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during long term cooling.

The NRC-25 series tests represents a parametric study to determine the minimum

liquid reserves required to prevent a temperature excursion in the APEX core. The tests

were initiated with a failure of all passive safety systems with the exception of portions of

the fourth stage of the Automatic Depressurization System (ADS-4) and the

In-containment Refueling Water Storage Tank (IRWST) injection system. These tests

were concluded upon the onset of IRWST injection or core uncovery as determined by a

temperature excursion in the core.

The purpose of this thesis is to present the results of the NRC-25 test series. This

includes a theoretical model which was developed to predict core liquid inventory during

an ADS-4 blowdown. The NRC-25 test series was used to benchmark a theoretical model

derived using the mass and energy conservation equations, the perfect gas law, and a

critical gas flow model. It will be shown that this model agrees with the experimental data

quite well.
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An Analysis of Core Uncovery in the APEX Test Facility.

1. INTRODUCTION

Westinghouse has proposed a new state of the art nuclear reactor design, the
Advanced Passive 600 megawatt plant (AP600). This design incorporates an "inherently

safe" philosophy by using passive safety systems to enhance the overall safety of the plant.

The passive safety system would use gravitational forces and natural circulation to provide

flow through the system. Therefore, the requirement of pump-driven systems to provide

the core cooling needed to maintain a low reactor coolant temperature during postulated

accidents would be eliminated. Currently, the U.S. Nuclear Regulatory Commission

(USNRC) is evaluating this design with the assistance of computer codes. At Oregon

State University (OSU), a quarter height scaled model, the Advanced Plant Experiment

(APEX), has been designed to evaluate the performance of the AP600 passive safety

systems and to obtain data to validate the safety analysis computer codes used by the

NRC.

Among the many experiments run in the APEX facility, a series of ten tests were

designed to "bound" worst case conditions. This allows for the reduction of the number

of transients examined as part of the Probabilistic Risk Assessment for the AP600. These

tests are considered "Beyond Design Basis Accidents" and examine the response of the

facility during the occurrence of a system blowdown with only the IRWST coolant to cool

the core. These tests have been designated by the NRC as the OSU "No Reserve Tests"

and are called the NRC-25 Series tests. These tests isolate the reserves (Core Makeup

Tanks and Accumulators) from the reactor. As a consequence, the liquid level in the

vessel decreases during a blowdown thus approaching the elevation of the top of the core.

When the system pressure drops below the injection pressure (i.e. 10.8 psig) of the In-

Containment Refueling Water Storage Tank (IRWST), the IRWST refills the vessel with



2

coolant, preventing a temperature excursion in the heater rod bundles. If the core

becomes uncovered before the IRWST injection pressure is reached during the blowdown,

the heater rod bundles undergo a temperature excursion.

The objectives of this research are:

To analyze the NRC-25 series experimental data to determine the key phenomena

leading to the uncovering of the reactor core.

Derive a theoretical model to predict the system inventory as a function of pressure

based on the key phenomena.

To benchmark the theoretical model against experimental data obtained from the

NRC-25 Series tests.

Chapter two presents a listing of integral system test facilities used to investigate a

variety of PWR transients. Chapter three describes the APEX facility, the NRC-25 test

series procedure, and the key results of the experiments. Chapter four presents the model

derivation and assumptions. Chapter five compares the theoretical model to the

experimental data obtained from the NRC-25 test series. Finally, chapter six summarizes

the results and provides recommendations for future research.
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2. LITERATURE REVIEW

This chapter presents an overview of the integral system test facilities used to study

PWR depressurization. In addition, it also reviews the thermal hydraulic computer codes

and theoretical models used to predict core inventory and system pressure during

depressurization events.

2.1. Integral System Test Facilities

In the early 1970's the general focus of reactor safety research was understanding
large break loss of coolant accidents (LBLOCA). As a result of the Three Mile Island

accident in 1979, the focus changed to the study of small break loss of coolant accidents

(SBLOCA). There have been a large number of integral system test facilities constructed

to study LOCA behavior in Pressurized Water Reactors (PWR). The results from these

facilities are used to benchmark all thermal hydraulic computer codes and theoretical

models used in reactor safety analysis. Table 1 lists the major PWR integral systems test

facilities.



Test
Facility

Pressure
(MPa)

Power
(MW) Location Scale Geometry Types of Tests Ref

BETHSY 17.2 3 CEA Full Height
Vol. 1:100

3 Loop SBLOCA 1

CCTF 0.6 10.0 JAERI, Tokai,
Japan

Full Height
Press. Vessel

Vol. 1:21

4 Loop LBLOCA 2,3

FLECHT-SEASET 1.1 1.5 Westinghouse Full Height Core 1 Loop Natural Circulation 2,4

HDR 11.0 N/A KFK Full Scale Press.
Vessel

1 Loop LBLOCA, Blowdown 5

LOFT 17.2 50 INEL Full Height
Vol. 1:46

2 Loop LOCA, Boron Dilution,
ATWS

2

NEPTUN 0.5 0.08 PSI, Switzerland Full Height Core N/A Core Boiloff, Core
Uncovering

6

OSU APEX 2.8 0.6 Oregon State
University

1:4 Height
Vol. 1:192

2x4
AP600

SBLOCA, LBLOCA, Natural
Circulation, Station Blackout

7

PKL II 4.0 1.25 Erlangen, Germany Full Height
Vol. 1:145

3 Loop SBLOCA, Refill/Reflood for
LBLOCA

2,8

ROSA-IV LSTF 16 10 JAERI, Tokai,
Japan

Full Height
Vol. 1:48

2 Loop SBLOCA 2

Table 2-1. Listing of Major PWR Integral System Test Facilities.



Test
Facilit

Pressure
(MPa)

Power
(MW) Location Scale Geometry Types of Tests Ref.

