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ABSTRACT

This report describes the results of a two year study performed at Oregon State

University to better understand and model thermal hydraulic phenomena pertinent

to Pressurized Thermal Shock (PTS) in pressurized water reactors (PWRs).  The

APEX Test Facility at Oregon State University has been modified to simulate a

typical 2x4 loop Combustion Engineering nuclear plant. The new configuration,

APEX-CE, has been used to perform a series of separate effects and integral

systems overcooling tests to investigate primary loop stagnation, cold leg thermal

stratification and downcomer cooling and heat transfer. RELAP5 calculations have

been compared to the test data to assess its ability to predict the onset of loop

stagnation and system cool-down. STAR-CD, a Computational Fluid Dynamics

(CFD) code, and REMIX have been assessed against the APEX-CE cold leg and

downcomer fluid mixing data. Flow visualization studies of HPSI injection in a

transparent cold leg have also been performed. This work is part of the U.S. Nuclear

Regulatory Commission's (USNRC) effort to review its existing PTS rule. The results

of this new research provide valuable insights into how to revise the existing

Palisades PTS Phenomena Identification and Ranking Tables and how to improve

the thermal hydraulic methodology currently being used to identify and assess

potential PTS scenarios in PWRs.
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Foreword

The reactor pressure vessel is exposed to neutron radiation during normal

operation.  Over time, the vessel steel becomes progressively more brittle

in the region adjacent to the core.  If a vessel had a preexisting flaw of

critical size and certain severe system transients occurred, this flaw could

propagate rapidly through the vessel, resulting in a through-wall crack.

The severe transients of concern, known as pressurized thermal shock

(PTS), are characterized by rapid cooling (i.e., thermal shock) of the

internal reactor pressure vessel surface that may be combined with

repressurization.  The simultaneous occurrence of critical-size flaws,

embrittled vessel, and a severe PTS transient is a very low probability

event.  The current study shows that U.S. pressurized-water reactors do

not approach the levels of embrittlement to make them susceptible to PTS

failure, even during extended operation well beyond the original 40-year

design life.

Advancements in our understanding and knowledge of materials behavior,

our ability to realistically model plant systems and operational

characteristics, and our ability to better evaluate PTS transients to estimate

loads on vessel walls have shown that earlier analyses, performed some

20 years ago as part of the development of the PTS rule, were overly

conservative, based on the tools available at the time.  Consistent with the

NRC’s Strategic Plan to use best-estimate analyses combined with

uncertainty assessments to resolve safety-related issues, the NRC’s Office

of Nuclear Regulatory Research undertook a project in 1999 to develop a

technical basis to support a risk-informed revision of the existing PTS

Rule, set forth in Title 10, Section 50.61, of the Code of Federal

Regulations (10 CFR 50.61).
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Two central features of the current research approach were a focus on the

use of realistic input values and models and an explicit treatment of

uncertainties (using currently available uncertainty analysis tools and

techniques).  This approach improved significantly upon that employed in

the past to establish the existing 10 CFR 50.61 embrittlement limits.  The

previous approach included unquantified conservatisms in many aspects of

the analysis, and uncertainties were treated implicitly by incorporating

them into the models.

This report is one of a series of 21 reports that provide the technical basis

that the staff will consider in a potential revision of 10 CFR 50.61.  The risk

from PTS was determined from the integrated results of the Fifth Version

of the Reactor Excursion and Leak Analysis Program (RELAP5) thermal-

hydraulic analyses, fracture mechanics analyses, and probabilistic risk

assessment.  The Advanced Plant Experiment – Combustion Engineering

(APEX-CE) experimental program produced a database specific to PTS.

The experiments covered a range of PTS scenarios and provided

experimental data to understand important phenomena and assess codes.

The experiments proved particularly valuable in showing that the

downcomer was well-mixed, with nearly uniform temperatures throughout

the region.  The phenomena described by the experiments and the

assessment of the RELAP5 code against the APEX-CE data supported

the applicability and accuracy of the RELAP5 code and demonstrated that

the code can be used with confidence for analyzing PTS transients.

                                                             
Brian W. Sheron, Director
Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
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1.0 INTRODUCTION

The purpose of the U.S. Nuclear Regulatory Commission (USNRC) Pressurized

Thermal Shock (PTS) research conducted at Oregon State University (OSU)

was to obtain integral system and separate effects test data for transients of

potential PTS significance using the Advanced Plant Experiment-Combustion

Engineering (APEX-CE) Test Facility. This data can be used to assess the exist-

ing thermal hydraulic computer codes and any new CFD codes that might be

implemented in an improved PTS thermal hydraulic analysis methodology. The

purpose of this report is to provide the results of the NRC PTS thermal hydrau-

lic research performed at OSU.

The thermal hydraulic phenomena of specific interest to the OSU experimental

effort are the onset of loop stagnation, the onset of thermal stratification in the

cold legs, and thermal fluid mixing and heat transfer in the downcomer. These

phenomena have been examined for Main Steam Line Break (MSLB) and Small

Break Loss-of-Coolant-Accident (SBLOCA) transients in the APEX-CE facil-

ity. The three phenomena identified above are a subset of the important phe-

nomena identified by the PTS Phenomena Identification and Ranking Table

(PIRT) presented in the Scaling Analysis for the OSU APEX-CE Integral Sys-

tem Test Facility.1

Figure 1.1 is a flow chart for the OSU PTS Research Program and serves as a

outline to this report. As illustrated on the chart, the first step in the research

program was a review of past PTS thermal hydraulic research. This review, pre-

sented in Chapter 2, was used to identify new areas of research that would be

beneficial to the NRC's PTS Rule re-evaluation project. The second step was to

perform a detailed scaling analysis that was used to design the modifications to

the existing APEX facility. A PTS Scaling Analysis report has been issued sep-

arately.1 The modifications made to the APEX facility to produce the APEX-

CE configuration are described in Chapter 3. 
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A series of separate effects tests were performed to investigate the local mixing

behavior in the APEX-CE cold legs and downcomer. These included a paramet-

ric study of cold leg stratification at natural circulation flow rates and an investi-

gation of multi-loop safety injection plume interactions. Further investigations

were deemed necessary to characterize the unique injection geometry of the Pal-

isades Plant. Therefore, flow visualizations tests matching the conditions exam-

ined in APEX-CE were performed in a transparent PVC test section. The flow

visualization test loop is also described in Chapter 3.

One of the primary goals of the OSU PTS research was the investigation of

MSLB and SBLOCA transients that can lead to reactor vessel overcooling. Inte-

gral system overcooling tests had never been performed to investigate cold leg

and downcomer cooling phenomena. In particular, the onset of loop stagnation

is an integral system effect that could only be characterized in this manner. The

Emergency Operating Procedures (EOPs) for the Palisades nuclear plant were

used to more realistically model the key operator and automatic system

responses during a MSLB or SBLOCA transient. An overview of the Palisades

plant operations is provided in Chapter 4 and results of the integral system and

separate effects testing are presented in Chapter 5.

The integral system behaviors of the APEX-CE overcooling transients have also

been analyzed using the RELAP5 systems code. Comparisons of the code's cal-

culations to the APEX-CE MSLB and SBLOCA measured data and the ability

to predict the onset of loop stagnation has been assessed for these transients and

are presented in Chapter 6.

