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LEGAL NOTICE

This report was prepared by the Babcock & Wilcox Company as an account of
work sponsored by Florida Power Corporation and Sacramento Municipal Utili-
ty District. No persons acting on behalf of the Babcock & Wilcox Company,
Florida Power Corporation, or Sacramento Municipal Utility ui:trict:

1. makes any warranty, express or implied, with respect to the use
of any information, apparatus, method, or process disclosed in
this report or that such use may not infringe privately owned
rights; or

s assumes any liabilities with respect to the use of, or for dam-
ages resulting from the use of any information, apparatus, meth-
od, or process disclosed in this report.



ABSTRACT

This is an initial report for OTIS Test 240100 using preliminary data. The
test examines the effectiveness of the hot leg high point vent and of plant
venting procedures, with a gas-laden primary system. Test execution is as
planned. Vent actuation and associated procedures restore natural circula-
tion and support a rapid cooldown of the primary system.
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1. INTRODUCTION

This is an initial report of OTIS Test 240100 using preliminary data. The
test uses the hot leg high point vent and the associated (revised) plant
procedures, adapted to OTIS, to restore natural circulation and to cooldown
the primary within the specified pressure-temperature envelope. OTIS
(Once-Through Integral System) is a single hot leg and single cold leg simu-
lation of a raised-loop plant of B&W design, section 2. Adaptation of OTIS
for this test related to lowered-loop plants of lesser rated power requires
scaling compromises and adjustments, cf. section 3.1.

The test is initialized according to the procedure in section 3.2.1. A
final initialization gas injection to the hot leg U-bend voids that region,
interrupts loop flow, and triggers test inftiation as planned. The loop
burden of noncondensibles at initiation is approximately 30 scf; injected
and recovered gas volumes indicate gas closure to roughly 10% of the total
injected volume, secvion 3.2.3.

The operator finvokes recovery procedures, bzsed on those of SMUD, immedi-
ately upon test initiation, section 3.2.2. The loop condition measurements
throughout test initialization and conduct permit extensive tracking of sys-
tem intaractisng, sec.ion 3.2.3. The post-initialization interactions are
conveniently subdivided according to sequential testing phases (sections
3.3.2 through 3.3.5): Initiation (at 312 minutes after data acquisition
system activation); a constant-pressure venting and cooldown phase; a de-
pressurization phase; and a final, low pressure cooldown and stabilization
period. The cooldown proceeds at an average rate of 60F/h, with rates some-
times approaching 100F/h. The gas removal rate is greatest initially, and
during the later portions of the cooldown and depressurization phase. Con-
ditions are maintained within the specified pressure-temperature envelope
throughout the venting and cooldown evolutions. The results satisfy the
test objectives of demonstrating the ability of the hot leg high point
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vent, in conjunction with operator actions based on those of the plant op-
erator, to vent excess noncondensibles, to restore circulation, and subse-
quently to cool the system while approximately maintaining the specified
pressure-temperature limits.
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2.0 °“SYSTEM DESCRIPTION

. OTIS is an experimental test facility at B&W's Alliance Research Center, designed

to evaluate the thermal/hydraulic conditions in the reactor coolant system and
steam generator of a raised-loop B&W reactor, during the natural circulation
phases of a Small-Break-Loss Of Coolant Accident (SBLOCA). The test facility is a
scaled 1x1 (one hot leg, one cold leg) electrically heated loop simulating the
important features of the plant. The facility is used to perform separate effect
and integral system tests at simulated scaled power levels of 1 to 5%.

The loop consists of one 19-tube Once-Through Steam Generator (0TSG), a simulated
reactor, a pressurizer, a single hot leg, and a single cold leg. Reactor decay
heat following a scram is simulated by electrical heaters in the reactor vessel,
No pump is included in the basic system, but a multipurpose pump in an isolatable
cold leg bypass line may be used to provide forced primary flow. The test loop is
full raised-loop plant elevation, approximately 95 feet high, and is shortened in
the horizontal plane (tc approximately 6 feet) to maintain approximate volumetric
scaling.

