heat flux, the tube wall temperature was undergoing a rapid cooldown. The
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rapid tube wall temperature decrease caused the secondary fluid temperature cooldown

to accelerate, but the secondary fluid cooldown rate did not match the tube wall

cooldown rate. At a tube wall temperature generally within 56 0C (100'F) of

saturation, the rapid tube wall cooldown changed to a slower cooldown rate and the tube

wall temperature asymptotically approached saturation temperature. The secondary

fluid cooldown followed the tube wall temperature decay and asymptotically approached

saturation temperature also.

The primary side steam probe data show that, at elevations as low as 1.22 m (4 ft) from

the tube bundle entrance, significant superheating of the steam phase did occur. The

amount of steam-phase superheat at a given elevation in the inlet region decreased with

time; at the point of most rapid decline of the tube wall temperature the steam

temperature was close to saturation.

The temperature versus time plots in figures 5-17 through 5-28 show that, in the outlet

side of the tube bundle, the secondary fluid temperatures followed very closely the inlet

side thermocouples at the same elevations. As the fluid in the outlet region cooled

down, the steam-phase temperature remained high, and the direction of heat transfer

was from the primary side steam back into the cooler secondary side water. The

magnitude of this heat flow was too small to be accurately measured with the thermo-

couples on the tube wall.

The analysis of the temperature and local heat flux plots indicates that the primary side

film coefficient was undergoing a transition from a dry to a wet condition, by a surface

liquid film which formed at the tube entrance and slowly climbed up the inside of the

tube wall. The initial heat flux response, with high wall temperature and low rate of

heat transfer, corresponds to the time before the liquid film reached that local eleva-

tion. The region of rapidly decreasing wall temperature and rising heat flux corres-

ponds to the transition boiling heat transfer regime, where the liquid film established

itself on the inside surface of the tube. The decay in heat flux and wall temperature

following the wetting of the tube corresponds to the two-phase forced convection heat

transfer regime, with a relatively high primary side film coefficient and tube wall heat

fluxes that were less than the critical heat flux. In this mode, the tube bundle cooldown

continued until secondary temperatures approached the primary side steam temperature.
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The time of rapid tube wall temperature decrease (figures 5-17, 5-18, and 5-20) is

defined as the quench time for that location. The quench times for the four instru-

mented radial locations in the inlet region of the tube bundle are plotted in figure 5-42.

The plot shows that the quench front advances in tube positions 1, 2, and 3 at about the

same rate; the quench front in tube position 4 lagged the other tubes by about 50 sec-

onds in time. Alternatively, using a quench velocity of 1.22 m/850 sec or 1.4 mm/sec

(4 ft/850 sec or 0.0047 ft/sec), at a given time, the quench elevation in tube position 4

was about 1.4 x 50 or 70 mm (0.0047 x 50/12 or 2.8 in.) below the quench elevation in

the other tubes. Since the conditions on the secondary side of the tube bundle had no

significant radial variation, the quench time variation between tube position 4 and the

other three instrumented tubes was due to local differences at the tube entrance.

To measure local differences in the tube inlet conditions, a series of air/water tests

were run on the inlet plenum. In these tests the volumetric flow rate of air equalled the

volumetric flow rate of steam. Local measurements of the air and water flow rates at

each tube entrance were made. The results of these tests are presented in appendix B

of NRC/EPRI/Westinghouse Report No. 4. The simulated reference test showed that

the air flow rate in each tube was equal; the water flow rate was highest in tube posi-

tion I and got successively smaller in tube positions 2, 3, and 4. The normalized liquid

flow rates were 1.77 in position 1, 1.18 in position 2, 0.75 in position 3 and 0.68 in

position 4.

Despite the wide variation in the liquid, flow rate entering the tubes, the radial vari-

ation in the local heat flux was nearly uniform in positions I through 3, and lower in

position 4. The most striking similarity in the local heat flux plots is the closeness of

the peak heat flux in different tubes at the same elevation. This phenomenon suggests

that the local peak heat flux was being limited by a factor common to all the tubes,

rather than by the quality level in the tubes.

In the heat transfer regime below the critical heat flux limit, the limiting factor in

determining the maximum local tube wall heat flux is the secondary to primary fluid

temperature difference. Since there was little radial variation in the secondary fluid

temperature, in the absence of a critical heat flux limit, tubes with different primary

side qualities could have the same peak heat flux levels. To estimate the magnitude of
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the limiting local heat flux based on a secondary to primary temperature difference of

232 0 C-1300 C (450°F-267 0 F), or 102 0 r (183 0F), assume a secondary side film coeffi-

cient of 4 kw/m 2 -oC (0.2 Btu/sec-ft 2-_ F) and a primary side film coefficient of
20 kw/m2-°o (1.0 Btu/sec ft 2 _ F). These film coefficients are based on free con-

v ection in the tube bundle secondary and two-phase forced convection in the primary

side of the tube. From the above set of assumptions, the estimated peak local heat flux

is 346 kw/m2 (30.5 Btu/sec-ft 2).

The peak heat fluxes shown in figures 5-32 through 5-41, except for figure 5-33, are all

at or below 350 kw/m 2(30.8 Btu/sec-ft 2). This suggests that the mechanism

responsible for the magnitude of the flux peak is the secondary to primary temperature

difference in those cases with flux peaks close to 350 kw/m2 (30.8 Btu/sec-ft 2).

In the radial positions with local peak heat fluxes much lower than the above, critical

heat flux limits which are dependent on local conditions in the tube are likely to be

responsible for the flux limit.

Figure 5-43 illustrates the effect of variable tube inlet quality, assuming that a

local-condition critical heat flux limit is applicable and the temperature difference

driving the heat flux increases without bound as the elevation increases. The typical

tube wall heat flux illustrated irn figure 5-43 rose very sharply as it approached the

quench front elevation. The wall heat flux slope near the quench elevation was caused

by the very steep axial temperature gradient in the secondary fluid at the quench front

elevation. Plots of the fluid temperature (figures 5-29 and 5-30) show how the axial

temperature profile varied parametrically with time.

Also plotted in figure 5-43 are the critical heat flux limits (CHF) from a local-condition

CHF correlation,(1) assuming three tube inlet qualities - 80 percent, 86 percent, and

67 percent. The intersection of the three CHF lines with the tube wall heat flux curves

illustrates that tubes with the lowest inlet quality may have the highest peak heat flux,

and the tubes with the highest inlet quality may have the lowest peak heat flux.

1. Collier, 3. G., Convective Boiling and Condensation, McGraw-Hill, New York, 1972.
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The local heat flux variation between tube 4 and the other tubes illustrated in figures

5-32 through 5-41 is consistent with the expected heat flux results, based on tube 4 d
having a higher quality and thus a CHF limit lower than the other tubes. The flux peaks

in radial positions 1, 2, and 3 were apparently limited by the overall secondary to

primary temperature difference; in radial position 4, the higher inlet quality led to

critical heat flux limits that were lower than the limits based on overall temperature

difference.

The peak heat flux can be used to calculate the local quality using the local-condition

CHF correlation. For example, at the 1.22 m (4 ft) elevation, the peak heat flux was

approximately 230 kw/m2 (20 Btu/sec-ft 2), and the local-condition critical heat flux

correlation of Biasi(1) shows that a local quality of 95.6 percent will yield a critical heat flux
2 2of 230 kw/m (20 Btu/sec-ft ) at the reference test conditions. For a peak heat flux of 340

kw/m2 (30 Btu/sec-ft 2), the local quality is 93.4 percent. Therefore relatively large

differences in the peak heat flux can be caused by very small changes in quality,

when the local quality is close to 1.0.

From the transient local heat flux plots in figures 5-32 through 5-41 and the tube wall

temperature data recorded during the test, plots of local tube wall heat flux versus

local tube wall superheat were constructed (figures 5-44 and 5-45). This type of plot,

generally referred to as a boiling curve, illustrates the nucleate boiling and transition

boiling heat transfer regimes. On these plots, the cluster of points at the highest wall

superheat represents the dry wall heat transfer. The data in figures 5-44 and 5-45 are

segregated based on the peak heat flux value. Figure 5-44 contains all the data with

flux peaks close to 230 kw/m 2 (20 Btu/sec-ft 2 ) and figure 5-45 contains all the data

with flux peaks close to 340 kw/m2 (30 Btu/sec-ft 2).

In the above discussion of the local heat flux data, the assumption is made that radial

variation in the secondary fluid temperature is small. Figures 5-46 through 5-49 are

isometric plots of the secondary fluid temperatures. These plots, constructed from the

measured and interpolated nodal temperatures reduced by the SGTEMPS data reduction

program, illustrate the temperature distribution in the radial and axial directions

1. Collier, J. G., Convective Boiling and Condensation, McGraw-Hill, New York, 1972.
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simultaneously. The plots were drawn from data taken at 3, 6, 12, and 18 minutes into

the transient. They show that the temperature change in the four outlet tube positions

followed very closely the temperature change in the four inlet tube positions. The

principal temperature variation is in the axial direction; only slight temperature

differences occurred radially.

The above evaluation of the reference run data shows that the loop boundary conditions

were well behaved and that conditions at the inlet plenum tubesheet reached equilibrium

very quickly. Virtually all of the liquid phase was evaporated in the tube bundle;

however, trace amounts of liquid were detected in the outlet plenum. As the secondary

water cooled, a temperature distribution developed in which large axial gradients were

present but the radial gradients were very small.

The local tube wall heat flux data indicate that the wall heat flux peaks at the time the

wall quenches. This quench front slowly moves up each tube at the same velocity, with

tubes with the lowest inlet quality leading the quench front and tubes with the highest

inlet quality lagging the quench front.

5-3. EVALUATION OF REPLICATE RUNS

The reference run (227011) test parameters were repeated in runs 21711 and 220110. Test

run summary data are presented in tables 5-2 and 5-3. Generally, the replicate run data

followed very closely the parameter trends in the reference run. The local composite

plots of primary side steam probe, tube wall, and secondary fluid temperatures for the

two replicate runs are presented in figures 5-50 through 5-73. These local temperatures

are virtually identical to the corresponding reference run temperature transients shown

in figures 5-17 through 5-28.

However, two of the parameters that did change significantly between the replicate

runs were the overall energy exchange and the liquid collected in the outlet plenum.

The total energy exchange as recorded in table 4-2 varies from 164 mwr-sec (155,000 Btu)

in run 22010 to 177 mw-sec (168,000 Btu) in run 22701. The table 4-2 data also include

the mass balance error in each run. In run 22701, the mass balance error was -1.1

percent; in the replicate runs, the largest mass balance error was only -0.2 percent
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The negative error implies that the mass flow leaving the test loop was larger than the

mass flow entering the loop. Correcting the reference run overall energy exchange by

the assumption that the actual exhaust steam mass flow rate was 1 percent lower than

the recorded flow rate would reduce the overall energy exchange by 1I .6 mw-sec

(11,000 Btu), to 165 mw-sec (157,000 Btu), which is within 2 percent of the other runs.

The estimated error in the overall energy exchange (appendix B of Report No. 4) is

3 percent.

A significant difference in the liquid collected in the outlet plenum is shown by

comparison of the data in tables 5-2 through 5-4. Although the relative difference in

the outlet plenum liquid collected was large in the three reference runs, in terms of the

total mass that entered the steam generator in the test 340 kg (750 Ib) the difference

in outlet plenum liquid collected was quite small and did not contribute significantly to

the overall bundle energy transfer. One possible explanation for the trend of increasing

outlet plenum liquid collection from run 21711 to run 22701 is the plenum baffle leak.

Table G-I of Report No. 4 shows that the baffle leak was slowly increasing from run

21711 to run 22701. However, the measured leak rate only increased by. about 3 x 10-7

m 3/sec (0.005 gal/min), or about 0.45 kg (I lb) over the 25-minute duration of a test.

From visual observations of the plenum baffle plate, the baffle leak was found to be

due to a crack in a seam weld between two plates in the baffle wall. The plenum leak

tests verified that the leak mass flow rate was small.

The outlet plenum liquid collection data reported in the summary tables in Report No. 4

have been reviewed in an attempt to understand the data trends. The data for similar

runs do not monotonically increase or decrease with time. A subset of runs with similar

boundary conditions was statistically analyzed. This subset included the three reference

runs, the pressure sensitivity runs, the reference run with the inlet plenum spray nozzle,

the secondary temperature sensitivity run, and a replicate reference run that was

invalidated because the liquid flow rate was 10 percent high. The average outlet plenum
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liquid collection from this set of eight runs was 3.23 kg (7.12 lb) with a standard

deviation of 0.848 kg (1.87 lb). The average of the five reference run condition tests

was 3.20 kg (7.05 lb) with a standard deviation of 1.01 kg (2.22 lb). A linear regression

of the data shows a negligible correlation with time. That is, later tests had no more or

less liquid accumulation than earlier tests.

Late in the test program, the baffle crack was sealed with epoxy resin. In a test run

after the plenum was sealed (run 23605), 10 kg (22 lb) of water was collected in the

outlet plenum. In this run, the inlet quality boundary condition was. 50 percent. In a

similar test run before the epoxy seal, and with the spray nozzle in the inlet plenum,

only 7.98 kg (17.6 lb) of water was collected in the outlet plenum.

This evidence suggests that the crack in the baffle wall was not contributing signif-

icantly to the outlet plenum liquid accumulation. Also, the outlet plenum liquid

collection data have a standard deviation of about 1.0 kg (2.2 lb). Differences in liquid

collection between runs of this magnitude cannot be attributed to the boundary

condition change, but must be assumed to be due to random variation between runs.

5-4. SINGLE-PARAMETER VARIATIONS

The test matrix was designed to measure the effect of a change in one parameter, with

all other parameters at the reference value. In this way the effect of quality variation,

primary pressure, primary mass flow rate, secondary temperature, and secondary level

were measured. The effects of the single-parameter variations on the time for the local

tube quench front to reach the 1.22 m (4 ft) elevation are shown in figure 5-74. Figure

5-74 illustrates how strongly the parameters affect the 1.22 m (4 ft) quench time. The

parameters that have a strong effect are quality, total mass flow, and secondary

temperature. Changing the primary system pressure has a lesser effect on the 1.22 m

(4 ft) quench time.

In the following paragraphs, the single-parameter variation runs are compared to the

reference run, and significant differences are identified and explained.

5-73



16817-7

375

1

SECONDARY TEMPERATURE (OF)

400 525 650

I I I
PRIMARY PRESSURE (psia)

775

1

20 40 60 80
1000

900

800

w

z

E
N

"9-

700

600

500

400

300

200

100

0

0.8 0.5 0.2

QUALITY

I I I I I
0.14 0.28 0.41 0.55

PRIMARY PRESSURE (MPa)

I I I
134 204 274 343 413

SECONDARY TEMPERATURE (°C)

Figure 5-74. 1.22 m (4 ft) Quench Time Parameter Sensitivity

5-74



5-5. Mass Velocity Sensitivity

Figures 5-75 through 5-82 are composite plots of various parameters from the

reference run and the flow sensitivity run (23402). The total flow rate in run 23402 was

twice the reference run flow rate. Figures 5-75 and 5-76 illustrate local tube wall and

secondary fluid temperature transients. The temperature profiles are quite similar,

except that in run 23402 the rapid temperature reduction signifying the local quenching

of the tube wall occurred at a much earlier time. Also, the rate of cooldown of the

tube wall prior to quenching was larger in run 23402.

Local heat fluxes from two radial positions at the 0.30 m (I ft) elevation are shown in

figures 5-77 and 5-78. These plots show that the flux peak occurred earlier at the

higher mass flow rate and the flux peaks were much closer in magnitude in the high

flow rate run. Based on the local-condition critical heat flux assumption referred to in

paragraph 5-2, the flux peaks in radial positions I and 4 in run 23402 suggest that the

local quality at those two positions was about equal. From the air/water inlet plenum

tests in appendix B of Report No. 4, the liquid distribution in the flow sensitivity run

was generally more uniform than that in the reference run. The difference between the

liquid flow rates in radial positions I and 4 was still a factor of 2 (0.70 to 1.4) in the

•high-flow air/water test; however, because of the air compressor capacity limitation,

the fully scaled air flow could not be achieved. Assuming that the trend in the

air/water test data can be extrapolated, the local flux trends in the flow sensitivity run

data shown in figures 5-77 and 5-78 appear reasonable.

The lower flux peak for the high flow rate run shown in figure 5-77 is consistent with

the local effects CHF correlation.(2) In this correlation, the mass velocity appears in

the denominator with an exponent of 0.6. This implies that in two tests where the only

parameter difference was the mass velocity, the critical heat flux would be 34 percent

lower in the high-flow run.

1. The flow sensitivity air/water test required an air flow rate of 0.238 m 3 /sec
(504 ft 3 /min), but the air compressor could deliver only 0.156 m 3 /sec
(330 ft 3 /min).

2. Collier, 3. G., Convective Boiling and Condensation, McGraw-Hill, New York,
1972, p. 255.
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The axial fluid temperature profile in the reference and flow sensitivity tests (figure

5-79) shows that the higher mass flow rate was more effective in cooling the bundle. In

the lower bundle fluid, the zone of near-total cooling was twice as thick [3.0 m (10 ft)

versus 1.5 m (5' ft)], and above the stratified cold fluid the maximum fluid temperature

was lower [232 0 C (450 0 F) versus 260 0C (500 0F)] in the high flow rate (run 23402).

The outlet plenum liquid collection was recorded with a differential pressure trans-

ducer. The transducer recorded the hydrostatic pressure developed by the collected

liquid. The outlet plenum liquid collection for the reference run and flow sensitivity

run as recorded by the differential pressure transducer is shown in figure 5-80.

However, as discussed in paragraph 5-3, the average reference run liquid collection was

3.2 kg (7.1 lb). Comparing run 23402 liquid collection with that of the average

reference run shows that about 50 percent more liquid was collected in the outlet

plenum in run 23402.

The difference in liquid collection between these two runs is only slightly larger than

the standard deviation of the reference run liquid collection discussed in paragraph

5-3. The assumption of no change in the liquid collection between the two runs implies

a change in the outlet plenum quality from 99 percent for the reference run to 99.5

percent for the high mass flow rate run.

In figures 5-81 and 5-82, the overall bundle heat transfer and bundle primary side

pressure drops are plotted. The energy flow was twice as large in run 23402 because

the same liquid fraction was evaporating and only a slight difference in the outlet

plenum superheat existed between the two runs. Therefore the energy flow was

directly proportional to the mass flow, as shown in figure 5-81.

The bundle pressure drop for run 23402 (figure 5-82) indicates a small but consistent

drop throughout the test. A drop in &P at constant mass velocity occurs because of a

fluid density increase, and the primary side temperature decreases from a average tem-

perature of 274 0 C (525°F) at the beginning of the test to an average value estimated

from the steam probe data of 191 C (375 0 F) at the end of the test. This change alone

could cause a 20-percent drop in the bundle &P. The &P trend in figure 5-82 is believed

to have been caused by the change in steam temperature. A plot of the axial

distribution of the steam probe temperatures at the end of the test is shown in figure

5-83 for the reference run and run 23402.
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In summary, comparison of the flow sensitivity run (23402) to the reference run shows

that the local quench front velocity advances more than twice as fast when the flow

rate doubles. The 1.22 m (4 ft) quench time is correlated with the mass velocity by the
W 1.32

function [I/G]2. The overall tube bundle heat transfer rate varies in direct

proportion to the mass flow rate, and the outlet plenum quality (99 versus 99.5 percent)

shows that in both runs virtually all of the liquid phase is evaporated in the steam

generator tube bundle.

5-6. Quality Sensitivity

In the reference run (22701), the inlet plenum quality was controlled at 80 percent. The

two quality sensitivity runs were run 23605, 50-percent quality, and run 21806,

20-percent quality. The influence of inlet plenum quality on the tube bundle

thermal-hydraulics is evaluated in the following paragraphs.

Plots of the 1.22 m (4 ft) secondary fluid and tube wall temperature (figures 5-84 and

5-85) indicate that the 50-percent and 20-percent quality runs had the same 1.22 m (4

ft) quench time. Since a difference in the 1.22 m (4 ft) quench time was expected with

the quality change, the quench times at other elevations in runs 21806 and 23605 wereS investigated. From the temperature plots in Report No. 4 for these runs, table 5-7 was

constructed.