The separate effects test data has also been compared to calculations done in

STAR-CD, a computational fluid dynamics code (CFD) and REMIX, a control

volume fluid mixing code. These results are presented in Chapter 7. Of particu-

lar interest to these analyses is the ability of CFD codes to predict the behavior

associated with multi-loop plume interactions.
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FIGURE 1.1 OSU PTS Research Flow Chart
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2.0 REVIEW OF PTS THERMAL HYDRAULIC 

RESEARCH

This chapter briefly summarizes the research performed by various investiga-

tors, prior to this study, to better understand and model thermal hydraulic phe-

nomena pertinent to PTS in Pressurized Water Reactors (PWRs). The summary

includes separate effects tests that investigated planar plume development in the

reactor vessel downcomer and turbulent buoyant jet and plume mixing in the

primary system cold legs. It also reviews integral system calculations of over-

cooling transients of potential importance to PTS. 

2.1 Task Action Plan A-49

In 1985, the NRC completed an extensive study of the PTS issue in response to

Task Action Plan A-49. The result was the issuance of 10 CFR 50.61 which

defined pressurized thermal shock as:

"...a transient in a pressurized water reactor (PWR) that

causes severe overcooling (thermal shock) concurrent

with, or followed by, significant pressure in the reac-

tor."2

10 CFR 50.61 established a PTS screening criterion for the Reference Tempera-

ture for Nil-Ductility Transition of 132.2°C (270°F) for plates, forgings and

axial welds and a value of 148.9°C (300°F) for circumferential welds. These

criteria were developed with the aid of data from hundreds of transient thermal

hydraulic calculations and numerous separate effects tests performed in support

of PTS Task Action Plan A-49. In 1987, Regulatory Guide 1.154 was issued to

describe the format and content acceptable to the NRC staff for plant-specific

PTS safety analyses.3 It also describes the NRC acceptance criteria for evaluat-

ing licensee analyses and proposed corrective measures. Subsequently, SECY-

92-173 and SECY-92-283 have been issued to determine and implement lessons

learned from the Yankee Rowe reactor vessel embrittlement issue.4,5 As part of
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the action plans presented in SECY-92-283, the NRC is seeking to revise 10

CFR 50.61 and Regulatory Guide 1.154. In response to the proposed action

plans, Scientech, Inc., on behalf of the NRC, has performed a demonstration of

a PTS thermal-hydraulic analysis with a corresponding uncertainty analysis

using RELAP5/MOD3 and TRAC-PF1/MOD2. This demonstration analysis is

documented in NUREG/CR-5452.6

The main objectives of this chapter are to:

• Review and briefly summarize the results of all of the thermal hydraulic 

research that has been performed to date in support of the PTS issue,

• Identify gaps in the existing PTS thermal hydraulic research and recommend 

additional research as needed to make PTS thermal hydraulic assessments 

more realistic.

The thermal hydraulic research performed in support of Task Action Plan A-49

included a significant computational effort and separate effects testing program.

In addition to the NRC PTS effort, studies were also performed in Germany,

Finland, Belgium and Japan. The following sections describe the separate

effects testing and analysis efforts of the 1980's.

2.2 Separate Effects Thermal Fluid Mixing Test Program

This section describes the separate effects thermal fluid mixing research per-

formed prior to 1985. The primary goals of the separate effects testing program

were to:

• Determine the fluid mixing patterns that are established during HPSI flow 

into the cold legs for a wide range of PWR geometries and loop flow condi-

tions.

• Measure the loop flow and HPS flow conditions that produce thermal strati-

fication in the cold legs.

• Measure the plume/wall heat transfer coefficients in the downcomer and esti-

mate its importance to downcomer heat transfer.

• Measure the plume temperature decay in the downcomer.

The data obtained from these test facilities were used to benchmark a variety of

thermal hydraulic computer codes and mixing models. Table 2.1 presents a list



REVIEW OF PTS THERMAL HYDRAULIC RESEARCH

2-3

of the test facilities involved in assessing fluid mixing in PWR cold legs and

downcomers. Table 2.2 summarizes the operating ranges for the facilities used

in the NRC study.

Figure 2.1 presents provides a graphical comparison of the different scale sizes

of the six test facilities listed in Table 2.2. A more detailed description of each

of the separate effects test programs is provided in the sections that follow.

FIGURE 2.1 Comparison of Test Facility Scale Sizes
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TABLE 2.1 Comparison of the World PTS Thermal Mixing Facilities

Facility

(Country) Organization/Sponsor

Linear

Scale

Downcomer

Geometry

No. of

Cold Legs

HPSI Location

(Orientation)

Loop

Flow

CREARE

(USA)

CREARE, Inc/EPRI 1/5 Planar 1 Top (60° & 90°) Yes

Japan Mitsubishi Heavy 

Industries, Ltd/Kansai 

Electric Co., Inc.

1/3 Planar 1 Top (45° & 90°) Yes

IVO

(Finland)

Imatran Voima

Oy/IVO

2/5 Semi-annular 3 Bottom Yes

IVO

(Finland)

Imatran Voima

Oy/USNRC

2/5 Semi-annular 3 Top Yes

PURDUE

(USA)

Purdue University/USNRC 1/2 Planar 1 Top & Side No

CREARE

(USA)

CREARE, Inc./USNRC & 
EPRI

1/2 Planar 1 Top (90°) No

UCL/
TRAC

1/2 Planar 1 Top & Downcomer

SAI (USA) SAI/EPRI 1/1 Planar 1 Top Yes

HDR

(Germany)

Battelle Institute/BMTF 1/4-1/1 Annular 1 Top & Side Yes

UPTF

(Germany)

KWU/BMTF 1/1 Annular 1 Top

TABLE 2.2 Description of NRC PTS Fluid Mixing Experiment Facilities

Parameter CREARE 1/5 IVO 2/5 Purdue 1/2 CREARE 1/2 UPTF Full HDR Full

HPSI Diameter (cm) 5.08 or 0.7 2.7 10.8 11.43 15.9 5.0

HPSI Flow Rates (kg/s) 0.126-0.442 0.36-4.66* 0.71-2.21 3.5-5.2 5-70 0.12-5.56

FrHPSI 0.22-0.68 0.388-98.23 0.22-18 0.96-1.42 0.58-8.39 0.1-7.4

Buoyancy Solute/Thermal Solute/Thermal Solute Solute Thermal Thermal

∆ρ/ρ 0.162-0.02 0.167-0.019 0.158-0.088 0.122 0.119 0.08

Loop Flow MIX4 - stagnant

MIX3 - flow

Both No No No Both
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* Per HPSI

2.2.1 Creare 1/5 Scale Test Facility

Electric Power Research Institute (EPRI) report NP-2227 documents Phase 1 of

the experimental scoping study of fluid and thermal mixing in a cold leg and

downcomer with vent valve flow in the EPRI/Creare MIX facility.8 Phase 2

included loop flow through the cold leg, the results of which are the subject of

report NP-2773.9 Color photographs were taken during the experiments and are

reproduced in the EPRI report. A motion picture was also created to document

this effort. These experiments were run in parallel with an EPRI effort to calcu-

late 3D temperature and flow fields using the COMMIX-1A code.

The experiments were carried out in an atmospheric, 1/5-length-scale, single-

loop transparent test facility at Creare.   The facility dimensions are listed in

Table 2.3. As shown in Figures 2.2 and 2.3, the model geometry consisted of a

typical B&W cold leg, and an HPSI line located eight cold leg diameters from

the downcomer. The planar downcomer included vent valves, hot leg blockage,

a horseshoe baffle above the cold leg and a vessel wall step. The reactor coolant

pump, loop seal, and lower plenum were not represented in the design, thereby

creating an aberration of the flows that would be seen in a PWR. The intent

however was not to replicate a B&W plant, or any particular plant. This effort

was an exploration of mixing processes. 