Other primary loop components include a reactor vessel vent valve (RYVV), pressur-
fzer power-operated relief valve (PORV) or safeties, and hot leg and RV high point
vents. Auxiliary systems are available fc~ scaled high oressure injection (HPI),
controlled primary leaks in both the two-phase and single-phase regions, a
secondary forced circulation system for providing auxiliarv feeawater (AFW) to the
OTSG, steam oiping and pressure control, 2 cleanup system for the sacondarvy ‘00D,
gas addition, and aas samnlina.

Scaling

The confiquration of the tesi loop is dictated by scalina considerations. The
four scaling criteria used to configure OTIS, in order of priority, are:

Elevations

Post-SLBOCA Flow Phenomena

Volumes

Irrecoverable Pressure Loss Characteristics

© © O o
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A more detailed discussion of the scaling considerations is presented in Reference
3. OTIS power and volume scaling originates with the size of the model O0TSG. The
mode! OTSG contains nineteen (19) full-length and plant-typical tubes, which
represent the 16013 tubes in each of the two steam generators used in the 205-FA
plants. Therefore, the dominant power and volume scaling in the loop is:

=
Scaling Factor = ?T%%UTF 1'6'&'6'
The distance between secondary faces of the lower and upper tubesheets in the
19-tube OTSG is full length. Auxiliary feedwater nozzles are located in the mode!
steam generator at two elevations. The tubesheet thicknesses in the model 0TSG
are not plant-typical, and the model inlet and outlet plenums are reducers.
Therefore, the hot leg-to-steam generator inlet and steam generator-to-cold leq
lengths are atypical. Piping runs beyond the steam generator and plenums are used
to retain plant-typical elevations.

The hot leq inside diameter is scaled to preserve Froude number, and thus the

ratio of inertial to buoyant forces. This criterion is considered to preserve .
two-phase flow regimes and reflooding phenomenon according to certain correla-

tions. Scaling with Froude number results in a hot leg diameter twice that indi-

cated by ideal volumetric scaling. Although this adds approximately 20% to the

ideal system (total loop) volume, this choice of hot leg inside diameter is

considered most likely to avoid the whole-pipe sluagginag behavior observed in other
scaled SBLOCA test facilities.

The spillover elevation of the plant hot leg !)-bend is retained in OTIS by match-
ing the elevations of the bottom (inside) of the plant ind model hot leg U-bend
pipes. The radius of the U-bend obtaine exact volumetric scaling.

The pressurizer in OTIS is volume and elevation scaled. The elevation of the
bottom of the pressurizer is plant typical, as is the spillunder elevation of the
pressurizer surge line. The centerline elevation of the hot leg-to-pressurizer
surge connection matches that of the plant.
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An electrically heated reactor vessel provides heat input to the primary fluid to

simulate reactor decay heat levels up to 5% scaled power. Based on a plant power

. rating of 3600 mwt, 1% of scaled full power in OTIS is 21.4 kw. The model core
heat input capacity is 180 kw. OTIS primary flow scaling obtains 1% of scaled
full flow = 0.259 1bm/s; on the secondary side, 1% of scaled full secondary flow =
0.0265 1bm/s.

The annular downcomer of the plant reactor vessel is simulated by a single exter-
nal downcomer in OTIS. The spillunder elevation in the horizontal run at the
bottom of the model downcomer corresponds to the elevation of the uppermost flow
hole in the plant lower plenum cylinder. The OTIS reactor vessel consists of
three regions: a lower plenum, a heated section, and an upper and top plenum.
The center of the heated length of the core vessel corresponds to the center of
the active fuel length in the plant core. The core region of the mode' reactor
vessel contains excess volume due to construction constraints; therefore, to
maintain the total reactor vessel scaled volume, the reactor vessel is shorter
than plant-typical. Non-flow lengths were sacrificed to maintain reactor vesse)
scaled volume.

Cold primary fluid enters the downcomer from the cold leg, and heated primary
fluid leaves the upper pienum to enter the hot leg. The center of the cold leg to
downcomer connection in OTIS corresponds to the cold leg-to-reactor vessel nozzle
centerline in the plant. Similarly, the center of the hot leg-to-upper plenum
connection in OTIS corresponds to the reactor vessel-to-not leg nozzle centerline
in the plant.