ROSA AP600 16.0 10.0 JAERI, Tokai,
Japan

Full Height
Vol. 1:31

2 Loop SBLOCA, LBLOCA, Natural
Circulation, Station Blackout

9

Semiscale Mod-1 17.2 1.6 INEL Full Height 1 '/2 Loop LBLOCA, SBLOCA,
Blowdown

2

Semiscale Mod-3 17.2 2.0 INEL Full Height
Vol. 1:1705

2 Loop LBLOCA, Station Blackout 2

Semiscale Mod-2B 17.2 2.0 INEL Full Height
Vol. 1:1705

2 Loop Offsite Loss of Power, S. G.
Tube Rupture, Primary System

Boiloff

2

Semiscale Mod-2C 17.2 2.0 INEL Full Height
Vol. 1:1705

2 Loop SBLOCA 2

SCTF 0.6 10.0 JAERI, Tokai,
Japan

Full Height
Core

Vol. 1:21

1x2 LBLOCA 2,10

SPES-2 15.5 5.0 Piacenza, Italy Full Height
Vol. 1:395

2x4
AP600

SBLOCA, LBLOCA, Natural
Circulation, Station Blackout

11

SRI-2 0.7 0.09 Stanford Research
Institute

1:4 Height
Vol. 1:1296

2x4 B&W Natural Circulation, SBLOCA 2

Table 2-1 (continued).
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Of all the data generated by the test facilities listed in Table 1, the NEPTUN boiloff

experiments and the ROSA AP600 No Reserve Tests are the most comparable to the

APEX NRC-25 test series. The NEPTUN boiloff experiments exhibit the same boiloff

and temperature excursion trends as seen in the NRC-25 test series.

2.2. Thermal Hydraulic Computer Codes

There are several thermal hydraulic computer codes used to model integral system

behavior. The very earliest of these codes used a homogeneous mixture model which

consisted of a set of mass, momentum, and energy conservation equations. These codes

were later enhanced by incorporating a drift flux model to account for the relative velocity

of the vapor and liquid phases. The newest codes have a complete set of conservation

equations for each phase along with a set of interfacial transport equations.

The two major codes used in the U. S. for reactor safety analysis are RELAP5 [12]

and TRAC [13]. The RELAP5 code was developed at the Idaho National Engineering

Laboratory for the NRC. The code has been used to model most of the experimental

facilities listed in Table 1. RELAP5IMOD3, the latest version, solves the six field

equations for pressure, the specific internal energy of each phase, void fraction, and the

phase velocities as a function of time and a single spatial dimension. RELAP5/MOD3

uses a map to predict the transition between flow regimes. The NRC has used

RELAP5/MOD3 to model the OSU APEX test facility [14].

TRAC-PF1/MOD2 is a two-phase two fluid model that solves six field equations.

However, unlike RELAP5IMOD3, TRAC-PF1/MOD2 can also be used to model three

dimensional components. It also uses a map to predict flow regime transitions. The

TRAC code has been used to model the NEPTUN boiloff experiments.
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The next generation computer code currently being developed by the NRC will use

the TRAC code as a starting point. In the next generation code, the flow regime map will

be replaced by an interfacial area transport equation which will be solved in conjunction

with the six field equations [15].

2.3. Theoretical Models

Under certain conditions, a simple theoretical model may be preferable to a detailed

systems analysis code like RELAP or TRAC. An example is the pressure vessel

blowdown model presented in Moody's text Introduction to Unsteady Thermolluid

Mechanics [16]. Moody developed the model starting with the energy conservation

equation for a saturated mixture in a control volume. Substituting the conservation of

mass equation and the thermodynamic relations for specific volume and specific internal

energy, he arrives at a general expression for the depressurization rate in a control volume.

An exact analytical solution can be obtained for a perfect gas. However, for saturated

steam-water mixtures, one must rely on tabular data to obtain a solution to the

depressurization rate equation.

As part of his scaling analysis report for the APEX facility, Reyes [17] performed a

depressurization rate analysis in which he introduced the concept of volumetric dilation.

The expression for the dilation term, e., is as follows [18]:

P°(4),0

[houte+v(a)

For saturated mixtures it can be shown that:

(2-1)



fg)s° f
v

( hfg

8

(2-2)

This approach will be used in Chapter 4 to develop an analytical expression that relates

system pressure to system mass during a depressurization event.
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3. DESCRIPTIONS OF APEX FACILITY AND THE NRC-25 SERIES TESTS

This chapter describes the APEX facility and the NRC-25 test series procedures. It

also summarizes the results of the NRC-25 test series, the phenomena observed, the

instruments used to collect the data, and the uncertainties of these instruments.

3.1. Facility Description

The OSU APEX facility [7] is a one-fourth height, one-half time scale, reduced

pressure integral systems test facility. It accurately models the details of the AP600

geometry including the primary system, the passive safety systems, and parts of the non-

safety grade Chemical and Volume Control System (CVCS) and Normal Residual Heat

Removal System (RNS). The interconnecting pipe routings are also duplicated in the

model. All of the primary system components are fabricated of stainless steel and are

capable of prolonged operation at 2.76 MPa and saturation conditions.

The APEX primary system includes the following components:

A reactor vessel that models the upper and lower reactor internals, the core barrel, the

downcomer and the core. Connections for the hot and cold legs and direct vessel

injection (DVI) lines are provided. The reactor vessel houses 48 electric heater rods

with a maximum power of 600 kW.

Two reactor coolant loops each consisting of one hot leg and two cold legs. Break

spool pieces have been installed on the hot and cold legs, the DVI line, and the CMT

pressure balance line (CMT-PBL) to simulate pipe breaks. The discharge from these

valves vent to the Break and ADS Measurement System (BAMS) to separate the

flows and to measure break flow rates.



10

Two steam generators (SGs), one on each loop, each having tube and shell dimensions

scaled to simulate a Westinghouse Delta-75 steam generator.

Four reactor coolant pumps (RCPs), two attached to the lower channel head of each

steam generator.

A pressurizer (PZR) with internal heaters and spray control system capable of
controlling pressure and minimizing pressure spikes in the reactor coolant system.

