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SUMMARY

L The design and scaling logic of the Westinghouse core makeup tank (CMT) test has been performed to

assess the test facility capability of representing the important thermal-hydraulic phenomena for CMT

operation. The expected CMT phenomena have been identified in a phenomena identification 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 described and assessed relative j

I
to the expected behavior of the AP600

'Ihis revision of the CMT scaling report reflects the AP600 design changes that impact the CMT.

Also, specific review comments made by the Nuclear Regulatory Commission (NRC) and Advisory j

Committee on Reactor Safeguards (ACRS) are addressed. {

!
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1.0 INTRODUCTION

1.1 Purpose

ne 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. De

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 operation.

1.2 CMT Design and Operation
i

The AP600 design utilizes passive methods to perform core and containment cooling functions for a

postulated loss-of-coolant accident (LOCA). He 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. De 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.

De 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.

De CMTs perform another safety function in addition to providing coolant and baron 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 controlled
I blowdown through the ADS valves into the in-containment refueling water storage tank (IRWST).

He 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 to maintain continued core cooling during the depressurization.
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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 total 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 ft. 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. De 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 ir, coming 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 c.@ " - .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. His flow
will continue and cteadily 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. His begins the l

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 j

line. |
|

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

i
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can flash as the RCS depressurizes, causing mixing and reducing the effects of condensation in the

CMT. The duckness 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 circhiation. 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 dus 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.

P

!

,

P
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' 1.3 Description of the CMT Test Facility

- - De Westinghouse CMT test facility consists of an instrumented test vessel that simulates the CMT

and a liquid / steam reservoir that simulaMs 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. De 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. ;

he 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. He pipe is capped on either {
end with 2:1 semi-ellipdcal heads with a wall thickness of 2.5 in. De height of the heads represents ;

. only about 4 percent of the total tank height. He vessel is elevated above the liquid / steam reservoir !

water level so that the gravity draining head is equivalent to that for the AP600 CMTs. |
.

- De steam / water reservoir (S/WR)is a vertically mounted, insulated carbon steel pressure vessel. De

reservoir acts as the source of steam and/or liquid flow to the CMT and accommodates the CMT

liquid discharge. De location of the reservoir permits simple gravity drain of the CMT test vessel
-

through the discharge line. De reservoir supplies saturated liquid or steam to the top of the CMT test ;

vessel through two steam lines. De reservoir is connected to a saturated steam source consisting of a j

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.

!

De 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. He 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 seamless carbon steel ,

. !
PIPC- j

,

!
I

Steam line no. I represents the RCS cold leg balance line and is used to supply steam to the CMT for>

selected matrix tests. Steam line no.1 is routed vertically from the S/WR upper head to a high point !

so 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 installed in the .j

vertical portion of steam line no. I to 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 installed in place of the flow section for tests conducted at higher pressures.

From the high point, steam line no. I 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. I to permit isolation of steam flow through steam

u:\l628w.wptib Rev I l-10
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line no. I 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 SMR to the CMT such that it intersects with steam line no. I approximately 2 ft. upstream

of the CMT inlet elbow. Steam line no. 2 extends 4 ft. into the SMR so its end is below the "HI"
reservoir water level setpoint but above the " LOW" reservoir water level setpoint; adjusting the SMR

liquid level allows either liquid or steam to 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 SMR to the " tee" with steam line no.1. The
trace heating provides sufficient power to heat the piping to saturation temperature 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
valve. This drain lity.: connects to the CMT discharge line returning to the SMR and is used to ensure

that no condensate collects in the vertical run that intersects with steam line no.1.

Vents are provided in 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.

'lhe 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 SMR.

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 valve 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

isolation 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 [
Iflowmeter. The check valve is installed such that it prevents backflow from the S/WR to the CMT. A

2-in. Isolation valve, similar to those installed in steam lines no.1 and no. 2, is installed in the j

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 5 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 to the CMT inner wall surface; the thennocouples are positioned at the inner wall surface
0.125,0.500, and 1.500 in. from the wall inner surface and at 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 are 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 j''

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 cells 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.

I
|

|

)
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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. Dese phenomena are grouped into two modes of operation
for the CMT: recirculation and draining.

!

. i
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. De 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. Here 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. De rates of energy and mass transfer will depend on the buoyant
*

. differences and the hydraulic resistances in the flow path. He recirculating flow continuously
Idiminishes 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. De heat transfer from the hot recirculating fluid to the j
colder CMT walls will heat the walls, and at the same time, cool the recirculating fluid. Circulation

'

patterns within the hot liquid layer will be established, whereby the cooler water at the walls flows .

downward and mixes within the layer. He 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.
1

Fluid mixing occurs at the top of the CMT during the recirculational phase of the transient. De 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 recirculation has occurred, the
.

temperature of the CMT wall ud 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-established, and

intermittent recirculation can occur.
,

.

1.4.2 CMT Draining Phenomena

De CMT draining is the flow ofliquid from the bottom of the CMT with a corresponding decrease in |
the water volume in 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 walls will soon

become conduction-limited so the condensation rate is determined by the CMT wall temperature - |

distribution, surface area, thickness, and degree of preheating dudng the recirculation phase.

Direct or contact condensation can also occur in the CMT water and on the steam / water interface as

the tank drains. De 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 liquid I

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 j

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. Bis layer of hot condensate can later flashes during RCS
'

depressurization when the later stages of the ADS valves open and the CMT depressurizes. De !

. 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 t ffect is believed to be j

small since the system is in a thermally stable operating mode with the hot laycr on the top. Also, as !

the CMT drains, heat is transferred from the hotter liquid layer to the CMT walb by convection. De !

amount of heat transfer that occurs depends upon the thickness of the hotter layer, its temperature, the

draining rate, and the CMT wall 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.

1.4.3 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. De 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 table, different scenarios are dominated by
,
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different CMT operating modes. The large-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, Chfr

draindown occurs.

Depending upon the break size, the small-break LOCA spans both modes of operation of the Chfr.
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 to 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

occur 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.

i

,

1
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{ TABLE 1.4-1
@ PHENOMENA IDENTIFICATION AND RANKING TABLE (PIRT) FOR THE AP600 CMT

Large-Break Small-Break
Phenomena LOCA LOCA MSLB SGTRw

9
CMT Draining 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=

liquid and condensate

Thermal stratification and mixing of wanner condensate with H H M M~*

7 w;"r OH mter
E

CMT Recirculation

Natural circulation of CMT and cold leg balance leg L H H H*

Liquid mixing of cold leg balance leg, ccadensate, and CMT L H H H.

liquid

Flashing effects of hot CMT liquid layer L H L L=

| CMT wall heat transfer L M M M=

| Notes:
L = low importance
M = medium importance
H = 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 Behasior

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 recirculation period. This section
'

will develop the governing equations and examine the scaling differences between the AP600 plant

CMT and the CMT test facility to ensure that the key thermal-hydraulic phenomena presento3 in the<

PIRT are captured in the CMT test.
,

2.1.1 CMT Recirculation Behavior-Top-Down Analysis i

Natural circulation behavior has been examined by Reyes for the Oregon State University AP600 low-

pressure integral system effects tests. De general governing equations derived for the top-down
scaling for single-phase recirculation are applicable for the single-phase recirculation of the CMT. Ha

generalized system of equations that describe the natural circulation behavior is given in

Equations 2.1-1 to 2.1-5, as:
,

Mass:

~

(p,V.) = A (p,Q,) (2.1-1)

$Momentum:
:'

:

r T
i

gp,U,V,) = A [p,U,0,] + f 7gp,AT/a,
pe nQ, fL, + K (2.1-2)d U '

< >

Energy:

,

Ps ,T,V,) = A [p,C,,T,Q,] + li,A,(T,-T,)|% (2.1-3)C

,

!
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,

l

I

Solid energy equation:
"

.r
r. ,

dT
-k,A, = H,A,(r,-T,)|aw -(2.1-4) ,

t s $a*y

,

! Boundary condition: |

|
d >

g (P.C,,T,V,) = H,A,(r,-T,)|,, + q, (2.1-5) ;
:

The nomenclature for these equations is provided in Section 8.1.

!

If these equations are normalized on their initial conditions and any boundary conditions designated !

with the subscript 0, the normalized equatiois expressed with the superscript + symbol become: ;

!
!

Mass:

T , I (p' V[f = A p|Q' (2.1-6) [g
dt ;

;

i

Momentum:

r > r 8. .

t ,, , (p|U/V,') = A p|U,'Q/ + Q,( PAT /a|y* - 14 +K (2.1-7)
*

< > h
< ,

Energy:

i
I

(p,Q[V[) = A p,'Cg[Q/ + QOH,*A,(T, - T,)*|,, (2.1-8)

!
;

Solid energy equation:

(p,Q[V|) = H,*A,'(r, - Tj'|,% + Ig* (2.1-9)

|

|

i
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4

.