The HPSI water was injected through one of three available injectors which

included a large top injector, a small bottom injector, and a large bottom injec-

tor. The tests in this study did not include any loop flow. The primary vent valve

water was supplied at a constant temperature throughout the transient. The pri-

Multi-Loop No Yes No No Effectively

1 Loop

No

Thermal Shield Yes No No Yes No No

TABLE 2.2 Description of NRC PTS Fluid Mixing Experiment Facilities

Parameter CREARE 1/5 IVO 2/5 Purdue 1/2 CREARE 1/2 UPTF Full HDR Full
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mary coolant was injected through the vent valves and removed from the bot-

tom of the downcomer through a manifold and finally into a head tank. This

flow did not re-enter the test rig. Buoyancy was induced both thermally and

with a solute (primary vent valve and HPSI flow, respectively). The downcomer

thermocouple placement is shown in Figure 2.4.

FIGURE 2.2 Sketch of the Creare 1/5-Scale Transparent MIX Flow Visualization Facility
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FIGURE 2.3 Geometry of the Creare 1/5-Scale MIX Facility

FIGURE 2.4 Downcomer Thermocouple Locations for the Creare 1/5-Scale MIX Facility
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*Both sides included

2.2.2 Imatran Voima Oy (IVO) 2/5-Scale Test Facility

In 1983, a test facility was constructed at the hydraulic laboratory of Imatran

Voima Oy (IVO) in Finland to study thermal mixing of cold high pressure injec-

tion water with hot primary coolant in a PWR during postulated overcooling

accidents. The facility was built as a 2/5 scale model of the Loviisa VVER-440

reactor. An experimental program of about 50 tests was performed during the

same year.

After completion of the first test series, IVO and the NRC established a PTS

information exchange agreement and a new test series was performed with a

modified facility as defined by the NRC. The results of the joint IVO/NRC

research program are described in NUREG/IA-0004.10

The test facility modeled one-half of the reactor vessel downcomer. It was made

of a transparent acrylic for flow visualization. Three cold legs were attached to

the downcomer and arranged asymmetrically so that the adjoining pipes formed

angles of 30° and 60°. All of the cold legs were identical, each having a straight

length of 194 mm. HPSI flow could be directed to each cold leg. The HPSI noz-

zles were placed at a distance of seven times the cold leg diameter as measured

TABLE 2.3 Geometric Data of CREARE 1/5-Scale Test Facility (MIX4) Injector Diameter: 5.08 cm or 

0.7 cm

Cold

Leg

Vessel/

Downcomer

Lower

Plenum Pump

Loop

Seal

Core

Barrel

Thermal

Shield

Inner Diameter (cm) 14.29 ⎯ ⎯ ⎯ 14.29 ⎯ ⎯
Length (cm) 157.98 121.16 ⎯ ⎯ 121.90 121.16 84.46

Acrylic Wall Thickness 

(cm)

1.27 1.90 1.27 ⎯ 1.27 1.90 1.27

Wall Heat Transfer Area to 

Water (cm2) x 10- 3

7.09 8.16 7.90 4.76 5.47 8.16 11.39*

Fluid Volume (cm3) x 10-3 25.34 30.48 42.30 32.54 19.55 ⎯ ⎯
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from the downcomer wall. This HPSI nozzle diameter was 65 mm, 1/3 of the

cold leg diameter. HPSI water was injected from the top of the cold leg and per-

pendicular to the cold leg centerline. The HPSI flow was measured using rota-

meters. The hot leg loop flow was measured using 65 mm magnetic flow

meters. The upper temperature limit for the facility was 75°C. The full buoy-

ancy effect was induced by salt addition and the HPSI temperature was used as

a tracer. The IVO/NRC test matrix consisted of 20 tests. The varied parameters

were flow rates and the number and configuration of the cold legs with HPSI

and loop flows. Four tests were performed with decreasing loop fluid tempera-

tures to simulate primary flows during steam line breaks.

The geometry of the IVO 2/5-Scale test facility is described in Tables 2.4 and

2.5 and the facility layout and instrumentation placement is shown in Figures

2.5 and 2.6. 

⊥
Core barrel inner diameter is 117.40 cm min. and 129.00 cm max.

+Middle cold leg length is 225.80 cm and the other two are 110.00 cm each

*Total volume

TABLE 2.4 Geometric Data of IVO 2/5-Scale Test Facility Injector Diameter: 2.7 cm

Cold Leg

Vessel/

Downcomer

Lower

Plenum Pump

Loop

Seal Core Barrel

Thermal

Shield

Inner Diameter (cm) 19.40 138.40 ⎯ ⎯ ⎯ (117.40-

129.00)⊥
⎯

Length (cm) (110.00

255.80)+

314.20 ⎯ ⎯ ⎯ 314.20 ⎯

Acrylic Wall Thickness (cm) 0.61 1.00 0.61 ⎯ ⎯ 2.00 ⎯

Fluid Volume*

(cm3) x 10−4

14.06 43.75 13.15 ⎯ ⎯ ⎯ ⎯
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⊥
Core barrel inner diameter is 117.40 cm min. and 129.00 cm max.

*Per cold leg, three legs.

FIGURE 2.5 IVO NRC 2/5 Scale Test Facility Layout

TABLE 2.5 Geometric Data of IVO (NRC) 2/5-Scale Test Facility Injector Diameter: 6.5 cm

Cold Leg

Vessel/

Downcomer

Lower

Plenum Pump

Loop

Seal Core Barrel

Thermal

Shield

Inner Diameter (cm) 19.40 138.40 ⎯ ⎯ ⎯ (117.40-

129.00)⊥
⎯

Length (cm) 225.00 314.20 ⎯ ⎯ ⎯ 314.20 ⎯

Acrylic Wall Thickness 

(cm)

0.61 1.25 0.61 ⎯ ⎯ 1.25 ⎯

Fluid Volume*

(cm3) x 10−4

6.65* 43.75 13.15 ⎯ ⎯ ⎯ ⎯
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FIGURE 2.6 IVO NRC 2/5 Scale Test Facility Thermocouple Placement

2.2.3 Purdue/UCSB 1/2-Scale Transparent Fluid Mixing Test Facility

Figures 2.7 and 2.8 describe the basic layout of the Purdue ½-Scale transparent

test loop. The facility was initially built at Purdue and later moved to the Uni-

versity of California at Santa Barbara (UCSB).11 The facility consisted of a

transparent acrylic ½ scale model of a PWR cold leg, downcomer and lower

plenum configuration. The injection line could be configured to model either the

H.B. Robinson (Westinghouse) plant, the Calvert Cliffs (Combustion Engineer-

ing) plant or the Oconee (Babcock and Wilcox) plant. The buoyancy effect was

obtained by using salt solutions. The density ratios obtained by this method
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were ∆ρ/ρ = 0.18. The tests that were performed examined HPSI injection flows

under stagnant loop conditions.

Figure 2.9 shows the loop seal and HPSI geometry. Table 2.6 provides the key

dimensions for the facility.

FIGURE 2.7 Purdue/UCSB 1/2-Scale Transparent Flow Visualization Test (Side View)
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FIGURE 2.8 Purdue/UCSB 1/2-Scale Transparent Flow Visualization Test (Top View)

TABLE 2.6 Geometric Data of PURDUE/UCSB 1/2 -Scale Test Facility Injector Diameter: 10.8 cm

*Gap between vessel wall and core barrel.