The APEX facility also includes the following passive safety systems:

Two Core Makeup Tanks (CMTs) each having a pressure balance line that connects

the CMT head to the cold leg. Each CMT also has an injection line that permits

draining of the CMT into one of two Direct Vessel Injection (DVI) Lines connected to

the reactor downcomer. Check valves and isolation valves have been included.

An Automatic Depressurization System (ADS) that includes three valves off the top of

the PZR which are attached to sparger lines that vent directly into the IWRST. The

ADS1-3 Flow nozzles are sized to represent two-trains of the AP600 ADS1-3. The

fourth stage of the ADS is modeled by a single valve located on the top of each of the

hot legs. The ADS flow nozzles are sized to model two AP600 trains of ADS-4 on

each hot leg.

Two accumulators (ACCs) pressurized with nitrogen to provide safety injection during

depressurization events. Each accumulator also has an injection line that connects to

one of the two DVI lines, respectively. Check valves and isolation valves have been

included.

An In-containment Refueling Water Storage Tank (IRWST) having two injection lines

that connect to the DVI lines. The IRWST is capable of being pressurized to 0.41
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MPa to simulate containment backpressure. Return lines to the DVI lines are provided

to represent the lower containment recirculation lines.

A Passive Residual Heat Removal (PRHR) heat exchanger located inside the IRWST.

The PRHR flow is driven by natural circulation. The PRHR draws water from the hot

leg, rejects heat to the IRWST liquid and injects water into the lower channel head of

one steam generator.

A Primary Sump and a Secondary Sump that simulate the containment compartment

volumes below the normal floodup elevation. The sump tanks are capable of being

pressurized to 0.41 MPa to simulate containment backpressure.

The following figure is a general 3-D representation of the APEX facility.

The APEX Testing Facility

Stamm Genorator

Con Makeup
Tank (CMT)

ADS 1-3

Figure 3-1. General 3D representation of the APEX facility.
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3.2. Instrumentation

The APEX facility is equipped with over 700 instruments. These instruments are

used to gather test data such as liquid levels, pressures, vapor and liquid flow rates, and

temperatures. The instruments of key importance needed for comparing experimental to

theoretical data are LDP-127, LDP-611, PT-107, FVM-603, FVM-901, FMM-603, and

FMM -701. LDP-127 and LDP-611 are differential pressure cells which measure the

uncompensated water levels in the reactor vessel and ADS-4 separator respectively.

PT-107 is a pressure cell which records the average pressure in the reactor vessel.
FVM-603 and FVM-901 are vortex flow meters and are used to determine the vapor flow

rates leaving the ADS-4 separator. FMM-603 is a magnetic flow meter used to measure

the liquid flow rate leaving the ADS-4 separator and FMM-701 measures liquid flow from

the IRWST. All instruments carry an uncertainty of approximately 0.25%. The following

figure gives a general representation of the locations of the key instrumentation.

Figure 3-2. General representation of key instrumentation used for model development.
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3.3. Test Description

The OSU No Reserve tests are a series of ten tests which are designed to investigate

the response of the APEX facility to an ADS-4 blowdown while at reduced inventory and

without the availability of key passive safety systems. The goal of these tests was to

determine which combination of initial conditions would result in uncovering the core

before IRWST injection.

To establish test conditions, the test facility was brought up to normal operating

pressure and temperature. The accumulators, ADS1-3, and the PRHR were isolated and

the CMT's were drained. The IRWST was pressurized to approximately 10.8 psig to

establish a full height IRWST driving head. The reactor was drained to a level just below

the bottom of the hot legs. The tests were initiated by opening ADS-4 and the criteria for

test conclusion was either 10 minutes of IRWST injection or a heater rod temperature

excursion in excess of 650 °F, whichever came first. Several tests were run under these

conditions with the only difference being that of the initial pressure, initial power, and/or

ADS-4 flow area.

3.4. Test Procedure

The tests were performed per test procedure OSU-APEX-96010 119-27]. The

conditions of the APEX facility prior to the start of the tests were as follows:

The PRHR was isolated.

The accumulators were isolated.

ADS1-3 was isolated.

The CMTs were isolated (only for NRC-6025)

The IRWST liquid surface was pressurized to approximately 10.8 psig.
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The reactor was drained so that the liquid level was at an elevation equal to that of the

bottom of the hot legs.

Upon depressing the test push button, the following occurred:

The Data Acquisition System (DAS) started recording steady state data.

After collecting ample steady state data, reactor power was ramped to its desired level

and ADS-4 was opened.

The DAS continued to record the data until the test was terminated which occurs 10

minutes after the start of IRWST injection or upon exceeding a heater rod temperature of

650 °F.

3.5. NRC-25 Series Test Results

The test goes through three distinct phases; the entrainment phase, the post-
entrainment phase, and the IRWST injection phase. The first two phases are of greatest

importance to core uncovery. During these two phases, the liquid level is decreasing by

means of entrainment, flashing, and boiling.

Figure 3-3 represents the liquid level in the reactor vessel just before power is applied

to the core. The liquid level is shown to be just below the bottom of the hot leg.
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Figure 3-3. Figure showing the liquid level in reactor vessel just before the application of
power to the core.

As the core is brought up to power, the addition of energy to the surrounding water

produces bubbles as the liquid starts to boil. This in turn causes the liquid level to swell

above the hot legs. This is represented by figure (3-4).

Figure 3-4. Figure representing the liquid level after the addition of core power.
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3.5.1. The Entrainment Phase

When the ADS-4 valve was opened, the saturated mixture above the hot leg elevation was

entrained from the vessel through the ADS-4 line initiating the entrainment phase. This is

represented by figure (3-5).

Figure 3-5. Figure representing the entrainment phase.

The entrainment continued until the liquid level dropped below the bottom of the hot leg.

