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SUMMARY

The design and scaling logic of the Westinghouse core makeup tank (CMT) test has been perforined to
1ssess the test facility capability of representing the important thermal-hydraulic phenomena for CM1
peration. The expected CMT phenomena have been identified in a phenomena identinication and
ranking table (PIRT) for the thermal-hydraulic processes that are expected to be of importance for the
CMT. Estimates of the various expected phenomena are made and compared between the experiment
and the prototype CMT. Scaling distortions of the CMT test are also desc ribed and assessed relative

to the expected behavior of the AP600

This revision of the CMT scaling report reflects the AP600 design changes that impact the CMT1
Also, specific review comments made by the Nuclear Regulatory Commission (NRC) and Advisory

Committee on Reactor Safeguards (ACRS) are addressed




LO INTRODUCTION

1.1 Purpose

The purpose of this report is to establish that the CMT test will produce the necessary data to develop
and verify the computer code models used to assess CMT performance for the AP600 design. The
CMT test is a scaled, separate effects test in which the boundary conditions are controlled over a wide
range to produce thermal-hydraulic conditions of interest for computer code verification.

Since the test is not full scale, compromises can exist between the test data and the application of the
data to the AP600. The purposes of this document are to develop the scaling logic that supports the
application of the data for code assessment; show that the key thermal-hydraulic phenomena of interest
are reproduced in the test facility; and show that the test facility can be operated and controlled over a
sufficiently broad range that captures all CMT modes of operaion.

1.2 CMT Design and Operation

The AP60X0 design utilizes passive methods to perform core and containment cooling functions for a
postulated loss-of -coolant accident (LOCA). The CMT, shown in Figure 1.2-1, is an important feature
of the AP600 passive safety system. Each tank stores 2000 ft." of cold borated water at reactor
coolant system (RCS) pressure, which can be gravity-injected into the RCS to provide reactivity
control and core cooling. The CMTs provide the same function as the high-pressure safety injection
system in existing pressurized water reactors (PWRs), with the difference being that current plants
require the availability of ac power to perform their safety function, whereas the CMTs perform this
function using only gravity-driven flows.

The CMTs are connected to the RCS, as shown in Figure 1.2-1, by normally open isolation valves on
the cold leg balance line and normally closed isolation valves on the CMT discharge line. The CMT
discharge valves open on an safeguards (S-) signal and remain open. The CMTs are maintained at full
system pressure by the cold leg balance line. During normal operation, the CMTs, as well as the cold
leg balance line, are water solid.

The CMTs perform another safety function in addition to providing coolant and boron to the RCS. As
the tanks continue to drain, they indicate that an unrecoverable LOCA has occurred. When
approximately 33 percent of the tank liquid has drained, the CMT level sensing device activates the
first stage of the automatic depressurization system (ADS), and the plant begins a controlied
blowdown through the ADS valves into the in-containment refueling water storage tank (IRWST).

The second- and third-stage ADS valves open on timers after the first stage has actuated. If the CMTs
continue to drain and the CMT liquid volume reaches 20 percent, the fourth-stage ADS valves, which
are located on the hot legs, open, providing a large vent path directly to containment to depressurize
the RCS to containment pressure. During the RCS depressurization, the CMTs continue to add coolant
to the RCS 10 maintain continued core cooling during the depressurization.

u 1628w wpt . [b Rev. | 1-1



Each AP600 CMT, shown in Figure 1.2-2, is a 2000-ft." tank with hemispherical heads and a
cylindrical shell. The hemispherical heads are stainless-steel-clad carbon steel (3/8-in. stainless
cladding) with a tota) thickness of 4.6 in. The cylindrical portion of the tank is also stainless-steel-
clad and is a total of 7.78-in. thick. The top of the tank is located 28 fi. above the RCS cold legs,
providing a gravity head to drive the flow into the reactor vessel downcomer. The cold leg balance
line is attached to the top of the CMT, and the drain line is at the bottom. The drain line is connected
through an isolation valve and two check valves to the direct vessel injection (DVI) line. The cold leg
balance line is an 8-in. Schedule 160 pipe with an inside diameter of 6.82 in. There is a normally
open isolation valve near the top of this balance line. The AP600 piping schematic for the CMT and
its balance line is shown in Figure 1.2-3.

The CMT design includes a diffuser that is located in the CMT inlet nozzle. The diffuser for the plant
is shown in Figure 1.2-4 and consists of a pipe that extends into the CMT liquid and has flow holes to
distribute the incoming cold leg balance line hot liquid or steam flow. The bottom of the diffuser is
sealed so that the incoming flow enters the CMT horizontally in a radial direction through the flow
holes. The purpose of the diffuser is to prevent the deep penetration of a steam jet into the CMT,
which would r~arit = d condensation. The radial flow limits mixing to the upper portion of the
CMT liquid so that the condensation rates and duration are reduced. The scaling of this diffuser from
the plant to the test facility is discussed in Section 3.2 of this report.

There are two modes of CMT operation for the CMTs: recirculation and draining. During the initial
phase of a small-break LOCA, steam line break, or steam generator tube rupture (SGTR) event, the
RCS inventory is at or near its steady-state value. When an S-signal occurs (typically low pressurizer
pressure), the reactor coolant pumps (RCPs) trip and the CMT discharge isolation valve opens. A
liquid circuit exists since the cold leg balance line is liquid-filled to the top of the CMT, and there is
gravity-driven flow from the CMT to the reactor vessel and return flow from the cold leg to the top of
the CMT. This is the recirculation phase of CMT operation. The colder, denser CMT water drives
flow into the reactor vessel because of the density difference between the CMT water and the cold leg
balance line (approximately 20 percent with reactor cold leg temperature at 550°F and CMT water at
120°F). Figure 1.2-5, from the AP600 Standard Safety Analysis Report (SSAR) calculations, shows
the calculated CMT flow during the recirculation period for a 2-in. diameter cold leg break. this flow
will contirue and steadily decrease as the colder CMT water is replaced by hotter water from the
balance line, thereby decreasing the gravity draining head. As the break continues to drain the RCS,
the cold leg balance line begins to void, as seen in Figure 1.2-6; the recirculation flow path is broken;
and the CMT drains as the water volume is replaced by steam from the cold leg. This begins the
draining mode of the CMT. The CMT injection flow rate is larger in this mode because of the greater
density difference between the colder CMT water and the steam or two-phase mixture in the balance
line.

As a result of the recirculation mode, a hot, licad laver is formed at the top of the CMT. This will
reduce the steam condensation when the CM1 transitions into the draining mode: the hot liquid layer

o\ 628w wpi: b Rev. 1 1-2



can flash as the RCS depressurizes, causing mixing and reducing the effects of condensation in the
CMT. The thickness of this hot liquid layer is dependent upon the duration of the recirculation mode.

If the break is larger, the recirculation period is reduced because the cold leg balance line will void
more rapidly, breaking natural circuiation. In these cases, the hot liquid layer in the CMT will be less
or may not exist. For large-break LOCAs, there is no recirculation period since the entire RCS voids
quickly. The accumulators begin injecting very early in a large-break LOCA transient and have
sufficient gas pressure to close the check valves in the CMT discharge line until the accumulators have
completely injected their liquid inventory. The CMTs will begin injection after the accumulators are
empty. By this time, the reactor vessel is refilled, the core peak cladding temperature (PCT) has been
reached, and most, if not all, of the core has been quenched.
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1.3 Description of the CMT Test Facility

The Westinghouse CMT test facility consists of an instrumented test vessel that simulates the CMT
and a liquid/steam reservoir that simula*es the remainder of the RCS. Connecting lines are provided to
supply steam and/or liquid to the top of the CMT, as well as a drain line to allow flow out of the
bottom of the CMT. A source of saturated steam, consisting of a high-pressure steam generator and
accumulator, is connected to the liquid/steam reservoir. The test apparatus is shown schematically in
Figure 1.3-1. A data acquisition system (DAS) is provided to record signals from thermocouples,
pressure sensors, and flow meters.

The CMT test vessel is a vertically mounted, uninsulated carbon steel pressure vessel with an inside
height of 115 in. The cylindrical portion of the vessel is constructed of 24-in. Schedule 160 pipe
with an inside diameter of 19.312 in. and a wall thickness of 2.34 in. The pipe is capped on either
end with 2:1 semi-ellipical heads with a wall thickness of 2.5 in. The height of the heads represents
only about 4 percent of the total tank height. The vessel is elevated above the liquid/steam reservoir
water level so that the gravity draining head is equivalent to that for the AP600 CMTs.

The steam/water reservoir (S/WR) is a vertically mounted, insulated carbon steel pressure vessel. The
reservoir acts as the source of steam and/or liquid flow to the CMT and accommodates the CMT
liquid discharge. The location of the reservoir permits simple gravity drain of the CMT test vessel
through the discharge line. The reservoir supplies saturated liquid or steam to the top of the CMT test
vessel through two steam lines. The reservoir is connected to a saturated steam source consisting of a
high-pressure steam generator and accumulators. A pressure control valve between the steam
accumulators and the S/WR allows the reservoir pressure to be maintained at any desired pressure over
the range of 20 to 2250 psia.

The CMT test facility piping simulates the primary features of the plant RCS cold leg to CMT balance
line and discharge line piping from the bottom of the CMT to the reactor vessel. The three primary
CMT test facility piping runs are referred to as steam line no. 1, steam line no. 2, and the CMT
discharge line; all three piping runs are constructed of 1.5-in., Schedule 160 seamiess carbon steel

pipe.

Steam line no. 1 represents the RCS cold leg balance line and is used to supply steam 0 the CMT for
selected matrix tests. Steam line no. 1 is routed vertically from the S/WR upper head to a high point
s0 no condensation can be trapped in the line; steam line no. 1 is connected to a S/WR nozzle, which
is flush with the inside surface of the vessel. A 3-in. vortex flowmeter section is instalied in the
vertical portion of steam line no. 1 1 provide a measurement of the steam flow to the CMT. As the
vortex flowmeter is rated for a maximum operating pressure of 1500 psig, a 1.5-in., Schedule 160
piping spoolpiece is instalied in place of the flow section for tests conducted at higher pressures.
From the high point, steam line no. 1 slopes slightly downward to the CMT inlet and is designed and
supported such that, as the pipe is heated during testing, the run will remain sloped towards the CMT.
A 2-in. globe valve is provided in steam line no. 1 to permit isolation of steam flow through steam
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line no. 1 during test operation. A 2-in. gate valve is also installed between the CMT and the globe
valve to permit isolation of the CMT from the steam supply.

Steam line no. 2 also represents the RCS cold leg to CMT balance line. Steam line no. 2 is routed
from the S/WR to the CMT such that it intersects with steam line no. 1 approximately 2 ft. upstream
of the CMT inlet elbow. Steam line no. 2 extends 4 ft. into the S/WR so its end is below the "HI"
reservoir water level setpoint but above the "LOW" reservoir water ievel setpoint; adjusting the S/WR
liquid level allows either liquid or steam tc flow through steam line no. 2. A 2-in. globe valve is
provided in steam line no. 2 for flow isolation during test operations. A 3-in. vortex flowmeter section
can also be installed in steam line no. 2 to provide a measurement of the steam flow to the CMT; a
1.5-in., Schedule 160 piping spoolpiece is installed in place of the flow section to permit testing at
pressures higher than 1500 psig.

Steam line no. 2 is heat-traced and insulated from the S/WR to the "tee” with steam line no. 1. The
trace heating provides sufficient power to heat the piping to saturation temperatur= over the full range
of test pressures. The pipe run is also insulated with 4 in. of high-temperature fiberglass insulation.

Steam line no. 1 and steam line no. 2 intersect at a tee upstream of the CMT inlet elbow. A triple-
flange arrangement is used at the CMT inlet nozzle to permit installation of the CMT steam
distributor, which is designed to redirect and reduce the velocity of steam as it enters the CMT. The
CMT steam distributor inlet nozzle used during testing is shown in Figure 1.3-2,

A 0.5-in. drain line is provided on the downstream or CMT side of the steam line no. 2 isolation
vaive. This drain lin: connects to the CMT discharge line returning to the S/WR and is used to ensure
that no condensate :ollects in the vertical run that intersects with steam line no. 1.

Vents are provided n the steam line piping to provide for simulation of ADS depressurization; the
vents are also used to trace heat the piping and vent condensate collected during facility startup.

The CMT test vessel discharge line represents the CMT discharge/direct vessel injection (DVI) line in
the AP600. The CMT discharge line connects to a flanged nozzle in the center of the lower CMT
head and runs vertically downward to within 12 in. of the floor and horizontally back to the S/WR.
As the CMT drains by gravity, no portion of the discharge piping is located above the level of the
CMT outlet.

A manual 1.5-in. globe valve is located in the vertical run near floor level. This vaive can be used to
preset the discharge line resistance to obtain a predetermined draindown rate or to isolate the CMT
discharge line. Normally, the globe valve is set to its full-open position and the CMT discharge line
isoletion valve is then adjusted to provide the remaining line resistance necessary to achieve the
desired drain rate for a specific test.
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The CMT drain rate is measured using a 1-in. turbine flowmeter with a range of 2 to 75 gpm, located
in the horizontal section of the discharge line. Since steam flow is detrimental to the turbine bearings,
the turbine flowmeter is located in the lowest section of the discharge line so the flowmeter is always
full of water as the CMT drains.

A single full-port swing check valve is installed in the discharge line downstream of the turbine
flowmeter. The check valve is installed such that it prevents backflow from the S/WR to the CMT. A
2-in. isolation valve, similar 1o those installed in steam lines no. 1 and no. 2, is installed in the
discharge line downstream of the check valve. The isolation valve is used to initiate the tests by
allowing water to drain from the CMT,

The CMT vessel is highly instrumented with S sets of wall thermocouples, 41 fluid thermocouples,
and 7 differential pressure cells for level measurements. The CMT wall temperature measurements
consist of four sets located in the CMT cylindrical shell and one set located on the upper head. Each
of the four sets located in the cylindrical shell consists of five thermocouples radially located with
respect 1o the CMT inner wall surface; the thermocouples are positioned at the inner wall surface
0.125, 0.500, and 1.500 in. from the wall inner surface and &t the wall outer surface. The inner and
outer surface thermocouples are brazed into grooves cut into the CMT wall surfaces. The
thermocouples within the vessel wall ars placed in flat-bottomed holes and peened into place using
copper disks to provide good thermal response. The set of wa” hermocouples located in the CMT
upper head consists of two thermocouples. one at the vessel wall inner surface and the other at the
wall outer surface adjacent to the inside wall thermocouple. All CMT wall thermocouples in a given
set are located at the same axial position so a radial temperature profile can be measured through the
CMT wall and can be fitted numerically to calculate the inner wall heat flux.

The fluid thermocouples are arranged in groups to detect thermal stratification and the presence of a
hot liquid layer. Thermocouples are located at different radial positions at selected elevations within
the tank. The differential pressure cells are arranged in levels to obtain the collapsed liquid level
within the tank so the transient tank inventory can be measured.

There are also liquid flow measurements on the CMT discharge, absolute pressure celis on the tank
and piping, as well as pressure drop measurements on the steam lines that have been calibrated to
obtain steam flow. Pressure measurements and controls also exist on the steam supply system.

The CMT instrumentation is designed to provide the necessary measurements to calculate a transient
mass and energy balance for the facility.
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1.4 Phenomena Identification and Ranking Table (PIRT) for the CMT

This section identifies and discusses the thermal-hydraulic phenomena captured by the CMT test and
provides the ranking of those phenomena. These phenomena are grouped into two modes of operation
for the CMT: recirculation and draining.

1.4.1 CMT Recirculation Thermal-Hydraulic Phenomena

The CMT recirculation is driven by the density difference between the cold CMT water and the hot
cold leg balance line water. The recirculation provides colder, denser water to the reactor vessel from
the CMT, and is replaced by hot, less dense cold leg water from the balance line. There is a net mass
transfer from the CMT to the RCS due to the density difference, as well as a net energy transfer from
the RCS back to the CMT. The rates of energy and mass transfer will depend on the buoyant
differences and the hydraulic resistances in the flow path. The recirculating flow continuously
diminishes with time as the CMT heats up and the buoyant head decreases. As the cold leg piping
and cold leg balance line void, the buoyant head increases, thereby increasing the discharge flow as
the tank begins to drain. Both single-phase and two-phase recirculation will occur for small-break
LOCAs. Single-phase recirculation will occur for steam line breaks and steam generator tube ruptures.