Table 5-7 shows that the expected trend of a shorter quench time at the lower quality

did occur at the 3.05 m (10 ft) elevation, but at the 1.22 m (4 ft) elevation, the 50-

percent and 20-percent quality quench times were within 10 percent of each other, and

at 0.30 m (I ft), the 50-percent quality run had a lower quench time than the 20-

percent quality run.

Plots of the inlet plenum and inlet leg pressure drop in run 21806 (in Report No. 4) show

that for the first 75 seconds of the test the injected liquid was accumulating in the inlet

plenum. Subtracting 75 seconds from the run 21806 quench times, to account for the
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TABLE 5-7

QUENCH TIME VERSUS QUALITY FOR 0.30, 1.22, AND 3.05 m

(1, 4, AND 10 ft) ELEVATIONS

Quench Time at Indicated Elevation (sec)

Quality 0.30 m 1.22 m 3.05 m

Run No. (%) Radial Position (I ft) (4 ft) (10 ft)

22701 80 1. 200 800 --

4 250 -- --

23605 50 1 50 300 800

4 50 -- 800

21806 20 1 125 320 580

4 80 -- 580

time delay due to the inlet plenum mass storage, would cause the 1.22 m.(4 ft) and

3.05m (10 ft) quench time data in table 5-5 to be more consistent with expected results.

In fact the position I quench times would be 50, 245, and 505 seconds for the 0.30, 1.22,

and 3.05 m (1, 4, and 10 ft) elevations, respectively.

The inlet plenum AP plot for run 23605 indicates that a small amount of mass

accumulation occurred initially, and a spontaneous flow regime transition occurred in

the inlet plenum at 600 seconds. This resulted in a significant increase in mass stor~ge

in the hot leg and inlet plenum. The initial mass storage in the inlet plenum had only a

small effect on the tube bundle inlet quality, but the spontaneous flow regime transition

most likely caused a delay in the 3.05 m (10 ft) quench time in the table 5-5 data for run

23605. This delay is estimated to have been about 50 seconds long, from the inlet plenum

A P plots in Report No. 4. With these adjustments, the 0.30, 1.22, and 3.05 m (1, 4, and,

10 ft) quench times for run 23605 would be 50, 300, and 750 seconds, respectively. These

quench times show a general consistency with those of runs 21806 and 22701, except for

the 0.30 m (I ft) quench time of 50 seconds. The apparent anomaly in the 0.30 m (I ft)

quench times in run 23605 and in the position 4, 0.30 m (1 ft) quench time in run 21806
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may be due to their close proximity to the tube bundle entrance, where quenching can

occur because of the random motion of the dispersed drops in the tube before a

well-defined liquid film can develop on the tube wall.

Figure 5-86 illustrates the local heat flux plots at the same bundle location for the three

quality sensitivity runs. The data show that the two runs with extreme qualities (20

percent and 80 percent) had about the same heat flux profile; the intermediate quality

(50-percent) run had a higher flux peak. Normally, the highest local heat flux would be

expected to occur in the low quality run. However, the shape of the local heat flux

from run 21806 shown in figure 5-86 indicates the effect of neighboring tubes on the

local heat flux. The decreasing trend in the local flux plot in figure 5-86 for the 20

percent quality run just before the flux rose to its maximum value indicates that the

surrounding secondary fluid was being cooled by neighboring tubes rather than by the

tube chosen for the plot (radial position 1). The local tube wall heat flux for radial

position 2, 1.22 m (4 ft) elevation, run 21806, has a flux peak above 250 kw/m2 (22

Btu/sec-ft 2).

A review of the air/water inlet plenum test data in appendix B of Report No. 4 shows

that the position I tube had about the same relative liquid mass flow rate in each of the

quality sensitivity air/water tests. However, in the 50-percent quality test, the radial

position I tube had the highest liquid flow rate in the entire bundle. In the other tests,

other uninstrumented tube locations had higher liquid flow rates than the tube in radial

position I. This difference tends to distort the general influence of inlet plenum quality

on tube wall heat flux; this is illustrated in figure 5-86.

Figures 5-87 and 5-88 illustrate the end-of-test secondary fluid and primary steam axial

temperature distributions. Figure 5-87, run 21806 (20-percent quality), shows that

almost theentire bundle had cooled to the primary side saturation temperature by the

end of the test run. In the other runs, a significant fraction of the secondary fluid

remained at temperatures above 232 0 C (450°F). The steam temperature plot in

figure 5-88 shows that the steam will follow the fluid temperature profile and when a

large axial temperature gradient exists, the steam exit temperature will be close to the

temperature of the stratified secondary fluid near the bottom of the tube bundle.
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The overall bundle heat transfer rates for the three quality sensitivity plots are shown in

figure 5-89. The 50-percent quality run heat transfer rate reflects the higher poten-

tial for primary side energy absorption because of the larger liquid mass flow rate at the S

lower quality.

Based on the 10 kg (22 ib) of liquid collected in the outlet plenum for run 23605 (table

5-4), the time-averaged outlet plenum quality was 97 percent. Thus almost all the liquid

entering the tube bundle was evaporated. The negative spike in the heat transfer rate

plot for run 23605 (figure 5-89) occurred at the same time as the inlet plenum flow

regime transition, which temporarily accumulated additional liquid in the inlet plenum.

This caused a temporary reduction in the liquid flow to the bundle and a corresponding

reduction in the heat transfer rate.

The 20-percent quality run overall heat transfer rate (figure 5-89) shows the same

characteristics as the 50-percent quality run for most of the transient. At 1250 seconds

into the transient, the heat transfer rate rapidly decreased to near zero. The secondary

fluid temperature plot (figure 5-88) shows that the bundle fluid was almost completely

cooled down to the primary side temperature. The characteristic shape of the heat

transfer rate data for run 21806 (figure 5-89) shows that the heat transfer rate was

constant until the entire bundle had cooled down, and then dropped rapidly to near zero.

From the plot of steam generator collection tank level (Report No. 4), before 1250

seconds the time-averaged liquid collection rate was 0.0059 kg/sec (0.013 lb/sec), for an

average outlet plenum quality of 97 percent before the entire bundle quenched.

Figure 5-90 is a plot of the total bundle pressure drop for the three quality sensitivity

runs. These plots clearly show a component of the bundle A P that increased with time

in runs 23605 and 21806. In run 21806, for times greater than 1300 seconds, the steam

flow out of the bundle was approximately equal to the steam flow in the bundle, which

was 0.05 kg/sec (0.10 lb/sec). The run 22701 bundle AP data show that a bundle steam

flow of 0.23 kg/sec (0.5 lb/sec) resulted in a AP of about 0.0069 MPa (0 psi). Thus the

frictional AP in run 21806 for times beyond 1300 seconds was very small, and the

total AP measured in figure 5-90 was due to the elevation pressure drop. Since the

bundle was quenched, it can also be assumed that the quality on the primary side of the

tubes was 20 percent and constant for the entire 10.7 m (35 ft) length of the upf low
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portion of the bundle. From the pressure drop, the local void fraction is calculated to

be 85 percent. From Collier,(1) the predicted void fraction at 20-percent quality and

0.28 MPa (40 psia) is approximately 90 percent.

To evaluate the bundle AP data for run 23605 in figure 5-90, the difference between the

bundle AP from runs 23605 and 22701 was taken to be the elevation R in run 23605.

According to table 5-7, the 6.1 m (20 ft) quench time in run 23605 is estimated to be

1600 seconds [twice the 3.05 m (10 ft) quench time]. From figure 5-90, the difference in

&P between runs 23605 and 22701 at 1600 seconds is estimated to be 0.0052 MPa

(0.75 psi) and the calculated void fraction is 91 percent.

In summary, evaluation of the quality sensitivity tests shows that the 1.22 m (4 ft)

quench time variation with quality can be fit by a function of the form [ l/l-x)] raised

to the exponent 0.84. The overall tube bundle heat transfer rate varies directly with

the liquid flow rate because the liquid phase is almost completely evaporated in the

tube bundle. The 20-percent quality run illustrates the transition to adiabatic

conditions after the entire bundle secondary cools off. The transition occurs fairly

rapidly when the local quench elevation reaches the top of the U-tubes. The transition

can be clearly seen in the step increase in the outlet plenum liquid collection rate after

the tube bundle is quenched. The average void fraction in the tubes, as calculated from

the overall bundle pressure drop, agrees with the Martinelli-Nelson void fraction model.

5-7. Primary System Pressure Sensitivity

To investigate the effects of primary system pressure on the bundle heat transfer, the

reference test conditions were rerun at a pressure of 0.14 MPa (20 psia) and then

repeated at 0.41 MPa (60 psia). The reference test pressure was 0.28 MPa (40 psia).

The pressure sensitivity runs were 20904 [0.41 MPa (60 psia)] and 22503 [0.14 MPa

(20 psia)].

Figures 5-91 and 5-92 plot local fluid and tube wall temperatures for the three pressure

sensitivity runs. The data show that the high-pressure run quenched faster and the

low-pressure run quenched more slowly than the reference run. Prior to the local

1. Collier, 3. G., Convective Boiling and Condensation, McGraw-Hill, New York,
1972, p 43.

5-97



300

550

275 REFERENCE RUN

[0.28 MPa (40 psia)]
500

10 250 u.

M w

I...450 D
< 225 PRESSURE SENSITIVITY RUN 4

w [0.14 MPa (20 psia)] cr

20 400 w
I- 200 -PRESSURE SENSITIVITY-/ E OT

RUN [0.41 MPa (60 psia)]
175 

350

150 300

127.3' 261.2

0 250 500 750 1000 1250 1500 1750 2000

TIME (sec)

Figure 5-91. Fluid Temperatures, Reference ad Pressure Sensitivity Runs, 1.22 m (4 ft).="
Elevation, Radial Position 1 u'



300

550

275

500

250

00

450 uj
225 cc

. REFERENCE RUN cc
.10.28 MPa (40 psia) U

-U PRESSURE SENSITIVITY 400
i 200 - RUN 0 M ( s

[0.41 MPa (60 psia)]
I , PRESSURE SENSITIVITY RUN

175 - 10.14 MPa (20 psia)I 350

10 END OF TE

150 -. 300

127.3 - 261.2

0 250 500 750 1000 1250 1500 1750

TIME (sec)
C?

Figure 5-92. Tube Wall Temperatures, Reference and Pressure Sensitivity Runs,
1.22 m (4 ft) Elevation, Radial Position I



tube quench, the cooldown rates in all three test runs were equal. The 1.22 m (4 ft)
0.25

quench time variation with pressure can be fit by a function of the form (lI/P)

The data in figure 5-74 show how all the parameter variations affect the local tube

wall quench time at the 1.22 m (4 ft) elevation. From this plot the sensitivity of all the

parameters that were varied in the test can be compared. For example, changing the

primary system pressure from 0.28 to 0.41 MPa (40 to 60 psia) reduced the 1.22 m (4 ft)

quench time by 80 seconds. However, from the secondary temperature sensitivity plot,

a reduction in secondary temperature of I1 0C (20 0 F) will also reduce the quench time

by 80 seconds. The change in saturation temperature between the 0.28 and 0.4 1 MPa

(40 and 60 psia) runs was 1450 C-131 0 C (293 0 F-2670 F), or 140 C (26°F). Thus, reduc-

ing the secondary to primary temperature difference by reducing the secondary

temperature or by increasing the primary side saturation temperature has about the

same effect on the 1.22 m (4 ft) quench time.

To understand the phenomena causing the quench time changes illustrated in fig-

ure 5-74, the solution for the quenching of a solid rod presented by Yeh(l) was applied

to the steam generator test data. The steam generator tube quenching can be made

analogous to the quenching of a solid rod by letting the stored energy in the secondary

water represent the stored energy in the solid rod and the axial heat conduction in the

U-tube represent the axial heat conduction in the solid rod. Yeh's analysis shows that

for a quenching rod with constant properties and geometry, the quench velocity is only

dependent on the Biot number and the dimensionless quenching temperature, ec

c- f (5-3)
ec =T- T 5

mf

where

T = local rod surface temperature at the quench elevation
c

Tf = saturation temperature of quenching fluid

T = local rod surface temperature above the wet/dry interface at an
m

elevation where axial conduction effects are small

1. Yeh, H. C., "An Analysis of Rewetting of a Nuclear Fuel Rod in Water Reactor
Emergency Core Cooling," Nucl. Eng. Des. 3, 317-322 (1975).
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The results from the above solution for the quench velocity in a solid rod are

presented in figure 5-93. This solution, if generally applicable to the quenching of

the steam generator tubes, shows that the quench velocity will increase if e c or

the Biot number increases. The Biot number is equal to the wet region heat

transfer coefficient times a length divided by the tube conductivity. The only

parameter in the Biot number that is subject to change between tests is the heat

transfer coefficient. The wet region heat transfer coefficient is calculated from

Dengler and Addoms,() and only varies with fluid properties, mass velocity, and

the Martinelli parameter X.tt

By assuming that the local-condition critical heat flux correlation of Biasi applies,

the local quality can be calculated from the local peak heat flux. The local 1.22 m

(4 ft) elevation heat flux from radial position I is plotted in figure 5-94. The plot

shows that as the pressure decreased, the peak heat flux increased- this implies that

the local quality at the flux peak was smaller in the 0. 14 MPa (20 psia) run than in

the 0.41 MPa (60 psia) run. The local conditions parameters are summarized in

table 5-8.

The local quality in table 5-8 can be used to calculate the Martinelli parameter

Xtt, so that the local heat transfer coefficient in the wet zone below the quench

elevation can be calculated. The following equations are used:(1,2)

X (5-4)
tt =L -\. ] •pf

h 3.5 1t) (5-5)
hL

1. Dengler, C. C., and Addoms, 3. N., "Heat Transfer Mechanism for Vaporization
of Water in a Vertical Tube," in Heat Transfer-Louisville (Chemical Engineer-
ing Progress Symposium Series, Volume 52, Number 18, pp 95-103), AIChE,
New York, 1956.

2.- Collier, J. G., Convective Boiling and Condensation, McGraw-Hill, New York,

1972, p. 43.
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TABLE 5-8

CRITICAL HEAT FLUX LOCAL PARAMETERS

Peak Heat CHF

Run Pressure Flux Correlation(a) Local Gublity

No. [MPa (psia)] [kw/m2 (Btu/sec-ft 2) (kw/m ) (%)

22503 0.14 (20) 284 (25) 4060 (l-X) 93

22701 0.28 (40) 227 (20) 5140 (0-X) 95.5

20904 0.41 (60) 147 (13) 6220 (l-X) 97.6

a. Biasi correlation evaluated at 0.28 and 0.41 MPa, and extrapolated to 0.14 MPa

where

Xtt = Martinelli parameter

X = local quality

= density

p = viscosity

h = heat transfer coefficient

subscripts: L, f = liquid

g = vapor

From the above data, the local film coefficient in the 0.41 MPa (60 psia) test is calcu-

lated to be 34 percent larger than that in the 0.14 MPa (20 psia) test.

Because the Biot number in figure 5-93 is directly proportional to the heat transfer

coefficient and the quench front velocity increases with Biot number, the increase in

pressure will cause an increase in the quench velocity at a constant e c. The slope of

the solution lines in figure 5-93 indicates that an increase of 34 percent in the Biot

number will increase the quench front velocity by at least Ii.34, or 16 percent. The

measured reduction in the 1.22 m (4 ft) quench times from the 0.14 MPa (20 psia) run to

the 0.41 MPa (60 psia) run is 950-720 seconds, or 230 seconds.
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Assuming that the quench velocity is constant in any given test, as implied by

figure 5-42, the relative increase in quench velocity from the 0.14 MPa (20 psia) run to

the 0.41 MPa (60 psia) run is 32 percent. The above estimate of the quench front

velocity change due to the local heat transfer coefficient change suggests that a change

in the e c parameter may also be contributing to the increased quench velocity at

0.41 MPa (60 psia). From the definition of ec above, the following equations for a

change in ýe due to a change in the saturation temperature of the quenching fluid were

derived:

- 1
Ae c =l (5-6)
e

c

C- (5-7)

where

e c dimensionless quench velocity [see figure 5-93 and equation (5-3)]

A c = change in e c due to an increase in T f, assuming Tc is constant

a = increase in Tf divided by T Tf [see equation (5-1) for definition

of T]

The first equation assumes that T is constant, and the second equation assumesc

that T increases as Tf increases.

Equation (5-6) shows that ec will decrease with an increase in Tf, assuming that Tc

is unchanged, but equation (5-7) shows that e c will increase with Tf if Tc also

increases. Because the test data suggest that e c increases with pressure, it is

reasonable to assume that Tc, the temperature at the quench interface, also increases

with pressure.

The local flux profiles in figure 5-94 show that the peak heat flux decreases as the

pressure increases. The principal reason for the flux decrease is the reduced overall

temperature from secondary to primary (that is, the secondary fluid temperature minus

5-105



the primary saturation temperature). Assuming a secondary fluid temperature at the

beginning of the 1.22 m (4 ft) tube wall quench (figure 5-91) of about 221 0 C (4 3 0'F),

the difference in overall temperature drop due to the primary pressure change is

22l 0 C-1450 C (430°F-2930 F) for 0.41 MPa (60 psia), and 221 0 C-1090 C (430°F-228°F)

for 0.14 MPa (20 psia). The increase in the temperature difference at 0.14 MPa

(20 psia) is 36 0C (65 0F), and the relative increase is 47 percent from 0.41 MPa (60

psia) to 0.14 MPa (20 psia). The increase in the peak flux in figure 5-94 from the 0.41

MPa (60 psia) run to the 0.14 MPa (20 psia) run is about 100,percent. The 0.41 MPa (60

psia) peak heat flux selected for the plot in figure 5-94 was compared to other local

fluxes in the tube bundle, and it was found that most instrumented locations had larger

flux peaks than the location plotted in figure 5-94. The local flux from the 1.22 m (4 ft)

radial position 2 is shown in figure 5-95. This flux peaks at 193 kw/m 2 (17 Btu/sec-ft 2)

and is in closer agreement with the expected flux change with pressure.

Figures 5-96 and 5-97 show the end-of-test secondary fluid and primary steam tem-

peratures for the three pressure sensitivity runs. The plots show that the only differ-

ence in the secondary fluid temperature was that the cold stratified water below the

1.22 m (4 ft) elevation in the bundle approached the primary side saturation temperature.

The end-of-test steam temperatures were virtually identical over most of the tube

bundle length. At the tube bundle exit, only the difference in the temperature of the

cold stratified secondary temperature caused a small difference in the outlet plenum

steam temperature. The difference in steam temperature shown in figure 5-97 at the

8.23 m (27 ft) elevation is not the result of measured data. The highest steam probe

elevation was 4.57 m (15 ft), and the steam temperature profile above this elevation is

plotted from interpolated data generated from the 0 to 4.57 m (15 ft) steam probe test

data.

Figure 5-98 illustrates the outlet plenum liquid collection in the three pressure sen-

sitivity runs. The plot shows that the 0.28 MPa (40 psia) reference run had more outlet

plenum liquid than either the 0. 14 or 0.41 MPa (20 psia or 60 psia) run. However, as

discussed in paragraph 5-3, the average outletplenum liquid collection of the reference

runs is believed to be a more accurate measure of the true outlet plenum liquid. The

average reference run liquid collection (paragraph 5-4) was 3.20 kg (7.05 lb). In the

pressure sensitivity runs, the liquid collection was 3.30 kg (7.27 lb) at 0.41 MPa (60 psia)
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and 3.98 kg (8.78 lb) at 0. 14 MPa (20 psia). The standard deviation in the liquid

collection data from the five reference runs was 1.0 kg (2.2 lb). Because the outlet

plenum liquid mass changes ih the pressure sensitivity runs are smaller than the standard

deviation in the reference run data, a clear trend in the outlet plenum liquid mass

change with pressure cannot be determined.