At this point, the entrainment phase came to an end. Single phase vapor was observed in

the ADS-4 separator. The following table lists the initial parameters and total mass

entrained for each test during the entrainment phase.
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NRC Test
Number

Initial
Pressure

(psia)

Initial Rx
Vessel Liquid

Level
(collapsed, in)

Initial
Liquid
Mass
(lbm)

ADS 4
Flow
Area
(in2)

Rx
Power
(kW)

Total
Mass

Entrained
(lbm)

NRC-6025 103. 51.4 628. 0.388 128. 38.8

NRC-6125 100. 50.5 612. 0.388 142. 49.7

NRC-6225 198. 50.6 621. 0.388 127. 67.7

NRC-6325 194. 49.6 605. 0.388 810. 43.1

NRC-6425 102. 50.5 614. 0.785 300. 107.

NRC-7525 200. 52.6 706. 0.388 0.00 43.6

NRC-7625 101. 51.8 633. 0.785 148. 71.8

NRC-7725 100. 51.9 635. 0.785 87.0 49.8

NRC-7825 200. 50.5 523. 0.388 0.00 8.70

NRC-7925 100. 51.1 552. 0.388 0.00 6.70

Table 3-1. Table of key entrainment phase initial conditions and total mass entrained for
each test.

The total mass entrained was calculated one of two ways. For tests NRC-7525,

NRC-7625, and NRC-7725 the ADS-4 separator was used as a catch tank. Using the

ADS-4 separator liquid level (LDP-611), the change in liquid mass in the tank was

calculated. This in turn gave the liquid entrainment rate. Thus,

61L)

Wentrained PAselkdt
(3-1)

where the derivative is the change in separator liquid level. The total entrained mass was

calculated by integrating the liquid entrainment rate over the entire entrainment phase.
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For the remainder of the tests, the liquid entrainment rate was obtained using the

ADS-4 liquid flow rate (FMM-603), measured in the ADS-4 separator liquid loop seal;

compensated by the change in the liquid mass in the ADS-4 separator as determined using

LDP-611. The mass conservation equation for the ADS-4 separator was implemented to

calculate the liquid mass flow rate entrained, Wentrained, through ADS-4. This is equivalent

to the liquid mass flow rate entering the ADS-4 separator. Thus,

dL
Wentratned PAsep( dt) WFAevf-- 603 (3-2)

where WFmm-603 is the liquid mass flow rate leaving the ADS-4 separator and the derivative

again represents the liquid level change in the separator.

3.5.2. The Post-Entrainment Phase

The post-entrainment phase began when the fluid leaving the vessel consisted only of

single phase vapor. During this phase, the liquid level decreased due to one of two

mechanisms. The first mechanism was flashing. Flashing occurs when a saturated

mixture, held at a relatively constant temperature, suddenly undergoes a rapid
depressurization. Under this condition the saturated mixture flashes to vapor. The other

mechanism that caused liquid depletion was boiling. Energy was being added to the

system by core power. This energy addition caused the saturated liquid to start boiling

thus vaporizing the liquid. Figure 3-6 represents the post-entrainment phase showing that

the liquid level is below the hot leg elevation. It also shows only single phase steam

leaving the system.
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Figure 3-6. Figure representing the post-entrainment phase.

With the liquid in the vessel boiling or flashing to vapor, the liquid level decreased and

approached the elevation of the top of the core. As this happened, the temperature in the

vessel started to increase. It was determined that the core uncovered when there was a

temperature excursion to approximately 650 °F. At this point, the reactor operator turned

off the core power.

If the system pressure dropped below 28.6 psia before the occurrence of a heater rod

temperature excursion, the IRWST injected coolant into the vessel preventing core
uncovery. The following table compares the initial conditions at the start of the post-

entrainment phase and reveals which tests resulted in core uncovery.
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NRC Test
Number

Initial
Pressure

(psia)

Initial Hz Vessel
Liquid Level

(collapsed, in.)

Initial Mixture
Mass
(lbm)

Core
Uncovered?

(yes/no)

NRC-6025 78.0 46.7 558. no

NRC-6125 82.0 47.0 568. yes

NRC-6225 128. 44.6 540. yes

NRC-6325 122. 45.7 555. no

NRC-6425 83.0 45.6 548. yes

NRC-7525 124. 48.6 599. no

NRC-7625 67.0 43.1 514. no

NRC-7725 63.0 45.5 544. no

NRC-7825 136. 48.0 591. no

NRC-7925 91.0 51.3 634. no

Table 3-2. Table of key post-entrainment phase initial conditions and whether core
uncovery occurred.

The following figures show the data that will be used to benchmark the theoretical

model. These figures show the normalized inventory as a function of pressure for each

test in the NRC-25 series.



21

1.0

0.9

0> c 0.8
_i
-12

0.7
of

E0 co 0.6
0. .15
Eo

13
0.5 _

c c
x e; 0.4

410 0.3

Ts
E 0.2

0 I-
0.1

0.0

Liquid Level
-- Temperature

a Pressure
Injection Pressure

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600

Time (sec)

Figure 3-7. Key Experimental Data for NRC-6025.

1.0

0.9t>0 0.8
_i N
13 as
0 0.7
as 13-

Ec .c 0.6G 0
E
o

-o
0.5 _

c c
co

x .6. 0.4
Ce

N 4.7 0.3

CO 0-
E E 0.2
a 1--°'

Liquid Level
Temperature

Pressure
Injection Pressure

0.1

0.0
0 100 200 300 400 500 600 700 800 900 1000 1100

Time (sec)

Figure 3-8. Key Experimental Data for NRC-6125.



22

1.0 k-

0.9

>0 0.8 -J
(0)
in
m 0.7 -

ea
E0 2 0.6 -0. 0

Eo Cf) 0.5
-csc C

X .; 0.4 -
CZ IL

1.1 n
lu 0.3 -

-

17; a
E E 0.2
0 F-
z

0.1

0.0

Liquid Level
Temperature

A Pressure
Injection Pressure

0 100 200 300 400

Time (sec)

500 600 700 800

Figure 3-9. Key Experimental Data for NRC-6225.