CMT wall heat transfer occurs during recirculation as the hot fluid from the cold leg balance line
transfers heat to the initially cold CMT walls. The heat transfer from the hot recirculating fluid to the
colder CMT walis will heat the walls, and at the same time, cool the recirculating fluid. Circulation
patierns within the hot liquid layer will be established, whereby the cooler water at the walls flows
downward and mixes within the layer. The CMT walls heat up as the flow recirculates, and the
potential for large wall condensation to occur is reduced when the CMT drains. Also, if the CMT
walls become fully heated and the RCS depressurizes, heat transfers from the CMT walls back to the
fluid in the tank. Because the walls are thick, the amount of heat transfer to the walls will be
scenario-dependent.

Fluid mixing occurs at the top of the CMT during the recirculational phase of the transient. The hot
liquid from the cold leg balance line will be injected into the CMT through the diffuser at the top of
the CMT and will mix with the initially cold water in the CMT. A stratified hot liquid layer develops
so the draining behavior is one dimensional in nature, and conduction effects between fluid layers are
negligible while the convection effects appear to dominate.

As recirculation continues during a small-break LOCA, the cold leg balance lines begin to void and a
two-phase mixture enters the CMTs. Depending on how long recisculation has occarred, the
remperature of the CMT wali and the mixed liquid layer at the top of the CMT is dependent upon the
duration of the recirculation phase. If the liquid layer and the CMT walls are hot, there will be limited
condensation, the vapor will collect at the top of the CMT, the natural circulation flow path will be
broken, and draining will begin. If the walls and liquid are cold, condensation will occur, drawing
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more two-phase mixture up the balance line to the CMT, water recirculation can be re-zstablished, and
intermittent recirculation can occur.

142 CMT Draining Phenomena

The CMT draining is the flow of liquid from (he bottom of the CMT with a corresponding decrease in
the water volume iu the CMT. As the CMT begins to drain, it can uncover CMT metal surfaces,
which may be cold or warm depending upon the duration of the recirculation phase. Depending upon
the wall temperature, various amounts of steam will be coadensed. The thick CMT wails will soon
become conduction-limited so the condensation rate is determined by the CMT wall temperature
distribution, surface area, thickness, and degree of preheating during the recirculation phase.

Direct or contact condensation can also occur in the CMT water and on the steam/water interface as
the tank drains. The amount of condensation will be a function of the water temperature, and the
velocity of the steam as it mixes with the CMT water, and the flow of condensate from the walls to
the liquid interface. The thickness of a hot liquid layer will also influence the interfacial condensation,
since it will tend to insulate the colder CMT water from the steam flow. The location of the liquiG
level relative to the CMT inlet diffuser also influences the amount of condensation since the steam
flows radially from the diffuser and mixes with the CMT liquid layer, increasing the amount of
condensation. If the liquid is subcooled, the rapid condensation increases and draws more steam flow
into the CMT. As the CMTs continue to drain, all of the above effects, which enhance interfacial heat
transfer, diminish, and a thicker, warm liquid layer forms both from the direct interfacial heat transfer
and from the tank wall condensate. This layer of hot condensate can later flashes during RCS
depressurization when the later stages of the ADS valves open and the CMT depressurizes. The
flashing will further enhance the mixing in this hot layer and pressurizes the top of the CMT so the
delivery is increased. Once the additional cold CMT wall area is exposed, the additional steam
generated from the flashing condenses and is recycled back to the liquid layer.

As the CMT drains there will be some liquid-to-liquid mixing; however, this ¢ ffect is believed to be
small since the system is in a thermally stable operating mode with the hot lay. r on the top. Also, as
the CMT drains, heat is transferred from the hotter liquid layer to the CMT wally by convection. The
amount of heat transfer that occurs depends upon the thickness of the hotter layer, its *emperature, the
draining rate, and the CMT wail initial temperature. If the convection from the hot liquid layer heats
the CMT walls, the condensation heat transfer from the steam is reduced once the walls uncover.

1.43 CMT PIRT of Key Thermal-Hydraulic Phenomena

From the above discussion, a PIRT can be generated for the CMT. This is similar to the CMT
phenomena table developed by Cozznol, Fisher, and Boucher'' and the PIRT developed by J. Reyes™
for the AP600 low-pressure integral test at Oregon State University. The relative ranking is given for
different accident scenarios in which the CMTs play an important role. The PIRT for the CMT
phenomena is given in Table 1.4-1. As seen from the tabie, different scenarios are dominated by
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different CMT operating modes. The largs-break LOCA CMT behavior is dominated by the CMT
draining behavior since recirculation does not have an opportunity to occur. Conversely, the CMT
behavior for the main steam line break (MSLB) and steam generator tube rupture (SGTR) events is
dominated by the recirculation phase of CMT operation since only a small amount, if any, CMT
draindown occurs.

Depending upon the break size, the small-break LOCA spans both modes of operation of the CMT.
For small breaks of 4 in. or less, there is ample recirculation in the CMT such that a thick, heated
liquid layer forms. For larger small breaks of 6 1o 10 in., such as the double-ended guillotine of the
cold leg balance line, the RCS quickly depressurizes and the recirculation time period is significantly
reduced. For breaks of this size and larger, the recirculation is very limited, and condensation can
ocecur as the CMT drains. Thus, for the large-break model the recirculation period is important and a
MSLB and STGR model could be less precise for the draindown period is less important. However,
the small-break LOCA code must be able to model both CMT operational modes.
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TABLE 14-1

PHENOMENA IDENTIFICATION AND RANKING TABLE (PIRT) FOR THE APs60 CMT
Large-Break | Small-Break
Phenomena LOCA LOCA MSLB SGTR
CMT Draming Effects
. Condensation on cold thick steel surfaces H H L L
. Transient conduction in CMT walls H H L L
. Interfacial condensation on CMT water surface H H M M
. Dynamic effects of steam injection and mixing with CMT H H M M
liguid and condensate
. Thermal stratification and mixing of warmer condensate with H H M M
Waoos TMT water
CMT Recirculation
. Natural circulation of CMT and cold leg balance leg L
. Liquid mixing of cold leg balance leg, coadensate, and CMT L H
Niquid
. Flashing effects of hot CMT liquid layer L H L L
. CMT wall heat transfer L M M

Notes:
= low importance
= medivm importance
= high importance
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2.0 CMT RECIRCULATION BEHAVIOR SCALING ASSESSMENT

In the recirculation mode of operation, the cold borated CMT water is replaced with hot water that
flows up the cold leg balance line to the top of the CMT. The CMT remains full during this period.
Flow continues until the CMT is fully heated and the natural circulation driving head decreases to
zero.

2.1 CMT Recirculation Behavior

Both top-down and bottom-up scaling analyses have been performed to assess the capability of the
CMT test to provide the key thermal-hydraulic data for the CMT recirculaiion period. This section
will develop the governing equations and examine the scaling differences between the AP60C plant
CMT and the CMT test facility to ensure that the key thermal-hydraulic phenomena presente] in the
PIRT are captured in the CMT test.

2.1.1 CMT Recirculation Behavior—Top-Down Analysis

Natural circulation behavior has been examined by Reyes for the Oregon State University AP600 low-
pressure integral system effects tests. The general governing equations derived for the top-down
scaling for single-phase recirculation are applicable for the single-phase recirculation of the CMT. The
generalized system of equations that describe the natural circulation behavior is given in

Equations 2.1-1 to 2.1-5, as:

Mass:
d
i (PVy) = A [P.Q,] 2.1-D
Momentum:
U fL
_d..(p,U,V,) = A {p,U,OJ + RegpATta - M: s B (2.1-2)
dt 4 2 D,
Energy:
d
_J(p,C'T,V,) =A [D,Cp,T,Q‘] * H-A:(Ts"rn)lum (2.1-3)
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Solid energy equation:

dT l
kAl ee = HA(T -T, 2.14
s '[dx * l(r| l)lhnum ( )

% (p;CuTlvs) . HnAl(rn-Ta)IBMv * qt (21.5)

Boundary condition:

The nomenclature for these equations is provided in Section 8.1

If these equations are normalized on their 1nitial conditions and any boundary conditions designated
with the subscript 0, the normalized equatios expressed with the superscript + symbol become:

Mass:
oo -;l[ V) = afpia] (2.1-6)
Momentum:
d el T = ove | (a ]
o5 V) = A [P.‘U.Q-] + TLBpAT) - T [——2-—] [ﬁ: . KJ 2.1-7)
Energy:
‘Y_‘ L picarvy) = 8 [pica1 Q] + MOHALT, - 1)’y (21-8)
Solid energy equation:
%’. .5’7 (PICaTV,) = HIATT, = T) |y * T’ (2.19)

o
0
[ %)
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Boundary condition:

- "n:e;Hn.A-. (Tl - Tl)‘ llmmnv
oo, (2.1-10)

&|3

P i

The characteristic II time constant ratios are given below as:

Liquid residence time:
‘[ =
ol (2.1-11)

and the solid-structure-specific frequency:

-
Puctwd (2.1-12)

3.0

The governing equations are time-dependc.at mass, momentum, and energy balances for the CMT. By
examining the relative importance of the different terms in these equations, the system of equations
can be simplified for the CMT recirculation phase of behavior. The drain rates for the plant CMT are
estimated to be small relative to the mass inventory in the tank. The tank drains over several hundred-
to-thousands of seconds, so that the liquid residence time is very large. Calculated recirculation flow
rates for the plant are typically 50 Ibmvsec, or 0.8 fi."/sec. Therefore, using Equation 2.1-11, the time
to drain the 2000-ft." CMT is 2500 seconds. The problem is not highly time-dependent, and the
temporal term in the momentum equation can be ignored; therefore, a quasi-steady state can be
assumed.

The time constant for the solid-structure specific frequency given in Equation 2.1-12 will be different
for the plant CMT and the CMT test due to the different wall thicknesses. Assuming that the heat
transfer and fluid properties are the same, the test wall time constant, which is the inverse of

Equation 2.1-12, is approximately 1/3 that of the plant CMT. As a resuli, the test CMT wall heats
faster and has less thermal inertia than the plant walls. The heat transfer to the walls continues for a
longer time period than in the plant CMT wall. The hot recirculated CMT liguid in the plant will cool
to temperatures below that in the test due to the continued heat transfer to the walls. This has a
secondary effect on the recirculation behavior of the test CMT relative to the plant CMT.

e
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Characteristic time ratios:

. T
n, = .ﬂ_f_“‘;.?_‘l. Richardson number (2.1-13)
U,
ft )
= [..D_ + K] Friction number (2.1-14)
h
H
n = B Stanton number (2.1-15)
CouPeoVedeo
m, = o b Liquid heat source ratio (2.1-16)
Utop socuo(r s _Tl)ov;.n
%o .
ﬂq PSR UEL... -ASE Heat source ratio (2.1-17)
Hl.OAs.({r s _Tl)n
H 8 .
N " - Biot number (2.1-18)
s.0
Temperature ratios:
O = _T_._(r‘ - T, e = (r“, ~ T (2.1-19)
w ’ 0
Specific heat ratio:
C
Yoo * oo (2.1-20)
0 E‘:‘—U

To preserve the recirculation flow behavior between the plant CMT and the test, the ratios of the
Richardson numbers, which represent the buoyant driving head, and the Friction numbers, which
represent the hydraulic losses in the system, must be preserved. Therefore, these ratios become:

—2=1=TL,) (2.1-21)

IL.)

F
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I1.)
— ] m)n (2.1-:22)
1)
where the subscript m refers to the CMT test and the subscript p refers to the plant. The momentum
flux term shown in Equation 2.1-7 will be dependent on the resulting flow rate and the temperatures
simulated in the test relative to the plant CMT. The preservation of the dimensionless Richardson and
Friction groups will preserve the flow between the model and the plant CMT. Performing the tests at
prototypical temperature and pressure conditions will preserve the fluid density differences and hence,
the momentum flux.

Therefore, the momentum baiance becomes a balance between the buoyant forces and the frictional
forces given as:

alpi Q] =0 (2.1-23)

L]

4)

h

i it ‘ PeUQ) || 1t ,
A[po UsQ, ] 4 nu. B ep AT ) = II:- [—.‘-%—} [-b- : K] (2.1-
Since the fluid properties and the height of the CMT test relative to the plant are preserved and the
friction and form losss are also preserved, the TL) and IL) is close to one. Therefore, the test

gives recirculation performance similar to the plant. The bottom-up scaling analysis and calculations
verifies the CMT test recirculation performance relative to the plant CMT.

2.1.2 CMT Recirculation Behavior—Bottom-Up Scaling Aualysis

The bottom-up scaling analysis calculates the recirculation performance of both the plant and the CMT
test to verifying that similarity of performance exists between the two CMTs. Figure 2.1-1 shows a
sketch of the CMT test relative to the plant. Note that the actual pipe routing is not fully represented
in this sketch.

The assumptions used in this analysis are:

. Single-phase recirculation

. One-dimensional flow

. Linear interpolation of the density gradient in the CMT

. Linear interpolation of the density gradient in the CMT test reservoir
. Essentially zero velocity in the reactor vessel downcomer annulus
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. Loss coefficients are independent of Reynolds number
. Quasi-steady-state conditions

The generalized mechanical energy balance equation (see Bennett and Meyer)” is given as:

i R Y

3 h c

AU, U}
%’i + . % [“ - K] .E.AL + W' = () (2.1-:29)

where W, is the rate of shaft work and is set to zero. Since the starting point and end point of the
calculations are the same, then:

AP Lo (2.1-26)
p

Expanding Equation 2.1-25 around the piping network and using the component density gives:

PUpy N CH e Ue’ i Uy,
75, T y Kv.:x.,,’-ﬁ;' E P %, ¢ K’r‘Kcm,’B: Lpl—i'—gc =

(2.1-27)
(

' fe Uu\n2 g g
+ Koy * + P + L-=2p,L=0
LKCW_ Koy Kovx, .b_u lm zT—gr —p&- 1 3 2

where p, is the hot RCS and balance line flow, and p, is the cold CMT fluid density state.

The form loss coefficients and velocities are defined in the nomenciature in Section 8.1. The pressure
loss of the inlet diffuser is included in the nozzle loss for the CMT.

Equation 2.1-27 can be further simplified, noting that the volume flow is preserved:

UgAq = Uy Ay = UpyApy = Q (2.1-28)
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Transposing the gravity-head term to the left side of the equation and using Equation 2.1-28, the
system Equation 2.1-27 becomes:

2
_E_L( - P ) = Q‘ + fe - 1 P, +
z P, T Key, -ﬁ; 3 -fAZ

fe P
K; + Koy, * ﬁ:l -;-é: * (2.1-29)
L

fé P
Kcm,*xcxv*xov;*ﬁ -—-52-
h ADV];

As the CMT recirculates, the top of the CMT will fill with the less dease, hot fluid from the cold leg
at density p,. Recircuiation will end when all of the denser liquid, p,, has been replaced with the

less dense p, fluid. To represent the decrease in the driving head. the buoyant term becomes:

-%[{(L-Lx)pz+L,o,}—p,L] (2.1-30)
which simplifies to:
gi[(l.-l,l)(p,-p,)] (2.1-31)

where L, is the height of less dense liquid p, in the CMT, and L is the overall height. This
expression has the correct limits since at the beginning of recirculation, L,=0, and the full driving head
is available, while when L =L, there is no driving head and recirculation ends.

The value of L, can be calculaied as:

L+ [ 204 (2.1-32)
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where A, is a function of L, for the CMT heads and m(t) is the mass flow into the CMT.
Equation 2.1-32 must be solved in an iterative fashion for the CMT head volume but can be directly
solved for the cylindrical portion.

A similar calculation is used for the S/WR in the CMT test since the volume is much smaller than the
volume of the reactor system. In this case, the driving head will also decrease as the reservoir fills
with the denser p, fluid. This will result in a faster decreasing circulation rate for the CMT test,
relative to the plant. In the plant, the cold CMT water that enters the downcomer can fall or flow
downward to the core inlet. There is less of a chance that it would act to diminish the driving head,
as in the CMT test.

The hydraulic resistances for the experiment were measured in the pre-operational tests and were
found 10 be very close to standard textbook values. The current design values for the plant CMT
balance line and DVI line resistances were used, as well as an esiimate for the reverse flow cold leg
nozzle loss and the DVI nozzie expansion. Equations 2.1-29, 2.1-31, and 2.1-32 were programmed for
the plant CMT and the test facility.

Figure 2.1-2 shows the mean flow rate as a fuaction of time for the plant CMT balance line circuit.
Figure 2.1-3 shows the development of the hot, less dense fluid level in the CMT as it recirculates.
The dominant terms in the plant CMT mass flow equation are the form losses in the circuit. The
frictional terms are second-order effects.

The same figures are shown for the CMT test facility. Figure 2.1-4 shows the mass flow rate as a
function of time for the CMT test circuit. Figure 2.1-5 shows the development of the hot liquid layer
in the CMT test vessel. The dominant terms in the CMT test are the line frictional losses since there
are many more length over diameters (L/Ds) in the test facility than in the plant.

