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ABSTRACT

This document presents the results of two decompression experiments
(Tests 824 and 825) performed in the Semiscale Blowdown and Emergency Core
Cooling (ECC) Project as part of the Water Reactor Safety Program of the
U. S, Atomic Energy Commission. Semiscale Tests 824 and 825 were initiated
by hot-leg breaks of a system that includes both an operating loop and a vessel
with simulated core, and were the first semiscale tests in which electrical
power was applied to the core. The objective of these tests was to obtain
experimental data relative to the effects of an initial temperature difference
across the core, core heat addition, and steam generator heat removal on
decompression phenomena. This objective was accomplished.

The purpose of this report is to present the data from Semiscale Tests
824 and 825 in sufficient detail to be directly usable by those groups engaged
in loss-of-coolant accident (LOCA) analysis development for pressurized
water reactors. The decompression test results presented include pressure,
fluid and material temperatures, density, thrust, and loop strain, and de-
rived flow rates and core heat transfer coefficients as functions of time.
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SUMMARY

The objective of the Semiscale Blowdown and Emergency Core Cooling
(ECC) Project is to provide the experimental data base required to access
the capability and adequacy of analytical models which are used to quantify
thermal-hydraulic phenomena in large pressurized water reactors during a
LOCA, The project is part of the Water Reactor Safety Program of the U. S,
Atomic Energy Commission,

Semiscale Tests 824 and 825 were initiated by hot-leg breaks of a system
that includes a vessel with infernals and one complete operating loop, and
were the first semiscale tests employing an electrically heated core. The
objective of these two tests was to obtain experimental data relative to the
effects of an initial temperature difference across the core, core heat addi-
tion, and steam generator heat removal on decompression phenomena. An
evaluation of the experimental data for both tests has shown that the data are
consistent and that measurements of fluid properties as functions of time and
location in the system are adequate to provide the experimental data needed
to evaluate the capability of analytical models to predict LOCA behavior.

The purpose of this report is to present the data from these two tests
in sufficient detail to be directly usable by those groups engaged in model
development for the analysis of the LOCA in a pressurized water reactor
(PWR). The individual variables measured at each system location are
presented for the two tests. The results are compared for the two tests to
show effects of the different test conditions. Where possible, data have been
given in engineering units and plotted for convenience of interpretation.
Local heat transfer coefficients have been derived from heater rod surface tem-
peratures and fluid temperatures, mass flow rates have been derived from
density and drag disc measurements, and local qualities and void fractions
have been estimated from fluid state measurements. Corrections have been
applied to the data. The techniques for these corrections are described and
raw data are provided as appendices.

A summary of observations noted in analyzing the data for consistency and
accuracy is presented. These observations qualitatively identify the influence
on the decompression process of the primary variables being investigated,
The more significant observations noted include the following:

(1) Subcooled expansion of the liquid was complete about 70 to
80 msec after system rupture. The fluid at the lower initial
temperature (cold leg) remained subcooled, however, until
the system decompressed fo a pressure corresponding to
the saturation pressure for a localized temperature.

(2) Severe pressure oscillations occurred across the semiscale
steam generator during the subcooled portion of blowdown for
Tests 824 and 825. A maximum pressure difference of £400
psi occurred immediately after rupture. The pressure differ-
ence diminished to + 100 psi within 30 to 40 msec.

(3) The calculated fluid flow rates indicated that the core flow
during the transient was affected by the duration of core
power. The density of the fluid in the loop was not greatly
affected by continuation of core power after rupture.
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Departure from nucleate boiling (DNB) occurred at the top
elevation of the center heater rod 12.5 sec after rupture for
the test in which core power was maintained after rupture
(Test 825). The temperature of the heater subsequently in-
creased at a rate of about 150°F/sec. Wetting of the cladding
surface was quickly reestablished after core power was
terminated.

The heat transfer coefficient for the pin surfaces increased
immediately after rupture to a value 2 to 7-1/2 times the
steady state value.

At DNB the heat transfer coefficients for the heater pin
surfaces dropped to essentially zero. After core power was
terminated the heat transfer coefficient for the heater pin
surfaces rapidly increased as wetting was reestablished.

The amount of water remaining in the system after each test
was 2 to 3% of the initial water inventory. The operation of
the steam generator during blowdown (Test 825) resulted in
some water remaining in that section of the system,
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SEMISCALE BLOWDOWN AND EMERGENCY CORE COOLING (ECC)
PROJECT TEST REPORT -~ TESTS 824 AND 825

I. INTRODUCTION

The Semiscale Blowdown and Emergency Core Cooling (ECC) Project[1]
consists of experiments to investigate the hydraulic, thermodynamic, and
mechanical behavior characteristic of pressurized water reactors (PWR’s)
during a loss-~of-coolant accident (LLOCA), The project is part of the Water
Reactor Safety Program of the U. S, Atomic Energy Commission.

The primary objective of the semiscale project is to provide the ex-
perimental data base required to access the capability and adequacy of analytical
models which are used for quantifying thermal-hydraulic phenomena in large
PWR’s during a LOCA. The following information is needed:

(1) System decompression characteristics and fluid mass flow
from the system.

(2) The availability of primary coolant to the core during blow-~
down,

(3) The heat transfer mechanisms controlling core thermal re~
sponse during system decompression.

(4) The demand requirements for ECC delivery to the core and
the importance of various system and break parameters
affecting that demand.

(5) The effect of ECC injection on primary system decompression,

(6) The forces generated during blowdown and the mechanical
response to those forces by system components.

The experimental approach is to first quantify individual phenomena in
simple geometries with break size and location as independent variables.
Once each phenomenon is quantified, the coupling between the various phe-
nomena controlling hydraulic behavior during decompression is investigated
by systematically increasing the system complexity until essentially all aspects
of a large PWR are simulated.

The semiscale tests discussed in this report employed a vessel with
internals (simulated core) and one complete operating loop. Tests 824 and 825
were the first semiscale tests in which electrical power was applied to the
simulated core. The objective of these two tests was to obtain data relative
to the effects of an initial temperature difference across the core, core heat
addition, and steam generator heat removal on decompression phenomena, Data
obtained in these tests remain fo be compared with the results of previous
semiscale tests with an identical system configuration but without core heat
(Tests 821, 822, and 823)[2,3]. Semiscale test results have been reported for



tests involving vessels with and without unheated internals[4] and for tests
with the present single-loop system configuration but without vessel inter-
nals[5].

The purpose of this report is to present the results of Tests 824 and
825 for the benefit of those groups engaged in model development and eval-
uation. Included in this report are a description of the hardware configuration
and test conditions, an account of procedures and the sequence of events for
these first tests involving applied core heat, a presentation of the measured test
data, and a discussion of the test results with a summary of observations.
Also included, as appendices, are a summary of the data recorded, the methods
used to normalize the data, and examples of the digitized test data for Tests
824 and 825,




II. HARDWARE CONFIGURATION AND TEST CONDITIONS

Specific information on the single-loop semiscale system hardware con-
figuration, operating procedures, data recording equipment, and data processing
techniques has been presented previously([6]. Figure 1 shows the general
arrangement of components for the single-loop tests. Tests 824 and 825 were
conducted with the rupture disc assembly attached to the vessel outlet tee
and with the blowdown nozzle orificed to 109 (0.009 ft2) of the pipe cross-
sectional area.
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Pressurizer
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2ndno = Distance from Stotion | (feet) (an INC- A-14619
3rd no = { ) Elevotion (feet)

Fig. 1 Single-loop semiscale system.

Tests 824 and 825 were the first semiscale tests performed with applied
core power. The electrically-heated core utilized in these tests consists of
120 heater pins located in the vessel in a triangular pattern on a 31/32 in.
pitch. The vessel internals, heater rod positions, and thermocouple locations
are shown in Figure 2. The carfridge-type heater rods are clad with 65-mil,
0.44-in.-0OD Nickel-200 and have 9-in, Nichrome heating elements. The heated
length is insulated with boron nitride;the remainder is insulated with magnesium
oxide. The heater rods are capable of operating at a heat flux of 1000 W/in,2
giving a total core power capability of about 1.5 MW,

The test conditions for Test 824 were selected to permit investigation
of the effect of an initial temperature difference across the core on fluid
behavior during decompression. An initial core temperature difference of
50°F was established through application of core heat prior to rupture. The
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Fig. 2 Vessel internals and heater pin and thermocouple locations.




core power was shut off essentially simultaneously with rupture. Steam gen-
erator operation continued throughout decompression for Test 824,

In order to evaluate the effects of heat addition during blowdown on fluid
behavior, core power was continued after rupture for Test 825. The core
heaters were shut off when the temperature of the heater rod cladding reached
900°F, about 14 sec after rupture. For Test 825, the secondary flow through
the steam generator was terminated at the time of rupture.