Boundary condition:
'

-k,*A,* dT** = H,p,H,*A,* (T, - Ty* |,,
,

** (2.1 10) ,

I

. De characteristic' N time constant ratios are given below as:
~

.

h
~

Liquid residence Ume: :
:

1V,o
T

to " Q o (2.1-11) -
4

i

and the solid-structure specific frequency:
,

1 H,,, ;

,

Ps.o ,,oSCT .o (2.1-12) {
s

L

;

ne governing equations are time-dependcat mass, momentum, and energy balances for the CMT. By ;

- examining the relative importance of the different terms in these equations, the system of equations 1

can be simplified for the CMT recirculation phase of behavior. De drain rates for the plant CMT are
'

estimated to be small relative to the mass inventory in the tank. De tank drains over several hundred- [
to-thousands of seconds, so that the liquid residence time is very large. Calculated recirculadon flow

rates for the plant are typically 50 lbm/sec, or 0.8 ft.8/sec. Derefore, using Equation 2.1-11, the time j
to drain the 2000-ft.8 CMT is 2500 seconds. De problem is not highly time-dependent, and the j

temporal term in the momentum equation can be ignored; therefore, a quasi-steady state can be |
assumed. i

|
4

De 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, widch is the inverse of -

Equation 2.1-12, is approximately 1/3 that of the plant CMT. As a result, the test CMT wall heats
faster and has less thermal inertia than the plant walls. De heat transfer to the walls continues for a

longer time period than in the plant CMT wall. De hot recirculated CMT liquid in the plant will cool
!

to temperatures below that in the test due to the continued heat transfer to the walls. This has a
E secondary effect on the recirculation behavior of the test CMT relative to the plant CMT.

!
i

l

!
I

l
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;

,

. Characteristic time ratios:,

Q; =
7,0E o Richardson number '(2.1-13) i

Uo, e
i

!

t
r 3 ,

I} = E+K Friction number (2.1-14) . 3

D,
r >

* '8Q= Stanton number (2.1-15)
'

pt,0kto 10 c,0E t

i

II, = Liquid heat source ratio (2.1-16) |'

U p,o ,g,-T,),V,,oC
to

I

!

Heat source ratio (2.1-17) .
I4 = H,o ,,g,'-T,),A

HS ,

Q, =
,o Biot number (2.1-18)

"

s,0

,

Temperature ratios:

O = f. - T,), 0 , = f , - T ,), (2.1-19)
T,,o T,o

.

Specific heat rado:

C 0
y,,, = (2.1-20) ,

vi,0
|

-I

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 tecome:

1

Ri
==1= ) (2.1-21)

IL),
!
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R)"=1=Q)" (2.1-22)

R)P

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 finx.

Therefore, the momentum balance becomes a balance between the buoyant forces and the frictional

forces given as:

A p,* Q,* =0 (2.1-23)

and:

'- -

r 3.

kp,* U,* Q,' + J'J,, p7gp, M ,b,7 = Q +K Q.1-M
,

. n
,

Since the fluid properties and the height of the CMT test relative to the plant are preserved and the

friction and form losses are also preserved, the q), and fQ 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 Analysis j
,

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=

IOne-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 -.

'Ihe generalized mechanical energy balance equation (see Bennett and Meyer)* is given as: |
|

f 3

$+ E+K + . 8_A L + W* = 0 (2.125)+
p 2g, D,

,
2g, g,

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:

$=0 (2.1 26)
P

.

!

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

f S f' T ,

U 2 2
pi ct rg U2 re U,tP U a+ K+K +2 oyi + K +- pi

2g, 2g, D, 2g, eur"+ D, Pi,

ct r 2g,a

(2.1-27)
f $

Kcur, + Kca + Kog + P2 Pil- P2 L=0+

where pi s the hot RCS and balance line flow, and P2 is the cold CMT fluid density state. :i
,

The form loss coefficients and velocities are defined in the nomenclature in Section 8.1. The pressure t

loss of the inlet diffuser is included in the nozzle loss for the CMT. ,

'
,

,

Equation 2.127 can be further simplified, noting that the volume flow is preserved:

U .A = U,tA,t = U,yA = Q, (2.1-28)ct ct

I

!

L

h

,

t

*
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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: |

. . .

3 |

ct+1E K -I +
- L(p2 - Ps) " 2g,

~

2D Acg n

. . i
3

ft P

N + kur. * F
+

2 (2.1-29)
Ant.h

, pt.

. . i

13
,

ft P2
Kcur, + Kcgy + Koyi, +7 3

hjm, DVI , |

|

As the CMT recirculates, the top of the CMT will fill with the less dense, hot fluid from the cold leg

at density pi. Recirculation will end when all of the denser liquid, p2, has been replaced with the .,

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

1 f(L-L)p2 +Li Pif -p, L (2.1-30)3

&,
1

which simplifies to: |
l

1 (L - L,)(p2 ~ P :)' (2.1-31)
8.

,

;
I

where L is the height of less dense liquid pi n the CMT, and L is the overall height. Thisi
3 ,

expression has the correct limits since at the beginning of recirculation, L =0, and the full driving head3

is available, while when L =L, there is no driving head and recirculation ends.
3

.The value of L can be calculated as: l
3

1

L =f s(t)dt (2.1-32)3

oPAcur
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'I

.. here Acur is a function of L for the CMT heads and th(t) is the mass flow into the CMT.w
3

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, i

relative to the plant. In the plant, the cold CMT water that enters the downcomer can fall or flow j
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. ]

*

De hydraulic resistances for the experiment were measured in the pre-operational tests and were !

'
found to be very close to standard textbook values. De current design values for the plant CMT
balance line and DVI line resistances were used, as well as an estimate for the reverse flow cold leg

,

nozzle loss and the DVI nozzle expansion. Equations 2.1-29,2.131, and 2.1-32 were programmed for 'I
the plant CMT and the test facility. [

!

Figure 2.1-2 shows the mean flow rate as a function 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. !
De dominant terms in the plant CMT mass flow equation are the form losses in the circuit. De i

frictional terms are second-order effects.
,!

De 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 (1/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

increaser, it decreases to ~80 percent. This is due to the increase in the cold level in the test reservoir,
i

whic,h 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. De 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 of the CMTs (more typical of operational transients), and similar

behavior is observed.

|
1
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Figure 2.1-2 Calculated Recirculation Flow for the AP600 Plant CMT at 1100 psia
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Figure 2.1-3 Calculation of the Hot Liquid Layer Thickness for the AP600 Plant
CMT at 1100 psia
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Figure 2.1-4 Calculated Recirculation Flow for the CMT Test Facility 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(), a 1, as given in Equation 2.1-21. His is confirmed by the ratio of the

CMT mass flux, widch 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
i

would make them more flow- or Reynolds-number-dependent. Dat is, as the flow decreases, the

Reynolds number will decrease, increasing the friction factor. His effect, however, is second order, ;

so the ratio f(), s I 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 liquid layer in the reservoir decreases the net

driving head for the test recirculation, relative to the plant. Ilowever, since the reservoir has an area |

that is 3.5 times as large as the CMT, the effect is small, but noticeable.

The hot liquid layer buildup in the test is also be examined from a geometric basis for the test and the

plant CMT. De scaling approach used in the CMT test is to choose an inside-diameter scale ratio of;

I9 3I " I
= 0.1287 or =S (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:

(2.2-2)d,=Sdu,g

or: j

A,=SA, (2.2-3)2
y s

Since the scaling approach preserves the full pressure and full height and the line resistances are
sindlar, the ratio of the recirculation mass flux between the CMT test and the plant is nearly unity as

shown in Figure 2.1-6.

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

2p U), Ay,spU),A S (2.2-4)g
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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:

L L
t, = s t, = g (2.2-5)

= p
,

at least until the Chit test, which is 10 ft. high, is filled with hot water.

Therefore, the development of the hot liquid layer in the Ch1T test, relative to the plant, is given as:

At pUA ), = p A,(L,)AL, (2.2-6) ,s

Where A,(L,) is the cross-sectional area of the ChfT 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 pUA ) = p A,(L,)AL, (2.2-7)y

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

I

p A,(L,)AL, , p A,(L,)ALP (2.2-8)
p U A ), pUA ),g y

,

Using Equations 2.2-3 and 2.2-4, Equation 2.2-8 reduces to:

AL, , A,(L,) p U), A ,g
Al A,(L,) p U), A,p y

or:

Ab)a r r (2.2-10).