Cold Leg

Vessel/

Downcomer

Lower

Plenum Pump

Loop

Seal

Core

Barrel

Thermal

Shield

Inner Diameter (cm) 34.30 12.50* ⎯ ⎯ 34.30 ⎯ ⎯

Length (cm) 409.00 192.00 ⎯ ⎯ 265.00 ⎯ ⎯

Fluid Volume* (cm3) x 10−5 3.78 2.86 9.94 2.42 2.45 ⎯ ⎯
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FIGURE 2.9 Purdue (UCSB) 1/2- Scale Transparent Flow Visualization Test (Loop Seal 
Configuration)

2.2.4 Creare 1/2-Scale Pressurized Fluid Mixing Test Facility

The Creare 1/2-scale test facility modeled a single cold leg and one-fourth of the

reactor vessel downcomer.12 All of the major linear dimensions were scaled to

approximately one-half the dimensions of a prototypical PWR. The facility was

designed to accommodate the geometric features of Westinghouse, Combustion

Engineering, and Babcock and Wilcox HPSI, loop seal, pump and cold leg

designs. The principal dimensions are listed in Table 2.7 and the facility layout

and instrumentation placement are shown in Figures 2.10 and 2.11. 

The downcomer was represented by a planar section having a width, height and

gap comparable to a 90 degree sector of a reactor downcomer. It also included a

hot leg blockage and a thermal shield. The thermal shield spans the full width of

the downcomer and was sized and located to preserve the ratios of all the impor-

tant dimensions. The downcomer walls were constructed of 70 mm (2.75 in)

thick steel plate. 
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The two NRC tests (MAY 105 and MAY 106) were conducted with an initial

loop (i.e., cold leg and downcomer) fluid temperature of approximately 190°C

(375°F) and an HPSI fluid temperature of approximately 14.8°C (58.6°F) at

stagnant loop flow conditions. The test results are documented in NUREG/CR-

3426 Volumes 1 and 2.12

TABLE 2.7 Geometric Data of CREARE 1/2-Scale Test Facility Injector Diameter: 11.43 cm

+Including the length of cold leg nozzle.

*Both sides included.

Cold

Leg

Vessel/

Downcomer

Lower

Plenum Pump

Loop

Seal

Core

Barrel

Thermal

Shield

Inner Diameter (cm) 36.32 ⎯ ⎯ ⎯ 38.10 ⎯ ⎯
Length (cm) 377.60+ 353.15 ⎯ ⎯ 272.41 353.15 243.54

Base Metal Wall Thickness (cm) 2.10 7.00 0.60 ⎯ 2.10 7.00 3.81

Clad Thickness (cm) ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ ⎯
Insulation Thickness (cm) 5.10 5.10 5.10 5.10 5.10 5.10 ⎯
Wall Heat Transfer Area to Water 

(cm2) x 10−4
4.30 5.71 3.70 ⎯ 3.26 5.71 7.88*

Fluid Volume* (cm3) x 10−4 4.07 6.38 6.05 2.72 3.11 ⎯ ⎯
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FIGURE 2.10 Creare 1/2-Scale Test Facility Layout
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FIGURE 2.11 Creare 1/2-Scale Test Facility Thermocouple Placement

2.2.5 UPTF Full Scale Pressurized Fluid Mixing Test Facility

The Upper Plenum Test Facility (UPTF) experimental program was sponsored

by the Ministry for Research and Technology (BMFT) as part of the trilateral

2D/3D project.13 The work was performed in Germany in cooperation with the

Japan Atomic Energy Research Institute (JAERI) and the US Nuclear Regula-

tory Commission. The UPTF simulated the primary cooling system of a KWU

1300 MW PWR. The system configuration is shown in Figure 2.12 and the

major dimensions are provided in Table 2.8. 

The upper plenum included internals and the downcomer and the four con-

nected loops were full scale representations. The core was simulated with a con-

trolled injection of steam and water supplied from external sources. The three

intact loops were equipped with flow restrictors to simulate the reactor coolant

pumps and steam/liquid separators were used to simulate the steam generators.

One test was performed in UPTF; Test#1. The objective of the test was to obtain

data on the fluid mixing of a cold stream of injected emergency core coolant
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(ECC) with the hot primary fluid. UPTF was operationally limited by facility

design to 207°C (405°F) and 18 bar (261 psia). The initial loop fluid tempera-

ture for the test was 190°C (374°F). These temperatures and pressures are sig-

nificantly less than the prototypical PWR values but are consistent with the test

conditions in the Creare 1/2-scale test facility. The HPSI coolant temperature

was approximately 25°C to 35°C (77°F to 95°F).

The test examined fluid mixing for four different HPSI flows; 5, 10, 20 and 40

kg/s in a single cold leg. The nozzle geometry is shown in Figure 2.13.

TABLE 2.8 Geometric Data of UPTF Full Scale Test Facility Injector Diameter: 15.9 cm

⊥
Vessel inner diameter is 468.00 cm min. and 487.00 cm max.

+Base metal wall thickness is 5.50 cm min. and 15.00 cm max.

*Area of core simulator pipes in lower plenum is included.

Cold

Leg

Vessel/

Downcomer

Lower

Plenum Pump

Loop

Seal

Core

Barrel

Thermal

Shield

Inner Diameter (cm) 75.00
(468.00-487.00)

⊥ ⎯ ⎯ ⎯ 421.00 ⎯
Length (cm) 948.10 702.00 ⎯ ⎯ ⎯ 702.00 ⎯
Base Metal Wall Thickness (cm) 1.25 (5.50-15.00)+ 6.50 2.40 ⎯ 8.00 ⎯
Clad Thickness (cm) ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ ⎯
Insulation Thickness (cm) 7.00 20.00 12.00 ⎯ ⎯ ⎯ ⎯
Wall Heat Transfer Area to Water 

(cm2) x 10−4
2.23 10.74 10.61* 0.68 ⎯ 9.28 ⎯

Fluid Volume* (cm3) x 10−4 0.42 2.55 2.24 0.09 ⎯ ⎯ ⎯
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FIGURE 2.12 UPTF Full Scale test Facility (dimensions in mm)

FIGURE 2.13 UPTF Injection Nozzle (dimensions in mm)
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2.2.6 HDR Full Scale Pressurized Fluid Mixing Test Facility

The HDR-TEMB test program was conducted in Karlsruhe, Germany in a full

scale test reactor at prototypic pressures and fluid temperatures.14  The HDR

vessel did not scale exactly to US PWR designs. The downcomer gap was about

one-half that of a typical US PWR and the cold leg diameter and HPSI nozzle

diameter were less than one-fourth that of a US PWR. The HDR vessel wall

consisted of a ferritic base material having a thickness of 105 mm with an auste-

nitic inside cladding of about 7 mm. This gave an overall thickness of 112 mm,

which is about one-half the typical US values.

Three tests were performed; T32.15, T32.17 and T32.18 all of which were initi-

ated from 11 MPa (1595 psia) and 300°C (572°F). The tests were as follows:

• T32.15: Injection into a stagnant loop, FrCL = 0.05;

• T32.17: Injection into low loop flow, FrCL = 0.05; and QCL/QHPSI = 2;

• T32.18: Injection into a stagnant loop, FrCL = 0.075.

The initial density ratio for these tests was ∆ρ/ρ = 0.284 which is representative

of US PWRs. Table 2.9 describes the facility dimensions and Figures 2.14

through 2.16 show the facility geometry, the instrumentation placement and the

HPSI configuration.