The total bundle pressure drops from the three pressure sensitivity runs are compared in

figure 5-99. A hand calculation for the 0.14 MPa (20 psia) run, based on the assumption

that the total flow is single-phase steam at 260 0C (500 0 F), produced a pressure drop

of 11 kPa (1.6 psi), which is identical with the measured pressure drop. The 0.28 and

0.41 MPa (40 and 60 psia) pressure drops also agreed with the calculated pressure drop.

Figure 5-100 illustrates the overall bundle heat flow rate for the three pressure sen-

sitivity runs. The reference run 22701 overall heat flow rate is higher than thepressure

sensitivity heat flow rates. However, as discussed in paragraph 5-4, the run 22701

overall heat flow rate was overestimated because of the mass balance error in the same

run. The overall heat flow rate in both replicate reference runs (21711 and 22010) is

almost 10 percent lower than that in run 22701. Comparing the heat flow rates from

the pressure sensitivity runs (20904 and 22503) to those from the replicate reference

runs (21711 and 22010) would show no significant differences. That is, the overall

bundle heat flow rate is insensitive to the system pressure.

In summary, the pressure sensitivity runs combined with the reference run covers the

steam generator thermal-hydraulic response over a range from 0.14 to 0.4 1 MPa (20 to

60 psia). The test data show that 1.22 m (4 ft) quench time can be correlated with

pressure using a function of the form [I/P]0 2 5 .

The quench velocity data trends are consistent with the solution for the quenching of a

solid rod given by Yeh.() The local quality at the quench elevation was calculated

from the local-condition CHF correlation of Biasi. From the local quality at the quench

elevation and the closed form solution for quench velocity in Yeh, it is concluded

1. Yeh, H. C., "An Analysis of Rewetting of a Nuclear Fuel Rod in Water Reactor
Emergency Core Cooling," Nucl. Eng. Des. 34, 3 17-322 (1975).
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that the tube wall temperature at the quenching interface increases with pressure. The

outlet plenum liquid collection shows no clear trend with pressure. The overall bundle

pressure drop and heat transfer rate data reflect expected data trends.

5-8. Secondary System Temperature Sensitivity

The effect of the secondary fluid initial temperature on the steam generator heat

transfer response was determined from run 23207, where the initial secondary tem-

perature was 204°C (400 0F). The reference run with a 274°C (525°F) initial sec-

ondary temperature was compared to run 23207.

In figures 5-101 and 5-102, the 1.22 m (4 ft) elevation, radial position I fluid and tube

wall thermocouple readings are plotted. The plots show a much earlier 1.22 m (4 ft)

quench time and generally smaller fluid to wall temperature differences. The earlier

quench times of the lower secondary temperature are consistent with the analysis

illustrated in figure 5-93. The lower secondary temperature results in a lower T in

equation 5-3. The lower T. in the denominator of equation (5-3) results in a larger

8 c, which results in a higher quench velocity at a constant Biot number. Because the

quench velocity theoretically approaches infinity as ec approaches 1.0, even smallCA

increases in ec will cause a large quench velocity increase if the original ec is

relatively large. From the two data points on quench velocity versus secondary fluid

temperature from these two runs, an estimate of the fluid temperature T cor-

responding to an infinite quench velocity can be generated. From figure 5-101, the

secondary fluid temperature at the beginning of rod quench is estimated at 232 C

(4500 )F for run 22701 and 1900C (3750 F) for run 23207. The reciprocal quench

velocities were 656 sec/m (200 sec/ft) for run 22701 and 246 sec/m (75 sec/ft) for run

23207. From these data the extrapolated temperature to yield zero reciprocal quench

velocity (infinite quench velocity) is 163 C (325°F). Because at this condition

e = 1.0, the above value of 1630C (3250F) for T is also the value of Tc . This

temperature, Tc, is the temperature at the quenching interface in the reference run.

This temperature must be known before the quench velocity can be calculated using the

solution illustrated in figure 5-93. This extrapolation implies that at an initial sec-

ondary bundle temperature of 163 0C (325 0 F), the bundle would quench immediately.
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Figures 5-103 through 5-105 plot local heat flux at three locations in the tube bundle.

The plots show that the peak heat flux was very nearly the same at all three locations in

run 23207 [204 0 C (4000F) secondary temperature], but varied widely in the reference

run. Since the only significant difference between runs 22701 and run 23207 was the

secondary temperature, this effect was responsible for the change in the local heat

flux. The above discussion of local heat flux suggests two phenomena that can limit the

flux peak: the overall secondary to primary temperature difference and the local

critical heat flux. The secondary temperature change will change the flux peak,

because of the overall temperature difference, but not the local critical heat flux. The

same flux peak in figures 5-103 through 5-105 suggests that the controlling mechanism

is the overall temperature difference.

Figure 5-106 and 5-107 are plots of the end-of-test secondary fluid and primary side

steam temperature distributions. These figures show that the secondary fluid cooldown

was similar, in that a cold stratified layer accumulated in the lower bundle elevations,

and above this region the bundle temperatures dropped only slightly. The steam

temperature also followed the same trend in both runs. After the secondary fluid

temperature stfatified, steam in the downflow section of the bundle decreased until, by

the end of the tests, the steam temperature reduction in the downflow section of the

bundle could exceed 56 0 C (100°F).

The outlet plenum liquid collection, as measured by the outlet plenum water level D/P

cell, is shown in figure 5-108. As noted in the evaluation of the reference run, the

outlet plenum liquid collection in run 22701 was atypical; a better estimate of the liquid

collection for the reference run is the average liquid collected in five reference runs.

The liquid collection in run 21711 is close to this average and the liquid collection as

indicated by the outlet plenum AP for run 21711 is also plotted in figure 5-108. The

plot shows no significant difference between the amounts of liquid collected in these

two runs. From the outlet plenum liquid collection, the average outlet plenum quality in

the reduced secondary temperature run (23207) was 99.2 percent.

Figures 5-109 and 5-110 are plots of the overall bundle pressure drop and heat transfer.

The slightly lower bundle pressure drop and heat transfer in run 23207 was due
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to the lower secondary temperature. Because of the lower temperature, the primary

steam specific volume was 13 percent lower. The bundle frictional pressure orop change

should be directly proportional to the specific volume change. The run 23207 bundle

pressure drop initially was about 10 percent below that of the reference run, but the

difference decreased with time. In run 23207, two changes that affect the bundle pres-

sure drop occurred simultaneously. The overall steam temperature reduction reduced

the pressure drop, but the climbing liquid film in the inlet region increased the bundle

pressure drop. Figure 5-109 shows that the net result of these two effects was to cause

a slight increase in the bundle pressure drop as time increased. The difference in the

overall heat transfer rate (figure 5-110) was due to the lower outlet plenum steam

temperature in run 23207. The outlet plenum steam temperature in run 23207 was

28 C to 56°C (50 F to 100 F) lower than in the reference run. In terms of energy

flow at a mass flow rate of 0.23 kg/sec (0.5 lb/sec), the lower steam temperature

reduced the outlet plenum energy flow by 26 to 53 kw (25 to 50 Btu/sec). This is the

same magnitude as the difference shown in figure 5-110.

In summary, this evaluation of the secondary temperature sensitivity run shows the

expected increase in the quench velocity with the secondary temperature reduction.

The 1.22 m (4 ft) quench time variation with temperature is correlated by a function of

the form (1.8T-235) 1 .4 8 , where T equals the secondary fluid initial temperature in
0 C. From the quench velocity data at the two secondary temperatures, the local tube

wall temperature at the quenching interface in the reference run is estimated to be

163 C (325 0 F). The local heat flux peaks in the lower secondary temperature run

are lower and more uniform than those in the reference run, because of the lower

secondary to primary temperature difference. The overall bundle pressure drop, heat

transfer, and outlet plenum liquid collection were only slightly affected by the

secondary fluid temperature change.

5-9. Secondary Water Level Sensitivity

The final parameter sensitivity run (22608) involved reducing the steam generator

secondary water level to 25 percent. In all other test runs, the water level was 100

percent, which corresponds to a water level of 10.1 m (33 ft), and the length of the

steam generator U-tubes was 10.7 m (35 ft).
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Figure 5-1 11 and 5-112 compare the 1.22 m (4 ft) radial position I secondary fluid and

tube wall temperature transients between the secondary level sensitivity run and the

reference run. These plots show very similar temperature transients at the 1.22 m (4 ft)

elevation.

The quench time was slightly shorter in run 22608. In this run, the lower secondary fluid

level resulted in lower steam temperatures in the tubes. The lower steam temperature

caused less primary to secondary heat flow in the outlet region of the tube bundle after

the stratified cold layer developed in the lower region of the tube bundle. The net

result is that the stratified cold layer developed faster in run 22608, resulting in shorter

quench times.

Three plots of local tube wall heat flux showing sensitivity to secondary level are shown

in figures 5-113- through 5-115. Figures 5-113 and 5-115 show very similiar flux

characteristics, with the low secondary level heat fluxes showing a slightly earlier

quench time. In figure 5-114, the local heat flux appears to have two flux peaks in the

200- to 300-second interval, with an interval at 250 seconds where the flux is zero. This

anomaly is caused by the data reduction program SGFLUX. In SGFLUX the tube wall

correction factor is tested against the measured secondary fluid minus tube wall

temperature difference. If the correction factor is excessively large, an alternate

calculation of the tube wall heat flux is made using an assumed primary side heat

transfer regime and film coefficient. In the case illustrated in figure 5-114, SGFLUX

calculated a primary side film coefficient based on an assumed dry wall heat transfer

correlation, but the tube wall temperature data for this location shown on page

22608-12 of Report No. 4 clearly show that the tube wall has already been quenched.

Thus the dry wall assumption is incorrect. Without this anomaly, the local flux transient

in figure 5-114 would be very similar to the flux plots in figures 5-113 and 5-115.

Figures 5-116 and 5-117 show the end-of-test secondary fluid and primary steam

temperatures. Since the liquid level in run 22608 was only 2.35 m (7.7 ft), the fluid

thermocouples above this elevation were detecting the ambient steam temperature on

the secondary side of the tube bundle. Figure 5-116 shows that the secondary fluid

temperatures in the liquid zone [that is, 0-2.35 m (0-7.7 ft) and 19.0-21.3 m (62.3-70 ft)]

were lower in run 22608 than in the reference run. The primary side steam temper-
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atures shown in figure 5-117 also indicate that the steam temperatures were sig-

nificantly lower in the low secondary water level run.

Figure 5-118 illustrates the outlet plenum liquid collection in the two runs, as measured

by the outlet plenum liquid collecton D/P cell. Also shown in figure 5-118 is the liquid

collection in the replicate reference run 217116 As discussed in paragraph 5-3, the

liquid collection data in run 22010 (close to the liquid collection from all reference runs

and representative of the reference runs) are believed to be more accurate than the

liquid collection data in run 22701. Therefore the data trend in figure 5-118 shows that

the liquid carryover increased with the reduction in the secondary liquio level. This

trend is consistent with the steam probe data trend shown in figure 5-117. The lower

steam temperature evaporated a smaller fraction of the entrained drop above the

quench front, resulting in more liquid in the outlet plenum.

The average outlet plenum quality, based on the figure 5-118 data for run 22608, was

98.7 percent. This quality is not significantly different from the 99 percent outlet

plenum quality during the reference run.

Figures 5-119 and 5-120 show the sensitivity of the overall bundle pressure drop and

heat transfer to secondary level. Both of these parameters are essentially independent

of the secondary level variation over the range of 25 to 100 percent.

5-10. TUBESHEET LIQUID-PHASE FLOW DISTRIBUTION EFFECTS

In the test matrix (table 4-1), runs 12, 13, 14, and 15 had the same boundary conditions

as the reference run and the flow and quality sensitivity runs. However, the liquid

injection spray nozzle was located in the inlet plenum at a distance 0.25 m (10 in.) below

the tube bundle entrance. A small diffusing screen was attached to the spray nozzle to

homogenize the liquid drops in the inlet plenum as much as possible. By comparing runs

12, 13, 14, and 15 with the corresponding test with the spray nozzle upstream of the

inlet plenum, the effect of the radial distribution of the liquid phase at the tubesheet

can be evaluated. The air/water inlet plenum flow distribution tests described in

appendix B of Report No. 4 include tests with the spray nozzle in the same con-

figuration in the inlet plenum as in runs 12, 13, 14, and 15.
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In table 5-9 the effects of the spray nozzle location on the outlet plenum liquid

collection, the 1.22 m (4 ft) quench time, and the average bundle heat transfer are

compared. These results show that the overall steam generator response is very

insensitive to the tubesheet liquid-phase flow distribution.

The local heat flux plots in figures 5-121 through 5-123 can be compared with the local

heat fluxes in figures 5-36, 5-38, and 5-39 to compare the two distributions at the

reference test boundary conditions. These comparisons show that the radial position I

fluxes are lower and the radial position 4 fluxes are higher in run 22112 than in the

reference run. These trends in the local heat flux distribution imply that the liquid

distribution increased in radial position 4 in run 22112. Results from the air/water tests

reported in appendix B of Report No. 4 are consistent with these trends. However, the

air/water test data for the liquid distribution with the inlet plenum spray nozzle shows

radial position I with a larger liquid flow rate than radial position 4. The local heat

fluxes in figures 5-121 and 5-122 imply that radial position 4 has a higher liquid flow

rate than radial position 1.

Figures 5-124 through 5-126 illustrate the local tube wall heat flux for radial positions 1

and 4 at 0.30 m (0 ft) and for radial position I at 1.22 m (4 ft) for the flow sensitivity

test with the inlet plenum spray nozzle (run 22213). Local fluxes at the 0.30 m ( ft)

elevation with the same boundary conditions without the inlet plenum spray nozzle are

plotted in figures 5-77 and 5-78 (run 23402). A comparison of these plots indicates the

same trend as the comparison at the reference run boundary condition. The air/water

test data have a consistent trend in increasing the liquid flow at radial position 4 when

the spray nozzle was relocated tothe inlet plenum, although the air/water data with the

inlet plenum nozzle continue to indicate a higher relative flow in radial position I than

in radial position 4.

Possible factors that could account for a discrepancy in the inlet plenum liquid

distribution between the air/water tests and the heat transfer tests include the following:

Spray pattern differences between air/water and steam/water test conditions

due to evaporation or condensation
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TABLE 5-9

TUBESHEET LIQUID-PHASE FLOW DISTRIBUTION EFFECTS

Value at Indicated

Run Type Parameter Comparison Spray Nozzle Location

Hot Leg Inlet Plenum

Reference(a) Outlet plenum liquid collection 2.15 kg (4.74 Ib) 2.28 kg (5.02 lb)

Flow sensitivity Outlet plenum liquid collection 4.94 kg (10.9 lb) 0.91 kg (2.0 lb)

Quality sensitivity (x=50%) Outlet plenum liquid collection 10.1 kg (22.2 lb) 7.98 kg (17.6 lb)

Quality sensitivity (x=20%) Outlet plenum liquid collection 65.2 kg (143.8 lb) 66.21 kg (146.0 lb)

Reference(a) Overall heat transfer rate(b) 126 kw (120 Btu/sec) 125 kw (119 Btu/sec)

Flow sensitivity Overall heat transfer rate(b) 235 kw (223 Btu/sec) 254 kw (241 Btu/sec)
Quality sensitivity (x=50%) Overall heat transfer rate(b) 236 kw (224 Btu/sec) 236 kw (224 Btu/sec)
Quality sensitivity (x=20%) Overall heat transfer rate(b) 334 kw (317 Btu/sec) 358 kw (340 Btu/sec)

Reference(a) 1.22 m (4 ft) quench time 800 sec 800 sec

Flow sensitivity 1.22 m (4.ft) quench time 305 sec 300 sec

Quality sensitivity (x=50%) 1.22 m (4 ft) quench time 320 sec 320 sec

Quality sensitivity (x=20%) 1.22 m (4 ft) quench time 330 see 330 see

0I

a.

b.

Run 21711 used as reference run

Heat transfer rate averaged over the 0 to 1000 sec interval
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-- Droplet characteristic changes due to property changes (that is, droplet

diameter, drag)

-- Spray distribution differences due to spray nozzle position differences between

the air/water test and the heat transfer test

- Figures 5-127 through 5-129 are plots of the local flux for radial positions I and 4 at the

0.30 m (0 ft) elevation and radial position I at the 1.22 m (4 ft) elevation. These figures

show the local flux for the 50-percent inlet quality boundary condition with the inlet

plenum spray nozzle. These plots also indicate that the radial position 4 liquid flow rate

increases when the spray nozzle is mounted in the inlet plenum.

Figures 5-130 through 5-132 show the local flux for the same three locations as for the

20-percent inlet plenum quality boundary condition. The same trends are present.

Higher flux peaks in radial position 4 imply a higher liquid flow in radial position 4 than

in radial position I. The flux plot in figure 5-132 appears to have two flux peaks, one at

250 seconds and a second at 850 seconds. The second peak is caused by a peculiar step

increase in the secondary fluid temperature at 850 seconds. The 1.22 m (4 ft) inlet fluid

thermocouples were recorded on data channels 308, 309, 310, and 311. In run 22415,Sonly channel 308 was operational and from run 22920 on, channel 308 was also identified

as a bad channel. The response of channel 308 in run 22415 is characteristic of a

shorted thermocouple, where the short occurs at a point where the sheath is hotter than

the junction. After the thermocouple lead is shorted to the hot sheath, the indicated

temperature represents the average of the temperatures at the junction and at the

short. Therefore, the second flux peak shown in figure 5-132 is believed to represent an

early indication of the eventual failure of channel 308.

0
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SECTION 6
EVALUATION MODEL

6-1. STEAM GENERATOR EVALUATION MODEL DEVELOPMENT

Several attempts were made to develop a steam generator evaluation model, as

described in the following paragraphs.

6-2. Evaluation Model Based on Local Liquid Film Parameters

Development of a mathematical model to describe the steam generator response began

with a literature search for methods to predict the quench elevation. A potentially

promising reference was found(l) for predicting dryout in a heated vertical tube based

on calculations of the liquid film mass flow rate. In this model the flow regime at the

tube entrance is assumed to be annular flow with no entrained drops. The liquid flow is

depleted because of evaporation and droplet entrainment. Droplet deentrainment, is

also calculated. This method calculates the liquid film flow rate and uses correlations

to treat film depletion due to droplet entrainment, deentrainment, and evaporation.

The dryout position is predicted as the elevation where the film flow rate goes to zero

or the film thickness is less than the critical film thickness. The recommended critical

film thickness criteria are taken from Zuber and Staub.(2)

A computer program was written following the model described by El-Shanawany,

et al., to calculate the dryout elevation on the primary side of the steam generator tube

bundle. The results from this computer program for the reference run parameters were

that the critical film thickness criteria were exceeded at the tube entrance.

1. EI-Shanawany, M., et al., "A Model for Predicting the Dry-Out Position for Annular
Flow in a Uniformly Heated Vertical Tube," Int. 3. Heat Mass Transfer 21, 529-536
(1978).

2. Zuber, N., and Staub, F. W., "Stability of Dry Patches Forming in Liquid Films
Flowing Over Heated Surfaces," Int. 3. Heat Mass Transfer 9, 897-905 (1966).
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Applying the zero film flow criterion resulted in complete evaporation of the liquid film

with negligible entrainment of liquid drops into the vapor core. The test data indicate

that the liquid film does become established at the tube entrance and migrates up the

inside wall of the tube. Also, the recording of liquid accumu.lation in the outlet plenum

shows that the liquid film is not completely evaporated. Because the calculational

results do not agree with the known steam generator test results, use of this model for

calculating the dryout elevation was discontinued. A review of the data base for the

droplet entrainment correlation used in the above model(1) showed that the mass

velocities in the entrainment correlation data base were an order of magnitude larger

than the tube bundle mass velocities in the steam generator test.

6-3. Evaluation Model Based on Local Critical Heat Flux

In the second attempt to define a mechanistic model to predict the quench elevation,

the calculated local tube wall heat flux was tested against a local effects critical heat

flux correlation. In-this model the local tube wall heat flux was calculated assuming

that a wet film existed on the primary side of the tube. The wet film heat transfer

coefficient was calculated using the correlation of Dengler and Addoms.(2) This local(3)
heat flux was compared to the critical heat flux predicted by Biasi, et al. If the

wall heat flux was less than the critical heat flux, the above assumption of a wet film on

the tube wall was taken to be true. If the critical heat flux was less than the calculated

wall heat flux, the assumption of a wet film was taken to be false and the wall heat flux

was recalculated assuming a dry wall film coefficient. On the secondary side of the

tube wall, a turbulent-free convection film coefficient from Eckert and Jackson(4)

I. Hutchinson and Whalley, "A Possible Characterization of Entrainment in Annular
Flow," AEEE, Harwell, 1972.

2. Dengler, C. C., and Addoms, 3. N., "Heat Transfer Mechanism for Vaporization of
Water in a Vertical Tube," in Heat Transfer - Louisville (Chemical Engineering
Progress Symposium Series, Volume 52, Number 18, pp 95-103), AIChE, New York,
1956.