AL, S 2A,(L,)

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-
sectional area of the plant Ch1T 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
Ch1T test is a reasonable approximation of the plant.
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2.3 Ileat Transfer in the CMT During Recirculation

As the Ch1T 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 calculations, 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 die hot recirculated CMT liquid temperatare 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:

Gr > 1 (2.3-1)
2-Re

was evaluated where:

Gr = p g (T* - T*) 2 5 (2.3-2)
2v

where (Ts - T.) is the temperature difference between the hot fluid temperature and the CMT inside

wall temperature. If 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

not 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 liquid layer being the characteristic dimension. The correlation used is from Kreith and

Bohn"' and is given as:

Nu, = 0.332Re,'"Pr '' (2.3-3)

for the local Iwat transfer, and:

Nu = 0.664 Ret''Pr ''' (2.3-4)t

for the average heat transfer coefficient.
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he Reynolds number is given as:

1

Re = pUUp (2.3-5)

for the surface average heat transfer coefficient. Using the length or depth of the heated thermal layer, 1

L, as the characteristic dimension, the Reynolds and Grashoff numbers are calculated, and die ratio of
2Gr/Rc compared for different thermal layer thicknesses. Ecse calculations are performed for a range

of CMT draining velocities, which were calculated from the AP600 SSAR analyses as well as the

draining velocities that are simulated in the CMT test. De SSAR CMT draining velocities are small
and range from 0.008 to 0.016 ft/sec; the CMT test draining velocities will range up to 0.127 ft/sec.

2The Gr/Rc ratio was calculated using the largest drain velocity of 0.127 ft/sec. De 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. !

;

2THE CALCULATED Gr/Re RATIO FOR CMT CONVECTION ;

Heated Layer

Thickness (ft)
8X Gr Re Gr/Re

0.5 3.49 x 10' 44354.7 17.7

1.0 27.92 x 10'" 88713.94 35.5
i

3.0 753.9 x 10'' 266142.78 106.34

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

De free convection correlation that is used to evaluate the hot-liquid-to-wall heat transfer is the

McAdams correlation."' which is given as:

Nu = '[Gr Pr}3) (2.3-6)
tL

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

Pr,}""Nu" = 0.13[Gro
(2.3-7)H =

wr
Pr,}"Nu, 0.13[Gro
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Since the fluid properties are preserved, the ratio of the heat transfer coefficients becomes:

- " 33 ( 3.

Z,h, (T, - T,),
(2.3-8)y*

T - T*)P . T
P 8 Py j

|

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:
i

1

h
P__ - 1.0 (2.3-9) I

h, l

i

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. j

,

!
,

!

!
|

|

|
,

i

|
;

i
i

!
l

!

i
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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,j, M % h h M M @ NT. Em M
, - pressure and full height are preserved in the test, and the resistances are also preserved, these j

dimensionless ratios are near unity for the test CMT His indicates that the CMT test preserves die ]
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 j
compared between the test facility and the plant. De hot-water-layer development is also calculated

and compared for both the test and the plant CMT. De comparison of the calculated recirculation
flows (mass flux) and the hot water layer is very similar between the test and the plant CMT. De 1

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. He' CMT |

wall heat transfer to the CMT liquid, 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. i

Berefore, 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.

De 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. De 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 to be representative of the AP600 SSAR calculations. Since the experiments will cover the

full-pressure ruge 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.
I

i

<
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3.0 TiiE CMT DRAINDOWN IIEllAVIOR 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 will 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 plant

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 r

phase of the CMT operation are addressed.

3.2 Senling 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 liquid. Since the process was irregular and had the potential for creating

undesirable mechanical loads, a steam 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 recognited 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 AP600 plant.

There is conflicting information in the literature on the location of the limiting heat transfer 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 to be on the liquid side since there is a )

|
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large source of steam to the CMT, and rapid condensation continues to 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 tiuough 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. 'Ihe liquid recirculation flow pattern continues to

mix the injected steam until the liquid temperature approaches the local saturation temperature. At

that time, the steam that is injected can bubble to the top of the CMT and a stable steam / water

interface will be fonned, and the CMT starts to dndn 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:

Choose a very low CMT liquid velocity preserved at the tank wall to minimize the liquid*

recirculation. The liquid would heat up rapidly in the vicinity of the diffuser and condensation

is reduced.

lirserve 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.

'Ihe smue value of the liquid velocity at the wall was chosen for the AP600 plant, the CMT tests, and

the AP600 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. 'lhe choice for the hole size for the AP600

plant diffuscr 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. 'lhe velocity components and the areas are defined as:

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

V vapor vekEhy flowing through the holes in the diffuser=y

V liquid velocity at the diffuser=o
V liquid velocity at the CMT wall=u

area of the inlet pipe to the diffuserA =
p

A area of the holes in the diffuser=y
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A liquid area at the diffuser=u
area at the CMT wall, for the same axial length as the diffuserA, =

it is assumed that the diffuser is sufficiently porous and that the momentum effect of the steam acts to

push a cylindrical region of liquid flow toward the CMT wall. The area of the liquid region at the

diffuser is Aq 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 pustdng

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,2,A,,p , = V,' A,,p , (3.2-1)

The liquid velocity at the diffuser flows radially toward the CMT wall, and the wall liquid velocity is

given by continuity as:

(3.2-2)p,A,V( = p,A, Vg

The liquid velocity at the wall is chosen as 0.1 ft/sce to 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:

V,,= V, (3.2-3)
v.

The steam flow in the test CMT was estimated by scaling the steam flow from the SSAR calculations

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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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 vapor space created at the top

of the CMT. The amount of steam 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 cold 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:

m,j - m - dl. (3.3-1)

and the energy balance equation is:

d
7 [m,ed,, = rh,h, - th,h, + q, - w,y, (3.3-2)

or:

d
g [ ,cdy, = th,,h, - th h. (3.3-3)

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, + _. ' = e, + P,v, (3.3-4)

P,
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- the energy equation can be written as: J
l

!
.

(3.3-5) !I m,(h, - P,v,)"n = rh,h, - rh h,
'

dt e

i
i

The left-hand side of Equation 3.3-5 can be expanded and operated on using:

t

in,, = p ,,V,, (3.3-6) j

;

so the energy equation becomes: ,

'

V,(p,h, - P,),,,, = rh,h, - th p, (3.3-7)o

!

Clearing the bracket term on the left hand side of the equation and expanding gives: 4

:
,

QV,pyh,[n = V, + P,- &dV'* + rh,h, - sh p,d dP'* ' (3.3-8) jo
dt -1 ,

t.

.

t

Equation 3.3-8 can be non-dimensionalized using the initial c(mditions and the boundary conditions as: ;

v., = v.,v;

P ,, * P ,P ,'

h,,=h,h* j
,

P,, = P P,* (3.3-9)
% ,

rh,, = rh,,,rh,*

th, = th th *,

h, = h h,*

h ,, = h hi,g

i

a

!

I

I
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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:

1 _ V|p'h| = I4t V| dP ' p . dV *.d
.

cdt-
,

dt dt ,
(3.3-10)

+ I4,(mX) - q(mx)

where the time constant and characteristics time ratios are given as: -

** (3.3-11)T =o
*=,

P

I4 = p,",h,, (3.3-12)'

h
%'

(3.3-13)Q,= h ,,

and:

" ' ' (3.3-14)q =
*=.h,,

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 volume, the

1( 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 To, is dependent on the inlet mass flow, rh ,

Iwhich means the condensation rate in the AP600 CMT is relative to the condensation rate in the CMT

test. Comparisons of these rates are made in Section 4.0 for quasi-steady-state conditions.

1
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The Q 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. 'Iherefore, the difference in
the rate of condensation between the CMT test and the plant CMT influences the system time

constant to.

3.3.3 Core Makeup Tank Ilomogeneous 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.m

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:

p,y,V,,,) = ApQ) (3.3-15)

and for the CMT fluid energy:

r v

(P,y e,y,V,,,) = A pQ c+ + q, - 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,y, is the average CMT fluid density

V,y, is the CMT fluid volume

A[pQ] is the net rate of fluid mass entering the CMT volume (through the cold leg balance !

line) or leaving (through the CMT drain line)

q,y, is the net heat rate into the control volume, assumed equal to zero

w, is the shaft work done by the fluid, and assumed equal to zero

e,y, is the average system fluid energy per unit mass. It consists of internal energy, kinetic j
energy and potential energy components as follows:

= e, + $ + 8. * (3.3-17)e,y,
2Ee Ec

|

l
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m,

De term:

r y

A pQ e+1 - (3.3-18)
P.. . < s

-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

. boundaries.

I
!

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

as: j

i

in=pQ (3.3-19) |

|

Bus, Equations 3.3-15 and 3.3-16 can be written as:

p ,,V ,, = sh , - rh , (3.3-20)

_(p,,V,,ey= she+1 rhe+1 (3.3-21)-

P. In P . out !s .( s. (

Substituting Equation 3.3-17 into Equation 3.3-21 yields:

- r 3
-

p,V , e, + U 2 + 8_.z. = sh e + _P " th e + P " (3.3-22)
~' '#

d
-

y* 2g, g.,sys. P . outP ,. In . (_ y .( s

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.