TABLE 2.9 Geometric Data of HDR Full Scale Test Facility Injector Diameter: 5.0 cm

Cold

Leg

Vessel/

Downcomer

Lower

Plenum Pump

Loop

Seal

Core

Barrel

Thermal

Shield

Inner Diameter (cm) 18.70
296.00 ⎯ ⎯ ⎯ 266.00 ⎯

Length (cm) 600.00 694.26 ⎯ ⎯ ⎯ 694.26 ⎯
Base Metal Wall Thickness (cm) 1.52 11.20 17.10 ⎯ ⎯ 2.30 ⎯
Clad Thickness (cm) ⎯ 0.80 0.80 ⎯ ⎯ ⎯ ⎯
Insulation Thickness (cm) 10.00 10.00 10.00 ⎯ ⎯ ⎯ ⎯
Wall Heat Transfer Area to Water 

(cm2) x 10−4
3.52 64.56 23.35 ⎯ ⎯ 58.02 ⎯

Fluid Volume* (cm3) x 10−5 1.65 78.47 129.80 ⎯ ⎯ ⎯ ⎯
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FIGURE 2.14 HDR Full Scale Test Facility (dimensions in mm)
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FIGURE 2.15 HDR Full Scale Test Facility Thermocouple Placement (dimensions in mm)

FIGURE 2.16 HDR Injection Nozzle Geometry (dimensions in mm)
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FIGURE 2.17 Existing PTS Fluid Mixing Data for Separate Effect Tests Ranging for Facilities with High 
Injection Froude Numbers 

FIGURE 2.18 Existing PTS Fluid Mixing Data for Separate Effect Tests Ranging for Facilities with Low 
Injection Froude Numbers
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The key results of the separate effects tests are listed in the flow diagram shown

in Figure 2.19 and summarized as follows:

• Fluid mixing tests were performed for HPSI and cold leg geometries ranging 

from 1/5 scale to full scale (linear scaling) of prototypical PWRs.

• The mixing patterns generated by HPSI flow into the cold leg were identified 

and characterized into mixing regions for a wide range of PWR geometries 

and loop flow conditions.

• A criterion was developed to predict the loop flow and HPSI flow conditions 

that produce thermal stratification in the cold legs.

• The Creare 1/5-Scale tests produced some measurements of plume/wall heat 

transfer coefficients in the downcomer.

• The thermal fluid mixing tests provided data on the plume temperature decay 

in the downcomer.

• The test data were used to benchmark the REMIX, NEWMIX and SOLA-

PTS computer codes.

These results are described in more detail in the following sections.

FIGURE 2.19 List of PTS Separate Effects Test Results

Research Results

� Thermal fluid stratification data

� Criterion for onset of stratification

� Downcomer heat transfer coefficient data
� REMIX and NEWMIX Codes for fluid mixing in

cold legs and downcomer

� SOLA-PTS codes for fluid mixing in cold legs and

downcomer.

Separate Effects Tests

Thermal Fluid Stratification

CREARE 1/5

IVO 2/5

Purdue/USCB 1/2

CREARE 1/2
HDR 1/1

UPTF 1/1

Downcomer Heat Transfer

CREARE 1/5
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2.3.1 Cold Leg and Downcomer Flow Patterns during HPSI Operation

The downcomer fluid mixing tests performed at these facilities listed in Table

2.2 revealed that High Pressure Injection (HPSI) resulted in thermal stratifica-

tion of the cold leg fluid whenever primary loop flow was very low. Based on

the test observations, Theofanous provided a description of the cold leg and

downcomer flow patterns as illustrated in Figure 2.20.16

FIGURE 2.20 Fluid Mixing Patterns During Cold Leg ECC Injection

The mixing phenomena are divided into mixing regions, labeled MR1 through

MR5. For low, or essentially zero, primary loop flows, the cold HPSI fluid

enters the top of the cold leg and falls to the bottom of the pipe. This produces a

head wave which spreads the cold HPSI fluid in both directions, creating a

countercurrent flow condition in the cold leg as shown in Figure 2.20. Warm

water from the downcomer and the Cold Leg Loop Seal is drawn towards and

mixed with the falling HPSI plume; thus enhancing mixing at the injection point

(MR1) and at the RCP/Loop Seal (MR5) and Cold Leg/downcomer  (MR3)

interfaces. Even in the presence of a countercurrent flow, thermal stratification

persists and a cold plume penetrates several cold leg diameters into the down-

comer (MR4) before it mixes completely with the warmer downcomer fluid.
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Some mixing also occurs at the free shear layers of the cold and hot streams in

the cold leg. However, experimental evidence from the CREARE 1/58,

CREARE 1/211 and Purdue 1/210 scale test facilities indicate that mixing at the

free shear layers is negligible compared to plume entrainment mixing for the top

injection case.

2.3.2 Criterion for the Onset of Cold Leg Fluid Thermal Stratification

Theofanous15 developed the following criterion to identify the primary loop

flow and HPSI flow conditions at which thermal stratification would occur. 

(2.3)

This criterion was compared to the CREARE 1/5 scale data with good results. 

FIGURE 2.21 Comparison of the Stratification Criterion to the Creare 1/5 Scale Test Data
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In addition to the development of a criterion to predict the onset of thermal strat-

ification in the cold leg, Theofanous, et. al., developed the REMIX and NEW-

MIX computer codes to predict the temperature profiles in the cold legs and

downcomer. The results of the experiments were summarized in NUREG/CR-

5677, a comprehensive report that includes a description of the key components

of the test facilities and comparisons of the experimental data to REMIX and

NEWMIX code predictions.15 The REMIX code has since been modified to

include transient safety injection and loop flow. 

2.3.3 Plume/Wall Heat Transfer Coefficients

Valenzuela and Dolan used the following correlation to predict the plume heat

transfer coefficients in the CREARE 1/2-Scale test facility.12

(2.4)

Where the Nusselt, Reynolds and Prandtl numbers are defined as:

(2.5)

(2.6)

(2.7)

Equation (2.4) is the well-known Dittus-Boelter correlation for forced turbulent

flow which has been expressed in terms of the plume velocity, up. Figure 2.22

shows the comparison of this equation to the CREARE 1/2-scale data. The data
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collapse quite neatly to a single line. However, it is offset by a constant factor

which can be accounted for by including the entrance effect caused by the ther-

mal shield. There is no thermal shield in APEX-CE or Palisades.

Several analyses, including the work of Wallis, Theofanous and Valenzuela,

indicated that the downcomer wall heat transfer rate was conduction limited.

Thus, after the initial cool-down of the downcomer wall surface, the plume con-

vection heat transfer coefficient could vary significantly without changing the

rate of wall heat transfer to the downcomer fluid. Therefore, the local heat trans-

fer coefficient was not important to the overall cool-down of the downcomer

fluid.

It was concluded by Theofanous that a mixed convection heat transfer coeffi-

cient would be applicable only for downcomer  flow velocities less than 0.25

m/s.

FIGURE 2.22 Comparison of Dittus-Boelter Correlation to CREARE 1/2-Scale Convective Heat 
Transfer Data
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2.3.4 Plume Temperature Decay in the Downcomer

One of the most important results obtained in earlier PTS separate effects tests,

was the determination of how far the plumes emerging from the cold leg would

travel down into the downcomer before they became completely mixed with the

ambient downcomer fluid. The Creare test MAY105 was performed in the 1/2

scale test facility. Figures 2.23 and 2.24 show the fluid temperature profile

along the vessel wall as a function of axial and azimuthal position. As shown in

the figures, the cold HPSI plume decays to ambient temperatures within four

cold leg diameters. 

FIGURE 2.23 Temperature Decay in the Creare -1/2 Scale Test Facility (Test MAY105)
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FIGURE 2.24 Temperature Decay in the Creare -1/2 Scale Test Facility (Test MAY105)
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2.3.5 Multi-Loop Plume Interactions

Only one of the test facilities examined the interactions of high pressure injec-

tion in multiple cold legs. These tests were performed by Imatran Voima OY in

Helsinki, Finland.9 Figure 2.25 shows the interaction of the downcomer plumes

generated from the discharge of two neighboring cold legs with natural circula-

tion flow in one of the two cold legs. The fact that the cold plumes can poten-

tially interact in the downcomer is of relevance to the OSU PTS study because

the APEX-CE facility operates with multiple loops. An examination of the IVO

data was useful in establishing the locations for thermocouple placement in the

APEX-CE downcomer. The effects of multi-loop plume interactions was not

incorporated into the analysis effort of the earlier PTS studies.