Table I summarizes the initial and test conditions for Tests 824 and 825,
A summary of the test procedures and sequence of events for both tests is

included in the next section.

TABLE T

INITIAL AND TEST CONDITIONS FOR SEMISCALE TESTS 824 AND 825

Test 824

[a]

Vessel internals
ECC system
Break location[b]
Break ares (ft2)
Rupture technique
System pressure (psia)
Temperature (°F)

Vessel outlet
Vessel inlet

System total pressure drop (psi)
Core power (MW)

Steam generator operation

Water analysis

Dissolved gases — cc(STP)/kg
Suspended solids (ppm)

pH

Electrical conductivity (umhos)

O-in. core
None

Outlet
(hot-leg tee)

0.009
Overpressure
2262

640
590

Lo.6

1.07
(Off at rupture)

On throughout
blowdown

120

95
6.0
15.6

[a] Vessel internals shown in Figure 2.

[b] Break location shown in Figure 1.

Test 825

9-in. core
None

Outlet
(hot-leg tee)

0.009
Overpressure

2282

600
560

40.6

1.10
(off at 1b sec
after rupture)

Off at rupture

60
1h2
5.9
11.




I1l. SEQUENCE OF EVENTS FOR SEMISCALE TESTS 824 AND 825

Tests 824 and 825 were the first semiscale tests performed with applied
core heat to produce an initial temperature difference across the core. Pre-
vious tests on the same system were conducted from isothermal initial con-
ditions. As mentioned in the previous section, the primary difference between
the test conditions for Tests 824 and 825 were the durations of core heat
application and steam generator operation. The major events and their sequence
for both tests are displayed in Figure 3.

Pretest procedures were essentially identical for Tests 824 and 825.
Warmup of the system to the desired system pressure and isothermal tem-
perature was achieved by operation of the two auxiliary heaters (Figure 1)
in the auxiliary circulation loop. This process required about 8 to 10 hr, During
warmup, the excess fluid due to thermal expansion was drained from the
system through a throttle valve near the pump inlet.

About 10 to 20 min prior to test initiation, the auxiliary heaters were
turned off and the block valve in the auxiliary loop was closed. Steam gen-
erator operation was initiated and about 0.85 MW power was applied to the
core to continue heatup. The power was gradually increased to the desired
pretest level (about 1.1 MW). The initial core temperature difference and
the temperature distribution throughout the loop were established by throttling
the flow and concurrently controlling the steam generator secondary spray.
Just prior to system rupture, the pressurizer makeup pump and auxiliary heaters
were turned off.

System rupture was initiated by overpressurizing the outer rupture disc
of the rupture assembly in the blowdown nozzle; system pressure immediately
ruptured the inner disc within 1 fo 2 msec. For both tests, the blowdown
nozzle was attached to a tee at the vessel outlet and was orificed to a flow
area of 0,009 ft2, or 10%, of the pipe cross-sectional area,

For Test 824, core power was shut off at rupture. Steam generator op-
eration continued throughout the test. For Test 825, the steam generator
was shut off at test initiation. Core power was continued for about 14 sec
subsequent to rupture.

Pump power for both tests was shut off at 16.5 sec. The decompression
process for both tests wasessentially completed within40 sec of system rupture.




Warmup of system using auxiliary heaters (starting 8 to 10 hr prior to
test)

Auxiliary heaters off - steam generator on - heatup continues by application
of core power (10 to 20 min prior to, rupture)

Core AT established - pressurizer makeup pump off just prior to rupture

System Rupture

(t=P)
! |

Test 824 Test 825
Core Power Off Steam Generator Off
(t=0) (£+=0)
(Steam Generator Left On)
Core Power Off
(vl sec)
Pump Power Off Pump Power Off
(16 sec) (16 sec)
Decompression Decompression
Complete Complete
(vho sec) (vho sec)

Fig. 3 Sequence of events for semiscale Tests 824 and 825,



IV. PRESENTATION OF TEST DATA

This section presents and discusses the measured test data for Semiscale
Tests 824 and 825. A summary of the measurements made for these two tests
is included in the appendices. This sectionincludes discussion of fluid pressures,
fluid and material temperatures, fluid density, system thrust, loop strain, and
water remaining in the system following decompression.

Section V of the report further discusses the test results from the standpoint
of certain variables (for example, flow rates and core heat transfer) calculated
from measured test data. An additional measured quantity, momentum flux, is
included in the discussion of the fluid flow in Section V. Momentum flux data
are used in conjunction with density data to determine the flow rates.

1. PRESSURE

Because of the different phenomena controlling system behavior during
the subcooled and saturated portions of decompression, presentation and
discussion of the pressure measurements is divided into two sections. The
first section, subcooled decompression, presents short-term data obtained
for the first 70 to 80 msec of the blowdown transient. Subsequent (long term)
pressure data are reviewed in the second section, saturated decompression.

1.1 Subcooled Decompression

The short-term pressure measurements recorded at the vessel inlet
and outlet nozzles and the vessel outlet plenum for Tests 824 and 825 are
shown in Figures 4 and 5, respectively. The first decompression wave recorded
at the vessel outlet nozzle (break location) in both tests occurred 1 to 2 msec
before system rupture and results from a volume change caused by yielding of
the upstream rupture disc prior torupture. The second, and largest, decompres-
sion wave results from the rupture itself; pressure fluctuations at the outlet
nozzle are 250 to 350 psi. Comparisons of the vessel outlet nozzle pressure
traces (P-1) with those for the vessel outlet plenum (P-0-1S) in Figures 4 and 5
show that the severe pressure fluctuations occurring near the break location are
not transmitted into the vessel. The firstpressure fluctuations at the inlet nozzle
(P-14) for both tests occur some 25 msec after rupture which corresponds with
the approximate sonic fransport time around the loop (Stations 1 to 14, about
65 ft of pipe).

The short-term (subcooled) in-vessel pressure data from stations in
the outlet (P-0-185) and inlet (P-I-18) plenums for Tests 824 and 825 are
presented in Figures 6 and 7. Included in these figures is the difference between
the inlet and outlet plenum pressures (that is, the pressure difference across
the core), During subcooled decompression, a maximum core pressure dif-
ference for the two tests of 40 to 70 psi is indicated; in both cases, the max-
imum occurs within a few milliseconds after system rupture. Later in the
subcooled decompression, the data for Test 824 (Figure 6) show a positive
pressure difference (the pressure drop is in the direction of normal flow)
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whereas the data for Test 825 (Figure 7) indicate a negative pressure dif-
ference (the pressure drop is opposite the direction of normal flow).

The inlet and outlet pressures of the steam generator during subcooled
decompression for Tests 824 and 825 are presented in Figures 8 and 9 along
with the pressure difference across the steam generator. Differential pres-
sure oscillations occur throughout subcooled blowdown and beyond, peaking
¢ 400 psi) immediately after rupture but diminishing to + 100 psi within 30
to 40 msec.