The model cold leg does not contain an in-loop pump, since OTIS is designed to
simuiate the natural circulation phases of a SBLOCA. A flange is provided in the
cold leg piping upstream of the reactor coolant pump spillover point to admit a
flow restrictor which simulates the irrscoverable pressure 1oss characteristic of

a stalled reactor coolant pump rotor.

The mode! cold leg originates at the lower plenum of the 19-tube OTS3 and extends
downward to match the spillunder elevation of the plant cold leq. The highest
point in the cold leg (the spillover into the sloping cold leg discharge line)




matches the reactor coolant pump spillover elevation in the plant. Because

horizontal distances are shortened in OTIS, the slope of the cold leg discharge
line is atypically large.

OTIS atypicalities are summarized as follows:

0 OTIS is predominantly a one-dimensional, vertical system, due to the shortened
horizontal distances and small cross sections of the various components such as
steam generator and reactor vessel.

0 Because of the small size of the piping used in the model, the ratio of loop
piping wall surface to fluid volume is approximately 20 times that of the
plant. Therefore, the fluid and wall-surface temperatures are much more
closely coupled than those of a plant.

© In high-pressure models, the ratio of metal volume to fluid volume increases as
the mode! piping is made smaller. The ratio of model metal volume to fluid
volume in OTIS is approximately twice that of the plant,

The pipe surface to fluid volume ratio atypicality of scaled facilities results in '
higher heat losses in the scaled facilities than in the plants. This atypicality

can be minimized by using both guard heaters and passive insulation on the model

piping. Guard heating is used for the OTIS hot leq, pressurizer, surgeline, and

RV upper heaa.

The OTIS secondary system orovides the steam generator secondarv inventorv, and
those fluid boundary conditions which impact SBLCCA phenomena. These include
steam generator level control, auxiliary feedwater, and steam pressure control
valves,

The OTIS instrumentation includes pressure and differential-pressure measurements;
thermocouple (TC) and resistance temperature detector (RTD) measurements of fluid,
metal, and insulation temperatures, level and phase indications by optical-ports
and conduc.ivity probes as well as by differential pressures; and pitot tubes and
flowmeters for measurements of flowrates in the loop. In addition to these
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measurements, loop boundary conditions are metered: HPI, HPV (hot leq and RV),
(controlled) leak, PORV, and secondary steam and feed flow are measured; noncon-
densable aas (NCG) injections are controlled and metered; NCG discharges with the
two-phase primary effluent streams are measured; and the aggregate primary
effluent are cooled and collected for intearated metering. OTIS instrumentation
consists of approximately 250 channels of data which are processed by a high-speed
data acquisition system. The data acquisition rate can be either event-actuated
or adjusted by the loop operator to acquire and store a full set of data as often
as every 5 seconds. Instruments are described further in Section 4 of the
appendix.

Features

OTIS consists of a closed p~imary loop, closed secondary loop, and several auxil-
iary systems. A general arrangement showing the relationship of the key compo-
nents of these systems is shown in Figure 2-1. The key features are:

Multiple leak locations,

Guard heating,

Scaled high pressure injection (HPI),

Simulated reactor vessel vent valve (RYVV),

O0TSG level control,

Automatic cooldown, and

Hign and low elevation auxiliary feedwater addition.

O O O O O O o

Multiple leak locations in OTIS allow a controlled SBLOCA. Controlled leaks are
located at the bottom of the iower nlenum of the reactor vessel, in the cold ‘eo
upstream of the simulated reactor coolant pump (RCP) spillover, in the cold leg
downstream of the RCP spillover, a high point vent (HPY) at the top of the hot leg
U-bend (HLUB) and in the RV upper head, and a simulatea pilot operated relief
valve (PORV) at the top of the pressurizer. Leak flow 15> controlled by an orifice
located just downstream of the leak site. The leak flow control orifice is
located in a 5/8" diameter tube as shown in Figure 2-2, tc form the leak flow
control orifice assembly. The details of the orifice design are illustrated in
Figure 2-3. Scaled leaks of 10 ~m2 and 15 cm? were tested in the sinale phase