FIGURE 2.25 IVO Fluid Mixing Test #115 Showing the Interaction of Cold Plumes in the Downcomer
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2.4 Results of Calculations of Overcooling Transient Behavior in PWRs

In addition to the separate effects fluid mixing test program, a substantial effort

was made to estimate the integral system cool-down rate for a variety of PWR

transients. Three PWRs were examined as part of TAP A-49; H.B. Robinson-

Unit 2, Calvert Cliffs-Unit 1 and the Oconee-Unit 1 nuclear power plant. Each

plant implements cold leg high pressure injection with a different injection

geometry. It was decided that a broad range of overcooling transients could be

adequately examined using the RELAP-5 and TRAC-PF1 computer codes.

RELAP-5 was used to predict the integral system behavior of Oconee-1 and

H.B. Robinson-2 (Flecther,et.al., 1983 and Flecther, et. al., 1985)17,18 and

TRAC-PF1 was used to predict the integral system behavior of Calvert Cliffs-1

and Oconee-1 (Spriggs, et. al., 1985 and Ireland, et. al., 1985)19,20. With regards

to the computational effort, this program was the first to incorporate the model-

ing of secondary side control systems (i.e., steam generator/feedwater pressure

and level controls). This was a significant and necessary step forward in predict-

ing overcooling behavior in PWRs. Figure 2.26 lists the results of the integral

system overcooling transient calculations.

FIGURE 2.26 Flow Diagram of Integral System Calculation Results

Integral System Overcooling Transient

Calculations

� Calvert Cliffs 1 (TRAC-PFI)

� Oconee-1 (TRAC-PF1 & RELAP5)

� H.B. Robinson-2 (RELAP5)

Research Results

� Set of detailed (approximately forty 7200 sec. transients)

for 3 NPP.

� Dominant overcooling sequences for 3 NPP were identified

� Predictions of onset of loop stagnation.

� Minimum downcomer temperatures.

� Conditions for repressurization.

� Simplified T/H calculations method for >200 overcooling

transients.
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Table 2.10 presents a list of the categories of overcooling transients calculated

for the three plants. In addition to these detailed, 7200 second transients, several

hundred overcooling calculations were also performed using simplified

RELAP5 input decks. These calculations were provided to Oak Ridge National

Laboratory (ORNL) to support their probabilistic fracture mechanics studies.

The development of the PTS rule (10 CFR 50.61) was based on the ORNL

results.

The results of the Calvert Cliffs TRAC-PF1 calculations are presented in

NUREG/CR-4109 and summarized in Table 2.11. Calvert Cliffs is nearly iden-

tical to the Palisades plant. The primary conclusions with regard to the Calvert

Cliffs PTS thermal hydraulic study were:

5. Flow stagnation in one or both loops was possible. This would permit ther-

mal stratification in the cold legs and the development of cold plumes in the 

reactor vessel downcomer.

6. Small break LOCAs at low decay heat levels have a high probability of caus-

ing loop stagnation at relatively high pressures.

7. The lowest downcomer temperatures while at system pressure were observed 

for the large Main Steam Line Breaks with at Hot Zero Power (HZP).

Neither RELAP5 nor TRAC-PF1 were designed to predict the detailed turbulent

mixing behavior in the cold leg or downcomer. Therefore the modeling tech-

niques developed through the separate effects fluid mixing research effort were

used to supplement the integral system calculations. 
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* Number of calculations per category are listed in parentheses.

TABLE 2.10 Categories of Overcooling Transients Calculated Using RELAP5 and TRAC PF1

TRAC-PF1

Calvert Cliffs-1

TRAC-PF1

Oconee-1

RELAP5

Oconee-1

RELAP5

H.B. Robinson-2

Runaway MFW-2SG from full 

power. (1)

MSLB (3) MSLB (1) Group 1 - PORV LOCA at full 

power

Runaway MFW-1SG from full 

power. (1)

PORV LOCA with RCP trip 

(1)

SG overfeed (1) Group 2 - 2.5” hot leg break at 

full power.

Runaway AFW-2SG from full 

power (1)

Turbine bypass valve failure 

- one bank. (3)

Hot leg SBLOCA (1) Group 3 - PORV LOCA at hot 

standby.

0.1 m2 MSLB (3) Turbine bypass valve Failure 

- two banks (3)

Revised MSLB (1) Group - 2.5” Single PORV 

MSLB at full power.

Double-ended MSLB (2) 2” hot leg LOCA (1) Maximum SG overfeed (1) Group 5 - Single PORV MSLB 

at full power.

Turbine bypass valve failure. 

(2)

4” hot leg LOVA (1) Turbine bypass valve failure 

at hot standby. (1)

Group 6 - Double-ended MSLB 

at full power.

0.002 m2 hot leg LOCA. (1) Rancho-Seco type (1) PZR surge line SBLOCA (1) Group 7 - Single PORV MSLB 

at hot standby.

PORV and ADV LOCA from 

full power. (1)

RCP suction SBLOCA (1) Group 8 - Double-ended MSLB 

at hot standby.

PORV LOCA from hot zero 

power. (1)

SG tube rupture (1) Group 9 - Reactor trip at full 

power.

Group 10 - SG tube rupture at 

hot standby.

Group 11 - Isolatable PORV 

LOCA at full power.

Group 12 - Isolatable 2.5” hot 

leg LOCA at full power.
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2.5 PTS Thermal Hydraulic Analysis Methodology

Based on the TAP-49 effort, the PTS thermal hydraulic analysis methodology

shown in Figure 2.27 was developed.

This methodology used a computer reactor analysis code such as RELAP5 or

TRAC to calculate the integral system behavior for an overcooling transient

such as a SBLOCA or a MSLB. In particular, the time-dependent primary sys-

tem cold leg flow rates and fluid temperatures, the HPSI flow rates and the pri-

mary system pressures were all calculated by the integral systems code.

TABLE 2.11 TRAC-PF1 Results for Calvert Cliffs Overcooling Transients 

TRAC-PF1

Calvert Cliffs-1

Minimum

Temperature Repressurization? Flow Stagnation?

Runaway MFW-2SG from full power. (1) 480 K (404°F) Yes No

Runaway MFW-1SG from full power. (1) 490 K (422°F) Yes One Loop

Runaway AFW-2SG from full power. (1) 490 K (422°F) Yes No

0.1 m2 MSLB from HZP 395 K (251°F) Yes Yes

0.1 m2 MSLB from FP 468 K (383°F) Yes One Loop

0.1 m2 MSLB from FP with 2 RCPs 446 K (343°F) Yes No

Double-ended MSLB with failure to isolate AFW to bro-

ken SG from HZP
377 K (219°F) Yes Yes

Double-ended MSLB with two stuck open MSIVs from 

HZP
376 K (217°F) Yes No

Turbine bypass valve failure from HZP 530 K (494°F) Yes No

Turbine bypass valve failure with one stuck open MSIV 

from FP
500 K (440°F) Yes No

0.002 m2 hot leg LOCA from FP 440 K (332°F) No One Loop

PORV LOCA and stuck open ADV form full power 407 K (271°F) No One Loop

PORV LOCA from HZP 350 K (171°F) No Yes
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FIGURE 2.27 PTS Thermal Hydraulic Analysis Methodology Developed as Part of TAP A49

This information was input into a thermal stratification screening criterion that

was used to determine if the fluid in the cold leg was thermally stratified or

well-mixed. If the criterion indicated that the cold leg fluid was well-mixed at

the entrance of the reactor vessel downcomer, then the integral system code

results were used to estimate the downcomer fluid temperatures and RPV wall

heat transfer coefficients. If the screening criterion indicated that the cold leg

Well-Mixed

Cold Leg Fluid

Use RELAP5 or TRAC to predict

the Downcomer Fluid

Temperatures and Heat Transfer

Coefficients.