3. Biasi, L., et al., "Studies on Burnout, Part 3. A New Correlation for Round Ducts
and Uniform Heating and Its Comparison With World Data," Energ. Nucl. 14Y
530-536 (1967).

4. Eckert, E. R. G., and Jackson, T. W., Analysis of Turbulent Free-Convection
Boundary Layer on Flat Plate, NACA-1015, 1951.
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was used. The secondary fluid was assumed to be stagnant and the heat flux from the

secondary fluid to the tube wall was assumed to deplete the stored energy in the

secondary fluid. The secondary fluid stored energy was modeled as a lumped

parameter with one uniform characteristic secondary fluid temperature defined for

each secondary node. The film coefficients and the critical heat flux correlation are

presented in table 6-1.

In the calculational nodes where the critical heat flux was not exceeoed, the wall heat

flux was used to evaporate the primary side liquid. The steam-phase temperature was

assumed to remain at the saturation temperature. The evaporating liquid phase causes

the quality to increase monotonically with elevation. In the critical heat flux corre-

lation, the quality dependence is in the form (l-x), which causes the critical heat flux

to approach zero as the quality approaches 1.0. Therefore eventually an elevation will

be reached where the critical heat flux is exceeded. This is the elevation where the

wet film terminates and is defined as the quench front elevation in this method.

To calculate axial variation, the tube bundle length was divided into calculational

nodes, with the fluid properties leaving a given node used as the inlet conditions for the

following node. On the secondary side of a node, the stored energy in the secondary

water and tube metal provided the driving force for the tube wall heat flux. At a given

elevation, the secondary water stored energy included the water on both the inlet and

outlet sides of the tube bundle. The water was assumed to remain stationary and

temperature changes were only caused by the tube wall heat flux. Preliminary cal-

culations of the quench elevation change with time for the reference run using the

above method are shown in figure 6-1. Also shown in figure 6-1 are the test data from

the reference test for the four instrumented tube locations. Although the method

appeared capable of predicting the results of the reference run, results of the other

runs in the test matrix were not predicted as well as the reference run using this method.

It should also be noted that the U-tube geometry of the tube bundle was not modeled in

the calculational result shown in figure 6-1. That is, the tube wall heat flux that exists

on the downflow side of the U-tube after some initial cooling of the secondary water

has occurred was not accounted for. The direction of this heat flux is from the primary

side steam to the secondary water. When this heat flux term was included, the quench

velocity was significantly retarded, and the agreement between the model and the test

data implied in figure 6-1 disappeared. Therefore this method of calculating the

quench velocity was abandoned.

6-3



16817-8

1.25

1.00

4

3

z
0

LU
-r

z
Uj

Z
a

z
0

-J

z
wj

0.75

0.50

1
0.25

0.00 0

0 100 200 300 400 500 600 700 800 900

QUENCH TIME (sec)

Figure 6-1. Quench Elevation Versus Quench Time, Reference
Case, Measured and Preliminary Calculations

6-4







6-4. Evaluation Model Based on Axial Conduction Controlled Rewet

In several analyses of the quenching of a fuel assembly, (1,2,3,4,5) the quench velocity

is related to the axial conduction of heat in the fuel rod. In these solutions, the quench

velocity can be determined if the boiling curve is specified( 3 '47 or if the interface

temperature between the wet and dry zones is specified.( 1 ,2 )

To apply the axial conduction quench velocity concept to the steam generator model,

the basic noding scheme described in paragraph 6-3 was retained. A local axial

conduction calculation added to the computer program allowed the quench velocity to

be calculated. In this calculation, it was assumed that the film coefficients above and

below the quench elevation were constant. It was also assumed that in the local region

about the quench elevation, the fluid temperatures in the secondary and primary sides of

the tube bundle were constant. The axial tube wall temperature is found by solving the

differential equation describing the heat conduction process in the axial direction.

After an appropriate variable transformation, the quench velocity appears as a

coefficient in the differential equation. The derivation is reviewed below:

dT d2 T
PCp d-t + H(T-Tsat) K 6 dZ 2  (6-l(6)

I. Yeh, H. C., "An Analysis of Rewetting of a Nuclear Fuel Rod in Water Reactor
Emergency Core Cooling," Nucl. Eng. Des. 3 317-322 (1975).

2. Yamanouchi, A., "Effect of Core Spray Cooling in Transient State After
Loss-of-Coolant Accident," 3. Nucl. Sci. Technol. 5, 547-558 (1968).

3. Chambre, P., and Elias, E., "Boiling Heat Transfer During Rewetting," Nucl. Eng.
Des. 50, 353-363 (1978).

4. Sun, K. H., et al., "Effect of Precursory Cooling on Falling-Film Rewetting," ASME
Paper 74-WA/HT-52.

5. Duffey, R. B., and Porthouse, D. T. C., "Experiments on the Cooling of
High-Temperature Surfaces by Water Jets and Drops," RD/B. N2386, August 1972.

6. Lahey, R. T., Jr., and Moody, F. 3., The Thermal Hydraulics of a Boiling Water
Nuclear Reactor, ANS, LaGrange Park, IL, 1977.
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If z = Z - ut,

dT d 2T
PCp6U d- +K6 -dz (6-2st)

where

pC = tube wall heat capacity per unit volume

6= tube wall thickness

K = tube wall thermal conductivity

U quench front velocity

z = distance below quench front

T = tube wall temperature

H = tube wall heat transfer coefficient

Tsat = primary fluid saturation temperature

In this model, equation (6-1) is solved once below the quench elevation using a two-phase

forced convection heat transfer coefficient, and a second time above the quench ele-

vation using a single-phase steam forced convection heat transfer coefficient. Boundary

conditions for the solution are the tube wall temperature equal to te sat well below the

quench elevation and the secondary fluid temperature well above the quench elevation.

This upstream wall temperature is defined as the T in paragraph 5-7. The two sol-

utions are required to have continuity of temperature and temperature gradient at the

wet/dry interface. The interface temperature is lefined as T in paragraph 5-7.
0

When a value for U in equation (6-2) is assigned, the temperature distribution in the

axial direction can be solved. An example of the axial temperature distribution

calculated for the reference run at the 1.22 m (4 ft) quench time is shown in figure 6-2.

The assumed value for the quench velocity in this calculation was taken from the test

data for the 1.22 m (4 ft) quench time (800 seconds for the reference run) and is 1.524

mm/sec (0.005 ft/sec). The temperature at the wet/dry interface in figure 6-2

is 152 0 C (306 0F), which is 22 0 C (39 0 F) above the primary side saturation temperature.

1. Lahey, R. T., Jr., and Moody, F. J., The Thermal Hydraulics of a Boiling Water
Nuclear Reactor, ANS, LaGrange Park, IL, 1977.
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From the boiling curves in figures 5-44 and 5-45, the tube wail superheat at the point of

maximum tube wall heat flux is in the 170C to 25 C (30°F to 450F) temperature range.

To use the axial conduction calculation to calculate the quench front velocity, the

temperature at the wet/dry interface must be known. Because the quench velocity

appears as a coefficient in the above equation, to use this equation to solve for the

quench velocity requires an iterative technique. The above equation can be solved for

several assumed quench velocities, and a plot of quench velocity versus interface

temperature can be constructed. From this plot, the unique quench velocity

corresponding to the known interface temperature can be determined.

The steam generator mathematical model was expanded to include the axial conduction

calculation described above. In this model, the wet/dry interface temperature is

defined and the corresponding quench velocity is calculated. That is, in the program

several quench velocities were generated as guesses, the axial temperature was

calculated, and a table of quench velocity versus interface temperature was construc-

ted. An example of the results of this calculation is shown in figure 6-3. From the

table of quench velocity versus interface temperature, the quench velocity corres-

ponding to a given interface temperature is found.

In this calculation the interface temperature was defined by the following equation: 0
CHF

Tit Tsat +- +AT (6-3)

where

Tint = interface temperature

Tsat primary side saturation temperature

*CHF critical heat flux at the wet/dry interface

H 2 • two-phase forced convection heat transfer coefficient

AT arbitrary constant used to force calculation to agree with test results
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The local conditions critical heat flux correlation of Biasi in table 6-1 was used to

determine the critical heat flux.

For the reference run, it was found that the above method using 5.5 0 C (10F) as AT

in equation (6-3) comes close to matching the test data. The results of this calculation

are shown in figure 6-4.

The calculational procedure described above was repeated on the single-parameter

variation runs. The calculated time for the quench elevation to reach 1.22 m (4 ft) is

reported in table 6-2. The measured time for the quench elevation to reach 1.22 m (4

ft) is also reported, along with the interface temperature used in the axial heat

conduction calculation. The results show that the model predicts the reference case,

high primary pressure, low secondary temperature, and the 50-percent quality runs

reasonably well. The results of the high flow, low pressure, and the lowest quality run

quench velocities were not accurately predicted by the model.

6-5. Evaluation Model Based on an Empirical Quench Velocity Correlation

To determine the quench velocity accurately for the whole range of parameter

variations in the test matrix, an empirical fit of the 1.22 m (4 ft) quench times was

formulated. The 1.22 m (4 ft) quench times shown in figure 5-74 were fit with the

following function:

t = 0.2 154 (40/P) 0.250.20/(1-x) 0"84(5.0/G)1.32 (T-267) 1803 (6-4)
q4 ft

where

t = 1.22 m (4 ft) quench time (sec)
q4 ft

P = primary system pressure (psia)

x = primary side inlet quality

G = primary side mass velocity (lb/sec-ft)

T = initial secondary side temperature
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TABLE 6-2

IMPLICIT CALCULATION OF QUENCH TIME,

1.22 m (4 ft) ELEVATION

Axial Conduction Quench Time at 1.22 m (4 ft) (sec)

Run No. Interface LT(a) Calculated Measured

22701 0°C (0°F) 1000 825
5.5 0 C (10°F) 900 825

23402 5.5 0 C (10 0 F) 900 300

22503 5.5 0 C (10 0 F) > 1000 (b) 950

20904 5.5 0 C (10OF) 700 720

23605 5.5 0 C (10 0 F) 240 320

21806 5.5 0 C (10 0 F) 120 325

23207 5.5 0 C (10 0 F) 340 300

21909 5.5 0 C (100 F) 40 70

a. Z 0.14 m (0.45 ft) at t = 1000 sec, calculation terminated.
q
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In metric units, the equation is

t = 0.2154 (0.276/P)0"25 0.20/(l-x) 0.84(24.41/G) 1.32(l.8T-235) 1.4803 (6-5)q 4 ft

where

P = primary pressure (MPa)

G = mass velocity (kg/m 2 -sec)

T = secondary initial temperature (°C)

The tq4 ftcorrelation is used to calculate the quench velocity by dividing tq 4 ftinto

1.22 m (4 ft). The quench velocity is assumed to be constant with time and the quench

elevation is found by multiplying the quench velocity by time.

A comparison between the above equation and the 1.22 m (4 ft) quench time data is

presented in table 6-3.

The correlation for t provides a constant quench velocity for the constant inlet
q4 ft

plenum parameters in the matrix tests. This correlation could also be applied to

problems with time-varying boundary conditions by simply calculating the

instantaneous quench velocity from the t correlation (quench velocity equals 4q ~ft

f t ) and integrating the quench velocity to get the quench elevation. To checkq4ft

this method, a test run with time-varying boundary conditions would have to be run. No

transient tests were run in the steam generator separate effects test facility. However,

the only parameter within the steam generator that could affect the quench velocity is

the axial temperature distribution. If different test runs resulted in the same secondary

fluid temperature distribution for the same quench elevation, the steady-state

correlation should predict the transient test quench velocity very accurately. An

estimate of the axial temperature distribution dependence on the inlet plenum boundary

conditions at the same quench elevation was developed from the test data by comparing

the secondary fluid temperature at the 1.22 m (4 ft) elevation at the 1.22 m (4 ft)

quench time. This comparison is presented in table 6-4 for all tests with the same

initial temperature. The data in table 6-4 show that, for the wide range of test
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TABLE 6-3
EMPIRICAL CALCULATION OF QUENCH TIME,

1.22 m (4 ft) ELEVATION

a. From equation (6-4)
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TABLE 6-4

SECONDARY FLUID TEMPERATURE AT 1.22 m (4 ft) ELEVATION

AT 1.22 m (4 ft) QUENCH TIME

Quench Time at 1.22 m (4 ft), Secondary Fluid Temperature

Run No. tq (sec) at 1.22 m (4 ft) at tq4
4 ft 4ft

[OC (OF)]

22701 825 232 (450)

23402 300 243 (470)

22503 950 216 (420)

20904 720 238 (460)

23605 320 254 (490)

21806 325 243 (470)

23207 800 227 (440)

21909 70 266 (510)

Average secondary temperature 240 (464)

Standard deviation 16 (28)
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parameters in the test matrix, the axial temperature distribution correlates fairly

closely with the quench elevation. That is, for any given boundary condition at the inlet

plenum, when the quench front reaches the same elevation the secondary fluid

temperature distribution is about the same. This observation supports the assumption

that the empirical correlation for the quench velocity is valid for transients even

though, in the test data base, all tests were run with constant primary loop parameters.

6-6. Evaluation Model Droplet Entrainment and Evaporation

Once the quench elevation has been determined, the liquid mass flow at that elevation is

assumed to be dispersed into drops and completely entrained in the continuous steam
(I)phase. The assumed drop size distribution, taken from Hewitt and Hall-Taylor, is

reproduced in table 6-5. The drops are distributed into 10 groups, with each group

having an equal volume of drops. The number of drops per pound of two-phase mixture

can be calculated from the following equation:

i[1- x(z)]
Ni = (6-6)

p V.

where

Ni = number of drops in group i per pound of two-phase mixture

ai = volume fraction of drops in group i

Vi = volume of a drop in group i (ft 3 )

x(z) = local quality at elevation z

P 9 = liquid density (Ibm/ft 3 )

To calculate the droplet steam heat exchange, an initial drop size distribution was

assumed, a steam to drop heat transfer coefficient was defined, and the rate at which

the drops evaporate was calculated. Heat transfer to the drops occurs because of steam

to drop heat transfer and because of radiation directly from the tube wall.

1. Hewitt, G. F., and Hall-Taylor, N. S., Annular Two-Phase Flow, Pergamon Press,
New York, 1970.
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TABLE 6-5

DROP SIZE DISTRIBUTION

Group No. Drop Diameter [mm (ft)]

1 1.14 (0.00375)

2 0.686 (0.00225)

3 0.457 (0.00150)

4 0.357 (0.00117)

5 0.28 (0.00092)

6 0.22 (0.00071)

7 0.16 (0.00054)

8 0.13 (0.00042)

9 0.088 (0.00029)

10 0.040 (0.00013)
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The droplet film coefficient is calculated from the following equations:( 1

Nudrop = 2+0.55 (Re d) (Pr ). 3  (6-7) 4
N~reopp2 i (Prv.

Red = 0.292 di/Ig [Lgcpg (j l-l g)]di 0.5} 1.725 (6-5)

Red = [4gc (P -p ) dO/3Og CD)]0.5 pg di/'g (6-9)

where

Nudrop = droplet Nusselt number

Red = droplet Reynolds number

Pr = vapor Prandtl numberV

d. = diameter of a drop in group i (ft)

1- = vapor viscosity (bm/f t-sec)

p = vapor density (lbm/ft 3 )

g = liquid density (lbm/ft 3 )

CD = drag coefficient, taken as 0.50

gc = gravitational constant (ft/sec2

The droplet Reynolds number in equation ý6-7) is oeterminea from consioering the 4
terminal velocity of a single drop. The terminal velocity is depenoent on the drag

coefficient, the droplet diameter, ano the densities of steam ano water. by starting

with the force balance equation and using the defining equation for the droplet Reynolos

number, the following equation for the droplet Reynolds number, in terms ot the droplet

diameter, drag coefficient, and fluid properties, was derived:

Red =[4gc (p -Pg)d. 1(3 CDpg)) di/gd_ (6-10)

I. Equation (6-7) from Lee, K., and Ryley, D. 3., "The Evaporation of Water Droplets
in Superheated Steam," J. Heat Transfer 9, ASME, 445-451 (1968).
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Equation (6-10) can be used to solve for the droplet Reynolds number if the drag

coefficient is known. Generally, the drag coefficient is expressed as a function of the

droplet Reynolds number. In this study, the drag coefficient dependence on the

Reynolds number is defined by the following equation:

CD = (27/Re d)0.84 (6-11)

This expression can be substituted into equation (6-10) to yield

Red= { [0.292 (di/ 9g[gc g (P L-g)di] 0 *5 l.725 (6-12)

As the droplet Reynolds number increases, the drag coefficient decreases asymp-

totically to a constant value. The asymptotic drag coefficient in this study is taken to

be 0.50. The corresponding droplet Reynolds number is calculated by solving equation

(6-10) for Re, assuming C D is 0.50 and also solving equation (6-12) for Re d* The

correct drag coefficient is the larger value between 0.50 and the drag coefficient

determined from equation (6-11). Since the drag coefficient appears in the de-

nominator of equation (6-10), the correct droplet Reynolds number will be the smaller

Re value between equations (6-10) and (6-12).

Wall to droplet radiation is calculated following the method described by Sun, et al.:(l)

Qe =F a (T 4 -1 Tsa) (6-13)
e F wa w sat

and

F Fw- (i R R3 )3

I-c

v v

1. Sun, K. H., et al., "Calculations of Combined Radiation and Convection Heat
Transfer in Rod Bundles Under Emergency Cooling Conditions," ASME-AIChE, 15th
National Heat Transfer Conference, August 1975.
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I~ -C

v W

-R C w

where

Qe = heat flux absorbed by a drop

a = Stefan-Boltzmann constant

T w = absolute wall temperature

Tsat = absolute saturation temperature

EvI Ct, EW = emissivity of vapor, liquid, and tube wall, respectively

In the calculation of radiation to the drops, the wall and liquid emissivities were set

equal to 1.0 and the vapor emissivity was set equal to zero.

In summary, the model described above to calculate the steam generator heat transfer

uses en empirical correlation derived from the test data to predict the quench velocity

[equation (6-4) or (6-5)]. The quench elevation is calculated by integrating the quench

velocity. Heat transfer below the quench elevation is calculated by assuming that the

applicable primary side heat transfer regime is two-phase forced convection. Above

the quench elevation, the applicable heat transfer regime is assumed to be single-phase

forced convection to steam. At the quench elevation, the liquid mass flow rate is

assumed to be dispersed into drops and entrained in steam-phase flow. Steam-to-drop

convective heat transfer and wall-to-drop radiation heat transfer is modeled above the

quench elevation.

The secondary side heat release is modeled by defining one common axial node at any

given elevation which includes the secondary water in both the inlet and outlet regions

of the tube bundle. This treatment of the secondary water will result in a secondary

temperature distribution with axial variation but no radial variation. The observed

secondary temperature distribution in all of the matrix tests showed large axial

temperature gradients but virtually uniform temperatures in the radial direction.
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At a given elevation, the secondary fluid node can transfer heat to the primary fluid in

the upf low inlet region of the tube bundle and also in the downflow outlet region of the

tube bundle. Therefore, the number of primary nodes will equal twice the number of

secondary nodes. Heat transfer will always be from secondary fluid to primary fluid in

the upflow region of the tube bundle, but can be in either direction in the downflow

region of the bundle, depending on the relative magnitudes of the primary and

secondary fluid temperatures.

At a given elevation, the heat transfer rates from the upflow inlet side of the tube

bundle and the downflow outlet side of the tube bundle are summed together to

determine the net energy depletion from the common secondary node.

Initial comparisons of the prediction model described above with test data showed that

the outlet plenum liquid flow rate was overpredicted. To enhance liquid evaporation,

the drop size distribution was changed to include only the five smallest groups in the

distribution in table 6-5. That is, •i for groups I through 5 was set to zero and a, for

groups 6 through 10 was set to 0.20.