. regions (cold leg leaks), while ~10 cm? leaks were tested at the PORV. The
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control orifice assembly. The details of the orifice design are illustrated in

Figure 2-3. Scaled leaks of 15 em? and 20 cmé were tested in :he single phase

regions (cold leg leaks), while 10 cm? leaks were tested at the PORV. The ‘
actual diameter of the scaled leak was obtained from the ideal volume scaling

factor of 1686. Thus a scaled leak of 10 cm@ has a diameter of 0.034 inches in

oTIS.

To preclude leakage from the loop, sealed stem valves were used where possible 1
throughout the loop. Additionally, all instrument fittings in the reactor coolarn’

system, above the top of the core heaters were seal welded. To characterize the

leak tightness of the loop, a helium leak check was performed.

As a result of the large surface area to fluid volume ratio, heat loss in the locy
was proportionally greater than that in a plant. To minimize this effect, guard
heaters were used along the hot leg piping, pressurizer, surge line, and RV upper
head. The objective of the guard heating system was to provide heat to the
components in an amount equal to heat loss of that component to ambient. The
concent used for guard heating is illustrated in Figure Z-4. A layer of control
insulation, approximately 1/2" thick, enclosed by a thin shell of stainless stee’
lagging, was placed over the pipe sections to be guard heated. The heater tapes
were spirally wrapped over the lagginr material, covering nearly 100% of the pipe
section. Two layers c¢¥ passive insulation tihen covered the guard heaters. The
heaters were controllec based on thermocoup1e§ located on the pipe 0D and at a
point mid-way into the control insulation. Tests were performed to evaluate the
heat loss from the locop and to characterize the operation of the guard heaters.

Two high pressure injection (HPI) locations were provided - one at the cold leg
low point, upstream of the simulated °CP spillover, the other in the downward
sloping cold leg, downstream of the simulated RCP spillover. A scaled HPI flow
was provided by a positive displacement pump. The flow into the loop was
controlled to simulate the scaled head-flow curves of the plant pumps. HPI flow
was directed exclusively to the cold leg discharge piping.

The reactor vessel vent valve (RYVV) was simulated by a single pipe extending from
the upper and top plenum of the reastor vessel to the external downcomer. The .
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vessel and downcomer reached preset values. A vertically-oriented slit orifice in
‘he pipe, downstream of the valve, set the flow through the simulated vent valve.

The secondary loop consisted of the 19-tube OTSG, steam piping, a water cooled
condenser, hot well, feedwater pump, feedwater heater, and feedwater piping. The
secondary side simulation of the plant was limited to the steam generator and the
elevation of the auxiliary feedwater (AFW) inlets. Additionally, several control
functions were used to simulate plant performance. These included:

Continuous level (inventory) control,
Band level control,

Steam pressure control, and
Automatic cooldown.

o 0 0 O

Two modes of steam generator level control were available, continuous level

éontrol and band level control. With continuous level control, the operator set

the desired steam generator level from 0 to 100%. The controller maintained the

collapsed water leve! at this setpoint by adjusting the feedwater flowrate. The
jgnal for the collapsed level, for both modes cf level control, was based on a
ifferential pressure measurement,

The secondary loop could operate at steam pressures of approximately 200 to 1200
psia. Steam pressure was automatically controlled by a steam control valve, based
on a sianal from the steam pressure transmitter. In addition to automatic steam
pressure control, the steam pressure could be controlled to decrease at a pre-oro-
grammed rate. This feature allowed simulation of a plant-operator-controlled
cooldown. The desired cooldown rate was keyed into the controller as a series of
linear segments of pressure versus time. When activated, the steam pressure
control valve modulated to obtain the stipulated depressurization.