1.0

It_1 0
13 m0 i-- 0.7-

7 0.8-

(5

> c-

14 Ec0 2 0.6-0. to

a
0

o.e

E >.o 0 0.5
c) msc cM 0
X Gj 0.4

CC ,-
13
o 4/ 0.3ni 6-

To a-
E E 0.2
8 1.42z

0.1

0.0

1";

Liquid Level
-- Temperature

Pressure
Injection Pressure

0 100 200 300 400 500 600 700 800 900 1000

Time (sec)

Figure 3-10. Key Experimental Data for NRC-6325.



23

1.0

0.9

TO 0> 0.8
ca

.42> , ct 0.7
to
,v) E
o 0.6
0. 7)
Eo (I) 0.50 'ac c
x o.; 0.4

c
,..c° 0.3

E E 0.2
O IT
z

0.1

0.0

Liquid Level

Temperature

--g Pressure
Injection Pressure

0 100 200 300

Time (sec)

400 500

Figure 3-11. Key Experimental Data for NRC-6425.

1.0

0.9

o
0> 7 0.81

OD

Eo2 0.6-a
E
o 0.5
c c
D co
x ei 0.4

O R/ 0.3t7
TS a
E E 0.2
O 12!
z

0.1

0.0

Liquid Level
Temperature

e Pressure
Injection Pressure

0 100 200 300 400 500 600 700 800

Time (sec)

Figure 3-12. Key Experimental Data for NRC-7525.



24

Liquid Level

Temperature

A-- Pressure
Injection Pressure

0.0
0 100 200

Time (sec)

300

Figure 3-13. Key Experimental Data for NRC-7625.

Liquid Level

Temperature

Pressure
Injection Pressure

0 100 200 300

Time (sec)

400 500 600

Figure 3-14. Key Experimental Data for NRC-7725.



1.0

0.9

o
.-O 0 0.8
co

2 0. 0.7

1) Ec
0.6

0. co
Eo

- 0
0.5

c c
7 co
x ai 0.4
'a 2
.44 .0_513 0.3

To
E, 0.2

8 1--z
0.1

0.0

Liquid Level

Temperature

Pressure
kljection Pressure

25

O 100 200 300 400 500 600 700 800 900 1000

Time (sec)

1.0

0.9

7.1

0> =6. 0.8
cn

0.`- 0.7
as

E
Q 2 0.6
0. coE '`
u 0.5
c c
x a; 0.4
CC

0.3

To 0-
E, 0.2

8 1.-Z
0.1

0.0

Figure 3-15. Key Experimental Data fs r NRC-7825.

Liquid Level
Temperature

Pressure
Injection Pressure

O 100 200 300 400 500 600 700 800 900 1000

Time (sec)

Figure 3-16. Key Experimental Data fo NRC-7925.



26

4. DERIVATION OF THEORETICAL MODEL

This chapter is devoted to the derivation of the theoretical model. Starting from the

energy and mass conservation equations, a general depressurization rate equation is

derived. This equation is then simplified to model the APEX system during a blowdown.

4.1. Derivation of General Depressurization Rate Equation

The theoretical model initially follows the formulation presented by Moody [16].

This model is derived from the mass and energy conservation equations. These equations

are as follows:

Conservation of mass:

Conservation of Energy:

dM
dt

min mot,

dU
dt =

dV
(mh), (thh)out + 4. -P dt

(4-1)

(4-2)

where M is the total mass of the system, U is the total energy of the system, 4, is the

energy rate supplied by the core power, and V is the total volume of the system.

Using the following definitions of specific internal energy and specific volume,

e = M (4-3)



V

V
,

the conservation of energy equation can be rewritten as:

s (Me) = (rhh) (rhh) + 4
ner dt

P
dV

.

Upon separating the left hand side, equation (4-5) becomes:

Mde
dt

+ eddt
d

dt

M
(rhh) (rhh) + 4 P .

V

Inserting equation (4-1) into equation (4-6) results in the following expression:

M de + e(M. " ) = (rhh) (rhh) + 4 P
dV

dt dt
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(4-4)

(4-5)

(4-6)

(4-7)

Moving the mass flow rate terms to the right hand side of equation (4-7) produces the

following:

deM = (h e)rh (h e)th + 4 P
dV

.

dt " " "et dt

The derivative of specific internal energy can be expressed as follows:

(4-8)

(aae ae
de = ap) +(ao) du (4-9)

P

When substituting equation (4-9) into equation (4-8), one gets equation (4-10).
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m[r ae) dP ae) du
h,,,- Ohm (how -e)rhoa + 4.- PdV (4-10)

aP) dt +0o) p dt].- dt

Rearranging equation (4-10) yields:

mr ae) dP ae) du
+Om -Ohm -00.1 Oka + PdV - (4-11)al3) dt .`"`ao p dt dt

Taking the time derivative of the specific volume, given by equation (4-4), results in:

du d ( V ) 1 dV dM-' 1 dV V dM
dt dtM M dt +V dt M dt M2 dt

Applying equation (4-1) to equation (4-12) produces:

du 1 dV V
(th rildt M dt M2 m °W

Inserting equation (4-13) into equation (4-11) gives:

ae) dP ae) 1 dV V
rtz- )+(hin-e)th (hot,

11/k aP) dt 1"a0) M dt M2 '
dV+4,- P .
dt

Rearranging the right hand side of equation (4-14) yields:

(4-12)

(4-13)

(4-14)



ae) dP ae)
dt (Vu)

(dy
dt

u(rh + (h e)th (h

dV
+4., P dt
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(4-15)

Finally, by collecting like terms, one reaches a general depressurization rate equation in

terms of fluid properties and mixture mass.

rr
ae) dP ) (who e + 1)(Dae) momMIaPJ dt (11"7 e +

F
(p+ (auae),)

dt

4.2. Simplification of General Equation for the Theoretical Model

The following conditions were applicable to the NRC-25 test series.

(4-16)

The control volume consists of the saturated liquid volume in the reactor vessel,

saturated steam in the vessel head, saturated steam in the steam generator U-tubes,

saturated steam in the both CMTs (except for NRC6025 which were isolated), and

saturated steam in the pressurizer.