With this modification, the droplet diameters range from 0.22 to 0.040 mm (0.00071 to

0.000040 ft). Studies of drop sizes ejected from a liquid drop in contact with a heated

wall are reported by Cumo and Farello. These studies report that the drop size

distributions tend to peak at droplet diameters less than 0.3 mm (0.00098 ft). The data

are qualitatively consistent with the adjustment in the drop size distribution discussed

above.

6-7. EVALUATION MODEL COMPARISON WITH TEST DATA

The reference run test data and the steam generator response predicted by the aboveý

model, using equation (6-4)-to calculate the quench velocity, were compared with the

test data by superimposing the calculated data on the test data plots.

1. Curmo, M., and Farello, G. E., "Heated Wall-Droplet Interaction for Two-Phase
Flow Heat Transfer in Liquid-Deficient Region," in Symposium on Two-Phase Flow
Dynamics, European Atomic Energy Community, Eindhoven, September 1967.
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In figures 6-5, 6-6, and 6-7, the outlet plenum steam temperature, outlet plenum liquid

collection, and the overall bundle heat transfer are compared. These comparisons of the

overall bundle response show that the model predicts all the data trends correctly,

although the overall bundle heat transfer is somewhat overestimated by the prediction

model. The comparisons show that the model described above, which uses an empirical

correlation to determine the quench velocity, correctly predicts the overall data trends

in the steam generator response. Figure 6-8 shows the agreement between the quench

elevation test data and the empirical correlation used to predict the quench elevation.

In figures 6-9, 6-10, and 6-1l, the axial variation in the primary side steam temperature

and secondary side fluid temperature at three discrete times (300, 600, and 900 seconds)

are shown. All three plots show that the steam temperature is somewhat under-

predicted in the midregion of the bundle, but the agreement in steam temperature at

the bundle exit is good.

The secondary fluid temperature plot comparisons in figures 6-9 through 6-11 show that

the data trends are correctly predicted. The 600-second and 900-second fluid plots show

an oscillation in the inlet region below the 6. 10 m (20 ft) elevation. These oscillations

are the result of the data interpolation in the zone of high axial temperature gradients.

The fluid thermocouples were located at the 1.22, 3.05, and 6. 10 m (4, 10, and 20 ft)

elevations (figure 3-5ý, at these specific locations the fluid temperatures are in

agreement. Elevations where data interpolation was used to find the secondary fluid

temperature, from figure 4-3, include 0.81, 1.83, 2.44, 3.66, and 6.10 m (2.65, 6, 8, 12,

and 20 ft). In figure 6-10, the temperature overshoot occurs in the 1.22 to 3.05 m (4 to

10 ft) region. In both of these regions, interpolated temperature data are plotted.

The calculated secondary fluid temperature profile shown in figure 6-1 1 illustrates an

abrupt change in slope at the quench elevation. The test data, also plotted in figure

6-11, show a more gradual transition in the secondary fluid temperatures below and

above the quench elevation. The response in the calculated secondary fluid temperature

profile is due to the assumption in the model that no mixing occurs in the axial

direction. The predicted secondary fluid temperature profile in figure 6-1 1 would agree

more closely with the test data if some axial mixing were allowed.
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Figures 6-12 and 6-13 compare measured and predicted local temperatures at the 1.22 m

(4 ft) elevation. In figures 6-12 and 6-13 the inlet and outlet region temperatures,

respectively, are shown. In both cases the observed data trends are closely predicted.

Figure 6-14 compares the predicted and measured local tube wall heat flux at the 1.22

m (4 ft) elevation. The plot shows good agreement.

Figures 6-15 through 6-35 show measured and calculated outlet plenum temperature,

liquid mass flow, and secondary fluid axial temperature distribution in the bundle when

the quench elevation is within the highly instrumented region from zero to 1.22 m (4

ftG These comparison plots show that the model predicts all the observed data trends.

The poorest agreement is in the outlet plenum liquid flow rate for the 10-percent

quality run (run 9 in table 4-1).
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SECTION 7
SUMMARY AND CONCLUSIONS

7-1. SUMMARY

The data from all the steam generator separate effects tests described in Report No.

40) have been evaluated. The data show that the tube bundle heat transfer response

over the broad range of parameter variations in the test matrix is basically consistent.

In the vertical upflow region of the bundle, the tube wall undergoes a rapid quench as a

liquid film is established on the primary side of the tube wall. This quench front moves

at a near constant velocity whose magnitude is a function of the primary loop flow

parameters and the secondary bundle temperature.

A large axial temperature gradient develops in the secondary fluid as the quench front

moves up the tube bundle. The colder secondary fluid that forms in the inlet region of

the bundle readily migrates to the outlet region of the bundle. After the axial temper-

ature gradient is established in the outlet region of the tube bundle, heat transfer from

the hotter primary side steam to the cooler secondary fluid occurs.

Although all of the tests measured liquid accumulation rates in the outlet plenum, the

outlet plenum quality is typically about 99 percent. This indicates that virtually all of

the entrained liquid in the inlet plenum is evaporated in the tube bundle.

The total bundle heat transfer rate is at a maximum at time zero and decays to a con-

stant rate which continues until the quench elevation reaches the top of the tubes. At

this time the outlet plenum quality rapidly drops from a value close to 100 percent to a

value close to the inlet plenum quality.

Variations in the radial distribution of the liquid phase at the tube bundle entrance have

no detectable effect on the overall bundle response. From the local thermocouple data

1. Howard, R. C., et al., "PWR FLECHT SEASET Steam Generator Separate Effects
Task Data Report," NRC/EPRI/Westinghouse-4, January 1980.
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within the tube bundle, the local tube wall heat flux was calculated. Other local test

data include a series of inlet plenum air/water tests which measured the air and water

mass flow rates at the tube bundle entrance. The air/water test data were used to aid

in the understanding of observed trends in the local tube wall heat flux data. In general,

tubes with the highest liquid flow rates within a test also had the highest local heat flux.

The steam generator heat transfer response during the reflood phase of a large-break

LOCA can be modeled using correlations from the open literature for single-phase and

two-phase forced convection and turbulent free convection. To define the regions

where these correlations apply, the location of the quench front must be known. An

empirical correlation can be formulated from the test data to determine the quench

front elevation. The heat release from the secondary fluid can be adequately modeled

by assuming one common node of a given elevation which includes both inlet and outlet

regions of the tube bundle. The secondary fluid nodal heat capacity can be modeled as a

point with a lumped nodal heat capacity equal to the product of the total node secon-

dary fluid mass and specific heat. The secondary fluid temperature is calculated from

an energy balance on the secondary fluid node. Heat exchange between the secondary

fluid node and the primary fluid consists of two terms. One term describes the heat

transfer that occurs in the upflow inlet side of the U-tube, and the second term de-

scribes the heat transfer that occurs in the downflow outlet side of the U-tube. In both

of these heat transfer calculations, the same secondary fluid temperature is used. The

secondary fluid mass is assumed to be stationary, and axial heat conduction in the

secondary fluid is neglected.

7-2. CONCLUSIONS

The objectives of the steam generator separate effects test were to develop a detailed

understanding of the steam generator heat release and the secondary side fluid behavior

during a large-break LOCA reflood transient. Also, the methods developed and verified

in the separate effects test for calculating the bundle heat release from the secondary

fluid and tube wall thermocouples were intended to be used in the systems effects

reflood tests to determine the steam generator heat release. The final objective of the

steam generator separate effects test was to develop a predictive model of the heat

transfer process.
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A mathematical model of the steam generator bundle heat transfer has been developed.

This model will predict the overall bundle heat transfer over a wide range of primary

flow parameters and secondary fluid temperatures. The model uses an empirical quench

velocity correlation to determine the quench front change with time.

The local tube wall heat flux can be calculated from the temperatures recorded by the

installed secondary fluid and tube wall temperatures. The data reduction software used

in the separate effects test can also be used in the systems effects tests(1) to measure

the steam generator heat transfer during these tests.

In summary, all the objectives of the steam generator separate effects task identified

above were accomplished.

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

STEAM GENERATOR SEPARATE EFFECTS TEST

EVALUATION COMPUTER PROGRAM

This appendix contains a listing of the computer program inputs used to predict the heat

transfer response of the steam generator.

An input list for the program is given in table A-1.

A sample program output is presented after the program listing. Notes on the output

clarify the output quantities.
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TABLE A-1

EVALUATION PROGRAM INPUT LIST 0
Input Definition Program Default Value(a)

WFTOT

WGTOT

TSEC

WFWT

WGWT

PPRIM

DO

DI

DELZ1

DELZ2

DELT

Total inlet plenum liquid flow

rate

Total inlet plenum steam flow

flow rate

Secondary bundle initial

temperature

Weighting factor for WFTOT

Weighting factor for WGTOT

Primary system pressure

Tube OD

Tube ID

Coarse axial mesh interval

Fine axial mesh interval

Time step

0.10 lb/sec

0.40 lb/sec

525°F

1.0

1.0

40.0 psia

0.875 in.

0.775 in.

1.0 ft

0.1 ft

10.0 sec
A

a. Reference case parameters
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TABLE A-1 (cont)

EVALUATION PROGRAM INPUT LIST

Input Definition Program Default Value(a)

NZ1

NZ2

NT

PSEC

ASEC

Total number of axial mesh

Number of fine mesh at inlet or

outlet region of tube bundle

Number of time steps

Secondary pressure

Secondary fluid area per tube,

including equivalent metal

Heat capacity of tube bundle

metal per unit volume

Not used

Not used

Transient calculation request

Not used

160

50

80

850 psia

0.030 ft 2

57.04 Btu/ft 3- FRHOCPT

ENTER

QSS

ISS

CPR

1

a. Reference case parameters
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'ungRaq SPFVAL ?600 O3T01 FTN 4,. LEVEL 492 03J . 13.10.,9

PROGRAM SGEVALITINPUTP-tII'PUTFIL14PRTAPE5.INPUT.TAP!6.FILMPRTAPE1,0002?0
*TAPE2#PLTOUT) 0002 SO
REAL MUM ooOZqo
DIMENSION 0QTPIOIP0)TSErPI(300ITSECTI3003,1WALL~T 3001 000300
DIMPENSIUN Z2TQI ?3.'). 7)v POUT ELI 3001 PTSECFFL 4300).FELPLOD?13001a 000310

*TPOUT THE ZouIFNSnT4( ?00I.TMPLOT(?O00,tITLEXEI212)TITLEY(1IZP 0003Z0
elITLE 1(12),TITLFýf1'),TITLE 31121,ELIPLOTI300IE4ERTMI0OOI 000330
DIMENSION Q'W~PtT13O3)vQOSEC T"(30C) 000340
DImk0SION QýEC1(I30), OýC1TI3003 ,OSPC2I300IaCSEC2Tt300), 600350

10 *QSECIOI3OOI.0FC10Tt30)) 0OC360
DIMtENSIUN TTTLnlUi(12) .TITALXIII2.3) ,TITALY1I 12.51,TYITALY2I12, 9)D 000370

eTITALuE 12,8, TTAL2(?112 e,ITITAL3EI2.2I 000380
DIMFMSION DVIf)tTI1Ilflpnn10I,?ALFE 10) 000390
DIP.LNSION T(3IvflE3IvFI(21) 0040.00

is DIMENSION T'TMI300,A).?WTMI 300,61,1STM1300,6),CNOICELI6I 000410
COPPONIT ITLIC99,vCOTO WGTOT1TSEC PWF WT,%BGWiTPPR.IMP DUPDIPDELTPOELZP 00042?0

C NT.PStCPA~tECR4f1CPTpCNTFRvSSj, ISSNCAS.NPLDELZ1, DELZ2,N21,NZ2 000430
CUMMONIDRE)p~IRmIL.TSATOPTPINWGINDD(10),PNUMlI 10l 000,440

OHPPQOUT AvW^OUT.FRTSM 000'.50
20 CofMHONQTIVISCG'.cfnDtvpZGRQUELCONOLSPI,20oEIE2 000460

CCF010MNICONTq INIlQI TE vJ TAPE# MANYLIN, LAOS IZPSSI It LWIDT04PSYMSIZ& C004?0
*RCONV.TCONV.TTLW'I17)pvtITLYZ(121 0004.00
REAL LABSrZ 000490
'AMWL ISTICP~tn~'WrWT0t.VGTOT.?SECvVVTP~WGWTPPRIND0,0ts,0ELZ1, 000500

25 CC)LI!2,DELToTLCW,?47?.l1. PSECASECRIEOCPTENTFROSSISSCPR.MTE, 000510
*TUBES 000520
DATA CHOI1CE? P1.9).'.,O'ln.0,60.0,66.,69.Cf 0G0530
DATA WipTOTvGTflTpTSrC WFWTP WGWTv PPS tMvDO.DI.0E21DEL t bEPDFLTP 471, 0005'.0

30 DATA TLENTIIRFEtN??,4T.PSECASECRHOCPTENTFR~o-SS,1SSI?0.0, 3?.,50,000560
C6U,50.j,0.~2.?.3

4 
0.,10.,0 ~000570

DATA TSECI,?V~ftLII303*n.O,3OO*O.C/ 000580
DATA PjleW3,14159*5VI.O,5*E,.21 00os90
DATA DoOi.0o3179.00"ý5..001'.O,.0C117,.000Q17,.00070M,.0UO542. 000600

35 0.oOOi.I7,.coOOQ?.*.)OI?"`f 000610
DATA NrltoTýA~~~lC-o.E4~ C00620
DATA ODfUUT/10*01 000630
OJATA mumi1o

3
o.ni DOC 640

DATA TITL12'17*0)4 000650
40DATA TITLflU9II?*64 CLE660

DATA TITALX11f6W)TSTAE.A,4CF FRIfl,6H INIE,6HT (FT1,806H 0OC670
OtHITME (vbH3FCnl4'n.eMSI v O*6H "Ic6p0
06N0Lk N04.64 TM"E 6A41TFCONV f V I f,'b4 19(1(69
DlATA IITALYII coETO



PoOF146 SGEVAL 7600 Cort. PTN 406 LEVEL 452 03) .1 t3610099

49 *6HTkMPER.6b44Tl9 0641fl9PRE,6HE Cl ,8*6' 0 000710
06HFLOW P,6447T fr1vb ANSISP6b4CON0)v8i64 0 000770
*eHQIOINCH.6M FLFVA.64TTON (1,HMETEPS*614) ,7*M 0 000730
OeHIUDE Vp6IALL '4E@64T rLUP64X (KW/p6HSQ PCT,64ERP 0 000740
e6eq" e000750

*6HTOTAL P6beqP•,MY64 TOANSp64FER (K,6HN| ,T*614 000760
DATA TITALY9F 000110

ebHTjWPERPfHMT1ID 6'4(DVGREP64E Fl #006H 0 000780
O6NHFLO R.64ATE (L#6'4BSSECpbHONDI 8*614 000790
06QOUENCH614 FLFVA*6'4TiN (*6HFTl pmebH 0 000600

59 *C$TUBE V,64ALL 4E,64•At FU,6HX (@TUv6HfSEC-So6HQFT? 0 00061006064 O 04006O

*60ToTAL ,6HRF1WPP.64 TOANSP64FER I6B6HTU/SFC6H)I 0 000630
$6064 1 000640

DATA T|TALII 000650
60 *e8p[PEAR,64Y StDOE964 STA,64 PHASFp6H TEMP ,6HVSo 0 000860

tL%*tH •000070
*e4SECONDP64&RY PLp64U1' TEP6I4P VS.pe614 0 000860
*6HOUTLET,61 PLENU964Mi 'TFPp64M TEMPp6H VS* T0H6IME 0 000890
*6e6" p 000900

65 *o•NoTLT#T6" PLE'4II644 L1OUv6H4D FLOP614W ATE,6M VS. TP C4,0910
*6H mk o5*6'4 * 00C920

* *6HNtENCH.*6 ELFVA.#64TFM Vp6HS. OUEp6HNCM Tt,6HUW 0 000930
6*6VH f 000940

06HTURJE WV64ALL, 4!#644T rLU.64X VS. ,p6TIN v *6MH 0 00C950
70 06HTOTAL ,6 NFNePGYP64 TO"ANS'6FER VSP4.o TIMEP7'664 p C00960

Ob"LUCAL 1F"PFWlP•.6I4ATlIQ ,6HVS. T,6HbM P7464 I 000970
DATA TITAL2f. 000960

*Cf4DlSTANeveE ALfJp6H4G U-T,64URF ATpbH TlME.6H p 000990.
*6HStC #5*N4m 001000

75 *6HFOR EL VA~lf)O•. •e1.95,1M FT #0*64 0 001010
*e'411) STENH+I Pv,6Wr 1,66H21 TUB,6E WALL,6H 13)1 001070
De-MSECe FpbHLULJD 

4
*6

4  
p 001030

*eHFOO EL96AcV4TTl64'.0.95p,64 Ft #9*64 0 001040
.eL4rFR Ftv,6HFVA?.6144.l.95, 4 FT ,06H p 001050

60 OfHFUR FLf4cVAT?116.44.-o.0,6H Ft .0$6H I 001060
DATA TITAL31 Vu1lO?0

*CHPATRIX,64 OUN *o10*fU 00,1060
*6NHDST. #64FPr•U 16'41eT *,9*6H 001090

CALL MUVFKA(31Cp9f)oQ* l) 001100
85 READ() I VrTUTTTSrr. TWGWT, pp t•,nti, bDELII,•EL/?PEtTo 001110

TLENt NZ#NTo0S~r.. ,&%Cq,4nCPTpENT trepSS, ISSCPPpTM1M.%,TUPSE 0%1120
IFIFaF(LIl SP4 001130

4 S1APT.1 4)f. 1140



#09444 SGqVAL 1`600 (loyal 0TN 4.6 LEVEL 452 0312 13.10,55

4 READI 5,OPTtfl1 001190
go IF(EOF(5))1#O,2 001160

2 CONTINI'E 001170
XCONV-1.. 0011O 0
YCONV-2 .0 001190

CALL .MOVEAA( 12.TtTL)UM. T1TLEX 001200
95 CALL MOVEAA(IPTTTLDUmsTITLFY) 0(01210

CALL POVE AA 12.TTL nUNTM, ITL X2) 001220
CALL MOVEAA1I?pTTTLOUNTITLYZ1 001230
CALL MOVEAA12 ,PTTLDUM. TITL F1 001240
CALL NOVEAA( IPTTLDUM TITLf2 001250

100 CALL MOVEAA( 12 ,T1'LLnUme TITLE3) 041260
IF|TLEN.NE.7ft*01 WRITF(b.2001I 001270
hPol 001280
NSW.2 001290
NCAS.1 001300

105 hI°NZl*2.,OTtE8-nFELT?*2.0*NZ2)IDELZI 001310
CONV-0.0 001320
IC-1 001330
DATA KTIKT3.Kt5,KT6pKT.oKT8DKTQIO•e0O,0ODOPOI C01340
NORI TE. 1 001.350

> 110 PANYLIN-1 001360
T1M-PELT 001370

0% CALL HEADR 001390
1SATP.TSL(PPOTII 001390
RHOLe.1.//VSLiT5ATP 001400

115 H.HSV(PPRIMOTT.t¶sVVI 001410
NFG.HSV( PPR1Ie veY.2 -'4LITSATPl 001420
PHOGe.ioOVV 001430
V1SCLP.VISLlPP9Tq.TSATn| 001440
VISCGP.VISVfP9Q.q TSATIl 001450

120 CO~nLSoCONOL(PFECyTt | 001460
CUNDVP.CODNV(OPR•tTSATP) 001470
CUNOLP.COmDL(PvoqlBTSATPI 001480
tFfISTART.NF*0 rO Tj 4 001490
Du 10 l1la47l DO1500

123 ISECI(IZl.TýEC ufIj1IO

It TWALLI(IZII.TItr-01) 001520
GU TO 7 0010

f0 REAn( l1 (TSTCyffnl)1DwIv300) 001540
READ(1) ITWALL ).Tfln-.1,330) 001550

130 7 IF(ISS.EO.I 'T-1 OUl 5IO
IF(ISS.EQ*2 *47-l 00157
KPLo1 0ol .