The dimensionless ratio of interest in the recirculation phase is the mass flux ratio (pv) in the cold leg
balance line. Since full-height and full-pressure simulation is preserved, this ratio is close to unity if
the resistances were maintained between the test and the plant.

Figure 2.1-6 show the recirculation mass flux ratio of the CMT test to the plant at 1100 psia. As the
figure indicates, the CMT recirculates at ~90 percent of the mass flux of the plant; then as time
increases, it decreases 1o ~80 percent. This is due to the increase in the cold level in the test reservoir,
which decreases the test driving head relative to the plant. As a result, the mass flow decreases at a
faster rate in the test than in the plant. The calculated hot liquid layers in the CMT test reservoir and
the plant CMT are shown in Figure 2.1-7 at 1100 psia. Similar response occurs for the first

250 seconds between the test and plant, after which the hot liquid layer builds up faster in the test than
in the plant. Figures 2.1-6 and 2.1-7 are repeated at 2250 psia conditions in Figures 2.1-8 and 2.1-9
for high-pressure performance ~f the CMTs (more typical of operational transients), and similar
behavior is observed.
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Figure 2.1-2 Calculated Recirculation Flow for the AP600 Plant CMT at 1100 psia
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2.2 Discussion of CMT Recirculation Scaling

Since the CMT test can simulate the full-pressure and temperature operation of the plant, the density
differences are preserved. Since the heights are preserved, the buoyant expression given by the
Richardson number in Equation 2.1-13 is preserved between the test and the plant, such that the
Richardson number ratio I'l“)“ = 1, as given in Equation 2.1-21. This is confirmed by the ratio of the

CMT mass flux, which is near unity.

The plant resistances plant are calculated design values, not measured, which are approximated by the
test. Also, the resistances in the test are dominated by frictional pressure drop, not form losses, which
would make them more flow- or Reynolds-number-dependent. That is, as the flow decreases, the
Reynolds number will decrease, increasing the friction factor. This effect, however, is second order,

so the ratio IL) = 1 between the test and the plant CMT.

A more significant effect is the buildup of the cold liquid layer in the S/WR tank in the test. There is
no counterpart for this component in the AP600 reactor systems since the flow from the CMT can
enter the core. In the test, the increase in the cold liguid layer in the reservoir decreases the net
driving head for the test recirculation, relative to the plant. However, since the reservoir has an area
that is 3.5 times as large as the CMT, the effect is small, but noticeable.

The hot liguid layer buildup in the test is also be examined from a geometric basis for the test and the
plant CMT. The scaling approach used in the CMT test is to choose an inside-diameter scale ratio of:

"
19312" o187 0r L =58 (2.2-1)

150" 7.77

Using this as a scale ratio, S, the areas of the inlet nozzle are preserved in the same fashion, so:

d, =S d, (2.2-2)

or:
S’A

N

¥

"

AN’

Since the scaling approach preserves the full pressure and full height and the line resistances are
similar, the ratio of the recirculation mass flux between the CMT test and the plant is nearly unity as
shown in Figure 2.1-6.

Therefore, the mass flow in the CMT test is related to the plant mass flow as:

0

pU), A, =pU) AS’ (2.2-4)

L]
o
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If Equation 2.2-3 is used and the derivatives are the same, the velocity scale between the test and the
plant is preserved.

Since full-height simulation is used and the line resistances are similar, the time scale for the
development of the heated liquid layer for the test is similar to the plant:

et =2t (2.2-5)

at least until the CMT test, which is 10 fi. high, is filled with hot water.

Therefore, the development of the hot liquid layer in the CMT test, relative to the plant, is given as:
At pUAy) = pA (L)AL, (2.2-6)

Where A (L) is the cross-sectional area of the CMT in the test head region, and AL is the layer
thickness. If the tank has drained to the cylindrical portion, then the cross-sectional area is a constant.
A similar expression can be written for the plant as:

At pUAN)P = pA, (L)AL, (2.2-7)

Since time is approximately preserved, Equations 2.2-6 and 2.2-7 can be solved for At and equated
giving:

PALL AL, pA(L)AL,

. (2.2-8)
pPUAY, pUAY,
Using Equations 2.2-3 and 2.2-4, Equation 2.2-8 reduces 10:
A
a, Aty .pUU_)' - (229
Ip— Am D) p )p AN'
or:
AL AL)
5= ;i (2.2-10)
ALP S:AIA(LD)

That is, the hot layer development in the test is approximately the same as that in the plant, if the test
and plant head regions are geometrically similar. Figure 2.2-1 shows the difference in the cross-
sectuonal area of the plant CMT and the test facility. As the figure indicates, there are differences in
these areas that affect the thickness of the hot water layer as it develops. In general, however, the
CMT test is a reasonable approximation of the plant.
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2.3 Heat Transfer in the CMT During Recirculation

As the CMT recirculates and hot water replaces the cold water in the tank, there will be heat transfer
between the colder CMT walls and the hot water layer. The scaling effects of the wall heat transfer in
the test CMT and the plant were estimated for the recirculation period. Because the CMTs are
calculated to drain slowly, the convective velocity past the walls is small, approximately 0.008 to
0.016 ft/sec from the SSAR caiculations, depending on whether the tank is in the recirculation or
draining mode. The heat transfer at the CMT inside wall surface from the hot CMT liquid layer can
be forced convection or natural convection. The heat transfer mode depends on the local fluid
velocity, the temperature difference between Jie hot recirculated CMT liquid temperat we and the CMT
walls, as well as the thickness of the hot CMT liquid layer. To evaluate which mode of heat transfer
dominates, the ratio:

iy - 1 (2.3-1)
Re® ™
was evaluated where:
T -TH2Z?
G- P80 1D (232)

v?

where (T, - T,) is the temperature difference between the hot fluid temperature and the CMT inside
wall temperature. 1f the ratio given in Equation 2.3-1 is greater than unity, then free-convection heat
transfer dominates. Z is the thickness of the hot liquid layer inside the CMT. Since the hot liquid
layer is estimated to be 1- to 2-ft. thick and the plant CMT is 12-ft. in diameter, the convective flow is
rot developed and looks like a developing boundary layer for the larger-diameter CMT.

A forced-convection heat transfer coefficient was evaluated assuming flow over a flat plate with the
hot CMT liguid layer being the characteristic dimension. The correlation used is from Kreith and
Bohn' and is given as:

Nu, = 0.332Re, Pr"" (23-3)
for the local heat transfer, and:

Nu, = 0.664Re “Pr'” (2.3-4)
for the average heat transfer coefficient.
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The Reynolds number is given as:
Re = pUL/p (2.3-5)

for the surface average heat transfer coefficient. Using the length or depth of the heated thermal layer,
L. as the characteristic dimension, the Reynolds and Grashoff numbers are calculated, and the ratio of
Gr/Re’ compared for different thermal layer thicknesses. These calculations are performed for a range
of CMT draining velocities, which were calculated from the AP6(00 SSAR analyses as well as the
draining velocities that are simulated in the CMT test. The SSAR CMT draining velocities are small
and range from 0.008 to 0.016 fi./sec; the CMT test draining velocities will range up to 0.127 ft./sec.
The Gr/Re’ ratio was calculated using the largest drain velocity of 0.127 fi/sec. The calculated ratios
are given for different assumed thermal layer thicknesses. As the results indicate, the natural
convection flow will dominate for all heated layer thicknesses.

THE CALCULATED Gt/Re’ RATIO FOR CMT CONVECTION

Heated Layer

Thickness (ft)
X Gr Re Gr/Re?
0.5 3.49 x 10" 443547 17.7
1.0 27.92 x 10" ¥8713.94 35.5
3.0 753.9 x 10" 26614278 106.34

Therefore, the conclusion is that free convection dominates even for the fastest drain rates.

The free convection correlation that is used 1o evaluate the hot-liquid-to-wall heat transfer is the
McAdams correlation,”’ which is given as:

r, Pr]™ (2.3-6)

where the length will cancel out when calculating the heat transfer coefficient. Using this correlation,
the T1 ratio for natural-convective heat transfer for the CMT test and the plant CMT becomes:

Num 0, l3[Gfl Pf,}'”

- = - (2.3-7)
he Nu,  013Gr, Pr”

*
(9]
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Since the fluid propertics are preserved, the ratio of the heat transfer coefficients becomes:

n
b, [_‘1___:_} z,) o
h, (T, - T, Z,}

where it has been assumed that all physical properties are the same between the test CMT and the
plant CMT. Since the CMT test will experience the same wall and fluid temperature range as the
plant CMT, and since the development of the hot liquid layer is very similar between the test and
plant CMTs, the heat transfer coefficient ratio is:

hP

= 1.0 2.39
'tT: ( )
which indicates that the experiment will yield natural-convective heat transfer data in the recirculation
phase that is approximately the same as the plant CMT.
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2.4 Conclusion on CMT Test Facility Recirculation Scaling Behavior

The system of equations that governs the CMT recirculation behavior are normalized, and the key
dimensionless parameters are developed ﬂ,)n and nr), for the test and plant CMT. Since full
pressure and full height are preserved in the test, and the resistances are also preserved, these
dimensionless ratios are near unity for the test CMT. This indicates that the CMT test preserves the
recirculation thermal-hydraulic phenomena expected in the plant CMT.

In addition, a one-dimensional flow model is used to calculate the behavior of the plant CMT and the
test facility during natural-circulation behavior. The calculated recirculation flows are normalized and
compared between the test facility and the plant. The hot-water-layer development is also calculated
and compared for both the test and the plant CMT. The comparison of the calculated recirculation
flows (mass flux) and the hot water layer is very similar between the test and the plant CMT. The
CMT recirculation phenomena associated with the natural circulation of the CMT and the cold leg
balance line behavior is well simulated in the test so those items in the PIRT are satisfied. The CMT
wall heat transfer to the CMT liguid, due to the recirculation, is also assessed showing that the test
CMT yields natural-convective heat transfer coefficients similar to those expected for the plant CMT,
Therefore, the water-to-CMT-wall heat transfer phenomena identified in the PIRT is addressed in the
tests, and the resulting data will be available for computer code validation.

The details of the fluid-to-fluid mixing is not addressed in this portion of the scaling since only the
recirculation behavior of the system was examined. While there may be local distortions between the
plant and the CMT test due to mixing, the overall hydraulic effects are very similar, as the scaling
analysis indicates. Since the full temperature and pressure are simulated in the experiments, the
thermodynamic behavior of the test relative to the plant is similar. Since the development of the hot
liquid layer is calculated to be similar between the plant and the CMT test, the fluid flashing effects is
also similar. The hot liquid layer flashing is driven by the fluid temperature to saturation temperature
that is determined by the depressurization rate simulated in the test. The depressurization rates are
chosen 1o be representative of the AP600 SSAR calculations. Since the experiments will cover the
full-pressure ra..ge of operation of the plant, it is expected that the flashing effect will be similar
between the test and the plant, so this phenomena on the PIRT is addressed for code validation,

In conclusion, the scaling for the CMT test has shown that the same effects observed in the plant
recirculation behavior can be represented adequately in the test, such that the recirculation phenomena
listed in the CMT PIRT are captured in the CMT test facility,
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2.0 THE CMT DRAINDOWN BEHAVIOR SCALING ASSESSMENT
3.1 Introduction

There are two aspects of the draining operation of the CMT that depend on the amount of time that
the CMT has been recirculating. As the CMT recirculates, hot water flows up the cold leg balance
line to the top of the CMT. As discussed in Section 1.0, as the reactor system drains, the cold leg
balance line voids, and steam from the cold leg can then flow up to the CMT, condenses on the CMT
walls, and mix with the CMT liquid. The amount of condensation and the rate of condensation is
dependent on the time period over which recirculation has occurred. If recirculation has occurred for
long time periods, which is typical of most small-break LOCAs, then a hot liquid layer will have
developed at the top of the CMT. The presence of the hot liquid layer will significantly reduce the
direct interfacial condensation from the steam to the CMT liquid. The hot liquid layer will also heat
the initially cold CMT walls, so the wall condensation is also reduced. As the break size increases,
the duration of recirculation decreases since the reactor system drains sooner. More steam wili flow
up the cold leg balance line as the break size increases and is condensed by both direct interfacial
condensation and mixing with the CMT liquid, as well as by condensing on the colder CMT steel
walls,

This section of the report concentrates on the scaling of the steam diffuser used in the AP600 plant
and the CMT tests and on the condensation processes that could occur for larger break sizes. A top-
down scaling analysis is also performed to assess the test pressure behavior relative to the AP600 piant
CMT. The estimated response of the test facility is calculated and compared to the response of the
plant CMT to verify that the thermal-hydraulic phenomena identified in the PIRT for the draining
phase of the CMT operation are addressed.

3.2 Scaling of the CMT Diffuser

The hot pre-operational tests performed in the CMT test facility with steam being injected into cold
CMT liquid indicated that the condensation process was violent and resulted in large vapor slugs that
collapsed in the subcooled ligaid. Since the process was irregular and had the potential for creating
undesirable mechanical loads, a sieam diffuser was developed to reduce the rapid condensation effects
and promote heat-up of the liquid layer at the top of the CMT. Once the liquid layer is heated, it acts
as buffer between the initially highly subcooled CMT liquid and the incoming steam from the steam
line, representing the cold leg balance line.

It was recognized that the basis used for the choice of the CMT test steam distributor design had to be
scalable to the plant CMT so the thermal-hydraulic phenomena associated with the diffuser observed in
the tests would be scalable to the AP60O plant.

There is conflicting information in the literature on the location of the limiting heat transter resistance
for direct condensation, whether it is on the steam side of the interface or on the liquid side of the
interface.™’ In this analysis, the limiting resistance is assumed 1o be on the liquid side since theie 18 a

uil628w- | wpf b Rev | 3.1



large source of steam to the CMT, and rapid condensation continues o occur until the liquid has lost
most of its subcooling,

The CMT steam diffuser induces a circulatory flow pattern at the top of the CMT due to the
momentum of the steam as it is injected through the diffuser and is rapidly condensed.  The rapid
condensation induces additional steam flow into the CMT, and also reduces the pressure at the top of
the CMT so the drain flow from the tank is reduced. The liquid recirculation flow pattern continues (o
mix the injected steam until the liguid temperature approaches the local saturation temperature. At
that time, the steam that is injected can bubble to the top of the CMT and & stable steam/water
interface will be formed, and the CMT starts to drain freely,

Since it is the internal circulation or mixing of the cold CMT liquid that drives the condensation
process, the approach for the scaling of the diffuser is to:

e  Choose a very low CMT liquid velocity preserved at the tank wall 0 minimize the liquid
recirculation. The liquid would heat up rapidly in the vicinity of the diffuser and condensation
is reduced.

s Preserve the steam momentum flux determine the flow area in the diffuser that was needed to
obtain the chosen low value of the liquid velocity at the CMT wall,

The same value of the liquid velocity at the wall was chosen for the AP60O plant, the CMT tests, and
the AP60O integral systems tests at SPES and at Oregon State University so consistency would be
achieved for the different CMTs used in these facilities and a rationale for comparison would exist
between the test facilities and the plant.

There are other scaling considerations for the diffuser in addition to the momentum flux scaling.
Small vapor jets injected into the CMT are more desirable than a single or a few large vapor jets to
avoid large condensation shocks or pressure surges. Therefore, while the momentum flux scaling
method resulted in a total flow area for the diffuser, the diffuser is manufactured with a large number
of small holes to smooth out the condensation processes. The choice for the hole size for the AP60O
plant diffus.1 was based on the hole size successfully tested at full scale for the ADS sparger.

Figure 3.2-1 shows the schematic of the diffuser with the liquid and steam velocity components as
indicated on the figure. The velocity components and the areas are defined as:

V., = vapor velocity in the pipe leading to the diffuser

Ve = yeoor veloony flowing through the holes in the diffuser
Ve = liquid velocity at the diffuser

Vo = liquid velocity at the CMT wall

A, = area of the inlet pipe to the diffuser

Ay =« area of the holes in the diffuser

L
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Ay, = liquid area at the diffuser
A, = area at the CMT wall, for the same axial length as the diffuser

It is assumed that the diffuser is sufficiently porous and that the momentum effect of the steam acts (o
push a cylindrical region of liquid flow toward the CMT wall. The area of the liquid region at the
diffuser is Ay, and is assumed equal to the outside area of the pipe, which contains the holes for the
diffuser. This assumption implies that the steam from the individual holes in the diffuser is pushing
on a cylindrical area equal to the outside area of the diffuser pipe. Preserving the momentum flux
between the steam flow leaving the diffuser and the liquid at the diffuser is given as:

V.Ap, = ViAP, (3.2-1)

The liquid velocity at the diffuser flows radially toward the CMT wail, and the wall liquid velocity is
given by continuity as:

PANV. = PAY, (3.2-2)

The liquid velocity at the wall is chosen as 0.1 ft./sec 10 minimize the amount of recirculation in the
CMT and promote the heat up of the liquid layer at the top of the CMT. This is an assumed value
and is held constant for all the tests and the AP600 plant CMT diffuser. The area of the wall, A, is
the area at the wall for the same axial length as the diffuser.