The control system is taken as a rigid body, therefore dV
dt

= 0.

There are no liquid or vapor mass flowing into the system, therefore in = 0.

The vapor leaving the system is choked.

There is superheated steam leaving break.

With these conditions, equation (4-16) reduces to the following:
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ap
)ae dP

dt
= -[k,,,- e + + 4 (4-17)

.) p

The terms in equation (4-17) can be written in terms of pressure using equations of

state.

The right hand side of equation (4-17) can be simplified by using the following

definitions of specific internal energy (e) and specific volume ( v):

e = of + xefg

= f + xu fg

(4-18)

(4-19)

By solving equation (4-19) for x then substituting that expression into equation (4-18),

one gets the following equation for the total specific internal energy:

u uf
e = ef + fgu fg

(4-20)

By taking the derivative of equation (4-20) with respect to specific volume at constant

pressure, equation (4-21) is attained:

fg

(4-21)

Substituting equations (4-18), (4-19) and (4-21) into the right hand side of equation

(4-17), yields:

ae) e fg
e + 1)a0) = [h; e xe fg+ f :CD

fg
(4-22)



where hg is the superheated enthalpy.

Upon collection of terms, equation (4-22) simplifies to (4-23).

-
efg

hoz, e +u(ae)1=[h;ef +u of
at) p A

31

(4-23)

The enthalpy of vaporization is defined as:

hfg = efg + Pufg a (4-24)

Dividing through by vfg and rearranging, results in:

efg
=

hfg _ p
ufg u fg

Inserting equation (4-25) into (4-23) yields:

[houte+uVoa ) pi= h; of +

Multiplying uf through on the right hand side gives:

ae[hoe+u(at 3) pi

0).fg
Pjuf

Using the following expression for the specific internal energy of the fluid,

(4-25)

(4-26)

(4-27)
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of = hf u fP (4-28)

and substituting it into equation (4-27), results in the following expression:

how e+u(ae)
au p

h; (hf P)
h f

(4-29)P
ufg

When examining the superheated fluid properties at the break and comparing them to

saturated properties at the break, it can be seen that:

Applying this assumption to equation (4-29) and rearranging, yields:

r ].
[hoz, e+

01)

]=[hfg+ of
ohfgP fg

Equation (4-31) further simplifies to:

ae[hou,e+u(,°1-) )1=[hfg1+.1)].
P fg

Rearranging further reduces to:

how e+u(ae)Hh
fg )a t p

f g

(4-30)

(4-31)

(4-32)

(4-33)
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Equation (4-33) can now be substituted back into the right hand side of equation (4-17) to

obtain:

mi ae) dP [h ugith
al)) dt fg I) fg °U1 tinet

4 ae )

h
Dividing through by fg

1
, yields:

018 0 8

ufg 1 dP
h

+4,7e, ufg
oP h u dt fg ughfg g

Now divide through by M.

( ae) uA 1 dP rhout 1 4,
.3i,) hfg ug dt M M hfg ug

(4-34)

(4-35)

(4-36)

The left hand side of equation (4-36) can be simplified using the dilation term described in

Chapter 2. For the conditions applicable for this problem, equation (2-1) can be expressed

as:

s_ ae) ufg 1

P ap hfg ug'

Substituting this expression into equation (4-36) results in:

C dP Mout 1 4, u fg
P dt M

+
M hfg ug.

(4-37)

(4-38)
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It is assumed that the specific volume of the mixture is approximately equal to that of the

vapor, or in other words:

Therefore, equation (4-38) is reduced to:

Now make the definition,

ufg pe., 1.
ug

s dP moi6 1 4
P dt M M hfg

meeu = hfg
net

and inserting it into equation (4-40), produces:

6 dP Mbod Mout
P dt M

Dividing equation (4-42) by equation (4-1) with 1:11, = 0 gives:

Separating the variable, yields:

c dP 1 thboil thout

P dM M thou, )

dP =1
dM .

19(
1

Mout

(4-39)

(4-40)

(4-41)

(4-42)

(4-43)

(4-44)
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Because thboll and Mout are dependent on pressure, it is difficult to integrate. Therefore,

equation (4-44) will be solved numerically. The numerical method that will be used is the

Explicit Euler Method. This approximation is:

dM
Mn+1= Mn + AP dP n

(4-45)

Rearranging equation (4-44) in a form necessary for the implementation of equation
(4-45) yields:

dM M
(4-46)

(4-47)

(4-48)

(4-45) results in:

(4-49)

dP

where

and

Substituting equation (4-46) into the

Mn+1= Mn

n Mboil)1
Mout

Mn+1+ Mn

P

n

M
2

Pn+1+ Pn

in equationderivative

AP

2

term

6

Mboil)1
Mout

P

n



Equation (4-49) can be rearranged into the form:

where b is defined as:

Mn+1 = M4141161

41'n Pn+1)
fl =

)
(Pn+1 Pn)(1 *boa

*out
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(4-50)

(4-51)

Equation (4-50) is the theoretical model used to predict the core inventory as a function of

pressure in the APEX reactor vessel. This equation calculates the mass of the saturated

mixture as a function of pressure.

Since one of the conditions was choked vapor flow, the mass flow rate of vapor is

defined as [16]:

k +1

2 )2(k-')
thous CDAVkg,PPg

k + 1
(4-52)

where CD is the pipe discharge coefficient, A is the cross-sectional area of the pipe where

the flow becomes choked, and k is the ratio of specific heats (cp/c). The density term in

equation (4-52) is a function of pressure. To change density into a functional form of

pressure, an assumption needs to be made. Two assumptions where considered; the vapor

at the break goes through an ideal isentropic expansion or an ideal isothermal expansion.

It was decided that the physical problem will be somewhere between these two processes.

Therefore, the assumption is that the vapor mass flow rate is based on a process that is
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partially an isentropic and an isothermal expansion. This is done by calculating an Thou,

for each process then taking an average of the mass flow rates.