PROOAMq %GFVAL 76LO Motel rtN 4o6 LEVEL 492 Ol v 13,10,55

CALL MOVEAAt?,TTALXII Iol TfTLfWI 001590
CALL MOVEAA( 12TfTALYI( Ip#I)TITL FYI 001600

135 CALL MOVEAA(fI TITALY(I1,1IPTITLY?1 001610
CALL "UVfAAI ItTTIALZpTTILE 2 001620
CALL MOVEAA1 12#?tAL3 YI TLE31 001630
ENCOOE(6,TOI,TTTL¢313 11 MTX 001640

70e FORMAT(12,4XI 001650
140 X-WGToTI(WcTIT*vGTnflT) 061660

TgAFT-(*C.uePPPTMI**2).? *(0.II -XX)I)**0#48 001610
**(0.,•tWFTOT*WeTOT)I**1.32O.2lS4*tTSEC-267,Oe01.e4003 001680

GUEL*4.OfTQ4FT 001690
DO 110 KwICMT 001700

149 CALL POVEAAI1TPTTTALI'I, I)# TITLE I) 001710
DELZUO.0 001720
tL0.0O 001730
fL1PLOTIl.FtLljf.Lo 001740
KTZ-0 001750

150 RTA4a 001760
KT6.KT661 001770
IQ.OUkLO(TN-0cL't 001780
WGOUT.WGTOT*W"VTITU%1FS 001790
WFOtITebFTOT.ecwrT1IRES*II.-ENTFR I 001800

155 IPOUTELEII.TPOIYT.TSA1P 001810
ENTSM.C.0 O01MO2
EIN-WFUUT*4SLITqATPIowtnUT*4 001830
DO 1uv I.lpTI 001"40

FL-tL#C.o5*DL7 001850
160 OELLEDELZ1 001860

1F(I.GTNZ2.,'fl.o.e,'fM71-N7.2)| GO TO 16 001870
OELI-DEL12 001880

It tL-EL*,.5*ecL7 001890
ELI-ELIOELF 001900

165 ENTR-;.O 001910
CHFRPCPR 001970

WGIN-w(:OU 001930
WFIN WFOUT 001940
1PIN?.POUT o009O0

170 IF(tF1N., T.0..)I G Tr) I 001960
DU 11 J-lol 001970

11 DOIJInnnOUTIJ) 001980
17 ZGPo5.63-EL 001990

IF(EL.GL. 5.8@,1sqf.FLetT.11.70P ZGRT11.70-EL LOZ000
175 IF(FL.Gk.11.,oI.A4n. L.LT.17.561 Z1GP17.56-EL l02010



-904PA4 'tGFVAL 1600 noral -gonaq OEVL 160 fPT?1PI 4.6 LEVEL 4592 0111 0 1.010.99

IFIEL .GE.23.1..
1
,4r0.FL.LT1.33.57) 203.33. 57-FL 002030

IF~tI .GlE.33.!?-440.FL.tT.3b.1.3) IGR-ABSl 3.00-EL) 00201.0
IF I E .Gh 36.13Al 4fl.CFL oL T.1.6.571 ZGR.1.k. 57-EL 002050

100 IF( EL GE .1.6.5?eA'4noL. I T.3.52.441) ZGP.5Zo441-FL 002060
IF (EL oGk. 52.1.1..AqO.FL.L 1.58.2g) ZGR.58.28-EL 002070
IFEM .Gk.56.29.a~nFl.LsLT.b4.I15) ZGQ.6'..15-EL 002080
IFIELeGE961..151 ?GO.70.0-EL 002090
IFIISS.EC.11 f10 TI 314 002100

185 1? XIN.WGINIIWGIMW.FtNl 002110
IWFIIN.LE.0.01 F10 TO PZ 002120
R111-111. -1114) 11Ni*.**I04Q *4P00Pt 0L*030 I 1SCLPIV I scp I*e.1 002130
PEF~o.IWFIN4UIITNI*1..12. lrI11*3.11159*VISCLPI 00214.0
PRLI0PwPRLI0(PPQIM. 1Pj") 002150

190 MFOPu*(,23.ReFq*.I*nDoq. IP**.1.A12.*CONDLP/IDI*36fOO. 002160
mpp.4Fflp*3.q*( 1.1IPITT) *0.5 01.2110
QPPIem.'PPeITV1LLtIj~-1TN)m 002180

C FACBE1N LOW MISS VELOCITY C14F CORR. co2200
195 C CH.4C15OtT1*5*1~I)002210

C QCC4FwCHP'1,0),Ifiq~boCq;* 002220
C 81*51 CI4F CORO. CI1ý HIT1S REoD. 002230

P.PPRIpq*C.0'891.? CO02210
D-01*2.5' 00?2290

200 G.GTUTf.36*0.*Pl?41*I3O. 602260

4P.4*~,9*33 135.B*,p002280

OCHF.CI4F 11.1 31.C4F3 W1.2300
209 IFIEL.LT.21O '10 In 33 002310

NT1.KT1.1 002320
20101ffT1,11 *T4 002330
20101ff11 .2).El. 00231.0
LMT~lUWFIW 002350

210 CALL vUENC~4rTffTnFCIIl 002360
IF(WFINoLE.1.01 Gfl T3 '2 002370
DO Z8 J-1o13 0023800
DOEJI .OOIlJI 01.2390
VDO.pI.DD)Ol I*116.0 0L24.00

215 PP NUMiIJ).ALFlt)O11.-VT3I)f(P4OJL*VflU) 0021.10

PqGP.PPSTf4lPPQ T4,TS3ATD) 002430
MPP-..0230PIr**..q.PorP*.41.CnmnvP.12. ttnl1*3600.1 00241.0

hSW-Q0021.5-
220 CALL DPUPSfTUAtLIfTl~o"pIM.4 I P0DfluTNSwi 06



ARMoPAR SGFVAL 7600 OPT.1 F 4.jA-6 LEVEL 452 03I1 a 3105

30 V ISCL SOV ISL(fI' FC vT SEC T (f1 002470

V.VCI IPsEC#TSFC!E 1 002460
V1.VC L I P SEC@( 'fC 11) #10).f )00O2490
b2.VCL1PSEC.(?SFC1(T)-1o.I, 002500

225 6ETA.(1.IV)*f1WIVT)FZ0. 002510
0TGQ.TStkCIfI)-TVALLtI ) 002520
OTG4q ptn. q OCZ f1~9 0530
GRt.V*I.PTOTPZG$30214~SL*2 002540

PRSEC.PRL1QfPSFC*TSrC II f) 002550

2930 MSEC-0.0 002560
IF(ZGR.kg.0.0) Co Tn Zo 0(2570
i4SEC-ld*IPitt C I&*. 4eC014OLS/ I EGR360.~ 00?560

2C 0SEC.I4SEC*ITSCT(1( t-TWAtLE 4I1) 002590
l~L.(0..P.L.E1.AGO TO 135 007600

225 KT7.KT?#l 002610
OSECI (KT 7Io*1EC 002620
0SECIT(6T?1luT 00?630
GO TO 18e 002640

13!1ILtk1@O.~*~70 Go TO 136 C02650
240 RIB.KT841 C02660

0SEC2 IK TO I.ISC 002?670
OSEC2TIKTeI.Tq 002660

*GO To 180 002690

'013f F1FILstk.3s9oOP.FL.r~E.4.0? Go TO 13? 002700

245 NT5-KT5*1 007710
CSECPLT9.KT5s4.SFC 002720
OSECTm(KT5?.TR 002730

Go To 180 002? 40
137 1F~.L90fSE.E1.,GO TO 160 002750

250 RT9.KT9#1 002760

OSEClU(KTQI.OSFC 0027 70

C CAtCULATE TURE WALL TEMP TOANS 002790
16( 0,L-01 Ni I10~0SC *.14tiQ*DOonFL 1112. 002600

255 QZUQUUT.OPRI"4' .¶4I~';96 I *ELI 112 * 00281
1(1jTWALLIII) 002620

1t3).-j.v 007840

016.0(11 002050

260 jp-nELT (07860

IN*o. 0 007680

UP-CLIOtC01~rTT11011?7900



X00CRA4 SCFVAL 7600 Corel I~f09A SOVAL 760 O'.1 TH 4.6 LEME 452 031. ý- 13.10.59

265 RHOLSOI./V 002910
Q3-OIM(NZI-t*I1 002920
CPFL.RHOLS*CLv*4SEC*DFLT 007930

190 CALL ICE (0DTqTMTPpvlpFZpNp TPDTPFPLP INDEXI11 002940
GO TO (ZC0,1O,.40*,50OIL OOZ950

2?0 2OC 007-( TMT2-Tf1))IgTVE4TII)-TWALLIII(1I 00Z960
QICOR-(ARS0•0T))6*I.4 0029?0
olQKN(m)*QiCOR.eOTf4R(DOT) 002960

uz.OOUTr(r(I)-TvtNI,(TVALLIfrl-TPINI 002990
OT.(1).4Q1-_'3 )D'T• 003000

2?7 0T(ZII-I.*(O1QO3IICPFL) OO3O01
IFII.GT. (HAIN ?)I OT(?)-ITSECFII)-TSECItItI/OFLT 0030ZO
IF(ISS.EO.2) TI717-0.0 003030
OT(31.TiI 003040
GO TO 190 003050

260 30I IF(TN.GT.OTNW W TO 600 003060
GO TO 100 003070

400 TWALLF-T(I) 603080
ESECF(I).T12) 003090
ThA.T(31BELT 003100

285 QUUTA*0OUTO(TVWATPTiIl/TWALLI(II-TPINI 003110
TP.TPnTM o031ZO
GO TO 190 003130

I% oC WRITEIAh20011 003140
0 2001 FOR4ATI/11PI6'4 40M CINVEOGENCEI) 003150

290 STOP 003160
600 CONTINUE 043170

IFIISS.Eg.21 CNvwARSInT(1)) C03180
C CALCULATE TSEC COOtLVIN 003190

IF(I.GT.-(N1I'l1I Gn TO 37 fQ02O0
295 ISECr(NZI-I*.lTTSrCr|IT 003210

GO TO 37 003z2O
34 QUUTAsQSS*3.I4I6STflI?*1DFL1 003M30

CPRIM.QSS 003Z40
XIN.WGIN IIf'T4#W1!TNI 003250

300 GTOT.(WGINWFIN)I .l.1416'n|l*.)o1.4440.3)*4. 003260
C PACBETH LOW NASS VSLnCtTY CHF COOP. 003270
C CHF.S4FGIj35*IGTOT*0.D1'I 1.-KIND 003740
C vCNF.CHF*.1 ei.l0.1ssr-4FQ 003290
C PIASI CNP CORO.' CG,% 14TTS PEOn. 003300

305 4.PPRm[*O.0',84? 0v3310
0-01*2.54 0C33?0
G-GTOTI.360%.4PRA4613O. uk333'•p._i l•Q,,14Q•,Ev f_3, l•, 334%.



0001%044 SGPYAL 76cC Iap To FIN '.e6 LEVFL. 492 031 6 13.10.55

310 CI4F.I1780.*HND/I fl*00.*'4 GO0.6*1O .-IT N) 003360
QCHF.CHF/I1.j34Q*C4F0 0033T0
3FE0CI4F.LI.0PQ1Il E'4TQ.VF1N 003390

3? CONTINUE 003390
C CALCULATE FILP cLOV LflSj 003400

319 OELFN.ENTR.0ODU7Q4I4SV(POPP1MXY,2)-HSLqTSATP)I 003410
IF(WFIm.Eo.3).l nEF 1F0.0 0  

003420
MD(ELFM.GT.VýW141 OrLVrM..1FIN 003430
WF0U1.b.FIN-VnELvR 003*1.0
WGOUTwWG1N4OFL FM-FNTRl 003450

320 C CALCULATE TROUT AN Pon nilT 003*60
7POUT-TSATP 00.3470

1FIMdSW*EQ.0l 90 TO '41 003400
IF(WFIN.G7.0.01 GI T3 50 003490

41 NSW.1 003500
325 CALL DoRPSITwA.EYP,4.1,'TPDoooUT.NSWI 003510

MRNP.145S (PPQ I'4TPP4.f~lhIl1,fUMP 003520
IFII4OUTP.GT.11S03.-140UTO.HINP 043539

OUM~sSSSISS(PPDTNL4OUTOPDTPOUTOUP'?, DUM3I 003540

Se IF(COmv.GT.I.10) GO TO 90 003550

330 IFEK.EO.IKrI10l.13 ýO To 60 003560
IF(ISS.EQ.11 GO Tn 63 001970

IFIISS.l.0.2) GO TI 60 003580
GU T0 90 003990

&(I .CONTINUE 003600

335 IFINPL.GT.43)CALL L4CAflD 003610

NPL-N PL.1 003620
IF(ISS.Eo.1SG0 TO 615 003630

IFIISS.EO.Zl CO TO 45 0036*0
WFOUT PP.WF0'$T*7U~r S 003650

340 WGDUTPP.WGOIITOttJ9cS 003660

ENT5APP.EhT%"OTUqF S 003670

WRITE(6,2C0j)I ?1,FL.PQPT.WFOIJTPP,WGO1ITPP,1POUT.TWALLFPT5ECF~iI 003600
*VSNTSflPpDOC4rpMO.4trC~rpTg) 003690

K T2. 12.1 003700

345 KT4.KT4*1 001710

1IFOUTEL(KT14).TS3t9T 003720

TSECFE 1I~-SrfT 00,3730

ELIPLOTIKT*).I~tl 0037*0
ELPLUT(KT2)-.q 0U,3750

350 GO 10 70 003760

6! WRPITE (0, 2Ou,,lPL,0OQT'qurnITpr-'IpT. TPOL'1,TWALLF.TSFCr( 1).d37
C tNTSMoQC"9-. L04PP9 F e.I-v s, 3 784ý



100f MM $GFVAL ?6G0 OvPTel FTA 4.6 LEVEL 452 031i 13.10.9

90 CONTINUE 003790
IF(NTrHTMffE.O.G. Vftrrf(6pOOl (fooaUruT .,#-zaCI 003800

359 90 TSEC(II)-TSrCF(TI 003610
TWALLIII )TVALL€ 003820
DO 210 11-1.6 003830
IF(ARS(EL-C40tC¶LItT$1.•T. DEtZ/2.O) GO TO 210 003840
TPTM( KT6, IIt.TVP2IJT 003890

360 TTIKT6j,11)TVWLLI 003660
1STM(KIe6,I1ITSECI t) 003870

E10 CONTINUE 003660
IFICONV.GTe 0.el) GO TO 15 003890

100 CONTINUE 003900
369 KT3-KT3*1 003910

1POUTTPI1KT3).T'OUT 003920
ENTSMTM(KT31I.NTSN*TURE$ 003930
ENERTM1KT3|e(FMNTq*$4SLtTSATP) VGOUT *40UTP-EINe*TUBES 003940
TMPLOTIKT3)-Tq 003950

370 IF(KT?.LE.01 Gnf TO 105 003960
ENCODE16vP'3pTtTLF2(611 TR 003970

R00 FORMATIF6oIl 003960
DU 102 JJ-1l.t? 003990
IPOUTEL(JJ).q6. fl ITP(I'TELIJJ1-32.) 004000

375 107 TSaCFELIJJI.5.Q.*ItTSErlELIJJ)-32. 004010
TPOUTELIKT41-4.e/IQ(TP•IUTELIKT4I)-32. 004020

N CALL GRAFIT(3e0,TLE'4I.0.fl32UOplO.,7.e2,2,2H P0,NPMP4*,KT4* 004030
0-1,TITLEXTTTLFY.TITLFI.TITLE2DT ITLE3#ELIPLOTRTPOUTFLI 094040

CALL PI1VEAA( 1?TTTALI 112).TITLEI1 004050
380 CALL GRAPITIO.P*TLEN91'00,320.O,1IOe.7,2.2,2?4 POPPp1He0KTp 004060

*--ITITLkXTTTLFYTTITLrlITLE2,T|TLE3,ELPLOTPT¶ECFELI 004070
10! TN.TM#OELT 004060
110 CONTINUE 004090

IF(KT3.L.0I1 9P TO 115 004100
365 OU 1u3 JJ.IeK?3 004110

gNEQTQIJJ).rCFPIIJJI IO.94778 004120
1POUITM(JJ)I5. lQ1.4TPni'TTM(JJ)-32.) 004130

101 EN1smTPIJJ).PW?¶qT¶l'JJ)Io.00220459 004140
CALL MOVEAAI'PpTITALEX(P2Z),TITLEw) 004150

390 CALL 0flVEAAt1 YTITALPi, 31PTITLE i) o04160
CALL OVFAACI12TTTLnU'. TITLEZ) 004170
CALL #0j4Tv14*v-KO.T• 00125,01F.3,1I.,?T,?,2,2' DoDqPD 14pKT3, 00'PO

*-ITITLLITTTLFYTITLFITITLEZTITLF3pTMPLOTTPOUTTMN 004190
YCONV0*0.02'04R L(14200

395 CALL POVEAAI1?.-TTTALt Il,.IpT'-LFYI 00421'
CALL 6,IVFAAfj7.TTTALYtI,?P,.L.LY71 004227



QO3QA* 58FVAL 7600 087.1 FIN 496 LEVEL 1.52 0311 19.10.99

CALL P8OVFAA( 12.TT?1LI ( lo.), TITLE 21 @01210
CALL GPpo-.01p.,U02.,1.7.,2?4 , ,NP11*,Kh3. 004.240

*1D#TITLE XPTTLEYP T1TLEIP TIT LEW, ITLE3pTMPLOT*ENT3MVIM 001.250
1.00 7C014V*0.91.7?4 Ot,1.260

CALL MOVEAAf12PTITAM1l1,5) TITLETI 001.2?o
CALL PIO)VEAA(1lp.t1?ALV2f 1,5),TXTLY?) 004.280
CALL POVEAAI19'vTITALl~i.71p TITLE 11 001.290
CALL GRAF IT(-50*0 1430.,0.O.D 31590P jO.,?*p2vtv '4 ,0,PIOPZH*,73, 001.300

1.05 *-1,TIILIXPTTTLpY*.rIYLEI, T11LEZD-T1TLP3DTMPLOTDFNEQTMI 001.310
110 IF(KT1.LEs0l GO ?l 14.1 004.320

DO LL4. JJ,-1.O1' CO14330

rCONY.3. 2800 004.350
1.10 CALL MOVEaITo'T1VAM Ilo 1,3),fTL Elf 001.360

CALL POVE*A112,TITALYII 1,3)vTITLEY) ~09.370
CALL pMOVEA0179I'TTALVYf1,3) TITLY21 004.380
CALL MOVEAAMI2TIT&Llf~ploTITYLEl 001.390
CALL GRAF ITIO.O. lI00.1b0.G.1 .5p 1o.,7.,2?v2p2H *C. NP, 1)4*#KI, 604400

1.15 *-1,TITLEX.TITLFY.TITLF1 ,TITLE2,TITLr3,ZOTO(lIIZoTO(1,2l3 0044110
14.1 YCONV.C.0884!7 001.120

CALL MOVEAA( 1?.TI1&LKI( 1,2) TTTLFEJ Cw14#4430
CALL NOVEAAfIl?oTTALVlI I11)vTITLPV) 001.1.10

aCALL NE)VEAA(1;P.TTTALYt1,1.4).TITLT2) OC44150
1.20 CALL MOVEAA112.TTTALIII,61, TITLE 1) .00.1.60

IFI'(T?.LE.01 GO T) 11.? 001.1.0
OU 1L43 JJolo.(T? 0044.180

14.1 OSECl(J ,J).0SFCItJJI -YC~mV 001. 190
CALL MOVE AAfI ?PTTttAL? 1,1 .),TITLE 21 001.500

429 CALL GRAF IT(I.0*.1983.'0.0v35O0.0.10.,7?.,Z2,2ZH ,0,MP,1'40ETT, .001.510
*-kTI 1LkXTTTLFY.TITLElTITLE2,TlTLE3.0SECIT,0ýFC1I 001.520

14.? IFEKTS.LE..)l 4O Tl 1? 004.530
00 1441 JJ-19XTP 001.540

11.4 QSECZIJJI.QSFC~fJS)IYCflNV 001.550
1.30 CALL POVfAAE1?,TITAL2II,5)vTTTLE2I 00.5ii0

CALL GPAFIT(0.0.158'4.1I,.O.350.0, 10.,7o.,?,?,2N p OpMPP 140P KIN Q(.1570
*-,Ip t LE:XTT TLFY. TI TL FI p 11L E 2*T1ItL E3pQSEC 2T#,0SFC2 1 001.580