Stratification Criterion

Cold Leg and HPSI and Fluid Temperature

are used to determine if cold leg fluid is

thermally well mixed or stratified.

Fracture Mechanics

Calculations

ORNL performed Fracture Mechanics

Analyses using Appropriate T/H

information.

Thermally Stratified

Cold Leg Fluid

Use REMIX or NEWMIX to

predict the Downcomer Fluid

Temperatures and Heat Transfer

Coefficients.

PWR Integral System Code

Calculation of Overcooling Transient

(RELAP5 or TRAC)

� Cold Leg and HPSI Flow Rates

� Cold Leg and HPSI Fluid Temperatures

� Primary System Pressure
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fluid was thermally stratified at the entrance of the reactor vessel downcomer,

then REMIX or NEWMIX was used to calculate the local plume temperatures

and heat transfer coefficients in the downcomer. The integral system pressure

calculation was used for both thermally stratified and well-mixed conditions.

The time dependent fluid temperature and pressures in the downcomer and the

RPV wall heat transfer coefficients were transmitted to ORNL to support their

fracture mechanics analyses efforts.

2.6 Limitations of the Earlier PTS Thermal Hydraulic Study

The PTS thermal hydraulic research completed in 1985 included several limita-

tions. With regard to the thermal hydraulic calculations of the plant overcooling

transients, the following were the most important: 

1. Multiple operator errors and equipment failures were assumed in all tran-

sients.

2. Charging flow was not terminated in any transient. Therefore all transients 

repressurized unless a sufficiently large break was present to depressurize 

the system.

3. The minimum transient temperatures reported were the bulk fluid tempera-

tures as opposed to actual wall surface temperatures. This was not a large 

effect.

4. Only one steam generator tube was modeled per steam generator. Therefore, 

the interruption of loop natural circulation is not likely to be realistically pre-

dicted. In actuality, the shorter tubes may continue to circulate after the 

longer tubes have started to drain; thus delaying the onset of loop stagnation.

5. Neither RELAP5/MOD3 nor TRAC-PF1 had been assessed against integral 

system data for overcooling transients important to PTS. An assessment 

needs to be performed of systems analysis codes to accurately predict:

•The onset of primary loop stagnation,

• Asymmetric loop stagnation,

• Downcomer cooling rates, temperatures and system pressures.

6. Computer speeds limited the use of CFD codes for accurate predictions of 

the multi-dimensional cold leg and downcomer fluid mixing behavior.
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There were also several limitations to the earlier PTS Separate Effects T/H

Research. These include:

1. The results of separate effects tests could not be adequately integrated with 

integral system behavior.

2. The effect of downcomer plume behavior in a co-flowing stream was not 

assessed for low HPSI flows.

3. The effect of loop seal cooling on primary loop stagnation was not assessed.

4. The effect of downcomer driven loop natural circulation was not assessed.

5. The tests did not include effect of core decay heat.

6. The effect of plume interactions on wall heat transfer and downcomer tem-

perature was not assessed.

2.7 Conclusions of Review

Based on a review of the PTS thermal hydraulic research performed prior to

1985, integral system testing is needed to:

• Benchmark the ability of system analysis codes to predict loop stagnation, 

transient system pressure and downcomer temperatures.

• Integrate separate effects test results with integral system behavior.

• Examine the effect of core decay heat on downcomer fluid temperatures.

• Examine the effects of co-flow on downcomer plume behavior.

In addition, separate effects testing is needed to:

• Obtain fluid mixing data for low flow HPSI operation in a side injection cold 

leg geometry.

• Develop criterion for onset of loop seal backflow and subsequent cooling.

• Assess advanced CFD code capabilities.

In the past 15 years, numerous improvements have been made to the tools used

to predict the thermal hydraulic behavior of PTS transients. Better systems anal-

ysis codes and faster computers now permit realistic calculations of PTS tran-

sients. In addition, commercially available CFD computer codes can now

perform the same function of the REMIX and NEWMIX codes to predict accu-

rate cold leg thermal stratification temperature profiles and to simulate down-

comer fluid mixing behavior. 
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It is possible that some of the conservatisms imposed on the earlier PTS thermal

hydraulic research effort could be relaxed because of these improved predictive

tools. However, integral system test data on PTS transient behavior will be

needed to assure that these improved tools accurately predict the key PTS ther-

mal hydraulic phenomena. This is one of the primary goals of the NRC PTS

research effort at OSU.
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3.0 DESCRIPTION OF THE OSU PTS TEST FACILITIES

This chapter provides a description of the two test facilities constructed at OSU

to investigate PTS thermal hydraulic phenomena. The APEX-CE facility pro-

vided valuable data on the integral system behavior during overcooling tran-

sients. The integral system data was complemented by detailed flow

visualization studies performed in a flow visualization test loop. The details of

each of these facilities are provided in the sections that follow.

3.1 Description of the APEX-CE Test Facility

The OSU APEX-CE Test Facility is approximately a 1/4 height, one to one time

scale reduced pressure integral system which models the Combustion Engineer-

ing Palisades Nuclear Steam Supply System (NSSS), See Figure 3.1. The pri-

mary system consists of a 2 x 4 loop with 2 inverted u-tube Steam Generators

(SG), 4 Reactor Coolant Pumps (RCP) with associated loop seals, and a Pres-

surizer (PZR). See Figure 3.2 and 3.3 for a plan and elevation view of the

APEX-CE Test Facility.

FIGURE 3.1 3-D Model of APEX-CE Test Facility
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FIGURE 3.2 APEX-CE RCS Plan View

FIGURE 3.3 APEX-CE Elevation View Layout

The original APEX Test Facility, based on the Westinghouse AP600, was mod-

ified to model the Palisades NSSS. To model Palisades, the AP600 Direct Ves-

sel Injection (DVI) lines were disconnected from the RPV and the cold Legs
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were modified to incorporate loop seals and HPSI nozzles. Because the APEX-

CE RCPs are located at the bottom of the cold leg loop seal piping (where the

prototype has the RCPs mounted at the top), a weir was incorporated into each

horizontal section of the cold legs to simulate the loop draining behavior of Pal-

isades. The Palisades Primary Coolant Pump (PCP) casing has a lip near the

impeller which prevents completely draining the cold legs. Additionally, hot

and cold orifices were added to each loop to achieve a scaled pressure drop for

the APEX-CE Test Facility. A description of the APEX Test Facility and a sum-

mary of non-proprietary research results, has been documented in NUREG/CR-

6641.62

3.1.1 Primary System

The APEX-CE primary system is a complete model of the Palisades Nuclear

Steam Supply System. The components are fabricated from stainless steel (SS)

304 and are capable of prolonged operation at 400 psia (2.76 MPa) and satura-

tion conditions. It includes a RPV, main loop piping, four RCPs, two SGs, and a

PZR.