Under an isentropic expansion, density can be defined as:

Pg

Using this expression and inserting it into

rhoza = C DAA

Equation (4-54) can be simplified as follows:

thout,zsen

by recognizing that Lilo is the mass flow

filo = CD A

For an isothermal expansion, the vapor

= Pg0(

equation (4-52) gives thou, as:

(4-53)

(4-54)

(4-55)

(4-56)

(4-57)

kg'13Pg.(

rate at

P
P

j

p2k
P,,

initial

k+1

k+1

k 2 2(k-1)( )
k +1

l+k

conditions. In other words,

( 2 ) 2(k-I)

is defined

P

kgdogoPo

as:density

Pg = Pg(7,o)



Using this expression and inserting it into equation (4-52) gives Tho,, as:

11
11 2 2(k-1)

thou = CDA kgoP pg0( P k +1
( )

k+1

which can be simplified to:

13.)
thou = nick1 0
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(4-58)

(4-59)

By taking the arithmetic average of equations (4-55) and (4-59), an average mass flow

rate is determined. Upon simplification, this expression becomes:

l+kl
rho

\ 2k

rho 2 Po Po
(4-60)

In order to use the model given by equation (4-50), an expression for the volumetric

dilation term is needed. This is further examined in the subsequent chapter.

It can be seen when examining the complete derivation that there are three major

advantages to using this model to predict system inventory during a depressurization. One

of these advantages comes from the fact that the system is a saturated mixture model.

This is significant because the flashing rate does not need to be evaluated separately. This

model handles the flashing internally. The second advantage is that the time dependence

has been eliminated. This model calculates the inventory as a function of pressure. The

third advantage is that if the boiling remains constant throughout the transient, this
theoretical model is based solely on initial conditions and constants. This provides the

user the luxury of not having to calculate fluid properties at each pressure step. With all

these advantages, one can see that this model is very convenient.
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There are two restrictions to the use of this model. The first restriction is that this

model can only be used to predict inventory during a pure vapor blowdown. That is, it

can only be used during the post-entrainment period. Also, this model can only be used

for choked flow conditions. If the system pressure reaches the backpressure, another

model must be used.

4.3. Attempts for an Entrainment Model

Attempts were made to develop a similar model to predict the conditions during the

entrainment phase. To model this phase precisely, the key conditions that would need to

be predicted are the depressurization rate and the level swell.

It has been thought that the total mass entrained during this phase would simply be

the amount of mixture that swelled above the bottom of the hot leg. Therefore a
dependable level swell model is needed. One approach was to use a drift flux model

developed by Isao Kataoka and Mamoru Ishii [29]. In their work, they developed a

correlation to determine the void fraction in a boiling pool. Using the void fraction, the

level swell can be determined using the following equation:

H Ho
.1 a (4-61)

where H is the swelled liquid level, Ho is the collapsed liquid level, and a is the average

void fraction of the boiling pool. The void fraction is determine by:

jga Cojg+ «Vgi » (4-62)

where jg is the superficial velocity of the gas, Vg, is drift velocity and Co is the distribution

parameter and these variables are defined as:



«Vgj »=0.351

and

Co = 1.2 0.21
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gDH
Ap

(4-63)

(4-64)

Pf

Pg

Pr

The reactor vessel was divided into eight zones and the swell was determined in each

zone using the correlations described above. Each zone level swell was added together to

obtain the effective level swell for the vessel. The vessel was divided such that zone 0 was

the region below the core, zones 1 through 6 were 6 inch regions along the core, and zone

7 was the region above the core. Using this approach gave physically reasonable values

and trends for the Post-Entrainment phase (after 50 seconds) as shown in

Figure (4-1). However, the level swell measurements obtained using the capacitance

probe, LT-120, did not agree with the model predictions. Additional testing of LT-120 is

currently being conducted to determine the accuracy of the probe.
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Figure 4-1. Comparison of Level Swell Model to Measured Mixture Level (LT-120).
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5. COMPARISON OF THEORETICAL MODEL TO EXPERIMENTAL DATA

This chapter will discuss the approximation used to determine the various terms in the

theoretical model, namely the constants in the dilation term. This chapter will also

compare the data generated by the theoretical model to the experimental data in
figures 5-13 through 5-22. It will discuss discrepancies and try to provide give an

explanation for the differences.

5.1. Calculation of the Dilation Term

Rearranging equation (4-37) gives an expression for the dilation term.

6 . ,_-[p"fg]
hfg l ()uaog-

(5-1)

It is desired for this expression to be in terms of constant initial properties multiplied by a

function of pressure. Therefore, each term needs to be converted into a functional form of

pressure and initial properties. The right hand side of equation (5-1) is divided into three

groups of terms. These groups are then separately converted to their respective functional

forms by either using an equation of state or correlation.

The first group of terms needs to be approximated. Using saturated fluid properties

ufg
from steam tables, a plot of P ,_ versus P over a range from 10 to 200 psia gives the

nfg

approximation shown by the trendline in Figure 5-1.
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(5-2)

By dividing equation (5-2) by the initial values of equation (5-2) and rearranging, the

ufg
infollowing expression is derived expressing terms of initial properties:hfg

V fa,

fg

0 1072

p J. p J
h ° h Pfg.

(5-3)
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The next term to convert to initial properties and pressure is the specific volume term.

If isothermal expansion is assumed as it is for this model, the specific volume can be

defined as follows:

1 ( p)
u =Pg=-Pg.P )'g

(5-4)

The last group of terms need to be approximated. This is done by plotting internal

energy as a function of pressure at constant specific volume. The plot is made

dimensionless by dividing the energy and pressure by their respective initial values. The

function fitted to the plot is of the form [301:

P\b
, (

e0
(5-5)

where Al and b are to be determined and are unique for each initial pressure. Therefore, a

plot should be needed for each test.
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Figure 5-2. Graph of dimensionless internal energy as a function of pressure for
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Figure 5-3. Graph of dimensionless internal energy as a function of pressure for
NRC-6125.
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Figure 5-4. Graph of dimensionless internal energy as a function of pressure for
NRC-6225.
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Figure 5-5. Graph of dimensionless internal energy as a function of pressure for
NRC-6325.
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Figure 5-6. Graph of dimensionless internal energy as a function of pressure for
NRC-6425.
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Figure 5-7. Graph of dimensionless internal energy as a function of pressure for
NRC-7525.