Applying these assumptions to the fluid energy Equation 3.3-22 yields:

)
e < v

._ the,+1,- - in e, + 1 (3.3-23)
d
dt(p,,V,,e,) =

,
p

. In P . outj .( s

uAlt48w 1.wi :!b Rev. 3-9d
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' Using the definition of enthalpy, h:

h = e, + 1 (3.3-24)'

P

Equation 3.3-23 can be written as:

- r y

P ,y.V,y, h,y, - = (dih),, - (thh), (3.3-25)"*

- < s.

!

Noting that V,y,, the total CMT vo;ume, is constant allows Equation 3.3-25 to be written as:

I
(thh), - (rhh), + q,y,, (3.3-26)P.y.h,y,) = " ' +

sys

Funhermore, for homogeneous equilibrium conditions, h, will be equal to the average system

enthalpy, h,,,. llius:

(thh), = h,y,th, (3.3-27)

Substituting Equation 3.3-27 into 3.3-26 and ignoring the heat transferred to the system yields:

d dP"" + 1 (rhh), - h,y,th,, (3.3-28)I hPsy.h,y,) =
sys

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

initial and boundary conditions given as:

P,yi * P.y oPhi

V,y, = V,,,V,*y,

*

rh,,=(di,),di,

t
P,y, = P,y,,,P,*, (3.3-29)

NI *(NIout),NIout t

u A1628w-1.wpf;1b Rev.I 3-10
-

_ __ __ _ _ . _ _ _ _ _



_. - ..

i

;

(thh), = (rhh),o(thh)[

h.y. = h,,,h,',y
i

lhe resulting dimensionless continuity and energy equations are given in Equations 3.3-30 and 3.3 31. .

- as: t

!

(p,'y,V,;,) = Ilth,' - in * (3.3-30)
'

to

,

' System fluid energy:

(P.y.h,'y,) = I4T, ' " + Il(thh)* - h,;,rtd, (3.3-31)
*

T
,

'"
t

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

Fluid residence time:

t, = E '"
'

*** (3.3-32)
b out0

+

Characteristic time ratios:

nb"'I( = System flow rate ratio (3.3-33)
.

sh , j

|
!
'

p'**
System pressure ratio (3.3 34)

q,= P.yo ,y,h

System enthalpy ratio (3.3 35)*

Il = N ,0bays out0
e

i

.

5

i
,

,
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Exandning the fluid residence time and the characteristic time ratios for the CMT test relative to the

plant CMT for the fluid residence time, the rado of the CMT test to the AP600 test facility is given
as:

YEsyn.o ays.o

) cur,, 'h .at ''''q ,, (3.3-36),

VP,y o ,y,,,%
II%t.o

'

,p
.

|

The SSAR calculations indicate that the recirculation flow rate is 50 lbm/sec for the plant CMTs when

in single-phase recirculadon. Since recirculation is a constant volume process and the volume of the
plant CMT is 2000 ft.8, 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.8 from the .

' '

IFacility Descripdon Report.M 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.

.

1he system flow rate ratio, given as fl,, 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 injecdon line.

Therefore, this ratio would be unity for the test relative to the AP600 plant CMT, |
!

The system pressure ratio is only a function of the pressure level simulated in the test relative to the

- plant CMT. Since the test facility can simulate full AP600 pressure and temperature condidons, this 11

ratio would be unity,
!
I

The system enthalpy ratio is a function of pressure and the mass flow rate ratio. The pressure effects J

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 rest 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.

I

i

4
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Figure 3.31 Control Volume Boundaries for CMT Draining Analysis
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3.4 CMT Draining Processes at Constant Pressure
1

3.4.1 Introduction

- 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 condnues 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 break. 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 .

objective in these calculations is to examine the thermal-hydraulic effects of the CMT diffuser for the -

test and the AP600 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:

A(p,V) = A[pQ) (3.4-1)
'

di

Liquid energy:

A(p,c,V) = A pQ e, + + q,- W, (3.4-2)
'

dt
, p,,

Solid structure energy:

A(p,V,C,,T,) = H,,(T, - T,)a,, - H,,(T, - T,)a,, (3.4-3)
dt

>

i

u A1628w -1.wpf:lb Rev.1 3-14
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:

Equations 3.4-1 and 3.4 2 are the liquid conservation equations for the CMT where:

density of the liquid inside the control volume''p, =
,

volume ofliquid inside the control volume; V, - .=

A[pQ] = net rate of fluid mass entering or leaving the control volume j

net heat loss to the ambient
-

qi =

ishaft work done by the liquidWi =

'
average liquid energy per unit masse, =

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

+ E. (3.4-4)e, = e, +
2g, g,

The term:

r V
-pQe, + .p (3.4-5)A
. g P ,.

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 boundasies.- 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. It b a lumped parameter

description of the solid stmeture 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 j*

Changes in kinetic and potential energy internal to the liquid inside the control volume are )*

small compared to its internal energy 1
1

The liquid volume inside a tank having a constant cross-sectional area, ArANK, over b entim Mg.t

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

rAsc e@ OM IlV, = A

uA1628w-1.wptib Rev.I 3-15
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u

A

This particular assumption is modified when analyzing the plant CMT since a large fraction of the '

. surface area and tank volume is contained within the heads of the tank. ;

,

Substituting Equation 3.4-6 into Equation 3.4-1 yields:
)

(pA,L) = A[pQ) (3.4-7)

Recognizing that the mass flow rate, rh, equals pQ, Equation 3.4 7 becomes:

!

(pA,L) - rig - rty (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:

(PArngC,,4,) = Ots), - (@, + q, 0.% ;

.

These simplified equations are summarized in Table 3.4-1 and can be expressed in terms of

dimensionless quantitics using the initial and boundary conditions presented in Table 3.4-2. ,

f

Substituting the dimensionless quantitles into Equations 3.4 3,3.4-8, and 3.4-9 and dividing the liquid

mass conservation equation by (rig)o, the liquid energy conservation equation by (itgh lo, and the solid
_ a

structure energy equation by (H,,a,i A, yields the non-dimensionalized balance equations listed inT
'

Table 3.4-3.

!

3.4.3 Application of the Governing Equations for CMT Draining i

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

subsection 3.4.2.

De phenomena of interest during the CMT draining process are given in the Table 1,41 and are:

I' Condensation on cold steel surfaces*

Transient conduction in CMT walls*

Interfacial condensation on CMT liquid surface*

t. Dynamic effects of steam injection and mixing, with the CMT diffuser*

Thermal stratification and mixing of condensate with colder CMT water*

:
i

.

E

u A1628w.l.wpf;1b Rev.1 3-16 :

. -
.

.- .. _ ~ _- . - - . . . - - - - - . . ..



_- _

f *''
f TABLE 3.41

TOP DOWN SUBSYSTEM LEVEL SCALING ANALYSIS: CONTROL VOLUME BALANCEi

EQUATIONS FOR CORE MAKEUP TANK DRAINING
(WITH SIMPLIFYING ASSUMPTIONS)

m .T

Liquit. Mass: I

d
-.(PAANK ~b * **

1Jt

Liquid Energy:

d
g(PAisgL,C,,T) = (dih), - (dih)2 + 4 (3.4-9)

Solid Structure Energy:

(P,V,C,,T,) = H,(T, - Tja,i - H,,(T, - T )a,, (3.4-3)
dt

3

TABLE 3.4-2
3ET OF INITIAL AND BOUNDARY CONDITIONS ' ^ ED TO NON-DIMENSIONALIZE THE )

CORE MAKEUP TANK BALAliCE EQUATIONS

(PArsg) = (PArwx), p,*A/isc j

dl, = (dl ), dl,'i

d1 = (d1 )o d1 '2 2 2

L = (L )L *o

P Aisx ,,T, = (p,A C ,T), p,'AirsgC,7T,'C RANK v

(dih), = (dih),,o(thh)|

h = h ,o 2h'2

q = goal

P ,V.C,,T, = (p,V,,T,), p,'V,'C,',T,'

H A, = (H 4), Hipa,|3 3

(T, - T) = (T, - T)o(T, - T,P

(T, - T,,) = (T, - T,,Jo(T, - T,,)*

H,,a,o = (H,,a,),H,'a '

u:\1628w-l.mpf:lb Rev.1 3-17
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TABLE 3 4-3
NON-DIMENSIONALIZED BALANCE EQUATIONS FOR

CMT CONSTANT PRESSURE DRAINING

Liquid Mass:

t p,'Ar'ANKL,*) = [{,11: - th ' (3.4-10)
'

3 2

Liquid Energy:

Pe A 'ANKL,'C,|T,) = Q (thh)' - th 'h ' + k 9:
'

' (3 4-11)*Td T 2 2o

Solid Structure Energy:

T. P.'V.*C *,T,') = -H,*a,'(T, - Tye, - Q H,'a,'(T, - T,,ye,, (3.4-12)

Time Constant, Solid Specific Frequency and Characteristic Time Ratios

Drain Rate Time Constant:

ANK 8
t, = (3.4-13)

Solid Structure Specific Frequency:
.

b .o

. .