1.2 Saturated Decompression

The subcooled phase of decompression is complete within 70 to 80 msec
following rupture for Tests 824 and 825. Fluid pressures during the major
portion of subsequent decompression generally follow saturation conditions.
Exceptions exist in both tests, however, in the early stages of saturated de-
compression (that is, during transition from subcooled decompression) when
the fluid conditions at various points in the system have not yet fully reached
saturation. Of particular significance from the standpoint of core integrity
are the pressures in the vessel inlet and outlet plenums, shown for the first
few seconds of decompression in Figures 10 and 11 for Tests 824 and 825. The
indicated difference in pressures is small (less than 70 psi) during this period
for Test 825 and for at least the first two seconds for Test 824,

The initial temperature difference between the inlet and outlet plenums
for both tests was of the order of 40 to 50°F. The corresponding pressure
difference for saturation conditions would be about 400 to 500 psi, signifi-
cantly greater than the difference in measured pressures. The conclusion is
that saturation conditions consistent with the initial cold and hot leg tempera-
tures did not exist in both the inlet and outlet plenun s of the semiscale vessel
during the initial portion of saturated blowdown for Tests 824 and 825. This con-~
clusion is supported by fluid temperature data presented in the next section.
Briefly, the temperature data show that the fluidin the inlet plenum is subcooled
for the first 2.3 sec of blowdown in Test 824 and the first 3.2 sec in Test 825,
As shown in Figure 10, the inlet plenum pressure becomes greater than the
outlet plenum pressure for Test 824 as soon as saturation conditions are reached.
The abrupt recovery and subsequent magnitude of the inlet plenum pressure
after 2.4 sec in Test 824 are not supported by other test data. The unaccountable
difference between inlet and outlet plenum pressures, if real, indicates that
flow through the core continued in the normal flow direction and that a strong
fluid coupling existed across the core.

Complete vessel pressure histories for Tests 824 and 825 are presented
in Figures 12 and 13. Saturation conditions throughout the vessel are reached
only after the outlet plenum pressure has decreased to a value which corre~
sponds to saturation at the inlet plenum temperature. Until saturation occurs,
the cold leg fluid is a subcooled liquid. Due to the temperature sensitivity of
the pressure transducers, the digitized data have been corrected for thermal
drift in accordance with the method outlined in Appendix B. Nevertheless,
caution should be used in relying on the absolute pressure values for the
latter portion of blowdown.
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Examples of the digitized pressure histories at various locations in the

system for Tests 824 and 825 are presented in Appendix C.

12




2400

80

T T T 7 T T T T
AR
2200} v \\ i
\ : \
(Y
2000} M\ AL |
© \v' \i«
w
2 N
\
o 18001 k«' /Steam Generator Outlet (P-6) |
5 Steam Generator
o Iniet (P-5) ‘/\
et
£ \f
1600}~ ,,\ ]
W \
N D
\,__/\\ ~
1400+ _/V i ol ‘*«-
{200 I | | It i | L {
2 400 T T T T T T T T
5 AP= (P-6)—(P-5)
= 2001 .
q)ig,' © o \/ :
@ —200 :
v
<
a ! i | | | { i !
-40
—90 0 10 20 30 40 50 60 70
Time after Rupture (msec) INC-B— 17704
Fig. 9 Steam generator pressures during subcooled decompression - Test 825,
2400 T T l I T T T T
2000 .
o Inlet Plenum ( P-1-1S)
&
@
s 1600
a
e
a
Outlet Plenum ( P-0-1S)
1200+ S o e o
8 ! I 1 1 i i ] ]
98.4 0 04 08 12 1.6 20 2.4 28

3.2

Time after Rupture {sec) INC-B-{7705

Fig, 10 Vessel pressures during the initial portion of saturated decompression - Test 824,

13



2400

2000

T

8
[

™

Q

o
T

Pressure (psig)

800

_ /Outlet Plenum({ P-O-1S) —

200 ey o —

Intet Plenum (P-I-1S)

| | | | | | |

-0.4

0.4 08 1.2 16 20 2.4 28 32
Time after Rupture (sec) INC-B-17706

Fig. 11 Vessel pressures during the initial portion of saturated decompression - Test 825,

2400

2000

1600

Pressure ( psia)
N
o
e}

800

400

-400

] | I | | | |

-10

10 20 30 40 50 60 70 80

Time after Rupture ( sec)
INC-B-i7707

Fig. 12 Vessel pressure history for Test 824,

14




Pressure {psig)

2400 T T T T T T 1 T

2000 Intet Plenum ( P-1-1S)

1600

I

1200~ -1

Outlet Plenum{(P-0-1S)

800

400+~

-400 1 1 | | | i 1 i
-10 0 10 20 30 40 50 €0 70 80

Time after Rupture (sec) INC-B-17708

Fig. 13 Vessel pressure history for Test 825.

2. TEMPERATURE

The presentation of measured temperature data is separated into a section
on fluid temperatures and a section on material (pin cladding and insulator,
vessel internals, and piping) temperatures. All temperatures recorded during
the decompression tests were measured with Chromel-Alumel thermocouples.
The overall accuracy of these measurements is considered to be within+ 59
of full scale (within+ 30°F).

To improve the accuracy of the initial fluid temperature measurements,
resistance temperature bulbs (RTB’s), with an accuracy within + 1°F, were
installed at strategic locations in the system. All fluid temperature data have
been normalized at the initial test conditions to agree with the initial temper-~
ature indicated by the closest RTB. The accuracy of the normalized {ransient
temperatures is estimated to be within +£1% of full scale, or within+ 6°F,

2,1 Fluid Temperatures

The initial temperatures for Tests 824 and 825, given earlier in Table I,
are reproduced here for convenience,
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Test 824 Test 825

Vessel outlet 640°F 600°F
Vessel inlet 590°F 560°F

These temperatures represent, within a few degrees, the hot and cold leg
initial temperatures for both tests; initial temperature drops exist across the
steam generator comparable to the initial temperature rises across the core.

In general, the fluid temperatures drop slightly upon system rupture and
during the subcooled expansion of the fluid. As soon as the fluid near the break
(vessel outlet nozzle and outlet plenum) has expanded to near-saturation
conditions at the local temperatures, the temperature of fluid in this vicinity
decreases with saturation temperatures for the balance of decompression.
Figures 14 and 15 present in-vessel temperature measurements for Tests
824 and 825 for the early portion of the blowdown transient. For both tests,
the outlet plenum temperature drops rather sharply due to subcooled expan-
sion of the fluid for the first 0.2 sec following rupture. The larger and more
rapid temperature drop in Test 824 (Figure 14) is due to a lower initial degree
of subcooling (higher initial temperature at comparable pressure). Following
the initial temperature drop, the outlet plenum temperature decreases at a
reduced rate corresponding to rate of decrease of saturation pressure in the
outlet plenum,
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gzig. 14 Vessel plenum temperatures during the initial portion of saturated decompression - Test
4.
The inlet plenum temperatures, also shown in Figures 14 and 15, do not

exhibit initial decreases during subcooled fluid expansion comparable to
those of the outlet plenum temperatures, Inlet plenum temperatures remain ;
nearly constant for the first 2 to 3 sec of blowdown; during this time, fluid
in the inlet plenum (and the cold leg) remains in the subcooled state. Only
after the fluid in the outlet plenum and hot leg reaches a state commensurate <
with saturation conditions for the inlet plenum and cold leg does the inlet
plenum temperature start to drop significantly, As mentioned previously
in the presentation of pressure data, and as indicated by Figures 14 and 15,
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this event occurs at 2.3 sec for Test 824 and 3.2 sec for Test 825, Figures
16 and 17 show the entire transient femperature history for in-vessel loca-
tions. The rate of vessel fluid temperature decrease was similar for the two
tests during the major portion of saturated decompression.
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Figures 18 and 19 present fluid temperature histories recorded at vari-
ous loop locations for Tests 824 and 825. The temperature at the steam gen-
erator inlet, for both tests, dropped momentarily a few seconds after rupture
to a value below the cold leg temperature. This temperature dip is a result
of colder fluid (500°F), blown down from the auxiliary loop (Figure 1), reaching
the steam generator. The real significance of this temperature dip is that
it indicates flow is maintained in the normal flow direction around the loop,
at least for the first few seconds after rupture. Continuation of flow in the
normal direction is supported by the steam generator pressure drop measure-
ments.

As soon as the vessel outlet and hot leg fluid has decompressed to the
inlet plenum and cold leg saturation pressure and temperature, all fluid tem-
peratures decrease according to saturation conditions (hot and cold leg satur-
ation temperatures differ by only 10 to 15°F), During later stages of saturated
blowdown, when the quality of the fluid inthe vicinity of a thermocouple becomes
high, the thermocouple receives heat by means of radiation from nearby metal
surfaces. As a result, the data from the thermocouple affected shows uncharac-
teristic increases or other erratic temperature behavior. This phenomenon,
referred to in this report as temperature “breakaway”, can be used to identify
and locate liquid voiding (flow separation or stagnation) within the system
during decompression.
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Termperature breakaway first occurs at the steam generator outlet in
both tests at about 20 sec after rupture (Figures 18 and 19)., An even more
striking example of temperature breakaway is the sudden rise in cold leg
temperature at 45 to 50 sec after rupture in both tests.