47

1.000

0.900

0.800

0.700

0.600

8 0.500

0.400

0.300

0.200

0.100

0.000

= 0.9999x°.2791
[ R2 = 1.0000

0.000 0.100 0.200 0.300 0.400 0.500

P/Po
0.600 0.700 0.800 0.900 1 000

Figure 5-8. Graph of dimensionless internal energy as a function of pressure for
NRC-7625.

1.000

0.900

0.800

0.700

0.600

0.500

0.400

0.300

0.200

0.100

0.000

= 1.0001x°271
R2 = 1.0000

0.000 0.100 0.200 0.300 0.400 0.500

P/Po
0.600 0,700 0.800 0.900 1.000

Figure 5-9. Graph of dimensionless internal energy as a function of pressure for
NRC-7725.
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Figure 5-10. Graph of dimensionless internal energy as a function of pressure for
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Figure 5-11. Graph of dimensionless internal energy as a function of pressure for
NRC-7925.
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It can be seen from figures (5-2) through (5-11) that A ranges from 0.9993 to 1.0029

and b ranges from 0.2595 to 0.2790. It was decided that one value would suffice due to

the small range of this term. Using initial values from NRC-6025, five cases were

examined to determine the values for the constants. The first case used the minimum

values of the ranges while the second case used the maximum values. The third case took

the arithmetic averages of each range. The fourth case took the minimum value of A and

the maximum value of b while the last case was the exact opposite of the fourth. It can be

seen from figure (5-12) the values for A and b do not cause a noticeable change in the final

results under these initial condition. Therefore, the averages of each range used the values

for A (1.0010) and b (0.2695) for the remainder of the comparisons.

Figure 5-12. Plot of inventory versus pressure used to compare values for the dilation
term constant.



50

The derivative of equation (5-5) is needed to substitute the expression into equation

(5-1). The derivative is:

(aef) i PbAlpe0(p .oj (5-6)

Now, equations (5-3), (5-4), and (5-6) are substituted back into equation (5-1) and

the resulting expression is solely in terms of numerical constants, initial fluid properties,

and pressure. The new equation is:

= bA ip p
r 0.1072

hfgoP) Pgo po)

This equation can be simplified to the following:

where

b+0.1072

Po

° fgoCo =billeop .
go hfgo

(5-7)

(5-8)

(5-9)

Equation (5-8) is the approximation for the dilation term and based primarily on initial

fluid properties and empirical constants. The effective energy, eo, is a constant which

incorporates energy terms such as initial internal energy, heat loss, and energy due to heat

transfer through the metal mass. It is difficult to know the exact value of this constant so

this term was determined experimentally. It was found that for the flow area of 0.388 in2,

e0=450 BTU/lbm and for the flow area of 0.785 in2, e0=250 BTU/lbm.
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5.2. Comparison to Experimental Data

With the values of all constants finally determined, equations (4-50), (4-60), and (5-8)

were used to generate values for system inventory as a function of pressure. Figures

(5-13) through (5-23) compare the results of the theoretical model to experimental data.
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Figure 5-13. Comparison of theoretical data to experimental data for NRC-6025.
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Figure 5-14. Comparison of theoretical data to experimental data for NRC-6125.
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Figure 5-15. Comparison of theoretical data to experimental data for NRC-6225.
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Figure 5-16. Comparison of theoretical data to experimental data for NRC-6325.
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Figure 5-17. Comparison of theoretical data to experimental data for NRC-6425.
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Figure 5-18. Comparison of theoretical data to experimental data for NRC-7525.
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Figure 5-19. Comparison of theoretical data to experimental data for NRC-7625.
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Figure 5-20. Comparison of theoretical data to experimental data for NRC-7725.
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Figure 5-21. Comparison of theoretical data to experimental data for NRC-7825.
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Figure 5-22. Comparison of theoretical data to experimental data for NRC-7925.

Upon reviewing the NRC-7525 test results, it was discovered that the PRHR valves

were leaking. As a result the PRHR heat exchanger tubes drained into the reactor vessel

thus adding liquid mass to the system. This is reflected in Table (3-1) which shows an

abnormally high total entrained mass for NRC-7525 as compared to the repeat test of

NRC-7825 performed after the valve had been repaired. The addition of liquid mass to

the system can be surmised from Figure (3-12) from the unusual change in slope.



57

6. CONCLUSION AND FUTURE RESEARCH

The NRC-25 series of tests were performed to determine the minimum liquid reserves

required to prevent a temperature excursion in the APEX core during an ADS-4
blowdown. The tests are considered "beyond design based accidents" for the AP600. All

passive safety systems with the exception of portions of the ADS-4 and the IRWST

injection system were failed. These tests were concluded upon the onset of IRWST

injection or core uncovery as determined by a temperature excursion in the core.

A theoretical model was developed that could predict the inventory in the APEX

reactor vessel as a function of pressure during a blowdown in which the reactor was

isolated from its reserves. The model was derived using the mass and energy conservation

equations, perfect gas law, and a critical gas flow model. The theoretical model was

benchmarked against experimental data collected during the NRC-25 tests series.

The major conclusions from this analysis are as follows:

Core uncovery was observed in NRC-6125, NRC-6225, and NRC-6425.

The theoretical model presented in Chapter 5 was in excellent agreement with the

data for Post-Entrainment Phase.

The liquid mass entrained through ADS-4 increased with core power and ADS-4

flow area.

Recommendations for future research:

The literature review revealed that more tests are needed to better understand

core uncovery, level swell, and ADS-4 liquid entrainment. Improvements in level

swell and ADS-4 liquid entrainment models will greatly aid the development of a

core uncovery map.
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