The steam flow through the diffuser is determined from the flow through the inlet pipe to the diffuser
from the continuity equation as:

A
Y, o ¥V ot (3.2-3)

+ L ———
¢ 'A“

The steam flow in the test CMT was estimated by scaling the steam flow from the SSAR calcuiations
used to calculate V_ . Given the value for V_, then the area ratio of A / A is solved for the given
liquid velocity at the wall (0.1 ft./sec). The result is the area for the holes in the diffuser relative to

the diffuser inlet pipe area. In the design of the diffuser, small holes were used, as seen in
Figure 1.2-4, so the diffuser would be more porous. This supports the application of the momentum

scaling approach.

Since the liquid velocity at the wall is preserved for the CMT test relative to the AP600 plant, the
degree of mixing observed in the CMT test, that is, the depth of the mixing layer below the diffuser,
should be the same in the test as in the plant CMT.
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Figure 3.2-1 Model for CMT Diffuser Momentum Approach
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3.3 Core Makeup Tank Pressurization Equation - Top Down Scaling Analysis
3.3.1 Introduction

As the CMT drains, steam flows from the cold leg balance line into the vapoi space created at the top
of the CMT. The amount of sieam that flows into this vapor space is a result of the volume
displacement as the liquid drains, the wall condensation, and the interfacial condensation from the
steam to the liquid interface in the CMT. The bulk temperature of the liquid depends on the amount
of single-phase recirculation that occurs, as well as the amount of direct condensation that occurs
between the steam and the liquid layer at the top of the CMT. To estimate the CMT pressure
performance, two cases are examined that bound the CMT thermal-hydraulic conditions. The first case
treats a vapor space above a subcooled liquid interface so the pressure in the liquid is the same as the
imposed pressure from the vapor. This case is similar to the thermal-hydraulic conditions for the
CMT following a larger break in which there was very little recirculation. The second case treats the
CMT as a homogenous mixture that simulates the CMT after a long period of recirculation, during
which the CMT fluid is heated before the tank begins to drain.

3.3.2 Core Makeup Tank Vapor Space Pressure Equation

The CMT configuration is shown in Figure 3.3-1 with a vapor space at the top of the tank since the
tank has begun to drain. Steam enters the coid leg balance line and is condensed on the cold tank
walls as well as at the interface between the steam and the liquid. The vapor space represents the
system volume for the mass and energy balances. The conservation of mass equation is:

d
'd"(mv_) mm N mmu (33")
and the energy balance equation is:
d me| =mh -t h, +q, -w (33-2)
a"" [ v "Lv: N ot owt L sys g
or:
g [m,el_ =mh ~m_h (3.3-3)
d( VUV kv wom outr Tout

where heat transfer to the vapor space and work performed by the control volume is ignored.

Using the definition of the vapor enthalpy as:

P
h =e +_=¢ +PyVv, (3.3-4)
P,
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the energy equation can be written as:

‘al' [mv(hv = vav)L r mmhn . momha\n

s0 the energy equation becomes:

Vo, - R =mh, - mh,

Clearing the bracket term on the left hand side of the equation and expanding gives:

__[d Y V. e P ._._dv' mh - m
- i " & -
dt VmeL" V. 4‘ V. m mon N"‘Wl

(3.3-5)

(3.3-6)

(3.3-7

(3.3-8)

Equation 3.3-% can be non-dimensionalized using the initial conditions and the boundary conditions as:

v, =V, V.
Py, = PPy
h, = h b
P, =P P,
h, = m, m,
th,, = W, My,
h, =h nh,:

hout N hmn,hﬂ‘ﬁl

(3.39)
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Using the definitions given in Equation 3.3-9 and dividing the energy equation by h_ di_, the non-
dimensional energy equation becomes:

z,,_%[v.’pv‘m‘] - n,ru[vv‘d;' . P'd}“]

(3.3-10)
* T () - ifmh)
where the time constant and characteristics time ratios are given as:
v
T, = Pom Ton (3.3-11)
i
n,
n, _.h_P"' (3312
- » 3-12)
P oys, Mays,,
h
n = .'i: (3.3-13)
and:
m_h
n = _F_“‘ - (3.3-14)
mm. sys,

The inlet mass flow of vapor is used to non-dimensionalize the energy equations, since this mass flow
can be directly related to the condersation that occurs on the CMT walls and the liquid surface, as
well as the volume displacement as the CMT drains. As seen in Section 3.5, since the CMT drains
slowly, the volume change is small compared to the mass flow into the system so the time derivative
of the vapor volume can be neglected, and the mass flow into the CMT is then directly related to the
condensation. If there is a small pressure drop between the inlet and the vapor control velume, the

m group can be assumed to be unity.

Equation 3.3-10 is also valid for the AP600 CMT so the ratios of the characteristic times and the time
constant can be compared. The system time constant T, is dependent on the inlet mass flow, m,,

which means the condensation rate in the AP600 CMT is reiative to the condensation rate in the CMT
test. Comparisons of these rates are made in Section 4.0 for quasi-steady-state conditions.
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The T, group is only a function of the initial conditions. Since the CMT test is designed to cover the
full pressure and temperature conditions for the AP600, this ratio is unity. Therefore, the difference in
the rate of condensation between the CMT test and the plant CMT influences the system time

constant T,

3.3.3 Core Makeup Tank Homogeneous Mixture Pressure Equation

After the CMT has recirculated for an extended time period, the liquid in the tank is very hot and may
be near or at the local saturation temperature. A top-down scaling analysis for the tank in this
condition can be performed in a similar fashion as that performed in Section 5.0 of the Oregon State
University Scaling Report.”’

The objective of the system level scaling analysis is to examine the similarity criteria to scale the
system depressurization. The governing equations are presented in Equations 3.3-15 and 3.3-16 for the
CMT fluid mass:

%.(pm\/m) = ApQ) (3.3-15)
and for the CMT fluid energy:
d @
.&.(pmemvm) = pQ[e*FJ] G ™ W, (3.3-16)

The control volume for this analysis is the entire CMT depicted as a single control volume.
Equations 3.3-15 and 3.3-16, are the fluid conservation equations for the system. In these equations:

P is the average CMT fluid density
N is the CMT fluid volume

AlpQ] is the net rate of fluid mass entering the CMT volume (through the cold leg balance
line) or leaving (through the CMT drain line)

Qs is the net heat rate into the control volume, assumed equal 1o zero
w, is the shaft work done by the fluid, and assumed equal to zero
Coin is the average system fluid energy per unit mass. It consists of internal energy, kinetic

energy and potential energy components as follows:

S (3.3-17)
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The term

| P
'\1‘\(‘)(' ¥ (3.3-18)

Y

is the net rate of fluid energy entering the CMT volume (through injection) or leaving (through
draining). It includes the work done by pressure on mass flowing across the control surface

boundanes

Equations 3.3-15 and 3.3-16 can be simplified by recognizing that the mass flow rates can be written

as
fm = p(‘l (3.3.19)

Thus, Equations 3.3-15 and 3.3-16 can be written as

,,,,, p.V m_ ~m (3.3-20)
dt
d ] ) [ P '
iV € ) = hie *» f jmie + || (3.3-21)
dt P iin | P | out
.
Substituting Equation 3.3-17 into Equation 3.3-21 yields
[ | |
d 1 g7 l ’ >
._Rip\\”‘(“ _Jphi - ' jmie + — | e * o l (3.3-22)
| g B, )svs| | P Jlin | P out
Simplifying assumptions
a. Changes in kinetic and potential energy, internal to the fluid, are negligible
b. Fluid kinetic and potential energy associated with the injection and drain flows are negligible
L
Applying these assumptions to the fluid energy Equation 3 ! yields
d !‘ }‘ y =
Py e * - e *+ - (3.3.23) %
i { P llin | P/l out
PO LRV S S S = AR S Sy e s was - A




Using the definition of enthalpy, h

')
h = ¢ ’ (3.3-24)
p
Equation 3.3-23 can be written as
[ |
| y |
dl , o I L aa
P .V IR B i {mh) mh) (3.3-25)
dt] ™ ' P ' '
\ Noting that V., the total CMT vo.ume, is constant allows Equation 3.3-25 1o be writien as
d dpP, | \ \ \ .
—p. h )=+ ithh) ~(mh) +q| (3.3-26)
dt ; di v, | . . ‘
I Furthermore, for homogeneous equilibrium conditions, h,,, will be equal to the average system
enthalpy, h,,,. Thus
(mh) . = h_m (3.3-27)
Substituting Equation 3.3-27 into 3.3-26 and ignoring the heat transferred 1o the system yields
d \“’” 1 [ . | '
—_ip _h_ —— ey, - B} (3.3-28)
dt dt Y N

e mass simplified energy equations can be expressed in terms of dimensionless quantities using the

initial and boundary conditions given as

P P p
: \ \ \
i i ) m
P I (3.3.29)
I m m




(mh), = (imh), (mh),

hm = hm.f’t";‘

The resulting dimensionless continuity and energy equations are given in Equations 3.3-30 and 3.3-31
as:

%%(P&-V-J.) = [mg - my, (3.3-30)
System fluid energy:
‘r%(p;h;) . ll,.tog-:"-;'; . -\-/‘—,{rx,(am); - hyn (3.331)

Where the residence time and characteristic time ratios are given as:

Fluid residence time:

Vv
1, = Pono o (33:32)
mMO
Characteristic time ratios:
mn.u
| I System flow rate ratio (3.3-33)
mmu
A :
| WS ... . System pressure ratio (3.3-34)
pml.'hml‘
n = (mh)“" System enthalpy ratio (3.3-35)
B oo

wys. 0
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Examining the fluid residence time and the characteristic time ratios for the CMT test relative to the
plant CMT for the fluid residence time, the ratio of the CMT test to the AP600 test facility is given
as:

p mov sys.0 J
fent

Tdoar, th,,,

T())(‘mm pmovm“ J
plant

mn, = (3.3-36)

m

outo

The SSAR calculations indicate that the recirculation flow rate is 50 Ibmvsec for the plant CMTs when
in single-phase recirculation. Since recirculation is a constant volume process and the volume of the
plant CMT is 2000 fi.*, the fluid residence time is calculated to be 1823 seconds using the saturated
density of liquid at 1100 psia. For the CMT tests, the fluid volume is given as 18 ft." from the
Facility Description Report.” Since the drain flow rate can be controlled over a range of 2 to 26 gpm,
the fluid time constant for the AP600 plant can be simulated in the test.

The system flow rate ratio, given as 1, in Equation 3.3-33, depends on the modeling of the system
hydraulic resistances. As seen in Section 2.0, the CMT test does represent the hydraulic resistances
expected for the plant CMT flow path from the cold leg through the tank to the injection line.
Therefore, this ratio would be unity for the test relative to the AP60O plant CMT.

The system pressure ratio is only a function of the pressure level simulated in the test relative 1o the
plant CMT. Since the test facility can simulate full AP600 pressure and temperature conditions, this f1
ratio would be unity,

The system enthalpy ratio is a function of pressure and the mass flow rate ratio. The pressure effects
would be the same in the test as in the plant CMT since the test is full pressure and full temperature.
Also, since the hydraulic circuit is preserved between the st and the plant, as seen in Section 2.0, this
ratio is at or near unity.

Therefore, the CMT test simulates the conditions needed to represent the depressur’'zation behavior of
the plant CMT.,
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Figure 3.3-1 Control Volume Boundaries for CMT Draining Analysis
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3.4 CMT Draining Processes at Constant Pressure
34.1 latroduction

This section examines the draining process at constant pressure for the CMT. The top-down scaling
analysis given in Section 3.3 indicates that the large size of the CMT, combined with modest drain
rates, makes the draining process quasi-steady. Before the ADS valves open, there is an extended
period after recirculation in which the CMT continues to deliver water to the reactor vessel and begins
to drain. The conditions at the top of the CMT vary depending on the size of the hreak. For small
breaks, CMT recirculation heats up the liquid layer at the top of the CMT, so wall and interfacial
condensation is reduced. For larger break sizes, there is less time for recirculation, so the CMT walls
and the liquid are colder and condensation can occur.

Two aspects of the draining process are examined. The first analysis examines the situation in which
the CMT remains full and there has been no recirculation, so the CMT liquid is initially very
subcooled. This is the situation for a large-break LOCA or a very large small-break LOCA. The
ohjective in these calculations is to examine the thermal-hydraulic effects of the CMT diffuser for the
test and the AP60O plant.

The second series of calculations simulates the CMT after some initial drainage, so there is a level in
the tank with a vapor space at the top of the tank; there is wall condensation as well as interfacial
condensation at the steam/liquid interface. The recirculation behavior of the vapor flow is
approximated for the plant CMT as well as the CMT test to estimate the interfacial heat transfer.

3.4.2 Governing Equations for Constant-Pressure CMT Draining Process

The energy and continuity equations from Section 3.3 are simplified to examine the constant-pressure
draining process for the CMT. A set of balance equations and dimensionless groups, applicable to
draining processes in general, is developed. Figure 3.3-1 defines the control volume boundaries for
the CMT. The system of equations that represent the CMT and its draining are given as:

Liquid mass:
..:_((p‘\/,) = AlpQ] (34-1)
Liquid energy:
d P :
_(pcV)=A[pQ(e *_‘]+ql—w! (34-2)
d‘ ' m B .l p }
Solid structure energy:
%m_vgsr‘) = H(T, - T)a, - H(T, - T_)a, (34-3)
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Equations 3.4-1 and 3.4-2 are the liquid conservation equations for the CMT where:

Py i
v, =
AlpQ] =
q, =
\Vt =
e =

density of the liquid inside the control volume

volume of liquid inside the control volume

net rate of fluid mass entering or leaving the control volume
net heat loss to the ambient

shaft work done by the liquid

average liquid energy per unit mass

The liquid energy, e, consists of internal energy, kinetic energy, and potential energy as follows:

The term:

2
€ TC ¥ e ¥ oa
L] nt 28‘ gc

i3]

(3.44)

(3.4-5)

is the net rate of liquid energy entering or leaving the control volume. It includes the work done by
pressure on liquid flowing across the control surface boundaries. Equations 3.4-1 and 3.4-2 describe

the average liquid mass and energy transfer for the liquid portion of the control volume.

Equation 3.4-3 is the solid structure energy conservation equation. 't *s a lumped parameter

description of the solid structure that encloses the control volume. It assumes a uniform temperature

throughout the solid. This equation is replaced by a more complete one-dimensional conduction

equation in subsequent sections to more accurately calculate the heat transfer to the CMT walls. H_is

the coefficient for convective heat transfer from the surface to the liquid inside the CMT, and H_ is
the coefficient for the convective heat transfer from the surface to the ambient.

The following assumptions are applied to the governing equations:

» The liquid inside the control volume is inviscid and incompressible

» There is no work done by the liquid

» Changes in kinetic and potential energy intemal to the liquid inside the control volume are
small comparcd to its internal energy

The liquid volume inside a tank having a constant cross-sectional area, A, . over the entire height

of liquid, L(v), is given by:

Ve = AV

(3.4-6)
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This particular assumption is modified when analyzing the plant CMT since a large fraction of the
surface are” and tank volume is contained within the heads of the tank.

Substituting Equation 3.4-6 into Equation 3.4-1 yields:
d
B"'(plATANKLO) = A{PQ] (3.4-7)

Recognizing that the mass flow rate, m, equals pQ, Equation 3.4-7 becomes:
d
a'"(plA'rmeo) = m, - m, (3.4-8)

Locations 1 and 2 are shown on Figure 3.3-1.

Applying the assumptions stated above to the liquid energy Equation 3.4-2 yields:
%(P.AWKCJH = (thh), - (mh), + q (3.4.9)

These simplified equations are summarized in Table 3.4-1 and can be expressed in terms of
dimensionless quantities using the initial and boundary conditions presented in Table 3.4-2.

Substituting the dimensionless guantities into Equations 3.4-3, 3.4-8, and 3.4-9 and dividing the liquid
mass conservation equation by (h,),, the liquid energy conservation equation by (,h,),, and the solid
structure energy equation by (H a T ) . vields the non-dimensionalized balance equations listed in
Table 34-3.