Auxiliary feedwater addition could be made at either of two locations in the steam
generator - at a high feed elevation, typical of the B&W domestic plants, and at a
low feed elevation. The AFW nozzle at each elevation could be confiqured for
maximum wetting or for minimum wetting of the steam generator tubes. The two
configurations allowed comparison of the effects of a spray pattern on hest
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transfer (typical of the outer rows of tubes near the AFW nozzles in the plant),

to the

effects of pool heat transfer (typical of the large majority of tubes .

that are away from the AFW nozzles in the plant).

The OTIS arrangement and instrumentation are further illustrated in the fol-

lowing

Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure

figures:

2-5 Reactor Vessel and Downcomer Arrangement

2-6 Reactor Vessel and Downcomer Instrumentation

2-7 Hot Leg Instruments: Temperatures, Conductivities, and Viewports
2-8 Hot Leg Instruments: Differential Pressure

2-9 0TSG Temperature Measurements

2-10 OTSG Differential Pressures

2-11 Cold Leg Piping

2-12 Pressurizer

The instrument indications are tabulated in the final pages of the appendix.
This tabulation is arranged by component, instrument type, and elevation.
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Figure 2-1. OTIS General Arrangement
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Figure 2-2 Leak Flow Control Orifice Assembly
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Pressure Measurements
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3. TEST DESCRIPTION

3.1. Background

3.1.1. Introduction

This test applies (revised) SMUD hot leg high point venting and natural cir-
culation cooldown procedures to OTIS. It is intended to demonstrate tne
ability of these procedures to cool and depressurize the primary from ap-
proximately 600F and 2000 psia initial conditions to conditions at which
the DHS (Decay Heat System) would be activated, approximately 280F and 250
psia. This cooldown is to be performed with a burden of NCG (noncondens-

ible gas) in the primary.
3.1.2. Test Descriptior

The initial conditions 3ssume that inadequate core cooling has occurred
during a LOCA, such that significant volumes of NCG have been evolved. The
operator has used HPI to cool the core and to partially refill the system,
but the HLUB (Hot Leg U-Bend) and RVUM (Reactor Vessel Upper Head) remain
gas filled. AFW has become available, the operator intends to restore
subcooled natural circulation (SNC) to cool the primary.

The relevant SMUD procedures are:

0.5 Loss of Reactor Coolant/Reactor Coolant System Pressure

C.47 Inadequate Core Cooling
C.48 Loss of Subcooled Natural Circulation (to be revised)

Referring to these procedures, D.5 and C.47 precede the conditions at which
this test is initialized, at the start of this test C.48 is instituted to
regain subcooled natural circulation (SNC) and to cooldown the primary SyS-
tem. Only those portions of the plant procedures which are relevant to
0TIS are invoked herein. Only those OTIS indications which simulate those
of the plant are to be used for test control after test initiation.




It should be noted that OTIS elevations replicate those of a raised-loop
plant, the model steam generator is approximately 25 feet higher relative
to the centerline of the simulated core than are the corresponding SMUD
components. The OTIS SG secondary level is to be raised to 10' after test
initiation, rather than appriximately 30' which would simulate the SMUD pro-
cedure, to partially offset this elevation difference. Also, OTIS simu-
lates a single controlled discharge from the top of the model pressurizer.
The use of this discharge path to simu'ate the pressurizer vent preciudes
simulation of the PORY in this OTIS test.

OTIS Vent Size

The size of the OTIS HLHPV (Hot Leg High Point Vent) governs its venting
rate; it is thus important to the typicality of the test. Sizing the mndel
HPY involves the OTIS general scaling factor, 1686, which was derived for a
205 fuel assembly plant (cf. Appendix A of reference 4). This scale factor
obtains a model power of 21.4 kW per percent full power for simulation of a
3600 MW plant. Retaining the same model power equivalency, the plant bound-
ary flow areas must be adjusted for plant rated power levels other than
3600 MW. The SMUD rated power level is 2772 MW, thus its boundary flow
areas must be increased by 3600/2772 = 1.30 before scaling them to OTIS (us-
ing the general OTIS scaling factor, 1686). The (flow-limiting) flow area
of 2 SMUD HLHPV's is 1.91 cmz, thus the power-adjusted area to be scaled in
OTIS s 1.3 x 1.9 = 2.5 cm?. For FPC, rated power is 2544 MW and the area
of 2 HLHPV's is 1.4 cm?, The area adjustment factor is then 3600/2544 =
1.42 and the adjusted area to be scaled in OTIS is 1.4 x 1.42 = 2 cmé, For
this single HLHPV-effects test, OTIS employs a compromise vent size, which
is intermediate to the two ideal areas, 2.11 cm?/1686. This is 15% less
than ideal for simulation of the SMUD vents and 6% greater t'an ideal for
FPC. This compromise area is perceived to be adequate for the assessment
of venting effects for both plants.