1= " * * ' (3.4-14)
T. _P.V,C,, ,,

Characteristic Time Ratios:
. . |

I

{'}* = .th '. Flow Ra:e Ratio (3.4-15)
111

2 -t- ,

|C,,T*
Q= Energy Ratio (3.4-16) |

I
2

. .a,

I

(thh)Q= Enthalpy Ratio (3.4-17)

.. o,,

|

Ileat less Ratio (3.4-18)Q =
[1 th

'

2 2. p

Surface Heat Transfer Ratio (3.4-19)
Q ', , si si , o

""

0

T' - T*O, = Dimensionless Liquid Temperature Ratio (3.4-20)

T*
. o.,

T* - T**6
O,, = Dimensionless Ambient Temperature Ratio (3.4-21)

.
8 .o
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L

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.

Ileat transfer time constant.

Other parameters that affect the CMT test facility recirculation behavior are discussed in Section 2.1.

His section 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 th,,t, the steam mass flow rate through the cold leg

balance line. The flow leaving the CMTs is given by thcur, the CMT discharge mass flow rate.

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

p,A,L,) = th,g - th (3.4-22)cur

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 rh,xi,, it is necessary to perform an energy balance on the steam

catering the CMT head.

Here 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 leg |

balance line.

Figures 3.4-1 and 3.4-2 depict an idealized view of the condensation processes within the 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 is occurring i

directly in the CMT liquid, and there is no CMT wall condensation. The steam that is entering the I

!
|

i
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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 yields:

righ,, = q,, + qu (3.4-23)

where it is assumed that the steam gives up only its latent heat, h,,, In this equation, q,, is the

energy transferred to the condensate film on the CMT walls, and qa 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:

l
i

q,, = H a,,(r, - T ,) (3.4-24)
| u

1

where H is a heat transfer coefficient for condensation of steam on vertical surfaces. Bisg

coefficient is obtained in the bottom-up scaling analysis. The total CMT wall surface area exposed to

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

in Figure 3.4-2, and dev ids on the liquid level in the tank.

Early in the transient when the CMT is initially filled, no wall area is exposed, such that q,, = 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, ga, can be estimated by:

qu = H ,A, (r, - T,) (3.4-25)I u

where H , is the interfacial condensation heat transfer coefficient that depends on the diffuseru

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

and CMT liquid.

In 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:

ity =
u,A (T, - T,)H

s
(3.4-26)

h,,

u:u 628w-1.wpf:Ib Rev.1 3-20
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l- ,

' and the continuity equation for the CMT becomes:
i

I

H ^r (T, - Ty )
d u'

- th (3.4-27) |7 (PAL) = cur

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

'nds 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.

i

As the top liquid layer around the diffuser is heated by condensation, the CMT begins to drain and the f
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 '

I,
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 j
Iyields:
h
:

" " * " * ~ d '
[H ] (3.4-28)*

sti = + um

i

where the conduction effects into the CMT liquid are ignored. |
|
iSubstituting Equation 3.4-28 into 3.4-22 yields:
>

ppAL) = H a.,(T - T.,) + (H ] (T - TjA'
;d u d d - sti (3.4-29)u car

rs is ;

;
,-

. "

where Hu 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. {

'Dus 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. j

Equations 3.4-27 and 3.4-29 are part of the governing equations for CMT scaling.

I

!
!

!

!

!

!

'
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De liquid energy equation, Equation 3.4-9, can also be made specific to the CMT draining mode by

implementing the definition of th,g 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 de steam / water interface. Thus, the CMT liquid energy

equation becomes:

(P,A,L,C,.,T,) = (thh),g ' (thh)chrt (3.4-30)

where the heat loss from the tank, q,, is assumed 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:

. . < ,

iia'A[r, - T,)
- (p,A,L,C,,T,) = h,g - (thh)chrr - h ,A , T, - i (3.4-31)d

dt h,,
, ( s,

,

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 sud 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, Am, is the area associated with the mixing layer chosen for the calculation. The

value 5 is the 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:

.

II a ,(T,-T,,) + (H ) (r,-T,)A,d (p,A,L,C,T,) = h,g u
- (thh)chrr (3.4-32)- u h

. is it ,
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Because the CMT walls are thick structures and are initially at ambient conditions, a more detailed

solid structure energy equation is considered for the wall condensation. For the CMTs, the structure

energy equation is written as follows:

/ T

a a BT
7(p,V,C,,T,) = _17 rk,g (3.4-33)

< >

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

k,BT'),,,, = H . (T, - T,,) (3.4-34)u

at the irmer surface where condensation is occurring with the transient wall surface temperature T ,.

He outer wall boundary condition is:

*

k, BT'),,,, = 0 (3.4-35)

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.

De 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. His 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 plant CMT head, and a modified spherical coordinate system is

used for the ellipsoidal head of the test CMT to calculate the wall and head 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 exposed 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 (thcur)o and the energy equation by (thcypf, yields the dimensionless equations

presented in Table 3.4-6. 7he dimensionless equations in Table 3.4-6 and 3.4-7 cover the case with
the condensation at ihe 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 liquid surface. The stmeture

,

!
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4 . 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 Blot number and the Fourier number defined as:

- R)LF o i
(3.4-36)B' = =

k. k.

and

at'

(3.4-37)F, = =

P.C L2 (R,-R,)2

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

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.

|

i

|
.

i

i
.

!

,

e

i

!

i

e
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TABLE 3.4-4
BALANCE EQUATIONS FOR TOP DOWN SCALING ANALYSIS OF THE CMTS

Liquid Mass:

d Hu'AK, - T,)
_(p,A,L ) = - th (3.4-27)cardt h,,

(Condensation at the diffuser)

7(p,A,L,) = H a,,(T* - T*,) + [H ) (T - T,)A'
d u # - th (3.4-29)u cur

(Condensation on walls and liquid surface)

Liquid Energy:

- - < >

H A f,-T,)
d (p,A,L,C,,T,) = h,g -

wr -A A T, - hu' 3
h

~ ' ' .'
(3.4-31)

(Condensation at the diffuser)

d h,gH a ,(r, - T,,) + h dH ] (T, - QA,u a u
- (thh) cur_(p,A,L,C,,T,) =

dt h,, h,, j
(3.4-32)

(Condensation on wall and liquid surface

Solid Structure Energy:

e 8 e a

d
M C ,T =A h T, - T3 y cosv c y-

dt s s#
' (Conden'sation at the diffuser)

-

8 BT
- (p,V,C,,T,) = 1 3 (rk, d. '). (3.4-33)
d r dr

,
r,

(Condensation on the wall and surface)

Where the boundary conditions are:

BT* =Hu (T, - T,,) 0.4-Mk, dr ),,,'

and

BT
k,g),,,, = 0 (3.4-35)
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TABLE 3.4-5 I

CMT BOUNDARY AND INITIAL CONDITIONS

P,A,L, = (p,o A,o) p,*A,'L,'A

uo,,0)H*pa,*,H g = (H a iu
l

i

H ,A = (H ,A {H * Ag*u u r ,

r 3

k' A =
'

*' '

5' O 6 ]ro
< j 7

uo ,0)H * A,*H A, = (H Au

h,, = h,,oH,* (3.4-38)

C T, = (C,T,),C,',T,*

h*sat.)o ,3t,h,it,=(h

*

q, = (q,),q,

Ih *(* cur)o the*wrcur
!

my em)oAc*mhhAAy = (A h

/ T f hf T

r

T, - T T ,* - TT, - T =

< > u *r *> :
*

>

M,C,,T, = (M,C,,T,), M,'C *T,*

T' - T'O= (3.4-39)
(T, - T,),

H (R* - R')g
B' = (3.4-40)

k,

*F= (3.441)o
(R, - R,)2

,

u:\l62* w.l.wpf:1b Rev.I 3-26



TABLE 3.4-6
DIMENSIONLESS BALANCE EQUATIONS FOR

TOP-DOWN SCALING OF THE CMTS,
WHEN CONDENSATION OCCURS AT THE DIFFUSER ,

Liquid Mass:

(p,* A,')L,* = }} (H 's,)
' '

- Ihdwr (3.4-42)T tcur

Liquid Energy:

curb. cur (p,A[L/ CJ[)T

H * ) A *(T - Tg - (thh) curi d
* k cur L h*3 (3.4-43),

, ,

+ Uc,(Admhc*m) T[-[
( s,

Solid Structure Energy:

r > r 1

Q'A Ms*Cy*T = Ac'mhe's T/ - T (3.4-44)

*> *><<

.

!

.
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TABLE 3.4-7
|CMT TIME CONSTANT, SPECIFIC FREQUENCY,

CHARACTERISTIC TIME RATIOS
WHEN CONDENSATION OCCURS AT THE DIlTUSER

Drain Rate Time Constant:

f 3

t i

Tcur = (3.4-45)
CMT j;

Solid Structure Specific Frequency:

e 3

M,C"
T . cur = (3.4-46)s H a,, ,g

Characteristic Time Ratios:

- .