3.4.3 Application of the Governing Equations for CMT Draining

This section presents a more detailed analysis for the CMTS, using the system equation derived in
subsection 3.4.2.

The phenomena of interest during the CMT draining process are given in the Table 1.4-1 and are:

¢ Condensation on cold steel surfaces

e Transient conduction in CMT walls

o Interfacia! condensation on CMT liquid surface

¢ Dynamic effects of steam injection and mixing, with the CMT diffuser
¢  Thermal stratification and mixing of condensate with colder CMT water

Q628w 1 wpf 1b Rev. 1 3-16



| -

TABLE 3.4-1

a
i TOPL-DOWN SUBSYSTEM LEVEL SCALING ANALYSIS: CONTROL VOLUME

di

BALANCE
EQUATIONS FOR CORE MAKEUP TANK DRAINING
(WITH SIMPLIFYING ASSUMPTIONS)
Ligwe Mass
d
w AP Ay = 0, - M (3.4-8)
Liquid Energy
. . -
_‘_(p,f\..«\_\l.,( o1y = (mh) -~ (mh), + q (3.4-9)
at !
Solid Structure Energy
% _ii-(‘\ ‘.\".(‘\aTL) ‘- }.l '."1" 4 -Ii.’u\ - }‘Ihd( 1 'I‘l“‘r‘ 'u\d (1 : “‘ll

TABLE 3.4-2

CORE MAKEUP TANK BALACE EQUATIONS

SET OF INITIAL AND BOUNDARY CONDITIONS = ED TO NON-DIMENSIONALIZE THE

i'p(“\-.\»\;,\,' - "po"\'«w‘," P s Arank
m, = () m,

m. = () m’

L =)L’
P A aCuls = P AAkCuTdo PeArankCuly
(mh), = (mh), (rhh),
h, = h,h,
4 =4q q
pVC.T =pV.T) p,V,C.T,
H,a = (H,a) Hea,
(T, = T) = (1 D = L)
(7, = T) o (T, =T ML =T
Ha = (H_,a)H.,
..;T:m Lwpi:1b Res 3-17




TABLE 3.4.3
NON-DIMENSIONALIZED BALANCE EQUATIONS FOR
CMT CONSTANT PRESSURE DRAINING

i Liquid Mass

d " * " " ¢ -
1 (v ‘A } = ) (3.4-10
Th—“ e Arancle | II” m m, 10)

Liquid Energy

T II‘ _‘_‘-“\0'4<-‘\\;_|,,'(‘\;l.) - n ‘:”‘h)‘ - m ‘h‘ -+ Iil‘ q‘ (34-11)

dt
Sohd Structure Energy
1 _,'..’(\ C.a ) = -H_ a (T - 1)°6, - H}_ H.a (T, T,..) ©, (34-12)

\

at

Time Constant, Solid Specific Frequency and Characteristic Time Ratios

|
|
|

Drain Rate Tune Constant

- [pl“\'»\'\kl'l ]

1 | ’ (3.4-13)
tm
) \ J
Solid Structure Specific Frequency
1 | Hoa l
= | (34-14)
; [P VA
Charactenstic Time Ratos
F .
| 1
. [ m, | )
1. = =] Flow Rate Ratio (3.4-15)
. | M, |
) |C.T, |
IL . ‘-_:'_l" Energy Ratq (34-16)
| B |
¢ ]
| (thh)
II 8 | ciesmen | Enthalpy Rauo (34-17)

: i |
1L * g Heat Loss Ratio (34-18)
Surface Heat Transfer Rato
Dimensionless Liguid Temperature Ratio

Dimensionless Ambient Temperature Ratio




The CMT test facility parameters that have to be assessed to address the phenomena of interest to the

AP600) plant CMT draining process are as follows

. Metal mass

. Internal volume

. Length

- Diameter

. Heat transfer time constant

)

Oiher parameters that affect the CMT test facility recirculation behavior are discussed in Section 2

This <2ction assesses the similar criteria and characteristic time ratios needed to scale the various
processes occurring in the CMT during both modes of draining. The general balance equations
presented in Table 3.4-1 are now made specific for the CMTs, and additional detail is added to the
original equations to more accurately calculate the thick wall condensation and heat-up effects

For the CMTs, the inlet flow rate is given by m_, , the steam mass flow rate through the cold leg

BA
balance line. The flow ieaving the CMTs is given by m ., the CMT discharge mass flow rate

Thus, Equation 3.4-8, the liquid mass balance equation, can be written as

d T 4 1 4
m;pr"\l.‘: = th,, - M., (3.4-22)

where A is the horizontal liquid surface area in the cylindrical portion of the CMT where the tank is
filled to some level L, To evaluate tg,, , it is necessary to perform an energy balance on the steam

coteriug the CMT head

There are two condensation periods in the CMT as it starts to drain. During the first period, the CMT
is full, and the steam exits the diffuser and is directly condensed in the CMT liquid if sufficient
subcooling exists. As the steam is condensed in the liquid, the liquid heats up, and eventually the
condensation in the Liquid ceases and the CMT drains. The second period of condensation occurs as
the tank drains; the colder CMT walls are exposed and wall condensation occurs. The relative
amounts of wall condensation or direct condensation on the CMT liquid depend on the liquid level in
the CMT and the temperature conditions of the liquid and walls when steam enters the cold

balance line

Figures 3.4-1 and 3.4-2 depict an idealized view of the condensation processes within tae CMT for the
two different condensation periods. As seen in Figure 3.4-1, a full CMT with the diffuser models the
condensation process as submerged jets where the individual holes in the diffuser are releasing the
steam into the subcooled CMT water. In this mode of operation, the condensation 18 OCCUITINg

directly in the CMT liquid, and there is no CMT wall condensation. The steam that is entering the
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CMT is assumed to be saturated at the system pressure, and the CMT liquid is assumed to be initially
at 100°F

)

The CMT liquid level after the tank has partially drained is shown in Figure 3.4-2. In this
configuration, there is wall condensation as well as direct condensation on the CMT liquid. It is
assumed that steam enters the CMT at saturated conditions, Direct steam condensation in the CMT
liquid and wall condensate film develops a thermal layer at the steam-liquid interface. The thickness
and temperature of this layer affects the liquid surface condensation rate. Writing an energy balance

for the steam in terms of these two condensation mechanisms vields

Juwe * 4 (3.4-23)

where it is assumed that the steam gives up only its latent heat, h,_ . In this equation, ¢ 1 the
L]

energy transferred to the condensate film on the CMT walls, and g, is the energy directly transferred
to the cold CMT liquid as the steam flows out of the diffuser and is condensed. The amount of

energy transferred to the liquid film on the CMT walls is given by

Qus = B AT, - T (3.4-24)

where H, . is a heat transfer coefficient for condensation of steam on vertical surfaces. This
coefficient is obtained in the bottom-up scaling analysis. The twtal CMT wall surface area exposed to

the steam is a,,, and (1 T,.) is the temperature difference across the condensate film, as depicted

W

in Figure 3.4-2, and de~ds on the liquid level in the tank

Early in the transient when the CMT is initially filled, no wall area is exposed, such that g, = 0 and
the steam is directly condensed in the subcooled CMT liquid at the diffuser. The amount of energy

directly transferred to the CMT liquid, g, ., can be estimated by

where H . is the interfacial condensation heat transfer coefficient that depends on the diffuser

geometry and the steam flow rates into the diffuser, and A, is the interfacial area between the steam

and CMT liqud

ln this situation, the flow rate in the balance line is equal to the condensation rate occurring at the

diffuser. Therefore, the balance line flow is given as




and the continuity equation for the CMT becomes:

HLS,AI (Ta i Tn)

g

’adT PAL) = - Moy (3.427)

Since the CMT does not drain and remains full, the left hand side of this equation is zero.

This equation directly relates to the draining rate of the CMT to the condensation that is occurring at
the diffuser in the CMT for the initial condensation and draining period.

As the top liquid layer around the diffuser is heated by condensation, the CMT begins to drain and the
diffuser becomes uncovered. Condensation can now occur on the CMT walls as well as on the
interface between the steam space and the CMT liquid in the tank; therefore, the steam flow in the
balance line must now equal the sum of wall and liquid condensation rate,

Substituting Equations 3.4-24 and 3.4-25 into 3.4-23 and solving for the balance line mass flow rate
yields:

o = P - T) g o (T - TIA (3.4-28)
BAL f, [ LSJ _h:——

where the conduction effects into the CMT liquid are ignored.

Substituting Equation 3.4-28 into 3.4-22 yields:

d Ha (T, - 7, s = TA,
‘CT!.“p'A'L') - (:: ) + [HLS] ..(E_F'.'iA_ = My (3.4-29)

g

where H, . is the condensation coefficient on the liquid surface once the CMT has begun to drain, and
A, is the steam/liquid surface area for a given tank level.

This equation directly relates the rate of change (draining) of the CMT to the condensation processes
on the walls and surfaces for a partially drained CMT.

Equations 3.4-27 and 3.4-29 are part of the governing equations for CMT scaling.
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The liquid energy equation, Equation 3.4-9, can also be made specific to the CMT draining mode by
implementing the definition of m,, provided by either Equation 3.4-26 or 3.4-28, depending if the
CMT is full and condensation is only at the diffuser, or if the CMT had started to drain and

condensation was occurring at the walls and the steam/water interface. Thus, the CMT liquid energy
equation becomes:

PALLLT) = (), = (e, (3.4-30)

where the heat loss from the tank, g, is 2ssumed to be negligible.

If the condensation is only occurring at the steam diffuser and the CMT level has not begun to
decrease, then Equation 3.4-26 can be substituted into the liquid energy equation, Equation 3.4-30, and
a convective heat loss term can be added to give:

0 oLty =h o |osAT T T.-T!| @an
'a(p/ﬁnna) BM———H:-—-( evr = NeowvAcony | Ty : (3.4-31)

The level of the CMT is assumed to be full since the effects of the wall condensation have been

ignored in this case. For the cases in which the CMT stays full aod condensation is only occurring at
the diffuser, a convection heat loss term to the initially cold CMT wall is added. For this calculation,
the wall is assumed to be a lumped thermal mass, and the heat transfer is from the heated water layer

by natural convection using the McAdams correlation described in Section 2.0. The area term used in
the calculation, Ay, is the area associated with the mixing layer chosen for the calculation. The

value T isthe average wall temperature for the convection calculation. While this is less precise, the

convection heat transfer to the walls is much smaller than the energy being added from the steam flow
into the CMT.

Once the tank begins to drain and the diffuser is uncovered, ther the liquid energy equation is given
by substituting Equation 3.4-28 into 3.4-30 to give:

H,a (T,-T X,
SOALCT) = by __"f_"t(;r"_:'l . [H,) .(r"_h.‘)fl - (thh) (3.4-32)
1] {
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Because the CMT walls are thick structures and are initizlly at ambient conditions, a more detailed
solid structure energy equation is considered for the wall condensation. For the CMTSs, the structure
energy equation is written as follows:

3 o |, om] |
E(P.V.CJ.) b AL J (3.4-33)

which assumes one-dimensional heat transfer in the CMT wall. The boundary conditions become:

a7

ku";,:)r-ﬁ - HLF (Td T Tv:) (34‘34)

at the inner surface where condensation is occurring with the transient wall surface temperature T_ .
The outer wall boundary condition is:

aT,
3 . =0 (3.4-35)

1 ';r-)r-k_

where it is assumed that the heat transfer from the outer surface of the tank is assumed to be
sufficiently small, so the tank is adiabatic.

The use of the one-dimensional conduction equation permits a more accurate assessment of the wall
heat up and condensation effects and, therefore, the draining behavior of the CMT. This is particularly
important because the plant CMT has a 7.78-in. wall thickness, while the test CMT has a wall
thickness of 2.32 in. Cylindrical coordinates are used for the CMT wall conduction calculation,
spherical coordinates are used for the plani CMT head, and a modified spherical coordinate system is
used for the ellipsoidal head of the test CMT to calculate the wall and hiead heat-up rates.

It should be noted that the CMT wall surface participating in the energy exchange process is limited to
that section of the tank that has its inner wall surface 2xposed to steam. As the CMT drains, more
surface is exposed and, hence, condensation on the walls should increase.

Equations 3.4-27, 3.4-29, 3.4-31, and 3.4 32 forms the basis of the top-down scaling analysis. These
equations are listed in Table 3.4-4 for purposes of future reference for both CMT condensation modes.

Equations 3.4-27, 3.4-29, 3.4-31, and 3.4-32 are made dimensionless using the CMT boundary, initial,
and geometry conditions given in Table 3.4-5. Applying these conditions and dividing the liquid mass

equation by (), and the energy equation by (mcmhf:)o' yields the dimensionless equations
presented in Table 3.4-6. The dimensionless equations in Table 3.4-6 and 3.4-7 cover the case with

the condensation at Jhe diffuser. Tables 3.4-8 and 3.4-9 provide the dimensionless equations when a
level exists in the CMT and condensation occurs on the walls and liguid surface. The structure
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conduction equations used in Tables 3.4-8 and 3.4-9 can be put into a dimensionless form, as given in

Table 3.4-7, which yields the Biot number and the Fourier number defined as:

2 HLFL - HLF (Ro T R.)
. K k

kl( ot

= =

©PCL WKy

which characterizes the conduction process in the CMT wall and dome.

(3.4-36)

(3.4-37)

Tables 3.4-7 and 3.4-9 list the CMT drain time constant, the solid structure specific frequency, and the

characteristic time ratios for the different modes of CMT draining.
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TABLE 3.44
BALANCE EQUATIONS FOR TOP-DOWN SCALING ANALYSIS OF THE CMTS

[
Ligwd Mass

H AT I,)
‘_1(‘1""\1,'» T . S A M e

dt h

¥
(Condensation at the diffuser)

Ha(l(T -T.) (T, - T,)A
SPAL) = L e AR | TR R

dt h, oy n,
¥

f
’

(Condensation on walls and hquid surface)

Liquid Energy

H AT -T)
d, g 8§ *N\%d *¢
I.’?:P' \,lv'( HI‘- : | —

(mh)..,. - A,

M1

(Condensation at the diffuser)

h, H A [T,
h

fg

= (fh) .0

(Condensation on wall and hiquid surface
Solid Structure Energy

\1( T - f\( Ny h| ONY "C

v

dt ‘
(Condensation at the diffuser)

|

) v ) dT, 1
- (PVC.T) = L I«rk _.__>'
N ' ; [ ot or

(Condensation on the wall and surface)

Where the boundary conditions are

and




TABLE 3.4-5 -
CMT BOUNDARY AND INITIAL CONDITIONS

PAL, = (P AL, PIALS

Hoa,, = (H ) Hoa,

H A = (HLS,AI) (\HL‘S,A(‘

ki o[ KA | WA
-8-‘-!. ‘ ETU J 8;

HiA, = (H g AgHGA,
h, = hyHg (34-38)
CuT, = (CdT|)0Cs:rl.
hyy = (hp.u,)ohs‘u
q =@Q)a
vt = (Mergr), Mcye

m

Aconleony = (Acmwhcouv)(,Ac‘ouvhr.m-v r

(r, - Tw] - [T, - TWHT; - %w]

MC,T, = MC, T, MC.T,

(3.4-39)
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TABLE 3.4-6
DIMENSIONLESS BALANCE EQUATIONS FOR
TOP-DOWN SCALING OF THE CMTS,
WHEN CONDENSATION OCCURS AT THE DIFFUSER

I Liguid Mass:

Tomr -:—t- (P;Ax‘)Lt‘ - HM (HL‘S) ir_(T_:l""_Ti = ey
8

Ligud Energy:

TCNﬂ'I—L.cwrr % (P . ALy C"‘T‘.)

. pyoy ML, =TY
S § A § S ._'E“E_i = (h) ey
fi

TLow (Agmnc;,‘v){n‘ - TJ

Solid Structure Energy:
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TABLE 3.4.7
CMT TIME CONSTANT, SPECIFIC FREQUENCY,
CHARACTERISTIC TIME RATIOS
WHEN CONDENSATION OCCURS AT THE DIFFUSER

| Drain Rate Time Constant:

(3.4-45)
CMT
| Solid Structure Specific Frequency:
1 M, C., (3.4-46)
5,0MT :
LF Sy
| Charactenistic Tune Ratios:
) St o -
L8 iffuser Condensaton Rate Rauo (3.4-47)
! [
| Cale A
 IL .. = Energy Ratio (3.4-48)
‘ . _hrtm 0
Il - | Do Enthalpy Ratio (3.4-49)
{ W OMT py prve
ks “MT 0
B / |
‘ (Aarwhcmv){T.’ T_
L. - i Convective Ratio (3.4-50)
' L m(‘MThfg 0
‘ MSCV‘T 1
[ 11 i Structure Time Constant (3.4-51)

(A(-(Mhrmv){n »
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TABLE 3.4-8
DIMENSIONLESS BALANCE EQUATIONS FOR TOP-DOWN
SCALING OF THE CMTS, WHEN A LEVEL EXISTS IN THE CMT

vy i Hja,(T, - T,)
Tomr % (po A, )Lﬂ . H.m : hd. )
f
} (3.4-52) |
AT, - T) A i
+ I I (HL‘S) —-—-(1:-‘—‘——.)— - mcm
fg

Liquid Energy:

i : 4w
rmﬂm% AL ) =L, IL. —= uﬂ.-('f.,

h'l
(3.4-53) |

ke m, -1y
i rL.(‘m I-an h‘“(HU) _‘?‘_(_rﬂh’___i)_ - (msh)..