Nitrogen Versus Hydrogen

OTIS employs nitrogen to simulate the plant noncondensibles, predominantly
hydrogen. Ny differs from Hp in both soluability and density. Hp is
roughly twice as soluable as Ny, the volumes of gas dissolved in the loop
fluid differ by a like amount. Because only 20% of the initial loop burden
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of NCG is dissolved nitrogen (versus 35% using hydrogen), this solubility
difference is acceptable,

The density of nitrogen is similar to that of steam, .itrogen is somewhat
more dense than steam at saturated conditions below approximately 1800
psia. Hydrogen, on the other hand, is roughly one-tenth as dense as steam.
This difference between the relative densities of nitrogen and steam, and
that of hydrogen and steam, has little apparent impact on transport pro-
cesses; such transport processes occur throughout the primary loop during
natural circulation of liquid with dissolved and/or entrained NCG. Separa-
tion processes governed by buoyant forces are sensitive to relative dunsity
differences, however. With vapor at the HLUB region, the relatively dense
nitrogen tends to be segregated toward the lower voided elevations and thus
to the less readily vented (from the high point) than a higher noncondens-
ible such as hydrogen. Testing with nitrogen is thus conservat ve by this
consideration. With voiding in the upper RV, on the other hand, the rela-
tively dense nitrogen gravitates toward the lower voided elevations and is
more readily swept out of the RV upper head. The use of helium rather than
nitrogen to simulate hydrogen is desirable on the basis of relative densi-
ties. But helium is much more difficult to contain than nitrogen, render-
ing closure on gas inventory unlikely. For this reason, nitrogen is re-
tained as the NCG for OTIS simulation of hydrogen.

3.1.. _Initialization

Initialization obtains a hot and NCG-laden primary system. NCG additions
are performed in three steps, the last of which (HLL3 injection) triggers
test initiation. The secondary is to be initialized at 1300 psia with a &'
level and high-elevation AFW injection. (Secondary pressure is initialized
relatively high to elevate the initial primary fluid temperature at sustain-
ing power). The primary fis initially at approx.imately 1700 psia on pressur-
izer pressure control. Core power is at the custaining level (approximate-
ly 1/¢% of scaled full power, 1% = 21.4 kW), Initial pressurizer level is
low, approximately 5'. During initialization, the pressurizer heaters are
controlled to maintain an approximately adiabatic pressurizer. The RVVY is
in automatic control with open/close setpoints of 0.25/0.125 psi.
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The initialization steps are described in detail in the following section.
Saturate Primary Fluid With NCG

Add nitrogen to the primary in approximately 1 scf increments using a loop
addition site other than that of the reactor vessel (to minimize gas col-
lection in the RYUH before saturating the loop fluid). Continue this incre-
mental injection into the loop, allowing primary system pressure to in-
crease, until the primary liquid inventory 1is apparently saturated at
approximately 2000 psia system pressure. Base the approach to saturation
on the volume of gas injected and on the behavior of Pr level and primary
pressure. The volume of nitrogen required to saturate the primary liquid
inventory at the final pressure of approximately 2000 psia is 10 to 15 scf.
The Pr level is expected to increase roughtly 1/2' at each addition, then
to subside to its initial level with gas dissolution.

Displace RVUH Liquid With NCG

Manually close the RVVV (the internals vent valve simulation). Inject ni-
trogen to the reactor vessel gas addition site, to displace the RVUH liquid
inventory with NCG. Approzimat