~

H ) M d's
dL= Diffuser Condensation Rate Ratio (3.4-47)z ,

c s .n
. .

' ' '

Q. cur = Energy Ratio (3.4-48)

. kMr o

. .

Qcm " ;h ' Enthalpy Ratio (3.4-49) i

. kMr. o i

-

< s-

(A y )T,- T |h
sQ,= Convective Ratio (3.4-50) l1 2

M di |e t ,o.

r ,

._

M C ,T3 y

''Q= Structure Time Constant (3.4-5 D' '

, ,

m ), T, - T ;(A h
l

E( p

I

1

l
l
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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

Liquid Mass:

(p|A,*)L,* = [] *8' "5
Tcur

hr,,
(3.4-52)

+ {(H *) ~ '* ^

- dicwr
h,,,

Liquid Energy:

cur [Ic. cur (p A,1,* Q,*) = kcur b onoT

fu

+ deur ( ha'g(H*)
~

'

- (stish*) cur
r

.CMr

Solid Structure Energy:

3 'TI BO'80 1
(3.4-54)dF, "%K

Where F , = where L = R, - R, and the boundary condition becomes:

,

DO' Ild 0 = B,0) (3.4-55)=

>19, 5 jim,

o

i
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TABLE 3.4-9
CMT TIME CONSTANT, SPECIFIC FREQUENCY,

CHARACTERISTIC TIME RATIOS
WHEN LEVEL EXISTS IN THE CMT

Drain Rate Time Constant:

r 5

(3.4-56)t =cur d cur ,,

Solid Structure Specific Frequency:

e a

M,C"
T . cur = (3.4-57)s H a,,

)
op

( ;

Characteristic Time Ratios:

** d ~
[{,g

"' Wall Condensation Rate Ratio (3.4-58)=

M Mrc s jg

. .

(H ) Afr - T,)dQw Liquid Condensation Rate Ratio (3.4-59)=
o3

. .

car'
b. cur Energy Ratio (3.4-60)"

gI_ cur,o
. .

h ^'8

Q. cur " Enthalpy Ratio (3.4-61)
t. kur. o ;

Il , (R* - R,)t
B' = Biot Number (3.4-62)

k,
!

"IF= Fourier Number (3.4-63)
(R,-R,)2

|
,

,

f

f
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he CMT liquid balance equations implement the same time scale, Tcur.o. 'Ihis permits direct

comparisons of the H groups. The time scale for the solid energy equadon, t cur, differs from the

CMT liquid Ome scale. 'Ihe ratio of these Ome scales is written as follows:

T M&p **acur.o ,cy,. (3.4-64)
T cur rticw#.C,,

When e 1, the CMT liquid variables change more rapidly than those of the solid, that is, thecura

CMT drains before the CMT walls are significantly affected. When ecur, >>1, the solid variables

change more rapidly than those of the liquid because the draining rate is so slow that the CMT walls

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

coupling between the liquid transport phenomena and the heat transport phenomena in the CMT walls.
,
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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. De 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 Walls

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:

:

Re,= b (3.5-1)
N/

where f is the film flow per unit width. 'Ihe wall condensation model used in the CMT scaling

analysis uses the Nusselt'U laminar film condensation coefficient for Re < 2000; given asr_

(see Reference 9):

" *

I/4

E = 0.94 ' '' (3.5-2)g
L (I - T,,),fr d

where:

T"' + T"'T, = (3.5-3)
2

|

such that,
i

I

T, - T,, = (T,,, - T ,) (3.5-4)

l

where T , is the surface temperature that is calculated from the one-dimensional CMT wall
conduction solution. For turbulent film condensation, die modified Colburn"* correlation is used, as

recommended by Kreith. The correlation is given as:

12 r /p'g T
f St

8

40* k
H = 0.056 Pr, * (3.5-5)op ,

Nf Ety j ( j
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This is a local correlation since F, is the local film flow. However,in the CMT heat transfer analysis,

an average film flow is calculated separately for the dome region and for the combined dome and

cylindrical wall region. Herefore, the F, 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 liquid. If the LOCA break size is large, then the cold leg balance line will void

quickly before significant recirculation has occurred. Herefore, the CMT liquid is subcooled and

rapid condensation occurs at the CMT diffuser. De 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 subcooled CMT

- liquid and its resulting temperature.

!

The condensation heat transfer of vapor jets into subcooled water has been examined by several

authors.m. n. 2. n. m To model the jet condensing processes, the appropriate interfacial heat transfer

area, A , and the local heat transfer coefficient that corresponds to the interfacial area must bei

determined. De 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 area 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 to estimate the condensation interfacial area, A , that could be expected to occur from thei

steam diffuser in the CMT. ' Die 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 is

used since the initial CMT liquid temperature is highly subcooled.

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

data as a function of liquid subcooling as:

'Btu
h = 635.1 (r, - T,) (3.5-6)

3 hr. ft.2ep
\ )

with a maximum value set at:

'' Btuh = 100,000
3 hr. ft.2 p

,

In addition to the Catton et al., data for jet condensation, the data from Cumo"D and Young" ' are also

used in a sensitivity study to calculate an interfacial heat transfer coefficient, h. He interfacial areai

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

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.

p When the calculations are made to examine the diffuser behavior, the CMT is liquid 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.
u

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

g interfacial heat transfer occurs on the liquid surface in the CMT.

!
1

i 3.5.3 Interfacial Condensation When the CMT has Dralned 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 controlled 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 condusation 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.

i Bankoff's correlation is given as:

k
H = 0.%1 !. Re,* Pr (3.5-7)u il

*

where r| is the maximum interfacial wave amplitude, and the Reynold's number is given by:

U,T1
Re,= (3.5-8)

v,

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

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

developed as the steam exits the diffuser in a radial direction and then contacts the CMT walls and
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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
l annulus with a thickness equal to the length of the hole region of the diffuser. Uds assumption

permits the calculation of the vapor velocity at the edge of the tank from the inlet steam flow rate by
continuity. This m(xiel 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 liquid 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 rencrated on the CMT surface by the annular jet that flows down the sides of the CMT.

Also, since the steam must turn and flow parallel 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"0 analysis of the wave

height at the radial boundary of the disturbance is determined by the following force balance:

p,ga = p,u[ (3.5-9)

where surface tension has been neglected, and q 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:
|

_ _

''n= (3.5-10)
.2p,g, j

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

.

,
.

""n= (3.5-11),

,2p,p,a[g

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 th,g 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 3.5-8.

'Ihe friction velocity is defined as:

*8'U= (3.5-12)r P,

using:

1
1

U*
'

t, = _fL Pv (3.5-13) ]D 2gc
;

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

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

U, = 0.1 U (3.5-16)j
|-

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.
|
|

|

|

|

1

f
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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

He equations that describe the CMT draining behavior are provideri in Table 3.4-4. De
dimensionless versions of these equations are provided in Tables 3.4-6 to 3.4-9 and indicate the

dimensionless fl groups that are preserved between the test and the plant. Dese 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: f

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.

2) Calculations are also performed at a fixed CMT water level that simulated a quasi-steady-state

CMT draining behavior. His is valid since the CMT drain rates are small. His approach
fixed the amount of CMT wall surface area and liquid surface area exposed to the incoming

steam flow.

3) ne wall condensation coefficient is assumed to be an average value on the dome or on the

cylindrical walls of the CMT. De film flow is calculated from the condensation and used to
choose either a laminar or turbulent coefficient.

4) De 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) De liquid energy equation provided in Table 3.4-4 solves for the transient liquid temperature
in the CMT water. De CMT mixing depth is varied, in a parametric fashion in the j

calculations, to examine its effect on the liquid surface condensation and the overall plant and j

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 importance of the liquid

surface condensation.
i

l
l

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

ne 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 ard 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. De 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 Resuhs at 1100 psia for Different Mixing Depths

Calculations are performed for a full CMT for both the plant and the CMT test. He 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. He 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
above 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. De 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 to 4.2-10. He 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. He

heat transfer coefficient behavior is the same between the test and the plant and depends on the

condensation-induced steam flow into the diffuser.

De CMT test calculations can be compared to the plant CMT calculation. De 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. De
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.

De 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.

De agreement also indicates that the test captures the diffuser condensation effects in the plant. De
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, herefore, this ratio is always unity for the plant and the test. Since this is the

case, the best comparison is the ratio of the condensate mass fluxes as shown in Figures 4.2-11 and
4.2-12,

A sensitivity study is also performed by varying the condensation heat transfer coefficient for the
diffuser. De 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 ft for the AP600 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 different mixing depths, and Figure 4.2-15 shows the same calculation using Young
correlation for the same conditions. He 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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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 liquid levels of 95 percent,90 percent,

and 50 percent at two pressures of 1100 psia and 60 psia. The mixing depth is kept constant at 1.5 ft.