Comparison of the temperature behavior at the steam generator inlet and
the vessel outlet nozzle for the two tests reflects the difference in test con-
ditions between Tests 824 and 825, For Test 824, steam generator operation
was maintained throughout decompression. Steam generator inlet temperature
data in Figure 18 indicate no temperature breakaway suggesting the continued
presence at this location of fluid of sufficient quality to limit heat radiation effects.
High quality fluid could remain at the steam generator inlet if a stagnation point
existed in the pump section leg near the steam generator outlet; such a stag-
nation point is indicated by steam generator outlet temperature breakaway
as noted earlier. For Test 825, steam generator operation was terminated
at rupture, and steam generator inlet temperature breakaway is indicated
at about 32 sec in Figure 19.

Behavior of vessel outlet nozzle temperature for the two tests reflects
the difference in duration of core heat application between the two tests., Core
power was shut off at rupture for Test 824; the vessel outlet nozzle temper-
ature data in Figure 18 show erratic (breakaway) behavior, Core power was
continued about 14 sec after rupture for Test 825; no erratic behavior is in-
dicated by the outlet nozzle temperature data in Figure 19. Because of the
continued core operation in Test 825 and the correspondingly greater steam
generation, the fluid velocity at the vessel outlet nozzle is sufficient to ade-
quately cool the thermocouple at that location.

2,2 Material Temperatures

Examples of typical material temperature behavior at various system,
vessel, and core locations during the blowdown transient for Tests 824 and
825 are presented in Figures 20 and 21. Included are heater pin cladding
temperatures at three elevations along the heated length, temperature of the
insulator material temperature at the midelevation, temperature of the core
flow skirt, and temperatures both external to and within the pipe wall at the
outlet nozzle,

Cladding temperatures in Figures 20 and 21 are for the center pin (Pin
61) of the core and were measured with Chromel-Alumel thermocouples
located approximately 0.015 in. below the cladding surface. For Test 824,
Figure 20 shows that pin cladding temperatures at all three elevations decrease
with coolant saturation conditions for the entire blowdown. However, beyond
about 23 sec after rupture the thermocouple (TM-61-T) located 2 in. below
the top of the heated length of the pin indicates a slower drop in temperature
than that of lower pin elevations. The slower temperature drop at the top
elevation is attributed to a decrease in cooling rate resulting from an increase
in the fluid quality at this location. Similar temperature behavior is exhibited
by data from the core flow skirt thermocouple (TM~CS-1~330) which is located
on the inside surface at the top of the flow skirt.
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The effect of continued core power on heater pin material temperatures
is evident from the data presented in Figure 21 for Test 825. The cladding
temperature data for the top heater rod elevation (TM-~61-T) indicate that
departure from nucleate boiling (DNB) occurred at 12.5 sec after rupture with
subsequent large temperature fluctuations until after core power was turned
off and wetting of the heater pin surfaces was reestablished (about 16 sec after
rupture).

The data for pin insulator temperatures further reflect continued core
heating. For Test 824, the pin insulator temperature (TM-61-I) drops rapidly
(within 2.5 sec after rupture) to the corresponding cladding temperature at
the midelevation (TM-61-0) and generally follows saturation conditions until
ambient saturation temperature is reached. For Test 825, the temperature
difference between insulator and cladding remains nearly constant until the
power is shut off; only then does the insulator temperature drop to essentially
the fluid saturation and cladding temperature.

Heater pin temperature data, along with corresponding fluid temperature
data, provide the basis for subsequent discussion (Section V) of core heat
transfer. Additional pin temperature data for Tests 824 and 825 are presented
in digitized form for various core locations and elevations in Appendix C.

Figures 20 and 21 also include the material temperature history recorded
by thermocouples on the outside surface of the outlet nozzle wall (TM~1) and
at a point 1/16 in., from the inside surface of the wall (TM-1A). The maximum
temperature difference across the wall occurs 22 sec after rupture for both
tests. The temperature difference is indicative of the rate at which heat is
being absorbed from the piping wallby the fluid and is a measure of the resulting
circumferential strain that is induced in the piping wall during decompression.

3. DENSITY

Fluid density data for semiscale tests are obtained by a gamma attenu=-
ation technique which provides a measurement of the average density. The
normalization and conversion methods used in connection with the measure-
ment technique are discussed in Appendix B. The estimated accuracy of the
results is within about = 2 Ib/ft3,

Density data for Tests 824 and 825 are presented in Figures 22 through
25, Comparison of fluid densities al various locations in the loop (Figures
22 and 23) shows similar behavior for these two tests even though power
to the core was continued in Test 825 and was shut off at rupture in Test
824, At 4.5 sec for Test 824 and 6.5 sec for Test 825 fluid density in the
hot leg (D-3) increases sharply to values typical of the cold leg density.
The increase is attributed to a backflow of cold leg fluid and indicates that
flow reversal occurred in the loop for both tests at about 4 to 6 sec following
rupture. Even though the hot leg location, Station 3, is relatively close to the
break, a high fluid density is maintained for a relatively long time during
the decompression process. The significance of this behavior is discussed
later with flow rates.
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Horizontal Vessel Thrust (Ib)

For both tests, the density of fluid flowing through the outlet nozzle past
Station 1 (D-1) drops to less than 5 Ib/ft3 within 11 sec after rupture whereas

the density in the balance of the loop remains relatively high for at least the
first 20 sec of decompression.

Examination of the fluid densities measured at various locations in the
vessel, Figures 24 and 25, shows that the fluid density in the core dropped
immediately upon rupture fo the density of fluidin the outlet plenum but promptly
recovered to somewhat greater values for the first 3 or 4 sec of the blowdown
transient. Densities in the core and outlet plenum are again similar from 3
to 12 sec in Test 824 and 4 to 7 sec in Test 825 and indicate that the fluids in
these two sections of the vessel are undergoing a similar decompression process
during this time interval.

Fluid densities in the core and outlet plenum decrease more rapidly
than the density in the inlet plenum. As is evident in Figure 25 for Test 825,
the inlet plenum density remains comparatively high for the first 20 sec of
blowdown; the data indicate a lack of coupling between the inlet plenum fluid
and fluid in the core and outlet plenum for this time period. For the final
portion of the blowdown in Test 825, the core fluid density becomes similar
to the {luid density in the inlet plenum; for this portion of decompression,
the outlet plenum fluid does not exhibit strong coupling to other vessel fluid.

4. THRUST

Figure 26 presents horizontal thrust data for Tests 824 and 825. The
plotted thrust is the sum of measurements from Load Cells 3 and 4 incorporated
in the two horizontal trunnion supports on the vessel opposite the break location.
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Fig. 26 Horizontal vessel thrust - Tests 824 and 825,
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The data given are only for the early portion of the decompression process
because large temperature changes in system piping later in blowdown and
thermally-induced piping reactions distort the thrust data. A comparison of
the measured horizontal thrust data with values calculated from pressure,
density and flow rates is included in the discussion of test results (Section
V). Examples of the uncorrected load cell data are included in Appendix C,
Normalization of these data to obtain thrust values is discussed in Appendix
B. -

5. LOOP STRAIN

Strain gages are located on the outside of the piping at various locations
in the loop. Measured circumferential strains resulting from the subcooled
decompression are about 20 to 60 uin./in. (compressive), These values are
as expected for a pressure decrease of 900 to 1000 psi, The largest strains,
about 200 to 600 uin./in. (compressive), occur well into saturated blowdown
and are, for the most part, thermally induced. A summary of the measured
strains in the loop occurring during Tests 824 and 825 is given in Table II,
The normalization process applied to the data is discussed in Appendix B.
An example of the digitized loop strain data is included in Appendix C.