+ Hq,(‘m q’

| Solid Structure Energy:
9 _1 3 08
9F, W | on

WhercF(,-%:.wbcreL::R,,-R,andtheboundaryoondmonbecomcs:

an k

S

H
.9_9.1 = .._Li el = B6) (3.4-55) |
n=, |
- -
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TABLE 349
CMT TIME CONSTANT, SPECIFIC FREQUENCY,
CHARACTERISTIC TIME RATIOS
WHEN LEVEL EXISTS IN THE CMT

Drain Rate Time Constant:

Sohd Structure Specific Frequency:

%40 A (34-57) |
Al HLF amJ)
Charactenistic Time Ratios:
(H, AT, =1 |
I LB Ao . . Wall Condensation Rate Ratio (3.4-58)
m("Nﬂ‘hlu y
| - T,
| IL... = | (Hy M- T Liquid Condensation Rate Ratio (34-59)
, sond LS h m‘h
| C fy 0
‘ o
L. - ..."_'_'} Energy Ratio (3.4-60)
H _hcm o
‘ h
‘ Hn(‘m =|— Enthalpy Ratio (3.4-61)
; o L L 0
H. - R
B, = _k’__(_Rk_.____) Biot Number (3.4-62)
S
TP Fourier Number (34-63) |
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The CMT ligquid balance equations implement the same time scale, T, .. This permits direct
comparisons of the Il groups. The time scale for the solid energy equation, t__...., differs from the

CMT liguid time scale. The ratio of these time scales is written as follows

MH a_
i M C,,

When €., <<l, the CMT liquid variables change more rapidly than those of the solid, that is, the
CMT drains before the CMT walls are significantly affected. When €, >>1, the solid vanables
change more rapidly than those of the liquid because the draining rate is so slow that the CMT walls

are directly affected. Thus, the time scale ratio presented in Equation 3.4-64 indicates the degree of

coupling between the liguid transport phenomena and the heat transport phenomena in the CMT walls

o\ 62Ew- | wpt |}
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3.5 Bottom-Up Scaling Analysis for CMT Transient Processes

The CMT systems equations provided in Table 3.4-4 give the thermal-hydraulic response of the CMT
for the different condensation modes of operation. The heat transfer coefficients are key ingredients
and are assumed for the wall condensation and the direct condensation on the liquid surface.

3.5.1 Condensation on CMT Wails

It is assumed that film condensation exists on the CMT walls. The condensation heat transfer
coefficient is a function of the film Reynolds number defined as:

_ 4ar

Re o
Hy

T

(3.5-1)

where I' is the film flow per unit width. The wall condensation model used in the CMT scaling
analysis uses the Nusselt™ laminar film condensation coefficient for Re. < 2000, given as
(see Reference 9):

3 14
i, - 094 | _PeBluk (35-2)
LT, T

where:

p VL . (3.5-3)

such that:

Td N T"l 2 ';_ (.rnl - T\vt) (35'4)

where T, is the surface temperature that is calculated from the one-dimensional CMT wall

conduction solution. For turbulent film condensation, the modified Colburn"” correlation is used, as
recommended by Kreith. The correlation is given as:

2 s 3
ar. | [ k'ps :
H,, = 0056 |z | [0t py, 7 (35-5)
“l "f‘
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This is a local correlation since T is the local film flow. However, in the CMT heat transter analysis
an average film flow is calculated separately for the dome region and for the combined dome and
cylindrical wall region. Therefore, the 1" in Equation 3.5-5 represents the average film flow, so the
heat transfer coefficient is also taken as an average, over these regions

3.5.2 Interfacial Condensation at the CMT Diffuser

As mentioned earlier, interfacial condensation can occur in the CMT by two different mechanisms
depending on the level in the CMT. When the CMT is full, the diffuser is submerged in the
subcooled CMT ligquid. If the LOCA break size is large, then the cold leg balance line will void
quickly before significant recirculation has occurred. Therefore, the CMT liquid is subcooled and
rapid condensation occurs at the CMT diffuser. The small holes in the diffuser will create small vapor
jets, which are quickly condensed by the subcooled liquid that is driven in a recirculation pattern by
the steam momentum. The condensation process is limited by the circulation of the sub MT

liquid and its resulting temperature

The condensation heat transfer of vapor jets into subcooled water has been examined by scveral
authors.” To mode! the jet condensing processes, the appropriate interfacial heat transfer
area, A, and the local heat transfer coefficient that corresponds to the interfacial area must be
determined. The ORNL data from Reference 14, can be used to estimate the jet surface area for a
condensing jet in subcooled water, however, the report by Catton et al., made detailed measurements

on the interfacial ares for the jet condensing and determined that the true interfacial area is

significantly larger than the conical jet areas estimated in the ORNL data. The data from Catton et al.,

are used 10 estimate the condensation interfacial area, A, that could be expected to occur from the
steam diffuser in the CMT. The area data for the largest subcooling are normalized on the exit jet
area from their experiments and averaged over the range of flow rates. The high subcooling data 1s

used since the initial CMT liquid temperature is highly subcooled

For subcooled liquid, the interfacial heat transfer coefficient is calculated using a fit to Catton et al,

data as a function of liquid subcooling as

with a maximum value set at

2
100,000 __Bu

hr. fL.°°F

In addition to the Catton et al., data for jet condensation, the data from Cumo” " and Young * are also
used in a sensitivity study to calculate an interfacial heat transfer coefficient, h,, The interfacial area

for these sensitivity calculations is the same as that for the Catton calculations since Catton’s




interfacial area data are believed to be the most accurate source of information. However, there may
be double accounting of the total heat transfer using the Cumo and Young correlations with the area as

determined by Catton’s experiments

When the calculations are made to examine the diffuser behavior, the CMT is liguid solid so there is
no wall condensation. As the liquid layer surrounding the diffuser heats up, the hotter liquid will
transfer some of its heat to the colder CMT walls by convection. The McAdams natural convection

correlation, which is given in Section 2.0, is suitable for this portion of the calculation

Once the liguid layer is heated and the CMT begins to drain, then the diffuser is uncovered and the

interfacial heat transfer occurs on the liquid surface in the CMT
3.53 Interfacial Condensation When the CMT has Drained and a Level Exists

A correlation for the liquid surface condensation, proposed by Bankoff is used for steam flowing
countercurrent to a liquid flow on a flat channel. This particular correlation represents condensation as
a hydrodynamically controlied process so that as the steam flow increases, the surface condensation
increases, and it will draw in more steam flow into the CMT and further increase the condensation
heat transfer coefficient. Once the CMT begins to drain and a level is established in the tank, the
steam from the diffuser exits radially, flows to the CMT walls, and recirculates within the CMT. It is
postulated that the steam flows parallel to the CMT liquid level and creates waves on the liquid
surface, depending on the steam flow rate and the location of the liquid level to the diffuser. As the

tank continues to drain, the steam recirculation flow becomes weaker since the volume of vapor space

above the liquid level increases. At some point, the interfacial condensation heat transfer degenerates

to conde.sation from stagnant steam to a liquid surface that is at or near the saturation temperature
in the limit, the heat transfer becomes conduction-limited to the liquid surface from the steam as

conduction into a semi-infinite slab

Bankoff's correlation is given as

k
0061 — Re

n

where 1 is the maximum interfacial wave amplitude, and the Reynold’s number is given by

where U is the steam friction velocity for flow parallel to the liquid surface

It is hypothesized that when the level has dropped, there i¢ a recirculating steam flow, which is

developed as the steam exits the diffuser in a radial direction and then contacts the CMT walis and




flows downward toward the liquid surface, as shown in Figure 3.5-1. Since the diffuser has a finite
length, it is postulated that the downward vapor flow along the CMT walls is in the form of an
annulus with a thickness equal to the length of the hole region of the diffuser. This assumption
permits the calculation of the vapor velocity at the edge of the tank from the inlet steam flow rate by
continuity. This model for the recirculation also ignores the wall condensation that reduces the vapor
flow downward along the wall. Therefore, this model over-estimates the interfacial heat transfer on
the liquid surface of a partially drained CMT. This is compensated by the liguid at the top of the
CMT already heated by the steam condensation from the diffuser or from the CMT recirculation.

The calculation of the steam velocity at the edge of the CMT is used to calculate the size of the
waves yenerated on the CMT surface by the annular jet that flows down ihe sides of the CMT.

Also, sinve the steam must turn and flow paraliel to the surface, the jet velocity is used to estimate the
velocity flo ving parallel to the CMT liquid surface to calculate the interfacial heat transfer from
Equation “.5-7.

For an incompressible, inviscid liquid, impinged upon by a steam jet, Lamb’s"® analysis of the wave
height at the radial boundary of the disturbance is determined by the following force balance:

PN = =pu/’ (3.5-9)

where surface tension has been neglected, and 1 is the height of the wave formed at the edge of the
disturbance, p, is the liquid density, p is the steam density, and u is the velocity of the jet.
Rearranging this equation and writing it in terms of the wave height yields:

2]
n-= [%‘;-J (3.5-10)
o

This equation can aiso be written in terms of the mass flow rate through the balance lines as follows:

h:
n = _i_“:t_] (3.5-11)
ppae

where a_is the cross-sectional flow area of the steam jet at the point of impact with the fluid surface.

It should be noted that the wall condensation increases the my,, flow, which enhances the liquid
surface condensation.
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Equation 3.5-7 uses a friction velocity to calculate the Reynolds number, as given in Equation :

The friction velocity is defined as

using

for the shear stress. Assuming that a constant friction factor of f = 0.02 and L/D is unity, the friction

velocity can be expressed in terms of the annular steam jet velocity as

(3.5-16)

which is used in the calculation of the Reynolds number for the Bankoff interfacial heat transfer
correlation given in Equation 3.5-7. The interfacial area used in this calculation is the cross-sectional
area of the CMT
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Figure 3.5-1 Postulated Steam Recirculation Flow Pattern for Partially Drained CMT
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4.0 COMPARISON CALCULATIONS OF THE AP600 PLANT CMT DRAINING BEHAVIOR
AND THE CMT TEST DRAINING BEHAVIOR

4.1 Introduction and Approach

The equations that describe the CMT draining behavior are provided in Table 3.4-4. The
dimensionless versions of these equations are provided in Tables 3.4-6 1o 3.4-9 and indicate the
dimensionless I'T groups that are preserved between the test and the plant. These equations are
programmed and solved to estimate the plant and test CMT behavior for both modes of CMT draining
Calculations are performed considering that the CMT was liquid-filled and the inlet steam was
condensed at the diffuser, and then separate calculations are performed for the case in which a level
existed in the CMT and condensation could occur on both the CMT walls and the steam/liquid

interface. Several assumptions are made in solving the system of equations:

1) Calculations are performed with a full CMT to evaluate the diffuser condensation. For
calculations with the full CMT, the transient term in the mass continuity equation in
Table 3.4-4 becomes zero, and the mass of steam into the CMT equals the mass of condensate
out of the CMT

)) Calculations are also performed at a fixed CMT water level that simulated a quasi-steady-state
CMT draining behavior. This is valid since the CMT drain rates are small. This approach
fixed the amount of CMT wall surface area and liquid surface area exposed to the incoming

steam flow

3) The wall condensation coefficient is assumed to be an average value on the dome or on the
cylindrical walls of the CMT. The film flow is calculated from the condensation and used to

choose either a laminar or turbulent coefficient

4) The conduction in the dome and the cylindrical portion of the tank is calculated separately
using transient, one-dimensional conduction equation and the specific geometry of the

component

5) The liquid energy equation provided in Table 3.4-4 solves for the transient liquid temperature
in the CMT water. The CMT mixing depth is varied, in a parametric fashion in the
calculations, to examine its effect on the liquid surface condensation and the overali plant and
test CMT response. As the condensation heat transfer occurs on the liquid surface, a stratified
hot liquid layer develops and the local fluid temperature approaches the saturation temperature.
As the liquid temperature increases, the condensation heat transfer to the liquid decreases
Using different thicknesses of the liquid layer changes the relative imporntance of the liquid

surface condensation

p\628w-2awpt |b Rev. | 4-1




4.2 Calculated Results for Condensation at the CMT Diffuser for the AP600 Plant and the
CMT Test

The equations given in Table 3.4-4 are programmed using the assumptions given in Section 4.1 to
calculate the heat transfer performance for the CMT when the tank is full and condensation occurs at
the diffuser. Two pressures are examined for both the plant CMT and the CMT test. A pressure of
1100 psia is used to capture the thermal-hydraulic behavior of the CMT at a typical small-break
pressure level; and a pressure of 60 psia is used to model the CMT behavior for large-break LOCA
conditions. In both of these calculations, the CMT is full, so there is no wall condensation effect.
The calculations are performed for a mixing layer thickness of 0.5, 1.0, 1.5, and 3.0 ft. below the
diffuser. The mixing layer thickness is an input quantity to the calculation and cannot be explicitly
calculated from the equations given in Table 3.4-4,

4.2.1 Calculated Results at 1100 psia for Different Mixing Depths

Calculations are performed for a full CMT for both the plant and the CMT test. The calculations for
the CMT test are presented followed by the calculations for the AP600 plant. Comparisons are then
made between the sets of calculations.

Figures 4.2-1 and 4.2-2 show the CMT test liquid layer temperature for the different mixing depths at
different pressures. The mixing depth is defined as the distance below the bottom of the diffuser. As
expected, as the mixing depth increases, the time to reach the saturation temperature increases since
there is more subcooled liquid that must be heated by the condensation process. The liquid that is
ghove the bottom of the diffuser is also included in the mixing layer. Figure 4.2-3 shows the
calculated interfacial heat transfer coefficient used in the calculations based on the Catton et al., data
and is a function of the CMT subcooling as seen in Equation 3.5-6. As the figure indicates, the
interfacial heat transfer coefficient is large initially, resulting in a large condensation rate, which
induces a large mass flow into the CMT diffuser. For the full CMT cases, the induced steam flow
equals the condensation rate at the diffuser. The larger interfacial heat transfer coefficient for 1100
psia is due to the larger initial subcooling. Also, the thicker mixing depth retains the liquid subcooling
for longer times, so the heat transfer is higher. As the CMT liquid temperature increas_s, the
condensation rate decreases, which then decreases the inlet mass flow into the diffuser. Figures 4.2-4
and 4.2-5 show the condensation flow rate for the different mixing depths. As the mixing depth
increases, the condensate mass flow increases as expected.

Similar plots for the plant CMT are shown in Figures 4.2-6 10 4.2-10. The same trends are seen for
the plant calculation as in the test calculations. As the mixing depth increases, the amount of induced
steam flow into the diffuser increases, and the time to heat the thicker water layer also increases. The
heat transfer coefficient behavior is the same between the test and the plant and depends on the
condensation-induced steam flow into the diffuser.

The CMT test calculations can be compared to the plant CMT calculation. The calculated condensate
flow rate, which is a measure of the heat transfer that is occurring at the diffuser, is normalized by the
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diffuser flow area to obtain a condensate mass flux for both the plant CMT and the test CMT. The
ratio of the CMT test condensate mass flux to the AP600 plant condensate mass flux is shown in
Figure 4.2-11 and 4.2-12 for the different assumed mixing depths at the different pressures.

The relatively good agreement between the plant and the CMT test for the condensate mass flux
indicates that the scaling logic used for the plant CMT diffuser and the test CMT diffuser is consistent.
The agreement also indicates that the test captures the diffuser condensation effects in the plant. The
normalized time constant for the diffuser condensation, given as Equation 3.4-47 in Table 3.4-7, has a
value of unity for both the plant and the test CMT since the condensation is normalized on the energy
rate out of the CMT. Therefore, this ratio is always unity for the plant and the test. Since this is the
case, the besi comparison is the ratio of the condensate mass fluxes as shown in Figures 4.2-11 and
42-12.