Calculations are performed with initial CMT wall and liquid 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 than 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 bodi

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 is a

consequence 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

flow rate. All values decrease with time as the structure heats up. Figures 4.3-14 and 4.3-15 show the
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test CMT wall condensate flow rates at different water levels in the tank for the same pressurcs as the

plant. * Die 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 Blot and Fourier numbers. One method of assessing the differences between

the plant CMT wall condensation behavior and the test CMT wall condensation behavior is to examine |

the ratio of the product of the Blot and Fourier numbers for each CMT. *niat is, define a new H group {
|. as:

|
B,F,)

(4.3-1)"U =m
B,F,),

The product of B,F, 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:

I
3

H (R,-R,) at i
gt

,

k, (R,-R,)2

(4.3-2)
'

nm=
3

|
H (R,-R,) at !at

k, (R,-R,)2
/P

and we assume that Du = 1,

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 to:

3

t

R,-R, j m

=1 (4.3-3)
3

1

R,-R, J P
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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 wall thickness difference. Derefore,
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. De 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 liquid temperature for the plant CMT for different water levels at 1100 psia j

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. I
1

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. De liquid 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.

Rese calculations indicate that the liquid layer would remain subcooled. Bis is a direct result of

choosing a layer thickness of 1.5 ft. Thinner layers 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 j

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. He long delay in heating the thicker

liquid layer is due io the reduced interfacial condensation heat trarafer coefficient calculated by the

Bankoff convective condensation 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 stmetures.

Once the walls and the liquid layer begin to heat up, the steam flow diminishes and the corresponding
Bankoff heat transfer coefficient also decreases, so that an assumed thick liquid layer is calculated to

not reach the saturation temperature. Ilowever, for a more realistic calculation, the liquid layer is
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 is 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
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decrease in the level in the CMT increases the wall condensation and the steam flow into the CMT.
Dis,in turn, increases the condensation heat transfer 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 !

walls 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 i

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. he 60-psia calculated condensation heat transfer coefficients are larger |
than the 1100-psia cases due to the increased steam velocity at the lower pressures.

3

:

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 %cse figures indicate, the '

behavior is consistent with the condensation heat transfer coefficients, where the condensate flow rates j
are large at the beginning of the transient, then decrease as the liquid layer heats up. De 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. he 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 j

the same two pressures. All 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 liquid is a larger heat sink for condensation. I

i
4

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 I

condensation (kmdnates 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 to 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. De wall condensation still dominates the total j

condensation since the test liquid surface condensate is smaller then the wall condensate. At the

50-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 relation (sps given by

Equations 3.4-58 to 3.4-61 were examined. The energy and enthalpy ri 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. De wall and liquid condensation il groups are given in Equation 3.4-58 for the wall
condensation and in Equation 3.4-59 for liquid or water surface condensation, ne denominator in
each equation is given as: I

sit h (4.3-4)cm r,

:
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which represents the energy of the drain flow out of the CMT. Ilowever, since the calculations are
assuming a constant liquid level in the CMT, the drain rate is nearly equal to the CMT balance line

flow, as given by Equation 3.4-26. For these calculations, the balance line flow is the total steam flow

rate into the CMT.

Two approaches are used to compare the CMT test to the plant CMT. De first approach is to
,

normalize the condensate flow rates on the surface areas of the plant and test CMT and to compare she

calculated condensate fluxes. De second approach is to directly calculate the wall and liquid surface

il groups and take the ratio to compare the test to the plant CMT.

4.3.1 Normalized Condensate Comparisons i

!

In the first approach, the calculated wall surface condensate rate, shown in Figures 4.3-12 to 4.3-15,is

divided by the exposed wall surface area (for the different assumed liquid levels) 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 test. l

1

ine ratio of the test wall condensate mass flux to the plant wall condensate mass flux is plotted 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. De calculation for the 50 percent level is initially greater
than unity, then decreases below one as the test wall condensate mass flux decreases after j

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. His behavior is observed in

the average wall temperature calculations for the plant and test and is consistent with the test-to-plant |
ICMT 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. !

Re 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.

He 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. Bis correlation is scale-
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independent as compared to the liquid surface condensate calculation used in Revision 0 of this report,
which used the Grigull "D correlation that used the tank diameter as the characteristic dimension. De
Bankoff conelation uses the wave height as the characteristic dimension, widch is a local parameter,

independent of scale, but does depend on the steam flow into the CMT.

4.3.2 Condensation D Groups and Their Ratios

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

behavior is to directly calculate the D groups from the dimensionless equations.

De condensation D groups are defined in Equations 3.4-58 and 3.4-59 in Table 3.4-9. De

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 plant
CMT De D groups given in Equations 3.4-58 and 3.4-59 have been normalized on the CMT drain

em ,,. This is approximately correct when the level in the CMT is constant, and thehrate energy, th

temperature effects on the liquid density are small.

Figures 4.3-33 to 4.3-36 show the calculated wall condensation Dww 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.

De calculated D,w group is the ratio of the condensate mass flow from 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. Derefore, particularly later in time, the plant wall condensation is a larger fraction of the

total condensation as compared to the test.

Figures 4.3-37 and 4.3-38 show the calculated ratio of the CMT test wall condensation D,w to the

plant wall condensation D,a group for a mixing depth of 1.5 ft. and different CMT levels. As
Figures 4.3-37 and 4.3-38 indicate, the agreement is good for all the levels. His comparison indicates

that, in spite of the thinner walls, the test CMT will adequately model the wall condensation

phenomena associated with the plant CMT.

De liquid surface condensation D group for both the CMT test and the plant CMT is shown in
Figures 4.3-39 to 4.3-42, using the Bankoff correlation for different CMT levels and a 1.5 ft. 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 Idgh interfacial heat transfer
coefficient. Ilowever, 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 Du group for the plant CMT indicates that the liquid surface condensation is a smaller fraction
of the total condensation for the plant, as compared to the test for both pressures. Clearly, the wall

corxlensation dorninates for the plant due to the thicker walls. The liquid surface condensation is a j

significant fraction of the total condensation at 60 psia for both the plant and the test, due to the larger

interfacial heat transfer coefficients at the lower pressure.

The ratio of the test CMT to the plant liquid condensation D group is shown in Figures 4.3-43 and

4.3-44. The Du ratio irxticates 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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5.0 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 AP600 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 rnd 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 from 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 liquid 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 A1628w.2f.wpf.1h *Rev.I 5-1



surface condensation so each effect ca1 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, eliminates 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 to 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 candensate 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 die

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 die necessary

data identified in the PIRT for computer code model development and validation.
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$
9
M TABLE 5.2-1 (Sheet 1 of 2)
-1 AP600 CMT TEST MATRIX
&

Steam Supply
Test No. Test Type CMT Drain Rate (gym) Press-re (psig) Comments

so

3 101-105 oft wall condensation with and N/A oft drain rate based on 10/135/685/1085/2235, oft initially contains no water ar.d is evacuated
without noncondensible gases steam condensation rate and with subsequent (no air).

-

drsin capability depressurization

106-108 10 oft initially evacuated and then guessurized with
air (or NJ to 0 236,1.13, and 2.13 psia,
respectively.

201-214 oft wall and water surface This test series deleted due to AP600 design change
condensation that eliminated the pressurizer to oft ba:ance line.

301-312 OtT draindown at constant 6/ll/IMIAX 10/135/1085 Surr y line no. I utilized; drain rate controlled bye
pessure discharge line resistance.

317-319 6/11/16 45g

320-323 6/II/IntAX 685

401 G1T draindown during 16 1085 followed by laitial oft water levelis full. Depressurization
deFessurization depresstrization to 20 rate of I psi /secosd.

402-4M 685 followed by Initial GtT water level is 2 in. (nominal) below
depressurization to 20 PDT3 top tap. Depressurization rates of 1,2, and

0.5 psi /sec.

I

I

l
I
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?
M TABLE 5.2-1 (Sheet 2 of 2)
I AP600 CMT TEST MATRIX

,

; -
!

| 7
j CMT Drain Rate Steam Supply

Test No. Test Type (sym) Pressure (psig) Comments
M 1

| ,3 MI.502 Natural circulation followed by Disdurge line resistance set for 1085 followed by Resermr water level is *HI.* resermr weer
I - draindown and depressuruauon 6r16-spn drain rate degesswiration to 20 saturned. Steam line no. 2 and GtT drain valve

are opened to initiate natural circulation until
one-fifth of GITis heated. Hen, drain valve and
sicam line no. 2 are dosed, steam line no. I is

,

gened, and reservoir is draised sufficicatly to
aDow fu11 GIT drain. OtT drain valve is then
gemed to initime OtT draining. When GtT -
water level reaches 97 is,4, R is

| initiated by reducing the steam supply set pressure
and vesting the reservoir.i

i -,

' .,J4 Repeat with natural circulation until 0.50 of GIT
.

t.n sea
Es

505-506 Repeat with natural circulation until OtT is
completely heated.