TABLE IT

LOOP STRAIN MEASUREMENTS -- SEMISCALE TESTS 82L AND 825

_ Test 82k s _ Test 825 Ib]
Indicated Strain Indicated Strain
(uin./in.) (pin./in.)
Detector Station[a] Subcooled Saturated Subcooled Saturated
S-1A 1 -30 (4) ~kho (A) -25 (A) -370 (A)
S-1C 1 -50 (C) -590 (C) — —
S-1kA 1k -20 (A) -180 (4) —_— —
S-1k4C 1L -50 (C) -315 (C) -65 (C) ~375 (C)
S-23-A2 23 —— — -15 (A) =175 (A)
S-23-Bl 23 ~20 (A) -395 (A) -15 (4) -265 (A)
S-36-A1 36 -20 (A) ~230 (A) -20 (A) -215 (4)
8-36-B1 36 -20 (A) -225 (4) -20 (4) ~225 (A)
S-36-B2 36 -20 (A) -235 (4) -15 (A) ~-250 (A)
§-36-C 36 —_— _— -60 (C) ~345 (C)

[a] The station designation refers to the location in the loop as given
by Figure 1 or Appendix A.

[b] Axial strain indicated by (A) and circumferential strain indicated
vy (C).
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6. WATER REMAINING IN SYSTEM

Posttest determination was made of water remaining in the system. About
6 min after system rupture (decompression is complete in less than 1 min),
drains were opened at low points in the loop (steam generator inlet, pump
inlet, and piping low point) and in the vessel (bottom head) to collect residual
water. Table III presents the water remaining in pounds and as a percent
of initial system fluid (about 530 Ib) for Tests 824 and 825. Continuation of
steam generator operation during decompression (Test 824) seems to have
affected the amount of water remaining in that section of the system.,

TABLE IT1

WATER REMAINING IN SYSTEM AFTER DECOMPRESSION —-- SEMISCALE
TESTS 824 AND 825

Location Test 824 Test 825
Low loop point 0 0
Pump inlet 0 0
Steam generator inlet 4.5 1b (0.85%) 0
Vessel bottom head 8.75 1b (1.65%) 17 1b (3.2%)
Total water remaining 13.25 1b (2.5%) 17 1b (3.2%)
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V. DISCUSSION OF TEST RESULTS

The previous section of this report has dealt primarily with variables
that were measured directly in Tests 824 and 825 and which required a mini-
mum of mathematical processing for presentation. These test data have,
in turn, been used to calculate additional variables such as fluid flow rates,
fluid quality, and heat tranfer coefficients which aid in understanding fluid
behavior during decompression. The additional test discussion in this section
includes the methods and techniques used in calculations.

1. FLUID FLOW RATES

Calculation of the fluid flow rate during the blowdown transient is accom-
plished by combining two measured quantities: momentum flux (pv2) and
density (p). The density measurements made during Tests 824 and 825 were
presented and discussed previously (Section IV-3). The momentum flux mea-
surements were made with devices which employ a drag disc placed in the
flowing fluid. The force exerted on the disc is proportional to the momentum
flux and essentially supplies the velocity component required for calculation
of the fluid flow rate from the equation

m = [p(pvg) A2]1/2 or m = pvA (1)
where
m = fluid flow rate (Ib/sec)
p = measured density (1b/ft3)
pv2 = measured momentum flux (lb/ secz—ft)
A = cross-sectionalflow area (f@).

An example of the output signal (volts) from one of the drag disc flowmeters
is presented in Appendix C. The meter output is converted to momentum flux
through a calibration curve for the instrument,

The accuracy of the fluid flow rate calculations is dependent on the accur=-
acy of the momentum flux and density measurements. As mentioned in the
discussion of density measurements, estimated accuracy is within £ 2 Ib/ft3,
The results of flow rate calculations based on very low densities (less than
2 1b/ft3) thus must be used with caution. In addition, the drag disc flowmeters are
temperature sensitive and are subject to considerable thermal drift during the
approximately 400°F fluid temperature drop encountered during the blowdown
transient., The thermal drift is particularly pronounced for tests involving small
breaks and long blowdown times. As outlined in Appendix A, compensation for
thermal drift consists of applying a linear correction with time to the measured
momentum flux data. Experience gained in performance of system mass
balances[3] has demonstrated that this correction process yields acceptable
results.
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For Tests 824 and 825, detectors to measure the density, momentum
flux, pressure, and fluid temperature, were located at stations in the system
such that a mass balance could be performed for the system or across desired
components, To obtain a mass balance for the system, appropriate detectors
were located in the hot leg (Station 3) and the vessel ocutlet nozzle (Station 1),
Additional detectors were located in the inlet nozzle (Station 14) and inlet
plenum (to measure fluid conditions at the core inlet) and the pump suction
leg (Station 6 or 7).

Due to an inordinately large number of detector failures during Test
824, only the flow through the vessel outlet nozzle could be calculated; the
desired mass balances for the system and vessel could not be obtained, The
flow past the outlet nozzles is presented in Figure 27 and indicates that ap=-
proximately 559 of the 530 lb total initial system mass was ejected from the
system through the vessel outlet nozzle. A maximum flow rate of 85 Ib/sec
occurred shortly after rupture for Test 824.
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Fig. 27 Mass flow rate and mass ejected past vessel ouflet nozzle - Test 824,
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The calculated fluid flow rates from the system through the vessel outlet
nozzle and the hot leg for Test 825 are shown in Figure 28. The maximum
flow rate through the vessel outlet nozzle (88 1b/sec) occurred shortly after
rupture and is about four times the flow rate prior to rupture. Comparison
of outlet nozzle flow rates for the two tests shows close agreement.
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Fig, 28 Mass flow rate from system - Test 825,

Figure 29 presents the mass ejected from the system through the vessel
outlet nozzle (Station 1) and from the hot leg (Station 3) for Test 825, A total
mass ejected of approximately 690 Ib, or 130% of the initial fluid mass, is
indicated. The error is reflected in the total fluid mass remaining in the sys- .
tem for Test 825, included in Figure 29.

The major source of error in the total mass ejected in Test 825 is thought
to be thermal drift of the drag-disc flowmeter located in the hot leg (Station
3). Examination of the flow rate from the hot leg (Figure 28) indicates that,
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after an 1initial surge at rupture, the flow continued into the loop for about
1 sec after rupture (the initial hot leg flow past Station 3 is in a direction
opposite the flow during blowdown, hence the negative sign for the initial
flow) and then reversed to be ejected from the system, at a rate varying from
approximately 10 to 20 1lb/sec for most of the remainder of blowdown. The
high fluid flow rate from the hot leg indicated from 15 fo 25 sec after rupture
is thought to be due to thermal drift of the drag-disc flowmeter rather thaa
to actual flow.

Due to the thermal drift problem associated with the hot leg flowmeter
and the resulting data, additional mass balances, based on the vessel outlet
nozzle flow and the change of mass calculated from the measured densities
in various segments of the system were made throughout the system. The
integrated masses flowing through the inlet nozzle and the hot leg resulting
from these mass balance calculations are shown in Figure 30 and a com~
parison of the calculated fluid flow rate through the vessel inlet nozzle and
core inlet is shown in Figure 31. Comparison of the curve for the integrated
flow through the hot leg past Station 3, as measured, and the integrated flow
based on the mass balance calculations (Figure 30) indicates good agreement
for the first 5 sec of blowdown when the fluid temperature is not greatly
different from the initial temperature. After this time, however, the effects
of the meter temperature sensitivity become predominant and the deviation
between the curves for the measured and calculated flow increases with time
for the remainder of the blowdown. The mass ejected from the system as
determined from a mass balance of the calculated hot leg fluid flow rate
(Station 3) and the vessel outlet nozzle flow (Station 1) is 480 1b, or 929 of
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the initial 530 1lb system mass, In addition, this mass balance indicates that
about 58% of the available loop fluid mass and 419 of the vessel fluid mass
are expelled from the system in the first 6 sec of blowdown.