A sensitivity study is also performed by varying the condensation heat transfer coefficient for the
diffuser. The heat transfer coefficients, as given by Cumo and Young, are programmed into the
calculation model and calculations are performed at 1100 psia for the different mixing depths.

Figure 4.2-13 shows the comparisons of the different heat transfer coefficients for a mixing depth of
1.5 fi. for the AP60O plant case at 1100 psia. As the figure indicates, the Cumo correlation gives
higher interfacial heat transfer than the other correlations and heats the liquid layer faster.

Figure 4.2-14 shows the calculated heat up of the liquid layer for the test using the Cumo heat transfer
correlation for the differeni mixing depths, and Figure 4.2-15 shows the same calculation using Young
correlation for the same conditions. The reason that the plot for the Cumo heat transfer correlation is
so short in Figure 4.2-13 is that at a mixing depth of 1.5 ft., the liquid is quickly heated to nearly the
saturation temperature, as seen in Figure 4.2-14. As the layer approaches the saturation temperature,
the interfacial heat transfer approaches zero and the steam is no longer condensed. As indicated
above, the higher interfacial heat transfer coefficient calculated by the Cumo correlation results in a
more rapid heatup of the liquid layer at the top of the CMT as compared to the interfacial heat transfer
correlation by Catton et al., or by Young. The same trends are also seen for calculations for the CMT
test facility.
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Figure 4.2-1 Calculated CMT Test Liquid Layer Temperature (°F) for Different Mixing
Depths at 1100 psia for Diffuser Condensation
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for full CM1
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Model Condensation Rate: 60 psia
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Plant Layer Temperature: 1100 psia
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4.3 Calculated Results for Wall and Surface Condensation Behavior for the AP600 CMT and the
Test CMT When the CMT is Partially Drained

The calculations for the partially drained CMT are performed at hiquid levels of 95 percent, 90 percent
and SO percent at two pressures of 1100 psia and 60 psia. The mixing depth is kept constant at 1.5 fi
Calculations are performed with initial CMT wall and liguid conditions of 300°F for the 1100-psia
cases and 150°F for the 60-psia cases. The initially higher temperatures reflect the effects of the

initial liquid and wall heatup that might be expected from a period of CMT recirculation

Figures 4.3-1 and 4.3-2 show the calculated wall and dome surface temperatures for the different
liquid levels at the two different pressures for the CMT test facility. The 95 percent level point is in
the dome for both the test and plant CMTs. The 90 percent level point is also in the dome for the
plant CMT, but not for the test CMT. Similar plots are shown in Figures 4,3-3 and 4.3-4 for the plant
CMT for the same two pressures. The figures all indicate that the metal surface heats quickly due to

the condensation rate with the test metal surface heat up being slightly faster

Figures 4.3-5 and 4.3-6 show the average wall and dome temperatures for the CMT test for the two
different pressures. The average temperature is calculated from the one-dimensional transient
conduction equation across the metal wall thickness. The average temperatures respond more slowly
to the condensation heat transfer at the wall. Since the test dome has a thicker wall than the
cylindrical portion, it heats slower tian the walls. Figures 4.3-7 and 4.3-8 show the same plots for the
plant CMT average wall temperature. The plant average wall temperature calculations take longer to
heat up due to its increased wall thickness (7.78 in.) compared to the test (2.34 in.). Therefore, a time
scale, as given in Table 3.4-6 exists for the test relative to the plant due to the difference in the wall

)

thickness. Also, in the plant, the dome is thinner than the side walls, as seen in Figure 1.2-2, so it

heats faster

Figure 4.3-9 shows the calculated wall condensation coefficient for the plant CMT at different levels at
1100 psia. The heat transfer is initially large, then decreases as the CMT dome and wall temperatures
increase. For the first 1500 seconds, the condensation heat transfer is in the turbulent regime for both
the dome and the cylindrical walls. After 1500 seconds, the dome has heated sufficiently that the
condensation film flow is in the laminar regime, and the correlation changes to Nusselt laminar film
condensation. A similar behavior can be observed in the literature from Kreith, as seen in

Figure 4.3-10. A similar plot of the test CMT wall condensation heat transfer coefficient is shown in
Figure 4.3-11 at 1100 psia. The trends are the same between the plant and the test CMT, except that
the cylindrical walls heat up faster in the test, so the condensation model changes from turbulent film
condensation to laminar condensation over the entire vessel after 500 seconds. Again, this 1s a
onsequence of the test CMT walls being thinner than the walls for the plant CMT

Figure 4.3-12 shows the plant wall condensation mass flow rates for different water levels in the CMT
at 1100 psia. Figure 4.3-13 shows the plant CMT wall condensation flow rates at 60 psia for different
water levels. As the figures indicate, the more surface area that is exposed, the larger the condensate

1

flow rat All values decrease with time as the structure heats up. Figures 4.3-14 and 4.3-15 show the




test CMT wall condensate flow rates at different water levels in the tank for the same pressures as the
plant. The same trend as seen with the model condensate flow rates are seen in the plant, except that

in the test CMT, the condensate mass flows decrease faster because the thinner walls heat up faster

As shown in Table 3.4-9, the dimensionless parameters that characterize the CMT wall thermal

response are given by the Biot and Fourier numbers. One method of assessing the differences between
the plant CMT wall condensation behavior and the test CMT wall condensation behavior 1s (0 examine
the ratio of the product of the Biot and Fourier numbers for each CMT. That is, define a new I group

as

n_ . - (4.3-1)

e product of BF_ is used for solving transient conduction problems, where the internal conduction
resistance is negligible and the average structure temperature can be used. In the plant CMT and test
CMT. the internal conduction cannot be neglected, however, the product of the dimensionless numbers
can be used to examine the difference in the time constant for the two CMTs. This will help explain

the differences observed in the CMT wall condensation rate and heat-up time

Equation 4.3-1 can be written as

}‘.. ’\R R) ol
K (R -R)
| - (4.3-2)

lih.(k R) ot
k (R -RY

and we gssume that I, = |

If we assume that the heat transfer coefficient is similar, the materials are the same and R ~R is the

)

wall thickness, then Equation 4.3-2 reduces 1o




Using the dimensions for the plant and the test CMT, the time scale for the wall condensation in the
test is approximately one third of that for the plant, due to the wali thickness difference Therefore,
wall condensation in the test CMT will diminish approximately three times faster than wall

condensation in the plant CMT, as illustrated in the previous figures

The heat transfer to the CMT liquid surface was also calculated for both the plant CMT and the test
CMT, assuming a 1.5-ft. mixing depth and using the Bankoff correlation for surface condensation, as
discussed in Section 3.0. The assumption of the 1.5-ft. depth is chosen as being representative of the
CMT pre-operational test results. The assumption of a mixing depth affects the calculated CMT water
temperature, which, in turn, affects the heat transfer from the steam to the water. Figures 4.3-16 and
4.3-17 show the calculated liguid temperature for the plant CMT for different water levels at 1100 psia
but the same mixing depth (1.5 ft.). Similar plots are shown for the CMT test in Figures 4.3-18 and
4.3-19

The most important parameter is the assumed mixing depth because this fixes the amount of CMT
water that can interact with the steam. As seen in Figure 4.3-16, the liquid temperature approaches a
near steady-state temperature as the interfacial heat transfer decreases due to the reduced steam flow
into the tank. The liguid temperatures are slightly higher for the lower liquid levels since there is an
increase in the total wall condensate (due to the increase in the wall area at lower water levels) that
flows into the original CMT liquid and mixes; thereby more quickly heating it to higher temperatures
Iese calculations indicate that the liquid layer would remain subcooled. This is a direct result of
choosing a layer thickness of 1.5 ft. Thinner iayers would heat up closer to saturation. Also, the
direct heat transfer to the liquid now depends on the steam flow rate into the CMT. As the wall

condensation decreases, it will decrease the liquid surface condensation heat transfer as well

A sensitivity study was performed to examine the effects of the assumed liquid layer thickness at the
top of the partially drained CMT. The reference case uses a liquid layer that is 1.5-ft. thick and does
not completely heat to the saturation temperature. A sensitivity study was performed using a liquid
layer thickness of 3-in. for the different CMT levels. As seen in Figure 4.3-20, the thinner liquid layer
heats to the saturation temperature much faster, as expected. The long delay in heating the thicker
liquid laver is due w the reduced interfacial condensation heat tranzfer coefficient calculated by the

Bankoff convective condensabun correlation

As discussed earlier, the magnitude of the convective condensation coefficient is dependent on the
total steam flow into the CMT. Early in time, the steam flow is quite large since the CMT walls and
liquid surfaces are cold and no initial temperature gradients have been established in the structures
Once the walls and the liguid layer begin to heat up, the steam flow diminishes and the corresponding
Bankoff hozi transfer coefficient also decreases, so that an assumed thick liquid layer is calculated to
not reach the saturation temperature. However, for a more realistic calculation, the liquid layer 1s

thinner and there will be sufficient heat transfer to heat the layer to the saturation temperature

The calculated heat transfer coefficients for the condensation on the CMT liquid surface i1s shown in

Figures 4.3-21 and 4.3-22 for the plant CMT at 1100 psia and 60 psia. As the figures indicate, the




decrease in the level in the CMT increases the wall condensation and the steam flow into the CMT.,
This, in turn, increases the condensation heat transier on the liquid surface. The condensation heat
transfer coefficients initially are large since the inlet steam flow into the CMT is large. As the CMT
walis heat up and the liquid layer heats, the inlet steam flow decreases and the resulting condensation
heat transfer coefficient also decreases. This is the expected trend from the Bankoff correlation since
it is a convection-driven model. Figures 4.3-23 and 4.3-24 show the calculated condensation heat
transfer coefficients for the CMT tests. As these figures indicate, the same trends are observed for the
tests as for the plant CMT. The 60-psia calculated condensation heat transfer coefficients are larger
than the 1100-psia cases due to the increased steam velocity at the lower pressures.

Figures 4.3-25 and 4.3-26 show the calculated condensation flow rates on the liquid surface for the
plant at 1100 psia and 60 psia for the different liquid levels in the CMT. As these figures indicate, the
behavior is consistent with the condensation heat transfer coefficients, where the condensate flow rates
are large at the beginning of the transient, then decrease as the liquid layer heats up. The liquid
surface condensate is larger at the lower pressure (60 psia) because of the higher condensation
(convection) coefficient, calculated by the Bankoff correlation. This is a direct result of the lower
system pressure, which increases the vapor velocity and resulting heat transfer coefficient. The same
trends are seen for the condensate flow rates for the CMT test as seen in Figures 4.3-27 and 4.3-28 for
the same two pressures. Al these calculations are performed for the same mixing depth below the
diffuser of 1.5 ft. If a larger mixing depth is chosen, the liquid condensate is larger and remains larger
for a longer period of time since the liguid is a larger heat sink for condensation.

If the plant CMT wall condensate flow rates are compared to the plant CMT liquid condensate flow
rates (compare Figures 4.3-12 and 4.3-13 to Figures 4.3-25 and 4.3-26), it can be seen that the wall
condensation dominates the total condensation.  As the liquid level decreases, the difference between
the wall condensation and the liquid condensation decreases; however, the wall condensation is still
larger. Comparing the test CMT wall condensate flow to the liquid condensate flow (comparing
Figures 4.3-14 and 4.3-15 10 Figures 4.3-27 and 4.3-28) indicates the same trends as the plant CMT
calculations, except that the liquid surface condensation is larger earlier in time due to the larger
surface condensation heat transfer coefficient. The wall condensation still dominates the total
condensation since the test liquid surface condensate is smaller then the wall condensate. At the
S0-percent level, the liquid condensate becomes larger due to the larger steam flow into the CMT,
which increases the surface heat transfer coefficient.

To determine the behavior of the CMT test relative to the plant CMT, the relationss ps given by
Equations 3.4-55 to 3.4-61 were examined. The energy and enthalpy I1 groups given in

Equations 3.4-60 and 3.4-61 are essentially in unity since the test is at full system pressure and
temperature. The wall and liquid condensation I'T groups are given in Equation 3.4-58 for the wall
condensation and in Equation 3.4-59 for liquid or water surface condensation. The denominator in
each equation is given as:

e,y (4.3-4)
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which represents the energy of the drain flow out of the CMT. However, since the calculations are
assuming a constant liquid level in the CMT, the drain rate is nearly equal to whe CMT balance line
flow, as given by Equation 3.4-26. For these calcuiations, the balance line fiow is the total steam flow
rate into the CMT.

Two approaches are used to compare the CMT test to the plant CMT. The first approach is t»
normalize the condensate flow rates on the surface areas of the plant and test CMT and to compare he
calculated condensate fluxes. The second approach is to directly calculate the wall and liquid surface
IT groups and take the ratio to compare the test to the plant CMT.

4.3.1 Normalized Condensate Comparisons

In the first approach, the calculated wall surface condensate rate, shown in Figures 4.3-12 t0 4.3 15, is
divided by the exposed wall surface area (for the different assumed liquid ievels) to obtain a wall
condensate mass flux for both the plant and the CMT test. This normalizes the condensation heat
transfer on the actual surface area and permits comparisons between the CMT test and the plant CMT,
A similar approach is used for the water surface condensate rate given in Figures 4.3-25 to 4.3-28,
except that the water surface cross-sectional area is used to divide the condensate mass flow for the
plant and the tesi.

1he rutio of the test wall condensate mass flux to the plant wall condensate mass flux is piotted in
Figures 4.3-29 and 4.3-30 for the different CMT levels at the two pressures. As Figure 4.3-29
indicates, the wall condensate mass flux ratio is slightly less than unity for the first 500 seconds at the
90 and 95 percent levels of the calculation. The calculation for the 50 percent level is initially greater
than unity, then decreases below one as the test wall condensate mass flux decreases after

500 seconds. At 60 psia, the condensate mass ratio is less than unity for most of the transient due to
the larger wall condensation in the plant relative to the test. The decrease of the test wall condensate
flux is a result of the thinner test CMT wall. The test CMT wall average temperature heats up faster
than the plant CMT, resulting in a decease in the condensate mass flux. This behavior is observed in
the average wall temperature calculations for the plant and test and is consistent with the test-to-plant
CMT Biot-Fourier number ratio given in Equation 4.3-2. At a CMT water level of 90 or 95 percent,
the surface area of the plant is significantly larger, due to the hemispherical head relative to the
ellipsoidal head used in the test. Therefore, the plant wall condensate flux is lower than the test,
resulting in ratios that can be greater than unity.

The ratio of the test water surface condensate mass flux to the plant water surface mass flux is plotted
in Figures 4.3-31 and 4.3-32. Figure 4 3-31 indicates that the plant water surface condensate mass
flux is larger than the test water surface condensate mass flux for the 50-percent CMT level, so the
ratio is less than unity. The ratios for CMT leveis of 90- and 95-percent values become inaccurate at
times greater than 500 seconds since the condensate mass flows are so small

The trend of the normalized liquid surface condensate ratios between the plant and the test is also due
to the use of the Bankoff correlation for the interfacial heat transfer. This correlation is scale-

u\1628w 2bwpt 1b Rev. 1 4.23



independent as compared to the liquid surface condensate calculation used in Revision O of this report
which used the Grigull correlation that used the tank diameter as the characteristic dimension. The
Bankoff correlation uses the wave height as the characteristic dimension, which is a local parameter

independent of scale, but does depend on the steam flow into the CMT
4.3.2 Condensation [1 Groups and Their Ratios

The second method of comparing the test CMT condensation behavior to the plant CMT condensation

behavior is to directly calculate the I groups from the dimensionless equations

e condensation I groups are defined in Equations 3.4-58 and 3.4-59 in Table 3.4-9. The
comparisons made in subsection 4.3.1 of the normalized condensate mass flux ratios for the test CMT
to the plant CMT indicate that the test captures the condensation phenomena of interest for the piant
CMT. The Il groups given in Equations 3.4-58 and 3.4-59 have been normalized on the CMT drain
rate energy, t.h, . This is approximately correct when the level in the CMT is constant, and the

temperature effects on the liquid density are small

Figures 4.3-33 to 4.3-36 show the calculated wall condensation Mg ons group for both the CMT test
and the AP600 CMT for a mixing depth of 1.5 ft. and different CMT levels at 1100 psia and 60 psia
The calculated T, group is the ratic of the condensate mass flow 1rom the walls to the total

condensate mass flow from both the walls and the liquid surface. As the plots for the plant CMT

indicate, the wall condensate is a larger portion of the total condensate flow compared to the test,

particularly later in the transient. As the wall and the liquid surface condensation decreases, the wall

condensate becomes an even larger portion of the total condensate flow, even as the total flow

decreases. Therefore, particularly later in time, the plant wall condensation is a larger fraction of the iy

total condensation as compared to the (est

Figures 4.3-37 and 4.3-38 show the calculated ratio of the CMT test wall condensation Il to the
plant wall condensation I, ., group for a mixing depth of 1.5 ft. and differeat CMT levels, As
Figures 4.3-37 and 4.3-38 indicate, the agreement is good for all the levels This comparison indicates
that, in spite of the thinner walis, the test CMT will adequately m wdel the wall condensation

phenomena associated with the plant CMT

The liguid surface condensation I group for both the CMT test and the plant CMT is shown 1n
Figures 4.3-39 10 4.3-42, using the Bankoff correlation for different CMT levels and a | S fl. mixing

depth at 1100 psia and 60 psia

As Figure 3.4-40 indicates, at low pressure, the surface condensation can be a relatively large fraction
of the total condensation early in the transient due to the induced high interfacial heat transfer
coefficient. However, once the wall begins to heat and the steam flow into the CMT decreases, the
surface condensation also quickly decreases and the total condensation becomes dominated by the wall

condensation
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The 11 sroup for the plant CMT indicates that the liquid surface condensation is a smaller fraction
sond | |

of the total condensation for the plant, as compared to the test for both pressures. Clearly, the wall

"

condensation dominates for the plant due to the thicker walls, The liquid surface condensation 1s a
significant fraction of the total condensation at 60 psia for both the piant and the test, due to the larger

interfacial heat transfer coefficients at the lower pressure

The ratio of the test CMT to the plant liguid condensation I'l group is shown in Figures 4.3-43 and
4.3-44. The 11, ratio indicates that the test CMT will experience larger surface condensation
relative to the plant CMT. However, the condensation phenomena at the surface of the test CMT will
be sufficiently similar to the expected condensation phenomena for the plant CMT, so the CMT tests

can be used to evaluate and assess this phenomena
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50 CMT TEST MATRIX

Introduction

In the original CMT scaling report, the proposed CMT test matrix is examined to ensure that the tests
would obtain data on the key thermal-hydraulic parameters identified in the PIRT, Table 1.4-1.
Design changes have occurred in the AP6(X that affect the CMT layout and balance lines, which can
have an effect on the CMT performance. These changes are reflected in the CMT test design and test
matrix.