507-509 Discharge line resistance set for 1835 followed by Repeat with natural cuculauon umul 0.20, R50, and

either 6spm or 16-spm drain depesswization to 20 - complete CMT is heated.
rate, to be determined by results
of tests 501-506

__ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ . - . _ . - , , _ ._ . . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _



_ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ - _ _ _ _ _ _ _ - _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - _ _

C
12:

b
a

N TABLE 5.2-2
$ IHENOMENA IDENTIFICATION AND RANKING TABLE FOR THE AP600 CMT COMPARED TO THE TEST MATRIX
#

PIRT Proposed Matrix
,

Tests or Pre-

!!' Phenomena Large. SmaH-Break MSLB SGTR %shal Tests
$ Break LOCA which Provide Data

LOCA

CMT Draining Effects

Condensation en cold thick steel surfaces H H L L 100, 300-series

Transient conduction in CMT walls H H L L 100 , 300-series

Interfacial condensation on CMT water surface H H M M 300 , 400 ,
500-series

u Dynamic effects of steam injection and mixing with CMT liquid and H H M M 300-series
0 condensate

Thermal stratification and mixing of warmer condensate with colder CMT H H M M 300 , 400 ,
water 500-series

CMT Recirculation

Natural circulation of CMT and CL balance leg L H H H SOO-series

Liquid mixing of CL balance leg, condensate, and CMT liquid L H H H 500-series

Flashing effects of hot CMT liquid la; r L H L L 400 . 500-series

CMT wall heat transfer to liquid L M M M 300 , 500-series

Notes:
L = low importance
M = medium importance
H = high importance

_ - -______-___--- _ _ _ _ . __ - - - _ _ _ _ _ _ - - _ _ _ _ _ _ _ _ _ _ - . - .-.
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4

6.0 CONCLUSIONS ,

i

The scaling of the AP600 CMT test facility is assessed relative to the AP600 plant CMT and the j

PIRT. He 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 i

idifferent draining modes are examined for the CMT test and are compared to the plant CMT.
;

The D groups for the recirculation mode of operation of the CMT are well-scaled since the heights and j

the line resistances are nearly preserved. The mass flux ratio of the test to the plant is approximately j
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, i

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 adequately modelled in the ;

test. !

A top-down 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 the H groups from the
pressure equations indicate that the CMT test can maintain similarity for depressurie.ation transients. >

l

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 I

AP600 CMT with a diffuser. The comparisons show that the condensation behavior for the diffuseri

! used in the CMT tests capture the expected condensation performance for the diffuser in the AP600

CMT.

De 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 D parameters that govern the wall and

liquid surf ace condensation. The structural similarity between the plant CMT and the test CMT is also

assessed. Th:re 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 U 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

i
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surface condensation is estimated and the D groups for wall condensation and liquid surface
|condensation are calculated for the plant CMT and the CMT test. The ratio of the D groups are

examined. The D ratios indicate that the diffuser condensation effects scale reasonably well, with the '

ratio varying between 1 to 6 over the transient time Ibr 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. However, in spite of this distortion, the test CMT !

captures the thermal-hydraulle phenomena of interest for the plant CMT. |

!
As the D group ratios indicate, the test models the CMT recirculation and different draindown ;

behavior in a reasonable fashion so the key thermal-hydtrul'c phenomena for recirculation, CMT water i

heat up, liquid surface condensation, wall condensation, stratification during recirculation, and flashing ;

is captured in the CMT test. 'Derefore, the AP600 CMT test provides valid data for development and ;

verification of the CMT computer model. |

!
! !

4
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' 8.0 NOMENCLATURE .
~

;
1

8.1: Nomenclature for Section 2.0 - -i<

ab' (t) mass flow into CMT
: Pr ;. coefficient of volume expansion , ;

Jn) coefficient of volume expansion |

6- metal wall thickness conduction depth (area / wetted perimeter) ,.

AT- - axial fluid temperature difference across the length of the core i

p- fluid dynamic viscosity ;

p fluid densky ;

-pt hot RCS and balance line flow .|
p2 Cold CMT fluid density state
p liquid density ,

- AhL - area balance line : (
cross-sectional flow area of CMTac_

ACL' area cold leg

. ACMT CMT cross-sectional area' |
--

. Apyr area DVI line ,

AN.ANm CMT nozzle area for prototype (p) and model (m) j
p

As heat transfer surface area ,

"

Cg liquid specific heat at constant pressurep
;

Cvs solid specific heat
Cyg liquid specific heat at constant volume .

'

D diameter of piping (CL, DVI, CLBL) <

I

.h hydraulic diameter of the heated subchannelD

dN,dNm CMT nozzle diameter for prototype (p) and test (m)
p

f Darcy friction factor
g gravitational acceleration
gc Newton's law conversion factor ;

hm test CMT convective heat transfer coefficient ,

plant CMT convective heat transfer coefficient>

average convective heat transfer coefficient over the heated length ;

s
K locs coefficient ;

KCKV CMT discharge line check valve loss coefficients j

cold leg nozzle loss coefficient ;
KCLN '

CMT outlet nozzle loss coefficientKCMTg
CMT inlet nozzle loss coefficientKCMTN ,

DVI nozzle loss coefficientsKoyIN
ks solid thermal conductivity
K. cold leg-to-cold leg balance line tee .:T !
kg liquid thermal conductivity
L height of driving head for CMT flow +

L] height ofless dense liquid p1 i

Lt f-ictional lengths in cold leg, balance line and DVI line [
?

Lm CMT model heated liquid layer
L plant Chfr heated liquid layer -|p
P fluid pressure

iPr Prandtl Number
qs heat loss
Qg volumetric flow rate j

;

I
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!

S scale factor |.

To initial axial fluid temperature difference

Tb bulk fluid temperature ;

!t , im time for prototype (p) and model (m)

s surface temperature
Ts-Tg average temperature difference over the heated length

Tw wall temperature
Tg liquid temperature
U, initial velocity }

Ub bulk tiuid velocity ;

UCL. UBL, Upyg average liquid velocities in cold leg, balance line and DVI line !

Um liquid velocity in test CMT [
'

U liquid velocity in plant CMTp
Ut liquid veksity
v fluid kinematic viscosity ;

Vs metal volume :

Vg liquid volume ;

x distance in sclid structure !

Z thickness of the hot liquid layer inside the CMT I

i heated length of the CMT {
:

I

i

!

!

k
,

.|

[
t

i
!
t

!
,

!
,

!

,

h

I

|

|
'

t

t

i

|

|

l
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-4sys heat transfer to vapor space

qt is the heat loss to the ambient |

qws condensation on the CMT walls
,

r- radial position within CMT wall |
Rj. inside radius of the CMT.- |
Ro outside rr.dius of the CMT |

t wall thickness e

,

Tamb ambient temperature ;
.

Td condensate interface temperature

Ts structure temperature
,

Tsat saturation temperature
'

'Tws inner CMT wall temperature with a condensate film

.Ti fluid temperature

u velocity

U fluid velocity

Vs stmeture volume :

Vt CMT volume

Vy vapor volume

Vi is the volume of liquid inside the control volume *

work performed by vapor space |wsys

Wt is the shaft work done by the liquid

z height

!

.

I

!

l

|
|

I
)

|
.
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8.2 Nomenclature for Section 3.0.
'

..

!

a- CMT wall thermal diffusivity

A[PQ) is the net rate of fluid mass entering or leaving the control volume ,

.vy vapor specific volume |
Ipy vapor density

pg. is the density of the liquid inside the control volume

CMT outside surface areaasa

ai CMT inside surface area
'

s

A ank CMT tank cross section area |t
CMT metal wall surfaces exposed to steam .|aws

!Cpt - liquid specific heat at constant pressure

Cvs stmeture specific heat

Cyg specific heat of the liquid

e energy flowing across central surfaces i

cint internal energy -

ey vapor internal energy i

eg is the average liquid energy per unit mass .;
g gravitational acceleration !

ge gravitational constant e

h enthalpy )

h al enthalpy of the balance line fluid ;b
hcony convective heat transfer coefficient from hot CMT water to wall |

hn inlet enthalpy '|i
.H p condensation of steam on metal surfaces *L
Hs condensation of steam on CMT liquid surfaceL ,

hout outlet enthalpy ;

Hsa CMT outside convective heat transfer coefficient to ambient

Hsf surface heat transfer coefficient

Hst CMT inside convective heat transfer coefficient

hy vapor enthalpy

th, mass flow into CMT

k CMT wall thermal conductivity ;s

Lg(t) level in CMT

M mass of vapor in the system ,

sh, mass flow out of the CMT

ps stmeture density
,

Psys system pressure

Py vapor pressure

Q volumetric flow |

qts condensation on the CMT water surface ,

1

l

1

|
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