The inlet nozzle and core flow rates, based on the mass balance calcu-
lations, and shown in Figure 31, indicate that the flow remained primarily in the
normal flow direction (up through the core) for about the first 6 sec of blow-
down, After this time these flow rates decreased to a very low value (approx=-
imately 7 lb/sec or less) and indicate that little or no fluid flow was available
for core cooling until 14 sec after rupture when the power to the core was
terminated. The calculated flow through the inlet nozzle and core increases
in the normal flow direction from 14 to 16 sec and drops back to approximately
zero flow at 18.5 sec. The power to the pump was terminated at 16.5 sec
after rupfure and the increase in flow rate from 14 to 16.5 sec may reflect
the effects of the pump head after termination of core power and prior to the
termination of pump power.
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2. CALCULATED THRUST

For Test 825 the horizontal thrust generated by the blowdown fluid as
it was expelled through the break was calculated, using the calculated system
fluid flow rates and measured pressures, temperatures, and densities, The
equation used to calculate the thrust is:

G2
T=(=+P )A (2)
g0 e e
e
where
G = mass flux (Ibm/sec..ftz)
g = gravitational constant

— 3 i 3 .
p, = exit density (lbm/ft )
o = exit pressure (psi)

P
cr s 2
Ae = exit pipe area (0.09 ft7).
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The measured pressure at the rupture disc assembly (Station 18) was used
for the exit pressure (Pg), and the exit density (p,) was calculated on the
basis of an isenthalpic process after mixing of the flows from the vessel
outlet nozzle (Station 1) and the hot leg (Station 3). The enthalpy at the vessel
outlet nozzle and at the hot leg was determined from the system temperature
and density at these points by assuming a saturated homogeneous mixture,

A comparison of the calculated thrust and measured thrust (Section IV -4)
is given in Figure 32, This comparison is limited to the early portion of
blowdown because thermally—induced piping reactions due to the large tem-
perature changes in the pipe during the latter portlons of blowdown distort the
measured thrust data. .
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Fig. 32 Comparison of calculated and measured horizontal vessel thrust ~ Test 825,

The good agreement between the measured and calculated thrust supports
the accuracy of the data for both the calculated flow rates presented in Section
V-1, and the measured thrust data presented in SectionIV-4, at least for
the first 8 to 10 sec of blowdown.

The calculated contribution of the pressure ferm to the total thrust is

also shown in Figure 32, and is about two-thirds of the total calculated thrust,
whereas the remaining one-third is due to the momentum, or flow, term.
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3. FLUID QUALITY AND THERMODYNAMIC PROPERTIES

The density data have been used in conjunction with the pressure and
temperature data to determine the fluid quality in the vessel and at various
locations in the loop piping. As mentioned in Section IV-3, the densities were
measured through use of a gamma attenuation technique and are represen-
tative of the average fluid density at each specific location. The accuracy
of the density measurements below 2 Ib/ft3 is questionable and, therefore,
the fluid quality data reported above 30 to 40% must be used with caution.

The in-vessel and loop piping fluid qualities for Test 824 are shown
in Figures 33 and 34 and for Test 825 in Figures 35 and 36. For both tests
the fluid quality in the vessel outlet nozzle and plenum increased rapidly
after rupture whereas the quality of the fluid in the cold leg (Test 824) and
the inlet nozzle (Test 825) remained low well into blowdown. For both tests
the quality of the fluid flowing from the hot leg (past Station 3) remained
below 15% until 25 sec after rupture. The quality then rapidly rose to 100%,
indicating that little phase separation occurred in the flowing fluid and that
once the supply of system fluid from the steam generator and pressurizer
flowed out of the system all that remained to flow from the hot leg was steam.

In marked contrast to the cold and hot leg fluid quality, the quality of
the fluid in the vessel outlet plenum and nozzle rose rapidly after system
rupture for both tests, indicating a large amount of phase separation, As
shown in Figure 35, the quality of the fluid in the core and outlet plenum for Test
825 remained low much longer than that in the outlet plenum, indicating a
distinct fluid separation or lack of coupling between the fluid in the outlet
plenum and the remainder of the vessel. This lack of coupling is also evi-
dent in the results for Test 824 (Figure 33).

Of particular significance is the behavior of the fluid quality in the vessel
outlet plenum for both tests. For the first 10 sec after rupture the fluid qual-
ity in the outlet plenum is similar for both tests, butl at 14 sec for Test 825,
the fluid quality decreases abruptly until about 18 sec. This decrease can be
attributed to the fact that core power, which was terminated at rupture for
Test 824, was continued for 14 sec after rupture for Test 825; the sudden
change in heat input to the fluid in Test 825 momentarily allowed coupling be-
tween the fluid in the outlet plenum and the low density fluid in the core and
inlet plenum., The same sudden drop in fluid quality in Test 825 is also apparent
at the vessel outlet nozzle (Figure 36),

To aid in visualizing the process which the fluid follows during blowdown
while going from a subcooled liquid to a saturated vapor at ambient conditions,
the pressure, temperature, and density data were used to prepare temperature-
entropy diagrams as shown in Figures 37 and 38 for Tests 824 and 825, re-
spectively. With the exception of the fluid in the vessel outlet plenum and
nozzle, the fluid remains at low quality during most of the fluid discharge
at a given location and then abruptly changes to a high quality fluid. The results
of Test 824 for locations at the outlet plenum and outlet nozzle indicate a
rather smooth steady process of decreasing fluid density at these locations
due to phase separation between the core region and the outlet plenum., Re~
sults for Test 825 indicate a more rapid and erratic fluid density decrease due
to a combination of phase separation and steam generation by the hot core.
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4, CORE HEAT TRANSFER

The discussion of core heat transfer presented here is based on cal-
culations and analysis involving temperature data taken at representative
locations for Test 825 only. No attempt was made to determine heat transfer
coefficients for Test 824 because of the detector failures noted earlier.

The calculations were made using a version of the DATAR (DATA Re-
duction) computer code developed by Westinghouse Electric Corporation for
the PWR-FLECHT Project[7]. The modified version, DATAR-S (DATA Re-
duction-Semiscale), is designed to solve for one-dimensional heat transfer
in a cylindrical rod by computing the rod surface temperature and heat trans-
fer coefficients from the temperature data obtained from thermocouples im-
bedded in the heater rod cladding, the fluid temperatures measured by
thermocouples located in adjacent fluid channels, and the power history of the
heater rod. Material thermal conductivities and volumetric heat capacities are
additional input to the code in the form of temperature-dependent functions.
The resulting calculational analysis should be considered as representative
of general trends only. Figures 39 through 54 show the calculated rod surface
temperatures and heat transfer coefficients as functions of time for selected
rod elevations and locations during Test 825.

During steady state operation prior to rupture the value of the heat trans-
fer coefficient, h, varies from 3300 to 6000 Btu/hr-ft2-°F, The heat transfer
regime during steady-state operation prior to rupture is subcooled forced con-
vection.

Examination of Figures 39 through 54 show that all rod surface tem-
peratures decrease by 50 to 60°F and that at rupture the heat transfer co-
efficient increases rapidly over the length of the core. The increase in sur-
face heat flux associated with the high heat transfer coefficients is a result
of the violent flashing of the ligquid which reduces the temperature of the
rod surfaces during and immediately after subcooled decompression. This
conclusion is supported by Figure 55 which presents the degree of subcooling
for the fluid in the outlet and inlet vessel plenums as a function of time. The
fluid at the top of the core is 50°F subcooled prior to rupture but reaches
saturation within 0.1 sec after rupture, whereas the fluid at the bottom of the
core is 92°F subcooled prior to rupture and is still subcooled up to 3 sec
after rupture. As the system reaches saturation temperatures, pool boiling
heat transfer prevails. In addition, the high rate of heat transfer from the
rod surfaces is enhanced by the sudden increase in flow which occurs im-
mediately after rupture (Section V-1),

Within 0.1 sec after rupture the heat transfer coefficient, h, increases
by a factor of between 2 and 7-1/2 times the steady state value at all loca-
tions. In all cases, the value of h then generally remains above 10,000 Btu/
hr-ft2-°F for at least 12 sec after rupture and the major heat transfer regime
is saturated forced convection in the bulk free stream with nucleate boiling
at the rod surfaces.
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Cladding temperature data indicate that departure from nucleate boiling
(DNB) occurred at approximately 12.5 sec after rupture and at this time
the value of h at the high core elevation drops to a value between 5 and 10
Btu/hr-ft2-°F and remains at this value for approximately 2 sec after the
power was reduced to zero. The power was reduced to zero when the tem-
perature of the cladding of the monitored pin exceeded 900°F fo insure core
integrity. The heat transfer coefficient increases to a value in excess of
13,000 Btu/hr-ft2-°F at 17 sec after rupture or approximately 3.5 sec after
core power was terminated,
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For the time period just prior to and immediately after DNB, the upper
portion of the core probably progresses through several heat transfer and

flow regimes.