125 IFINIT..LF.01 Gfl TI 141. 004.590
60. 130 jj-.X.T3 . 001.600

1.35 11C CSECPLTljji).0SFrvL1IJi'I7-CONV '004.610
CALL MUVjAAI 12,TTI1A It# 1,? TITLE?2) 001.620
CALL GRAFKTI0.0.1~591.1,0.0, 350.0, 10. ,7.v2,2p2H P,0,PIPMKTS, OC4630
*-k,1tTLLX,TTTLFY.TTTLrl. 1?TLF2, T11LF3,0.SFCTM,0$LCPLT) 001.610

14-4 IFCK(T9.LF.01. f%0 To 120 0t.1.650



,o05 .Aq SVAL 76Cc DoT*l VTN 4*6 LEVEL 452 O.2 f. j 13.10.59

146 gSECIi..JJ).O'ClI•J.I) IY/CO4V 004670
CALL MOVEAA( 1'#TITAL!'Is1)vTITLE ) 004680

CALL GRAFITf0.O.13R3.1..0.o350.0m, 0.7.v2v?2v2H vODMP,#IH*PKT9& 004690

*-IPT|TLEXTTTLFYT1TL'EITITLEZ, ITLE3,QSEC1OTpOSEC1OI 004700

449 120 IF(KTb.LE.*) Gn Tn 12? 004T10
YCONVo-2.0 0041`20

CALL MOVEAAI '.TTTALYIIfII PTITL FY) 004730
CALL MOVE*AA(IZTYTALY21I lollTITLY2) 004?40
CALL MOVEAA(14TITALXIP@),vITLE 1) 004T50

450 CALL P0VEAA1I?PTITAL21Iv3IoTTTLE?) 004760
CALL MOVEAAf3 T17AL3I1Iv),TITLF3I 004770

00 133 11-16 001T0o
MP.O 004790
DU 124 JJs.1KT.6 0u4.00

45I TPTM(JJII.5., *(TPTq(JJItt)-32.) 004610
TWTM(JJP II)-q. F9o•(TWTO(JJ.|IJ-32.I 004820

124 7STM(JJpl1)e5.9.*O(TSTI(JJPIT)-32o) 004930
ENCOOEIb 'P1,TTLTT314I1 CHOICEL( 111 004940

140 FORMAT(F6.1I 004950

460 CALL GRAFIT(-67.ý1911..120.,320.10.,9?*,2,2,2v * 0PP9H vKT6. 004660
00pTITLEXVTITLEY9 TITLEItTITLE2,TITLE3vTMPLOT, TPTM(III )) 004870
PP.3 004'80
CALL GRAFITI-P1o7,161I'..120. 320.O.e10*97* ?v ?v .24 PP..IHI* 004890

-, oTITLEYPTITLSITTTLIPTTTLEZPTTTLF3pTRPLOTIKT6|PTPTMIKT6v 111 004900

465 CALL GRAFITt-1.7.e6IoII.120i..320.,10.,7,?. Z.2I4 ,0,PP,14 ,RT6V 004910

*0I[TLEXTITLEVTITLElP TITLE2oTITLE3,TMPLOT.IVTM(Ip f)i 004920
CALL GRAFIT(-,7..IR11 .s IO.23.v320pOo.*v 2v2,2H ,OMP,142Iv 004930

01 TITLEFXITLFPYTL. tTITLEoTITLE3PTMPLOTIKT16) v TW1 KT6, I|| 1 001.4940

CALL GRAPITI-67..1611.. 2(. 320. .10O* 2*Zp21H 0.P.PI43, 1. 004950

470 *1#IITLEX.TITLEYo TITLEItTITLE?# TITLE3PTHPLOTIXT6),TSTPIKT6 1I11) 004960
pPe? 004970

1II CALL GRAFITI-oPTolq+* I23., .3ZOee.10.*.*? ,2.H ,O,2P,4IH ,KT6, 004960
ou,1ITLXDTITTLFTITtý9t1TITL2ZDTITLE3.TMPLaT, TSTH1, II )I 004990

1?7 WRITEMi) WFTrlT.UrTflT TSECPVFVTPWGVTDPPPIMPD0OhDiDELIIDELIZ2o 005000
475 WDELTTLENM?2,?TP$SFCPASFC, RHOCPTENTFRPOSSP ISS$CPR#TMPqMTXTUNES 00O010

VVItE(2) (TtFCTI In.-10.1300I 005020
WPITE121 (TVALLtIlnjTln.i 3GO) 005030

200C FUJMAT(IX,FS.I.e9.7.,Q. ?,?FR.41, 2F6.I?..,SE12.31 005040
2311 PURAAT(lX.1FlO.'3F) 00c0o0

480 200? FORMAT(AH S-STAT o.ItvF. .2v2ZF P s I v F 7. 1 vF12.3) 005060
?004 FURMAT(I• Pt10| 01,5070

?10 FUR4ATIIM1.ALL 7G0 RAZEtl ON 70 FT TURF IN FLE•CT S.G.oII) 005080

NCAS.NCAS41 0(509,

GLI TO 5 0 L10%
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4895 10 CALL PLTEND
STOP 

009110

END 
005120
005130

SYNMPLIC EFEFRENCE MAP 4R.31

ENTRY POINT3 DEO LINE OFFEVENIfE
151 SGEvAL 1

VARIABLES SN TYPE RfELlrATlDM
2040? Alt PEAL ARRAY REFS 13 215 DEFINED 33

15 ASEC PEAL TTTL PEPS 16 24 26? 474

367 5 SETD P EAL 
DE F INE D 30 05

3663 #HF PEAL REFS 228 DEFINED 225
36b3 CmE PEAL PRES 2U4 311 DEFINED 209 110
3645 CHF0 PFAL RE Z04 311 DEFINED 166

33104 CHOTCEL PEAL ARRAY REPS 15 359 439

3713 CLP *FAL DEFINED 2?
RE13 LPs 267 DEFINED 284

S3626 CONDP 'PAt REFS 1t0 DEFINED 1z2

4 COnLS AL or RErS zo ?32 DEFINED to
12 CONnVY PEAL Ot REFS 20 216 DEFINED 121

3612 CONv RFAL REFS 329 351 363

3716 CP L PEi DnEFINED 106 292
0716 CPrE PALT REFS 275 DEFINED 267

0SCPR RFAt TTt RFS 16 Z4 166 4?4

3712 CPTV RLt DEFINED 26 as

3660 0 REAL REPFS 274 DEFINED 263REFS 203 310 nEFINED 199 306
4 DO REAL ARRAY n~flS$ REFS 16 DEFINED 172 213

20375 0D0 ' EAL ARRAY RrFS. 13 213 214

DEFINED 34
20363 ODOUT PEAL ARRAY REFS 13 172 220 325 354

3720 DDT PEAL DEFINED 37

3?20 DOT PEAL REFS 271 2*2?2 DEFINEC 7?0
172 DELF" PrAL wFrS 317 318 319

11 DEL REAL TDEFINFO 315 310% 31?
11'1 DREA 1R 24 111 152 2S9

?f- 776 ?R4 3nz 4?4

nErt.- I ?A F



'VOGRA"I IfVAL 76CU Opol* FIN 4,6 LEVEL 492 031; t 13010099

VARIABLES SO TYPE RcLnrAtTON
12 OEL? REAL T1TL REFS 16 199 163 164 294

Z 263 267 297 358
DEFINED 146 16C 162

24 DELM1 REAL YT1L REFS 16 24 105 160 0?4
DEFINED 2" 85

25 DELY2 REAL ?TtT OFFS 16 24 109 162 474
DEFINED 28 85

.10 01 REAL TITL REFS 16 24 1"8 190 193
199 216 218 255 263 29?
300 3C6 474 DEFINED 28 65

7 Do REAL T1tT REFS 16 24 254 263 474
DEFINFO 28 85

20424 Dy ReAL ARRaY .ORES. 14 268 292 342
DEFINED 274 275 276 27? 2?7

3670 01DR REAL REFS 227 220 DEFINED 226 Z2?
3706 DIM REAL REFS 268 280 206

DEFINED 259

37?27 oU6i FAL REFS 326 DEFINED 328

3730 DUn? RFAL REFS 326 326
3731 DUM3 RFAL REFS 32A
3642 EIN ReAL REFS 368 DEFINED 157
3634 EL REAL REFS 159 163 173 30174 3*179

3*176 3*177 30176 3*179 30180 30101
30182 20163 205 206 20234 20239

26244 20249 342 349 351 358

C% DEFINED 147 159 163
1016? ELPL'YT VEAL ARRAY REPS 5 380 DEFINED 349

3635 ELI 'FAL REFS 164 3'R DEFINED 148 164
12067 E.LIPLrT PFAL ARRAY RFPS 5 377 DEFINED 140 348

12543 ENERT4 OPAL ARRAY REFS 5 3R6 404
nEFINED 369 386

17 ENTYP REAL YTTL OFFS 16 24 154 474

OFFItnED 30 P5
3644 ENID RFAL REFS 315 319 DEFINED 165 209

112
33 ENTSN REAL DRips REFS 1 341 351 354 367

368 nEFINED 156
3?34 EWT700 PeaL REFS 342 DEFINFO 341

11153 ENT74Nq REAL ARRAY REFS 5 36R 396
OEFINED 367 386

7 El REAL OT RES 20 266 DEFINED 36
1) E2 PVEAL OT RErs 20 60 OEFINED 36

20427 F PrA1 ARRAY Or 14 26"
3661 G PrAL 0' 703 310 nEFINEn 200 307



dt1I'tm "ROPs 76C600 not1 rPt 4.6 LFVML 492 0311 I 13.10,

SUBROUTINE nROP3(TVALL.0PRIM.HOUTPD00UTNSWI 005140
REAL NUM 005150
OIMENSION OnOUT110(04O101 005160
COMMONITITLICP toTITpVGTOTPTSEC,#WFWTWGWTppR1IM, OI,0 OLTPDOELp 005170

C NTPSECPASFC.Rl0C*T.rNTF:R0SSP ISS•NCASoPL DELZItDELZZNZPDNZl 005180

COMMUNIDROPSQI4nL.TSATOTPINPWGIN on(Dl(1ONUp(Im o 005190
*HPP OOUT At WMOUTtMTSM 003200

C CVMPUTE 7OTAL VALL TI nl0O PAOIATTON 005zi0
XTOTwb.0 0022010 QRVTmo0 O005230

1005240
XeRHOLeNUM(TI3.1415;.'nI|1) '316,0 045290

10 XTOT-XTOT*X 905Z60
XTOT. '-XTOT 005260
ORD0.495$*IIITVALL*460)I1000.p)*04..SIIAShyp.60

4 )f10oo.;o. 00 520e0

VL-*I. R'?L O(52 go
H.HSSSPpR I•N.T4TM.SVI 005300
VOAR.VL#XOTOEIV-VLI 009310
OU 12. 1-101) 005320

20 ORW-QRDO3.1419*OI1f91 ?**?)*MUM(1) 00330

1? QRWT.OWT#QQW*1.r• I59O I (D/ 117?)1*021 OELZ /VAR14. 005340* QPRINe4PPeITVALL-TPT14l)RWT 005350

..d IF(NSV.EO.ol GO TO 17 005360
C CPPPUTE VAPOP T) fPIP FTLM COEFFICIENT 005130

25 VG.VISVIPPRTMN.TPTN) 005380
RHG*.I*V 005390
QUo-u.C 005400
00 14 101•,1 005410

R~OL(e,2qZ0fltI ~I I*0.I**005420
30 *1.o?5 005430

RE02o4.432.17T*IR'• L-s4reOOqi) P13.oRHG*0.5P 005440
REO2.RLD2#**i.56eQ4G4f0* I IVG 005450
Pc0.AMINIE~l.RCfO'I 005460
IF(PEO.NE..01 r1 TlT 11 005479

35 HD(Il.L.0 005480
GO to 14 004Q90

11 CUNV.C0NOVisPRTMPTpTp4 005500
PPviPRSTN(PP9T.T0TyII 00!510
NO(II)CUNV/(3601."n(flTE|eI2.,0.SS.R•EtC*O.Pp..033) 043520

40 14 UUO-uUD*HoIli)*ITPTN-TtATPyp3.1415qnn(3I.&?.NUMII) 005530
vUOT-guo.3.141'i•,4..Ig(( fl7.ote)$LZfVRAR 005540
CKI.40110) O 5"50
CK"2-nf(IO| 0 05586

C CPUIE nluPLET FVAS1DATTlq" 0O557.



snUTl"F OROPS 7600 O To I F0 4.6 LEVEL 452 031 a 13.10.99

49 MG4S V(PPRIno TTo IVV) 100980
t CAtCULATE %EW OQ'3P nt&qETECS 005590

VSTM.VRAR*Wf'III 39.141 5'flI'2j*'.4o*I 44o I11TOT 005600

ENTSM0.0 005610

DO 16 1-1.11 005620

0 DELDDa1-2.)PSfl#L*(4G-4SL(TSATPl)*VSTM)Iti4DI1*IITPIp- 005630

*TSATP)QRPDI•*FL? 005640

00OUT|IIeOD(T)*nEtLD 005650

IF(ODUUTII).t'T'.O.I )DOTllT(I)O. 005660

ENTSM-3.141%Q*O*•n•UTItleI316*RMTL*VSTMONU~q|T 005670

5, C*DOI**2(4*144*VqlR),E4TS" 005680

16 CONTINUE 005690

C CALCULATE MUUTP 005700

WGOUT.WGINIXTOYT-FITSM 005710

WEVAPoWGDUT-WGI4 005720

60 HOUTPOIWGIN I64gOIfUTA-QUDTI+WEVAPfHG)I I WOUT 005730

CK3.DELD0 005740

tOC FORMAATMIN #10F1',5 005750

17 RETURN 005760

END 005770

3>

SYMPOLIC RfEPENCk MAP 00,31

ENTRY POINTS DEO tl#E, PFFEPFor•S

3 DROPS "1 0

VARIABLES SN TYOF RcLnCAL•Y 4

15 ASEC RFAL TTTL RFFS 4

367 CKI 0 RFAL nEFINED 42

370 CK2 0 PFAL nEFINED 43

400 CK3 0 RCAL nEFfNEO 61

36' CONv PFA LPFFS 39 DOfIN0D 37

0 CPR PFAL TT.t RFFS 4
4 00 DEAL ARRAY IQDS PEFS 6 12 20 2e20 31

3? 19 40 '3 5?

0 0001'T PFAL ARRAY Pr, PFS 3 53 34

DEFINED 1 52 53

376 DLnDO PCAL Orr% 32 61 DfFINED 50

11 DEL- PFAL T7TT PEr" 4

I? nEL PEAL TTTL P4 4 41 50



rnU7T4 HEAnR 7600 nT-l FTN 406 LEVEL 492 0312 13.10.55

SUBROUTINE 4FPAn 005700
COMMONITITLrCPP.VPTflTpVGTOTTS1C.VFWtVGWTPPRIMN0O,01PELT.OELl, 005790

C fTPPSECPASECP941COTpr NTFRQSSP ISSvNCASvHPLZDELZIPDEMlZ IPNRNZZ 005600
NPL-1 005610
WRITE(6#10JIWVTflT.Vfif?0PTSFCUVFWT7GVTPPRIN.OD0TDELl1.DELZ2 005620

100 FORMATflHIvL4WFTlT1.F6.4, TH WGTOTF6,4,e6H TSEC., 005830
C FSo.,iH WFWTop,'.'2o6H VGWTwvF4.v7pH PPRIMspF4olp4H 000# 005040
C F5.3#44 DIep9"*3v74)ftFLPF4,2p?4 D[LZ2.,F4o2) 005950

WRITE (6, i)1J)E)INlZ.N'2,HpTPSECASECPHOCPTYENTFROSS.ISS.CPR "005860
10 110 FORNAT16H DOLT-.F4#.1.54 Np13,Sp5H NZZv3vJ4H NTe.13#64 PSECOR 005870

C FS.16H ASCC69593.694 R4OCPT.,Fb*3pTk ENTFER. 005380
C F5.30514 QSPF1So•.24 T$Se, llpH CPRopF.S.21 005890

WRITEI6*1?0)RCAS O65900
12C FORMATIO T?4T IS CASE NUMBER ',IZIP 005910

15 WRITEI6#1301 005920
130 FORMATIZXP44TTPF#?W*249LFVATION 2X,•HOPRtMP3Xp•VFOUTP 005930

C 3X.SHWGOUT.31,SNTPOUT.2XEHTVALLFp2X,54TSECFP 005940
C59#5HENTSMpT7K.44C.R o ,44HTPPT7Xv4HSHEC,8Xp ?HDTV OTNfl 005950

RETURN 005960
20 END 005970

I--*
',0

SYTPOLIC PFVE6ENCE MAP IR-31
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'.0C IKjq1,~g~ .AND*xaN.,*.EQq2j VPITEI6, 2001.1 ZTtllTt?l,'DTtZ, 006630

006650

200! FURMAT46H AVTAL.vI)4 VCNDUCTI(e. .74 MELCVP4 OUENCMvTh FRONT, 006660
70 *11,134 0ISTANCEIV(T.T.4 TEMp(Flo 144 DTIDoF/rFTr) 006670

0e1H D2TIO/Dt?(frIt**|., 006660
20IN4 FORMAT(IH #10tCJ.5) 0£6690
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.0151-03 .705E-03 .539E-03 .4141-03 .208E-03 .1191-03
316.1 389.8 397.3 040?E-01 .394E#02 .638E-02
.914E-03 .705E-03 .539E-03 .4101-03 .2889-03 .118E-03

66261-41

o6231-01

.61I1-01

06131"41

.6081-01

.603"14

.5961-01

o593E-01

.0521-01

.5771-01

.567"14

.5611-01

.5•50-01

.9401"1



VFTOTS .1 WGTO7e .1.000 TSECO400.0 V6:VTO.1.03 VCWT 0 PPWIM.40.0 00. .679 Ole 0795 OFLtIle. 16622. .10

DELTs 5.0 -.16160 '4220 50 FHTNIGO PSEC0015130 ASFC* 1 R40CPT.57.040 ENPR.0.000 0SSuI0.OO IS$&. CPfte 1.00

THIS IS CASE WUU'4UE I

0>

TIRE ELEVATION OWPS1N WFOUT

9000 4.04 .47 0.0000
.3751-02 .2251-22 *1 .%E-02
50.0 4.1.5 47 0.0•0U
*375•6-2 ,29Eo02. E.E-vZ
90,0 4.25 .46 OUOU0
9375E-02 .2?lf-02 9150E-02
Soo 4.39 .45 0.Q0UO
*375•-02 779*-02 *2150E-02
50.0 4.45 .49 0.0000
.375F-02 92291-02 * I3 54E'02
50.0 40.! .44 0.0000
.375E-02 922%F-02 .15rE-V2
50.0 4.65 *. O, 0.0000
.375E-02 .7756-02 .1506-02
50.0 4.75 .43 f•040tI
.375E-02 -*229F-02 .1l6-02
50.0 4.65 .43 0.G0O1
.375E-02 .2256-02 .15kE-02
50.0 4.95. .12 0.0000
.37;5E-02 .2252*-32 .159E-0
90.0 , 5.50 .41 ,..Wo.0
.375E-02 , •.•-02 .1 I5k-0Z
50.0 60.0 .39 l•i4jo
.375E-02 .2795-02 *149E-02
590.0 70!0 13 0o00000
.374E-02 9224W-02 .I49E-j2
50.0 • e.' .33 0.0000
9374E-02 .W41-92 • 2 49t-02
50.0 9.50 .*30 0.0000
9374E-02 .?P41-02 .149E-02
90.0 105o0 0"8 16.g0)U
.374E-02 PP4F-02 .149E-02
50.0 11. !0 Pb t4cuVj
.3746-02 .?749-12 •]49E-UZ
50.0 120?0 .06 0.0,Ou
.3?4E-02 9224F-32 ,]48L-i)Z
5006 13.,0 .95 C.000
0.3746-0 2,-46•-? oI4et-vt

50.0 14, -" o73 ~..Ijuo
*374E-07 --23F-17 .1 4tt-%;2

.4591
. 1176-8?