5.1 Pre-Operational Tests

The cold and hot pre-operational tests were used to characterize the test facility and provide basic data
that can be used to help model and interpret the test matrix. One cold pre-operational test
characterized the loop resistance so the recirculation flow can be calculated. Other cold pre-
operational tests characterized the draindown rate of the facility and the volumes in the test facility.

Initial hot pre-operational tests examined the thick wall condensation with an empty and initially
evacuated CMT. This test provided data on the wall condensation heat transfer that were used as a
basis to evaluate matrix tests. Wall condensation tests were also performed in the test matrix with and
without the presence of noncondensibles to assess their effects on the wall condensation.

There were also CMT draindown experiments used to calibrate the drain line resistances and
draindown rate for different tank levels. The hot pre-operational tests also examined the effects of the
steam entering the CMT and the impact on the condensation on the CMT liquid surface. Specific tests
examined the effect of the steam CMT liquid surface interaction and determined that a steam
distributor or diffuser was needed to reduce the condensation and mixing. There were also
recirculation pre-operational tests to verify how to initiate recirculation tests.

5.2 Test Matrix

The test matrix is shown in Table 5.2-1 and is structured to increase the complexity with each test
series until, at the end of the matrix, the CMT is operated in a systems-effects manner. Each test
series is now discussed and related to the key phenomena identified in Table 1.4-1. Table 5.2-2 shows
the CMT PIRT irom Section 1.0 and identifies which matrix tests address the key thermal-hydraulic
phenomena identified on this PIRT.

Tests 101 to 111 examine the effects of wall condensation alone, with and without noncondensible
gases present, over a range of pressures. The CMT does not maintain a water level and the
condensate is drained to obtain only the wall condensation effects.

Tests 201 to 214 examine wall and liguid surface condensation at different fixed water levels in the
CMT. By fixing the water level at different values, the wall condensation is separated from the liquid

u\1628w-2f wpt b Rev. 1 5-1



surface condensation so each effect can be calculated from the test data. The wall condensation tests
(101 to 111, described above) provide additional data on wall condensation alone, which help to
interpret the fixed CMT level experiments. The design change to eliminate the pressurizer balance
line significantly reduces the probability that steam could be introduced into the CMT when the liquid
is cold. Also, the addition of the steam diffuser, which would limit the current steam/water mixing
that could occur in the CMT, 2liminates the need for the 200-series tests. These experiments are
deleted from the test matrix and additional 300-series and 500-series tests are added.

Tests 301 10 316 simulate the CMT draindown at a constant pressure. The draindown rates and the
tank pressure are varied. These tests provide additional transient data on the CMT wall condensation
effect as well as the interfacial heat transfer to the liquid surface over a range of draindowns and
pressures and provide data on the CMT steam injection, mixing, and thermal stratification within the
CMT, with the diffuser.

Tests 401 to 404 are also draindowns, but the tank is allowed to depressurize. These tests provide
data on the flashing behavior of the heated cundensate layer and the effects of flashing on the CMT
delivery rate.

Tests 501 to 506 are experiments that investigate the natural recirculation behavior of the CMT and
the cold leg balance lines. The CMT develops a hot liquid layer because it is heated by the
recirculating flow. The test facility is then depressurized and allowed to drain down. These tests
allow the CMT to recirculate until the liquid .n the CMT is approximately 20 percent, one-half, and
nearly completely hot. The tests are then depressurized.

As Table 5.2-2 indicates, the matrix tests capture the key CMT thermal-hydraulic phenomena are
identified in the initial PIRT in Section 1.0. Therefore, the tests, as performed, provide the necessary
data identified in the PIRT for computer code model development and validation.
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Test No.

Test Type

TABLE 5.2-1 (Sheet | of 2)
AP600 CMT TEST MATRIX

CMT Drain Rate (gpm)

Steam Supply
Press—re {psig)

Comments

101-108

CMT wall condensation with and
without poncondensible gases

N/A CMT dran rate based on
steam condensation rate and

drain capebility

10/1 25/685/1085/2235,
with subsequent
depressun zation

CMT mitsally contains no water ard 13 evacuated
(no mr)

10

CMT miually evacuated and then pressurnized with
air for Ny to 0236, 1.13, and 2.12 psia,
respectively.

CMT wall and water surface
condeasation

This test series deleted due 10 APSOD design change
that eliminated the pressunzer to CMT balance line.

117319

12031

CMT dramndown a8 constamt
pressure

&1116MAX

10/135/108%

611716

45

&1116MAX

685

Supply line no. | wtiized; drain rate controlled by
discharge line resistance.

401

16

1085 followed by
depressurization to 20

Instzal CMT water ievel 1s full.  Depressunization
rate of | psi/second.

6RS followed by
depressunzation to 20

Initial CMT water level is 2 in. (nominal) below

PDT3 top tap. Depressunzation rates of 1, 2, and
0.5 psifsec.
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Test No.

Test Type

TABLE 5.2-1 (Sheet 2 of 2}
APS00 CMT TEST MATRIX

CMT Drain Rate
igpm)

Steam Supply
Pressure (psig)

Comments

501-502

505-506

507-509

Natural crculation foliowed by
drasadown and depressunzauon

Discharge hine resistance set for
&16-gpm dram rate

1083 followed by
depressunzation to 20

Reservouwr water level is "HL" reservor water
satwrated. Steam line no. 2 and CMT dram valve
are opened to mstiate natural crculation uatl
one-fifth of CMT is heated. Then. drmn valve and
steam lne no. 2 are closed. steam line mo. 1 s
opened, and reservor 15 dramed sufficrently 10
allow foll CMT drain OMT dram valve is then
opened to imtiate CMT drasming. When OMT
water level reaches 97 .. depressunzation is
mstiated by reducing the steam supply set pressure
and venting the reservowr.

Repeat with patural circulation until 0.50 of OMT
heated.

Repeat with natural circulatton untii CM1 s
completely heasted.

Discharge hme resistance set for
either 6-gpm o 16-gpm dram
rate, to be determuned by results
of tests 501-506

18235 followed by
depressunization to 20

Repeat with natural circelation until 0.20, 0.50. and
compiete CMT 15 heated.
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TABLE 52-2
PHENOMENA IDENTIFICATION AND RANKING TABLE FOR THE AP600 CMT COMPARED TO THE TEST MATRIX
PIRT Proposed Matrix
Tests or Pre-
Phenomena Large- Small-Break MSLB SGTR Operational Tests
LOCA
CMT Draming Effects
Condensation on cold thick steel surfaces L. L 100-, 300-sertes
Transient conduction m CMT walls H L L 100-, 300-senes
Interfacial condensation on CMT water surface H M M 300-, 400-,
500-senes
Dynamic effects of steam mjection and -mixing with CMT hquid and H H M M 300-senes
condensate
Thermal stratification and mixing of warmer condensate with colder CMT H H M M 300-, 400-,
water S500-senes
CMT Recirculation
Natural circulation of CMT and CL balance leg L H H H S00-senes
Ligud mixing of CL balance leg, condensate, and CMT hqud i H H H 500-senes
Flashing effects of hot CMT hqmd 2 1 L H L L 400-, 500-seres
CMT wall heat transfer to hquid L M M M 300-, S00-senes

Notes:

L. = iow importance

M = medum mmportance
H = high wnportance




6.0 CONCLUSIONS

The scaling of the AP600 CMT test facility is assessed relative to the AP600 plant CMT and the
PIRT. The PIRT identifies the key thermal-hydraulic data needed to develop and verify the CMT
test. The dimensionless scaling groups are developed and compared for the test CMT and the plant
CMT over a range of pressures at which the CMT would operate. Both the recirculation and two
different draining modes are examined for the CMT test and are compared to the plant CMT.

The IT groups for the recirculation mode of operation of the CMT are well-scaled since the heights and
the line resistances are nearly preserved. The mass flux ratio of the test to the plant is approximately
0.9, and the development of the heated layers in the test and plant CMT are similar. One effect that
was observed is that head geometry differences between the test and plant can make some differences,
since the recirculation phase is a volume replacement calculation with hot liquid replacing the cold
liquid in the tank. The CMT test facility does have distortion in the recirculation mode relative to the
plant CMT; the test steam/water reservoir will develop a layer of cold water as the test recirculates,
which acts to decrease the driving head in the test faster than in the plant, where there is no reservoir
effect. However, these effects are small, and the recirculation mode can be adequateiy modelled in the
test.

A top-cdown scaling analysis is performed to determine the CMT pressure dependence for two specific
cases: with a vapor space at the top of the CMT as draining begins; and when the CMT has
recirculated for a long period of time and is full of hot liquid. An evaluation of th. IT groups from the
pressure equations indicate that the CMT test can maintain similarity for depressuri:ation transients.

The scaling basis for the steam diffuser used in the CMT tests and its relationship to the AP600 plant
is developed, and comparisons are made between the expected performance of the CMT tests and the
APH600 CMT with a diffuser. The comparisons show that the condensation behavior for the diffuser
used in the CMT tests capture the expected condensation performance for the diffuser in the AP600

CMT.

The bottom-up scaling for the CMT draining develops the governing equations for the draindown
mode of the plant and CMT test, as well as the dimensionless Il parameters that govern the wall and
liquid surfwce condensation. The structurai similarity between the plant CMT and the test CMT is also
assessed. There is distortion of the wall conduction and condensation effects in which the thinner test
CMT wall has a time constant that is approximately one third of that of the plant. This means that the
test tank wall temperature becomes saturated more quickly than the plant for the same draindown
times. The I ratio for the wall condensation effects indicate that the CMT test can represent the plant
wall condensation for the initial period (500 seconds) of a transient. After this time, the test walls are
much hotter than the plant walls.

The liquid surface heat transfer and the effects of the steam diffuser are investigated. Two specific
draindown modes are examined: when the tank is initially cold and the diffuser is submerged in
subcooled liquid; and when the tank has drained and the tank level is below the diffuser. The liquid
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surface condensation is estimated and the I1 groups for wall condensation and liquid surface
condensation are calculated for the plant CMT and the CMT test.  The ratio of the IT groups are
examined. The IT ratios indicate that the diffuser condensation effects scale reasonably well, with the
ratio varying between 1 to 6 over the transient time tor the cases examined. An examination of the
CMT water surface effects, due to the circulation flow pattern of steam into the CMT from the
diffuser, indicates that the CMT test will exhibit highe - interfacial heat transfer coefficients for a
drained CMT as compared to the plant CMT. Howeveir. in spite of this distortion, the test CMT
captures the thermal-hydraulic phenomena of interest for the plant CMT.

As the T1 group ratios indicate, the test models the CMT recirculation and different draindown
behavior in a reasonable fashion so the key thermal-hydr.»''¢ phenomena for recirculation, CMT water
heat up, liquid surface condensation, wall condensation, stratification during recirculation, and flashing
is captured in the CMT test. Therefore, the AP600 CMT test provides valid data for development and
verification of the CMT computer model.
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8.0 NOMENCLATURE

8.1 Nomenclature for Section 2.0

hit)

Qs
Qe

mass flow into CMT

coefficient of volume expansion

coefficient of volume expansion

metal wall thickness conduction depth (area/wetted perimeter)
axial fluid temperature difference across the length of the core
fiuid dynamic viscosity

fluid density

hot RCS and balance line flow

Cold CMT fluid density state

liquid density

area balance line

cross-sectional flow area of CMT

area cold leg

CMT cross-sectional area

area DVI line

CMT nozzle area for prototype (p) and model (m)
heat transfer surface arca

liguid specific heat at constant pressure

solid specific heat

liquid specific heat at constant volume

diameter of piping (CL, DVI, CLBL)

hydraulic diameter of the heated subchannel

CMT nozzle diameter for prototype (p) and test (m)
Darcy friction factor

gravitational acceleration

Newton's law conversion factor

test CMT convective heat transfer coefficient

tant CMT convective heat transfer coefficient
aerage convective heat transfer coefficient over the heated length
lovs coefficient

CMT discharge line check valve loss coefficients
cold leg nozzle loss coefficient

CMT outlet nozzie loss coefficient

CMT inlet nozzle loss coefficient

DVI nozzle loss coefficients

solid thermal conductivity

cold leg-to-cold leg balance line tee

liquid thermal conductivity

height of driving head for CMT flow

height of less dense liquid py

frictional lengths in cold leg, balance line and DV1 line
CMT model heated liguid layer

plant CMT heated liquid layer

fluid pressure

Prandtl Number

heat loss

volumetric flow rate
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scale factor

initial axial fluid temperature difference

bulk fluid temperature

time for prototype (p) and model (m)

surface temperature

average temperature difference over the heated length
wall temperature

liquid temperature

initial velocity

bulk fluid velocity

average liguid velocities in cold leg, balance line and DVI line
liquid velocity in test CMT

liquid velocity in plant CMT

liquid velocity

fluid kinematic viscosity

metal volume

liquid volume

distance in s lid structure

thickness of the hot liquid layer inside the CMT
heated length of the CMT
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heat transfer to vapor space

is the heat loss to the ambient
condensation on the CMT walis
radial position within CMT wall
inside radius of the CMT

outside redius of the CMT

wall thickness

ambient temperature

condensate interface temperature
structure temperature

saturation temperature

inner CMT wall temperature with a condensate film
fluid temperature

velocity

fluid velocity

structure volume

CMT volume

vapor volume

is the volume of liquid inside the control volume
work performed by vapor space

is the shaft work done by the liquid
height
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8.2 Nomenclature for Section 3.0

CMT wall thermal diffusivity
is the net rate of fluid mass entering or leaving ihe control volume
vapor specific volume

vapor density

is the density of the liquid inside the control volume

CMT outside surface area

CMT inside surface area

CMT tank cross section area

CMT metal wall surfaces exposed to steam

liquid specific heat at constant pressure

structure specific heat

specific heat of the liquid

energy flowing across central surfaces

internal energy

vapor internal energy

is the average liquid energy per unit mass

gravitational acceleration

gravitational constant

enthalpy

enthalpy of the balance line fluid

convective heat transfer coefficient from hot CMT water to wall
inlet enthalpy

condensation of steam on metal surfaces

condensation of steam on CMT liquid surface

outlet enthalpy

CMT outside convective heat transfer coefficient to ambient
surface heat transfer coefficient

CMT inside convective heat transfer coefficient

vapor enthalpy

mass flow into CMT

CMT wall thermal conductivity

level in CMT

mass of vapor in the system

mass flow out of the CMT

structure density

system pressure

VApOr pressure

volumetric flow

condensation on the CMT water surface
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