The heat transfer coefficients at the upper core elevations

(Figures 42, 48, and b54) increase by as much as 4,000 Btu/hr-ft2-°F just

prior to DNB. This increase
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superheating at the rod surface increases to the point at which nucleate boil~
ing is resumed momentarily. Within the nucleate boiling regime, the effect
is at first to enhance the heat transfer coefficients. But this process is limited
when the critical heat flux is reached. A transition to film boiling takes place
and the coefficients are drastically reduced.
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Table IV summarizes the changes in fluid properties in the vessel outlet
plenum from 10 to 14 sec after rupture, Figures 41, 45, 47, and 53 show that

DNB occurred when the rod surface temperatures were between 505 and
530°F.

The heat transfer coefficient remains high at the bottom elevations and
midelevations for 15 to 16 sec after rupture and decreases to values less
than 2,000 Btu/hr-ft2-°F 20 sec after rupture. As shown in Figure 45, the
surface temperature at the midelevation thermocouple for Pin 30 (TM-30-0)
indicates that DNB was initiated at this location at 12.5 sec and that nucleate
boiling was reestablished by 14 sec. This small temperature excursion was
noted on several other rods at the midelevation.

TABLE TV

TEST 825-FLUID PROPERTY CHANGES BETWEEN 10 AND 1k SECONDS
AFTER RUPTURE -- TEST 825

Outlet Plenum Outlet Plenum Core Flow Outlet Plenum Outlet Plenum

Time Pressure Density Rate Steam Fluid Void
(sec) (psig) (1b/£t3) (1b/sec) Quality (%) Fraction
10 780 11 3.5 11.5 0.75

12 690 T 2.5 15 0.87

1k 600 3 2.0 30 0.9k
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VI. SUMMARY OF OBSERVATIONS

On the basis of the data presented in Sections IV and V, the following
observations can be made:

(1) Although significant pressure fluctuations occurred at lo-
cations near the break at the time of rupture, the severity
of the pressure fluctuations was significantly reduced in the
vessel inlet and outlet plenum due to the reduction in the
magnitude of the pressure waves traveling from a small
pipe to the large plenum. The maximum pressure differ-
ence across the core measured in the semiscale system
for Tests 824 and 825 was 70 to 140 psi and occurred dur-
ing the initial portion of saturated blowdown. The maximum
pressure difference recorded across the core during sub-
cooled blowdown was 40 to 70 psi.

(2) The transport time for the subcooled decompression waves
in the semiscale system closely agreed with the calculated
transport time based on isentropic sonic velocity.

(3) Large pressure oscillations occurred across the semiscale
steam generator during the subcooled portion of blowdown
for Tests 824 and 825 (both hot leg breaks). A maximum ‘
pressure difference of £400 psioccurred immediately after
rupture. The pressure difference diminished to+100psiwithin
30 to 40 msec. !

(4) Subcooled expansion of the liquid was complete about 70
to 80 msec after system rupture. The fluid at the lower
initial temperature remained subcooled, however, until the
system decompressed to a pressure corresponding to the
saturation pressure for a local temperature.

(5) The fluid temperature drop during the subcooled expansion
of the fluid was dependent on the degree of subcooling of
the fluid at the initial steady state conditions.

(6) During the saturated portion of blowdown the fluid tem-
peratures followed saturation temperatures provided the sys-
tem had decompressed to the pressure corresponding to
saturation conditions for the lowest initial temperature.

(7) During the latter stages of saturated blowdown, when the
fluid quality was high, the thermocouples which measured
the fluid femperature indicated high temperatures due to
radiation from the hot piping walls. .

(8) DNB occurred at the top elevation of the center heater rod
at 12.5 sec after rupture for the test in which core power
was maintained after rupture (Test 825), The temperature
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9

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

of the heater subsequently increased at a rate of approx-
imately 150°F/sec. Wetting of the cladding surface was
quickly reestablished after core power was terminated.

The temperatures of the piping wall and vessel internals
remained significantly higher than the fluid temperatures
throughout the blowdown {ransient,

The density of the fluid in the loop was not greatly affected
by continuation of core power after rupture.

The density of the fluid in the hot and cold legs remained
higher for a longer period of time than the densities of
the fluids in the vessel outlet plenum and nozzle.

The subcooled piping decompression strains were small and
corresponded to the decrease in fluid pressure.

The maximum piping strains were thermally induced circum-
ferential compressive strains.

The amount of water remaining in the system was only a
few percent of the initial water inventory. The operation of
the steam generator during blowdown (Test 824) seems to
have affected the amount of water remaining in that section
of the system.

For Semiscale Tests 824 and 825, the fluid flow rate through
the vessel outlet nozzle increased to about four times the
steady state flow rate immediately after rupture.

The calculated fluid flow rate indicates that the core flow
during the transient is affected by the duration of core power
after system rupture.

For the early stages of saturated blowdown the measured
horizontal thrust agreed closely with the thrust calculated
on the basis of pressure density and flow data. The pres-
sure component of the thrust data was about two-thirds of
the total thrust and the thrust due to flow momentum accounted
for the balance.

The fluid quality in the vessel outlet nozzle and plenum
increased progressively during blowdown. Quality in the hot
and cold leg remained essentially constant until blowdown
was effectively completed and then abruptly increased.

The fluid quality in the vessel outlet plenum and nozzle

decreased rapidly at the time core power was terminated
in Test 825.
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(20)

(21)

(22)

The heat transfer coefficient at the heater pin surfaces
increased immediately after rupture to a value 2 to 7-1/2
times the steady state value.

At DNB the heat transfer coefficients at the heater pin
surfaces dropped to essentially zero.

After core power was terminated the heat transfer co-

efficient at the heater pin surfaces rapidly increased as
wetting was reestablished.
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APPENDIX A
DATA RECORDED -- SEMISCALE TESTS 824 AND 825

Table A-I summarizes the 159 channels of data recorded during Test
824 and the 152 channels of data recorded during Test 825. The techniques
applied to the data to account for instrument drift and thermal sensitivity
are presented in Appendix B and selected examples of test datafrom bothtests

are given in Appendix C.

TABLE A~T

SUMMARY OF RECORDED DATA FOR SEMISCALE TESTS 824 AND 825

Detector Quantity Quantity Figure
Variable TIdentification Test 824 Test 825 Reference
Pressure
Loop P 10 10 A-1
Vessel
Qutlet plenum P-0-1S, P-0-1D 2 2 A-2
Inlet plenum P-I-18, P-I-1D 2 2 A-2
Temperature
Loop
Fluid TF- 9 9 A-1
Material TM— 12 12 A-1
Vessel
Fluid TF- 1h 16 A-2
Material
Internals TM~ 5 5 A-2
Pins 36 35 A-3
Differential
Temperature
Core DT-C-3 1
Steam generator DT-C-2
Loads
Piping hangers 8-1L, 2L, 3L 3 3
Vessel
Horizontal LC-34, LC-LA L L
Vertical LC~-1A, LC-2A 2 2
Displacement
Vessel, internal M-UG-1 A.2
Vessel, vertical M-37Z 1 A-2
Nozzle, horizontal M-17X
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TABLE A-T (Contd.)

SUMMARY OF RECORDED DATA FOR SEMISCALE TESTS 824 AND 825

Detector Quantity Quantity Figure
Variable Identification Test 824  Test 825 Reference
Acceleration
Vessel, vertical AC~3T7Z, AC-38A 2 2 A2
Break Time, Rupture
Disc R-18 1 1 A-1
Density
Loop D-1, D-2. ... 6 6 A-1
Core D-C-1 1 1 A-2
Plenums D~0~-1, D-I-1 2
Pressure Drop
Core DP-C-3 1 1 A-2
Loop DP-C-2 1 1 A-2
Loop Strain 19 17 A-1
Drag Force
(Fluid o V2)
Loop V-1, V-3, .. 6 3 A-1
Vessgel V-I-1, ... 1 2
Power PWR~ 3 3
Voltage ET, E- 8 8
Current IT 1 1
Miscellaneous L 6

The location of the measurement instrumentation can be determined from
Figures A-1, A-2, and A-3. Detector identification is accomplished by the
following alpha-numeric characterizations:

(1) The first one or two letters define the variable being mea-
sured (for example: P = pressure and TF - fluid temperature).