*459f5
.1116-0?

.4596

.4505

.45 O2

.46D -

.117F-07
.401%2

.45039

.1176-02
.4267

.116E-32
.4439

.115r-,52
.4S57

.4110

.1160-0?

.4592

TPOUT TWALLF T56CF ENTIS QCHF HIPP

317.1 389.9 397.3 *406F-01 ,39464G2 .638"42
.914F-03 .?05E-03 .539E-03 .4146-03 .299E-03 9116E-03
31.11 389.q 397.4 .435E-01 .394F402 .6366-02
9914F-03 .705E-03 9539E-03 9414E-03 .2866-03 .11E'-01
319.0 389.9 397.4 .404E-01 .3946*02 .639E-02
.914F-03 .705E-03 .539E-63 .4136-03 .2661-03 .1171-01
119.9 389.9 397.4 .4036-01 .394E*02 .6396-02
.9146-03 .7G5E-03 .539E-U3 .413E-03 .260E-03 .11TE-02
320.f7 380.9 397.4 0402E-01 .394E60Z .639E-92
.9914-03 .705E-03 .53@E-03 .413F-03 .267F-03 .117F-03
321.ýq 369.9 397.4 .401E-01 .394E*02 .639E-02
.914F-03 .7040-03 .538E-03 .413F-03 .287E-03 .116E-03
32?.t3 369.9 397.5 .400E-01 .394E#02 .639E-02
.913E-03 *704E-03 .953E-03 .4136-03 .287E-03 *116E-03
121.D 389.9 397.5 .399E-01 .394E*02 0639E-02
.91.36-03 .7C4f-0)3 .53@E-03 .41I6-03 .287E-03 .115E-03
3I3.'P 389.9 397s5 .3966-01 .394F402 *639E-02
.913F-03 .7u4E-03 .. 536E-03 .412E-03 .296E-03 .1156-03
374.5 369.9 39?.5 .3976-01 .394E60? .6396-02
.913F-03 .704E-03 .5366-03 .4126-03 .286E-03 .115F-03
33103 300.9 397.6 9386E-01 .394E*02 0640F-02
.917?-03 .702E-03 .536E-03 .4106-03 .294F-03 .1116-03
q37.'4 392.0 397.6 .374E-01 .394E402 .641E-02
*913F-03 .701E-43 .534E-03 9408E-03 .226-03 .106E-03
34 PA 397.3 397.? .3616-01 .3946*02 0642[-02
.9386-33 .6996-03 .3326-u3 .406E-03 .279F-03 .000E-02
144.0 392.5 397.6 *34@E-01 .394E02Z .644E-02
.91)6-03 .697E-03 .530E-03 .404E-03 .o76E-03 .944[-04
14P.P 392.6 39709 .336E-01 .394E*02 .645E-02
.904F-93. .695E-03. .52@E-03 .4016-03 .273E-03 .8786-04
51.5 392.4 390.0 .3246-01 .3944*02 1646E-02
.91?F-03 .693E-03 0M-66-03 .399F-03 .2706-03 .606E-04
351.4 391.3 398.1 .312F-01 .39440Z .64PE-OZ
.933F-03 .691E-03 .523E-03 .396E-03. .76?E-03 .725E-04
15A.0 393.7 398.0 .301E-01 .394E.02 .649E-02
.,901-03 .60SE-03 .5216-03 .3946-03 .264F-03 .634E-04
35.17 393.8 390.1 .29fE-01 .3944*02 .65CE-02
.096F-03 .686E-03 .519E-03 .391E-03 .260E-03 .530F-04
161.14 303 ' 390.1 .?"1-0Ol *394CO07 .6516-cl
.0o4F-•3 .6. i-0

3 .516C-01 .38PP-(3 .25?E-03 .403C 4

"SIC

• 939"1

.933"-01

.926"-01

.5201-01

0 513"-01

.5906"41

•4996-01

.4913-01

o483F-01

.474"t0

.4106-01

.6001-01

.569"-01

.5376'-01

.5016-01

.4526-01

.342F-01

.5466-01

.494f-01



0

50.0 1 ,22 0.0000 .47?7
e37?14-0k * 223F5-12 *181-%-0o2 a115c-')2
50,0 16950 *?0 O0,0010 .4733
.3736.42 .2?31-02 ,14SE-02 ,115"-02
50.0 17.50 .8 O.*u03 .4730
*373E-02 .?23•02 91*40E-02 . 114F-02
50o0 18eO .18 Q.OuvJ .4?45
3731E-02 PP231-0D2 •*717E02 *114*-02

50.0 19!,O .16 0.0(.00 .4741
.373E-02 ZZ23-5-2 *247E-02 ,11]4-02
50.0 20.50 .15 C.0000 .4757
*373E-02 92M1-32 *14?E-o0 ,11*4•-0,
50.0 21.*0 .14 f0.Uv%)g o4"63
9373E-02 .2226-l? *147L-02 .113E-22
50.0 22.00 *13 C.OuUO 470)9
.313E-02 .*?2F-02 .171-02 * I13q+-3p
50.0 23.00 .11 0.0000 .47•5
*3?72-02 *2Vtf-02 1*46E-02 . 113+-2
50.0 24'50 .12 o.Ovud .4*70
o3?72-O2 .72•-02 ,146E-02 e 1 1 3 c-(%?

90.0 25950 .1? O.OGvu .47A6
.372E-02 .77?2-02 9146t-02 .112E-02
5 ;0.0 26.50 ell Q*4,(O0 9470P
.a .3721E-02 .2211-32 .1*46L-U2 112-1-

-.J 50.0 27.50 .11 u.4ooOO .. ?97
.372E-02 * l•-•5o]4ekt-%oZ o,112r-O)P

50.0 208.0 .10 0.0000 .4'03
*37ZE-02 2211-92 *.145E-02 ,112S-02
90.0 29,!0 .10 ii.00jo0 .0*l0
.322E-02 .O'18-02 .145E-07 ., 11C-OP
50.0 3Ge.!0 .10 0.tuUU .,4114
9371E-02 9?211-2 .14*5E-02 * 1, 1i-05
50.0 31.00 .00 0.0000 .4941
.371E-02 .22•OE-02 o11, E-02 ,111:-02
50.0 32.50 .09 0.0000 .404
3711E-02 .2Pt1-92 .1 44:-oj2 o 1 1 1W-0
50.0 33o50 ,op 0.000o .442o
o3?lf-02 , •.01oF02 .1|44L--02 o,111.-')7

50.0 34.50 .00 g ,.(J(.Jl o4341
.371E-02 .??70-02 .1 441-02 . 1107-0?

367.1, 3 398.2 .2?3[-t1 .394F*02 .659
.8 02-03 .ZE1-03 .314F -03 .385E-03 .253E-03 2.- .- 04
16500 393.? 398.2 .267E-01 .394E#02 9653E-02
.',1)F-03 .679E-03 .511E-03 .302F-03 .250E-03 0.
167.15 32.1 3908.4 .261E-01 .39'E*02 *654E-02
.q*?F-03 .677E-03 .508E-03 .3?91-03 .246E-03 0.
370.-1 395.0 390.3 .2551-01 .304E*02 06591-02
,8P5F-03 .674E-03 .906E-03 .376E-03 9242E-03 0.
372.12 39!.Z 398.4 9249E-01 .34E*102 .655E-02
,8839-03 .67Z1-03 .503E-03 .3731-03 .236E-03 0.
37,.0 395.3 318. 5 .23E-01 .394E*10 .656f-02
.8801-03 .669E-03 .5001-03 .370E-03 .234E-03 O0
375*4 395.4 348.6 .237E-01 .394E402 .65?E-02
.878E-03 .667E-03 .47?E-03 .367F-03 .229E-03 O0
37A.1. 395.2 398.6 .231F-01 .391E*0Z .657E-02
."75E-03 .664E-02 .494E-J3 .3631-03 .225E-03 0.
377.r? 396.3 398.7 .225E-01 .394E*OZ .658E-02
*973F-03 *661E-03 .491E-03 .3601-03 .221E-03 0.
3170'1 396.4 398.6 .22%E-01 .394*402 .659f-O0
.A73E-03 .659F-03 .408E-03 .357F-03 .216E-03 0.
370.15 396.4 398.? .214E-01 .394E*02 .6591-02
.,',qF-03 .6561-03 9405E-03 .353E-03 .2I1E-03 O0
30.1? 396.5 39087 .200E-01 .394F402 .6601-02
.8651-03 .653E-03 *482E-03 .3501-03 .206E-03 0.
380.9 396.5 390.7 *203E-01 .394E*02 .6601-02
.P63F-03 .681E-03 .479E-03 .346F-03 .202E-03 O0
I81.4 396.5 398.7 .19?E-01 .39*402 .6611-02
.Rh3f-03 *649E-03 .476E-03 9343F-03 .1971-03 O0
381.9 396.5 398.7 .121-O .39*1E+O0 *662E-02
.88?1-03 .645E-03 .4731-03 .339F-03 .191E-03 0.
382.'3 396.4 398.7 *1"6E-01 .394E*O o6621-02
.4q5F-03 .642E-03 .4701-03 93351-03 .106E-03 0.
182.17 396.4 398.7 *181E-01 .394E*02 .6631-02
.8652-03 .641i1-03 .46?E-03 .332f-03 .1811-03 0.
183.0 396.2 398.7 .1761-01 .394E*O .663E-02
.85J1-03 .637E-03 .464*-03 *328E-03 .175E-03 0O
303.2 305.2 308.8 .1711-O1 .3944*02 .66*E-02
.*4?7-03 .634E-03 .461E-03 ,324t-C.3 .1701-03 0.
IRI.M 396.1 3980. .166F-01 .394E#02 .665F-02
.844E-03 .631E-03 .43RE-u3 .321E-(3 .164E-03 0.

0 46of-ol

.4101-01

.263F-01

*951-01

043•-.01

94041-01

,35616-01

.502•-01

.4861-01

.4726-01

.45?E-01

.4421-41

4026"41

.4091-01

.364"-01

.3?21-01

.7916-01



WFTOTo *I VGDTOw 9Otu TSECO4.00.0 wr VT1.1 VGWT 0 PPRIM040-0 00% o675 010 o?75 OULZmlo. IfL. .10
OILT? 1.0 e.1-tO 4Z28 No NTuIOO PSEC.N'0.0 ASEC. G1 R4OCPT.17.040 ENTFR-0.000 05oj1.OO ISS.- CPR. 1.00

NhIS Is CASE NU4nE8 1

TIME ILEVATTOM OPtN ' WFOUT

50.0 350,0 *OR CoOugO
*371E-02 *'221-S2 .144E-UZ
90o0 365o0 .0o i.Gouiv
*370E-02 .22?3-02 .144E-02
50.0 37o00 oOR 0.0000
9370E-02 .219F012 ,1433-vZ
50.0 36.50 .06 0.0000
.370E-02 o?1QF-*2 .343E-uZ
50.0 39.50 .OD 0.00m)
*371-02 .?11F-02 .143E-02
50.0 40*!0 .08 GOVU0
.370E-02 .719F-02 .143E-02
50.0 41.50 Of ,.00%I.DO

*3?0E-02 .719F-02 .142E-02
50.0 42.50 .07 (1.0000
.3701-02 .21FE-)2 o,1.2E-YZ
50.0 43.o0 .07 G.C303
*369E-02 .219E-12 .142E-02
50.0 4'4.50 .07 ujocu
.369E-02 .2161-02 .o12k-OZ

.369E-02 .218F-02 .142E-02
90"0 46.50 006 0.0000
9369E-02 *21@F-02 o141E--UZ
50.0 47.50 .07 C.C.00
0369F-02 .214 F-52 .141E-i02
50.0 48*50 .06 i..C...J
o369E-02 .21?1-0?2 .1410-o
90.0 4.9.0 .06 V.tvoo
*3661-02 .2171-32 .14it-0z
50.0 50.50 .06 1,. #,,)00
.368E-02 .2171-22 .1 4%iE-4i2
5000 51.50 .05 0.0000
.368E-02 .. 71?-02 .21o0-02
50.0 52.50 .05 t.wouij
.3681-02 .PEo-02 .140L-02
50.0 53.30 .25 c , .1L.j-
.36@E-02 .?16P-02 .14CE-v2
50.0 5'.. -' .0" ~cu

.4q43
0110t-02

. 11(1•-02
,4q5p

. 109F-0r
.4 57

,109r -O

1091-02

" 1W8 -')
.4q7q

.4471108F-0?

044?7lw8C-02

.1Ce-0 2
.4qP?

107C-02

.107€-0?

.4304

.1C7C-02

e4qQ@

.4*07
. 1056-'1

TPOUT TVALLF TSECF ENTSM OCUF HTPP

i8s.e 396.1 398.8 .161E-01 .394*E*O *665E-02
.8421-03 .6781-03 .455E-03 .31?E,03 .158E-03 0.
384.*2 397.0 398.8 .157E-01 .391E*02 .666E-02
.0139-03 .626E-43 .4S1E-03 *313E-03 .15?1-03 O.
384.0 397.0 398.7 .9152-01 .39*4E02 066GE-02
.81?F-0l .623E-03 .449E-03 .309F-03 .146F-03 0.
315.0 397.0 398.7 .1481-01 .394F#QZ .667E-02
.834F-03 .62O0-03 *445E-03 .305E-03 .139E-03 0.
335614. 397.0 .390.7 .143E-l1 *

39
'4.l'

1  0667F-02
.*11F-03 .61?E-03 .442E-03 .301E-03 .13ZE-03 O.
1465r 397.0 398.7 .139E-01 .394E40? .668F-02
.A 9"-03 .614E-03 .439E-03 .29,E-C3 .125E-03 0.
Iq6o0 396.9 398.7 .135F-01 .394E*02 .668E-02
.087S-03 .611E-03 .435E-%3 .294E-03 .116E-03 0.
I84.1 396.9 39e.7? 131E-01 .394[*02 .660[-02
.891F-J3 .bURE-03 .432E-03 .2901-03 .110E-03 0.
366.6 396.9 398.7 .127E-01 .394E102 0669E-02
*RP1E-03 *606E-03 *429E-03 .285E-03 .102E-03 O0
36op 396.8 396.7 *123E-01 .394E+02 .669E-02
.814E-'3 .603E-33 .425E-03 .281E-03 .927E-04 0.
397.1 396.6 398.6 .119F-01 .394E*OZ .6701-02
.gISE-03 '.600E-33 .. 22•-03 .27?E-9,3 .830E-04 0.
387.p? 395.8 398.7 *116&-01 .394E102 .670-02
*A13F-03 .597E-03 .419E-03 .2?3E-03 .723E-04 0.
3"7016 397.0 398.6 .113E-01 .39'.102 .611E-02
.U13F-03 *594F-03 .4151-03 .?69F-03 .6011-0. 0.
ipp.0 397.0 398.6 .109E-cl .394E*02 06.71-02
.81?7-03 .391E-03 94121-43 *265E-03 .45TE-04 Of
380.13 396.9 398.5 .107E-01 .394(#0? .6711-02
.'4006-03 088BE"03 .409E-03 .260E-03 .270E-04 Oo

368,i7 396.8 398.4 .104E-01 .394.+02 .6?7E-02
*."2-03 .595E-03 .405E-03 9256F-03 0. S0O
lqq.o 396.6 300,3 .IUIE-01 .394E*02 .67?1-02
#79)r-03 .582E-'33 .402t-03 .251E-03 0. 0.
3.14- 197.1 3Q8.1 .985E-OZ .394E102 .67ZE-02
.7961-03 .579E-03 .398E-03 .24?E-03 L. 0.
3P9.2 397.0 398.2 .960E-0? .394E+02 .6721-O
.7134F-03 .5761-3)3 .395E-03 .2E21-03 4. 0.
390.0 396.' 398.2 .9351-0Z .3941&C2 .673[-C-
.*7'21-03 .5 -i-01 . 391F -u3 ,23PE-0• C. 0.

"SEC

.2891-01

.0901-01

o4.30I-41

4q3VE-01.420"1-

'416E-01

o03F-01

.3991-01

3i'.1-Ol
o3?4"-O

,356E-01

3331E-01

.300E-01

.356F-01

.336"1-

0312"1-

.2761-01

.3591-01

.3E1-01

.324E1-01



9000 0 o09 0.0000 ,4404 390.3 3 398.1 .9101-U2 .394E*02 o67" ,3041-01
36$E-00 *o716F-02 ,139L-02 o105-02 *7B0F-03 fOE-03 *3881-03 ,233E-03 O0 0.

5o.o , 560.0 .4 4.400 • 4 4t1 90.o'. 396.8 198.1 .885E-02 .394E#02 .6731-02 st .•2 4-
*367E-02 .2&1-602 *139E-42 * uW2-0 P .70S-03 .*67E-03 .3841-03 .2268-03 0. 0*
30.0 5700 .04 , 400%0O .4.14 300.* 396.6 390.0 ,6b1-02 - 394E*02 0674F-02 o2451-01
.367E-02 .?16-E02 '.139f-vu .1C,-32 *743E-03 .564E-03 *3IE-03 .223E-03 0. 0.

000 59050 .04 0.0000 o4210 391.M 397.f; 398.1 .8371-02 .394E#02 06741-02 .329101
*367E-02 o215E-02 .139t-02 o104E-02 o7801-03 .*61E-03 9377F-03 .218E-03 0. 0.
0.0 39.50 .04 4,.IoUO ,4719 391o. 390.9 398.0 .814E-02 *394E*02 o6741-02 031E"1-6

.. 367E-02 .?151-02 *136E-02 * 1041-0P .77?E-03 *558E-03 o374E-03 9213E-03 0. 0.
50.0 600.0 .04 0.oiOo .4021 391.11 3960. 397.9 *791E-02 .394E*02 O6741-02 02961-01
,36?7E-02 .1gf-02 o138E-02 *o104-09 *7?4f-03 *555E-03 o370E-03 o209F-03 0. 0.
50.0 61.50 *04 0,0000 04921 39Moe 396.8 397.6 *769E-02 .394E102 .731E-02 .260-o01

367E-02 *2191-02 o o138-02 e103S-J2 .772-03 .552E-03 .360F-03 .203E-03 0. 0.
50.0 62050 .04 0o0000 .4215 391.13 396.6 397.7 .747E-OZ .394E102 .6?0E-0- .2971-01
.366E-02 *219F-02 o138E-02 .103S-Of .7691-03 .549E-03 .363E-03 .1961-03 O. 0.
50.0 63.50 .04 0.000a o40?7 391.14 396.4 397.6 .?25E-02 .394E*02 .6731-02 0221E-01
.366E-02 .214E-02 .138k-02 *103-0;! .1*6E-03 .546E-03 *359E-03 *192E-03 0. 0.
50.0. 60.50 04 (,00UO o4093 391.03 3960.7 397.0 .7000-02 .394E*02 0675F-02 .301E-01
.366E1-02 .214-02 .137E-02 *103F-02 o7'-3E-03 .543E-03 *355E-03 .1871-03 O 0.
9000 605.0 . .04 o0.400 .4930 391.5 396.7 397.5 .702E-02 93940402 .6761-01 .292"-01
.361E-02 o714-02 .137E-02 *10 3 S-02 *763F-03 9543F•-3 .3551-03 .1861-03 O 0.
9 50.0 69.15 o04 0*,OOO .4230 391.o 396.7 397.3 97001-02 o394E102 .6760-02 .2901-41
.366E-02 .2141-52 .13?E1-02 o31-O? .763F-03 .542E-03 .359E-03 .1861-03 0. 0o
50.0 69. 5 .04 0O.O00 .4930. 391.0 396.? 397.5 .69@E-02 9394E402 *6761-02 oOTE-01
*366E-02 .214•-92 .1371-02 e 1 0 3 !- 0 ? .7421-03 .5421-03 *354E-03 .15E1-03 0. 0.
50.0 69035 .04 000000 .4910 391.63 396.6 397.3 .6961-OZ '394F402 .6701-02 .2671-01
.366E1-02 *141-02 .13?7-02 ,103-02 .*762E-0 .5421E-03 .334F-03 *189E0-3 Q. 0o
30.0 63,45 .o34 U.0.O0 .4031 39r.15 396.6 397.4 .6941-0? .3941402 .6701-02 0209F501
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