(2) The second character, if it is a numeral, defines either a
station number (Figure A-1) or a heater pin number; if it
is a letter(s), it designates a location within the vessel
(for example, I = inlet) or a specific part of the internal
structure (for example, CS = core structure).

(3) Detectors located within the vessel are generally identified
by third and fourth characters which are specific in regard
to the locations (angular, vertical, horizontal) of the detector
on the core structure, as shown in Figures A-2 and A-3.
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APPENDIX B
METHODS USED TO NORMALIZE TEST DATA TO ACCOUNT
FOR INSTRUMENT DRIFT AND THERMAL. EFFECTS

The data reported for Tests 824 and 825 have, in many cases, been corrected -
to account for instrument drift and detector thermal sensitivity. The purpose
of this appendix is to explain the methods used to normalize the test data.

I. PRESSURE

The majority of the pressure transducers used for Tests 824 and 825 are
of the strain-gage type with a 3000~psi range. On the basis of the manufacturer’s
specifications, at constant temperature, the absolute value of the pressure
measurements are within 159 of full scale. In addition, the manufacturer’s speci~
fications indicate that for a 400°F temperature change the error for a full
scale reading is less than 480 psig, and for a zero pressure reading the error
is less than 60 psig.

In a typical decompression experiment, starting at 2250 psig, the pressure
drops about 1,000 psi during subcooled blowdown in less than 100 msec and
is accompanied by a fluid temperature change of about 5 to 6°F, For the re-
mainder of the decompression (saturated blowdown), the pressure changes
relatively slowly down to atmospheric pressure; fluid temperatures, however,
decrease about 400°F during the time required to reach atmospheric condi-
tions. The information obtained from the pressure transducers was modified
in the following manner:

(1) With the semiscale system at steady state pretest condi-
tions (approximately 2250 psi and 580°F), each pressure
tfransducer output was normalized to agree with pretest
pressures obtained from a precision pressure gage located
on the vessel head, with appropriate corrections made for
the fluid pressure drop around the loop.

(2) The total pressure change measured for each transducer
as the system pressure drops from the saturation pressure
to atmospheric pressure was modified by use of a linear
correction factor to obtain the required total pressure drop.
For example, if a pressure transducer indicated a pressure
of -b0 psi at the end of the transient (pressure at atmos-
pheric conditions), the entire pressure history would be
modified to decrease the measured drop from saturation
to atmospheric pressure by 50 psi in a manner linear with
time,
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I, TEMPERATURE

The only modification of the temperature data for Tests 824 and 825 con-
sisted of assigning the initial condition temperature to all temperature data
at the time of rupture (amounting to as much as 30°F correction). For piping
materials in which heat loss from the piping was evident, this modification
of the temperature data was not made.

111, DENSITY

Fluid density measurements are processed using a computer data con-
version program. Initial output from density detectors is in volts which must
be converted to 1b/ft3 based on the detector sensitivity.

With the semiscale system at pretest steady state conditions, the initial
voltage output from the defectors is assigned the appropriate initial density
value. The final voltage recorded is assigned a value of 0.03 Ib/ft3 (essentially
zero) and a linear (with time) calibration factor is applied between these two
points. The estimated accuracy of the density measurements is within+ 5%
of full scale or within approximately =+ 2,2 1b/ft3,

IV, MOMENTUM FLUX

Momentum flux measurements are made using calibrated drag disc devices
which give an output in volts. On the basis of the initial density and the cali-
bration curve for a particular detector, the initial voltage from the detector
is assigned a value commensurate with initial pretest steady state flow condi-
tions. To compensate for thermal sensitivity of the detector, a computer data-
conversion program applies a linear (with time) correction fo the data based
on the detector calibration curve and on the initial and final conditions.

V. THRUST

The vessel horizontal load cell data must be corrected for the loading
imposed on the vessel due to thermal expansion of the piping during the warmup
period. The thrust loads during blowdown are thus represented by the change
from the initial value, assuming a negligible temperature change of the piping
during blowdown (that is, the measured load at the time of rupture is set equal
to zero). The assumption of negligible temperature change in the piping is
valid only for the early portion of decompression; larger changes in pipe tem-
perature occur during the later portions of saturated blowdown and thrust data
are not reliable beyond this point.
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VI, STRAIN

The magnitude of the strains measured during blowdown was recorded with
compressive strains referred to as negative strains and tensile strains as
positive strains. The thermal sensitivity of the full bridge installations was
monitored during system warmup. Strain values were determined by normalizing
all strain data to zero at the initial test conditions. In general, the apparent
strain due to instrument temperature sensitivity was less than 0.3 yin./in.~°F
for strain gages installed in the loop piping.
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APPENDIX C
SELECTED EXAMPLES OF DIGITIZED DATA -- SEMISCALE
TESTS 824 AND 825
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APPENDIX C
SELECTED EXAMPLES OF DIGITIZED DATA -- SEMISCALE
TESTS 824 AND 825

The 33 figures included in this appendix are intended to illustrate, in gen~
eral, the type of information provided by Tests 824 and 825, Unless otherwise
indicated, this information is as received directly from the digitized analog
data prior to application of any initialization or corrective process,

I, PRESSURE HISTORIES

Figures C-1 through C-12 represent the total pressure histories at four
loop and two vessel locations for both Tests 824 and 825. The corrective pro-
cess outlined in Section I of Appendix B has been applied in all cases to account
for zero shift and thermal sensitivity.
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Fig. C-1 Pressure at vessel outlet ~ Test 824.
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Fig. C~10 Pressure at steam generator outlet - Test 825,
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Fig. C-12 Pressure in vessel outlet plenum -~ Test 825,

II. MATERIAL TEMPERATURE BEHAVIOR

Figures C-13 through C-29 represent the material temperature behavior
during decompression for both Tests 824 and 825. The specific identification
and location of detectors, is given in Appendix B, Figure B-3. These selected
temperature traces give typical rod behavior during the transient for different
elevations and locations within the core structure. The onset of DNB and the
response of the pins is particularly evident in Figures C-24, -26, and -28, which
represent the temperature behavior at the rod top location,
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Fig, C-25 Pin temperature -~ Pin 61 middle - Test 825.
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Fig, C-26 Pin temperature - Pin 61 middle ~ Test 825.
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Fig. C-29 Pin temperature - Pin 89 bottom ~ Test 825,

I, FLUID TEMPERATURE BEHAVIOR

Figure C-30 shows the loop fluid temperature behavior at Station 5 (steam
generator inlet) for Test 825 and illustrates the breakaway or erratic tem-
perature behavior of the detector due to high quality - low velocity fluid near
the detector.
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Fig, C-30 Loop fluid temperature - Station 5 - Test 825,

Iv. MOMENTUM FLUX

Figure C-31 presents the momentum flux drag disc measurement at Station 1
(vessel outlet) for Test 824. The data in this figure require application of a
linear correction with time to account for thermal drift as outlined in Appendix B,
Section B-IV, The corrected output must then be converted to momentum flux
by using the calibration curve for this particular detector and the measured
density at Station 1.
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Fig. C~31 Momentum flux (drag disc) - Station 1 - Test 824,
V, THRUST

Figures C-32 and =33 represent typical thrust data from the load cell
for Test 825, LC-4A is a horizontal load cell located at the top horizontal
vessel support. A positive initial value of load at the cell reflects thermal ex~
pansion of system piping during the warmup process. Thrust load resulting from
blowdown of the system is found by assigning a zero thrust at the time of rup-
ture (that is, by determining the change from the initial value). Load cells
experience long-term drift because of thermally-induced piping expansion and
contraction and because of the thermal sensitivity of the instrument. However,
of primary interest is thrust loading during subcooled blowdown and early
saturated blowdown (periods of maximum load); negligible temperature change
occurs during this time and no correction for thermal drift is applied to the
data,
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Fig, C~32 Thrust - horizontal load cell LC-4A - Test 825.
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Fig. C-33 Short term thrust - horizontal load cell LC~4A - Test 825,
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Vi, LOOP PIPING STRAIN

Figure C-34 presents the circumferential loop piping strain at Station 1
(vessel outlet) for Test 824, This figure illustrates the subcooled decompres-
sion strain and the large thermally induced strain during saturated blowdown.
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Fig, C-34 Loop strain - Station 1 - Test 824,
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