The RPV models the upper and lower internals, the core barrel, the downcomer

and provides connections for two hot legs, and four cold legs. The RPV houses

48 electric heater rods each having a 1 inch (2.54 cm) diameter and a heated

length of 36 inches (91.44 cm). Figure 3.4 is a photograph of the reactor core

during heater rod installation. The maximum core power is 650 kW and can be

distributed in two radial power zones, be programmed to simulate time depen-

dent decay power. The heaters also have a shaped axial power distribution

which delivers two-thirds the power to the top one-half of the core. 
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FIGURE 3.4 Installation of the Core Heater Rods During APEX Construction

FIGURE 3.5 Downcomer Instrumentation Added to Map Cold Water Plumes
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Approximately fifty additional thermocouples were added to the RPV down-

comer to map fluid temperature during HPSI. Three heat flux meters with wall

surface thermocouples were also added to determine local heat flux through the

RPV wall. Figure 3.5 shows the additional instrumentation added to the down-

comer.

The Reactor coolant loop piping models two primary loops, each consisting of a

single Hot Leg, and two Cold Legs. Break spool pieces are installed in selected

hot and cold legs locations for modeling breach of pressure boundary scenarios

in the hot leg and cold leg. The discharge from the break spool pieces vent to the

Break and ADS Measurement System (BAMS) which separates and measures

break liquid and gas flow rates. Figure 3.6 shows a typical cold leg with associ-

ated loop seal piping and RCP.

FIGURE 3.6 RCP Loop Seal Piping
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Figure 3.7 shows one of the APEX SGs being delivered to the OSU APEX Test

Facility. The SG lower channel head includes connections for two RCPs and a

hot leg. Figure 3.8 shows a view of the stainless steel 133 u-tube bundle prior to

installation into the stream generator. Thermocouples are attached to the outer

surface and embedded into the walls of selected SG tubes to allow observation

of temperatures during testing.

FIGURE 3.7 View of the SG Being Delivered to Construction Site. (Note lower channel head 
connections for two RCPs and a single hot leg.)
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FIGURE 3.8 Steam Generator Stainless Steel Tube Bundle 

Each steam generator also includes a Power Operated Relief Valve (PORV) to

model either MSLB or Atmospheric Dump Valve (ADV) depending on the par-

ticular test requirements. Figure 3.9 shows a SG and associated main steam pip-

ing.

FIGURE 3.9 Photograph of APEX Main Steam Line and SG PORVs
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The RCPs are custom made for the APEX-CE facility and are attached to the

lower channel head of each SG via a short section of riser piping to simulate the

loop seal arrangement of Palisades. The pumps are fabricated of stainless steel

and can be programmed to simulate PCP coastdown observed in the prototype.

The PZR has internal heaters and a relief valve system to simulate normal oper-

ation and to control an overpressure transient. 

3.1.2 High Pressure Safety Injection

A single high-pressure pump is used in APEX-CE to model two Palisades HPSI

pumps. Each cold leg HPSI nozzle includes a check valve and an isolation

valve. The angle and relative location of the nozzles is preserved in APEX-CE,

however, all the nozzles are located on the inside of cold leg piping bends due to

space constraints. Palisades HPSI nozzles are asymmetric; with 2 nozzles

located on the inside bend of the cold leg piping, and two nozzles located on the

outside bend of the cold leg piping. Figure 3.10 shows a typical HPSI nozzle.

FIGURE 3.10 HPSI Nozzle (dimensions in inches)
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3.1.3 Break and ADS Measurement System

The BAMS is used to measure two-phase volumetric flow rates from various

break locations. Two-phase flow is directed to a separator where the flow is sep-

arated into its liquid and vapor components. The liquid flow is measured and

then directed to a holding tank which is mounted on load cells. Break vapor

flow is measured and vented from the test facility through an exhaust stack.

Electrical strip heaters are used to maintain boundary conditions of the steam

piping at approximately 200°F (93.3°C); thus minimizing the effects of conden-

sation in the steam vent lines. The system is capable of being pressurized to 80

psia (0.55 MPa) to simulate containment backpressure. The BAMS is shown in

Figure 3.11.

FIGURE 3.11 The BAMS for Determining Two-Phase Fluid Mixture Volumetric Flow Rates
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3.1.4 Instrumentation

The APEX facility is instrumented to capture the transient behavior of the RCS

in response to simulated accident conditions. All of the instruments are cali-

brated to National Institute of Standard and Technology (NIST) standards. An

instrument configuration file, identifying the range of each instrument is pre-

pared for each test and is maintained with the raw data. APEX-CE includes the

following types of instruments:

• Thermocouples (TF/TFM/TH/TW) are used to measure fluid, wall, and 

heater temperatures. Premium grade thermocouples were used and con-

nected to the DAS through controlled purity thermocouple wire.

• Magnetic Flowmeters (FMM) are used to measure all single-phase liquid 

flow rates.

• Pressure Transducers (PT) are used to measure the static pressures within the 

various tanks and piping.

• Differential Pressure (DP, LDP) transducers are used to measure liquid lev-

els in various tanks and piping. They are also used to determine pressure 

drops.

• Vortex Flowmeters (FVM) are used to measure steam flow rates.

• Heat Flux Meters (HFM) are used to measure heat loss from individual tanks 

and components.

• Heated Phase Switches (HPS) are used to determine the fluid phase at vari-

ous points inside system piping. Each HPS measures: 1) fluid temperature, 2) 

DT between the fluid and the heater, and 3) a relative heat transfer coeffi-

cient.

• Load Cells (LC) are used to measure the liquid mass inside the IRWST, the 

Primary Sump, and the Secondary Sump.

Figure 3.12 shows a typical rack of PTs used for measuring pressure in the

RPV.
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FIGURE 3.12 Rack of PTs Used to Measure DP and Level in the RPV

3.1.5 Data Acquisition System and Control

The DAS includes all the equipment necessary to receive, transmit, process, and

record the voltage or current signal outputs from the individual sensing instru-

ments. This includes amplifiers, signal conditioners, transmitters, interconnect-

ing wiring, analog to digital convertors, interfacing boards, switching panels,

computers displays and other recording devices as needed to access the instru-

ments. A simplified schematic of DAS is shown in Figure 3.13
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FIGURE 3.13 Simplified DAS Schematic

The DAS includes three Fluke Helios racks, two units per rack, which scan

approximately 750 instruments at a maximum rate of once per second in "burst

mode" and at a normal rate of once per 8 seconds. The Helios DAS racks are

connected to three DEC 486 PC based computers which contain Labview soft-

ware packages developed to acquire the data and output it into a tab delimited

text file. The incoming data can also be viewed on-line graphically during a test.
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The Labview software package is validated and fully tested to meet the require-

ments of NQA-1 and NQA-2. The DAS is capable of storing and maintaining all

data retrieved and recorded during a single test. At the conclusion of each test,

the data is downloaded from the three computers to a single hard drive. Each

test typically produces six files (i.e., two per rack) of burst data and six files of

data at the normal scan rate. At the conclusion of each test, the data is reduced to

engineering units and both the raw data and the reduced data are written to a

Compact Disk (CD) for archival. Figure 3.14 shows the Fluke Helios data

acquisition racks and Figure 3.15 shows the graphical computer display for real-

time viewing of data during a test.

FIGURE 3.14 Fluke Helios Data Acquisition Racks
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FIGURE 3.15 View of Data Acquisition Monitors for Real-Time View of Test Data

As shown in Figure 3.16, APEX-CE includes a control panel for APEX-CE

operation. Plant valves, pumps, and power can all be controlled remotely from

the panel. Local indicators and annuciators provide the operator with a complete

description of APEX-CE operating conditions. The control panel includes an

Omron Programmable Logic Controller (PLC) and Fischer-Porter process con-

trollers for controlling various plant parameters and modeling Palisades safety

logic.

FIGURE 3.16 View of the APEX-CE Operator Control Panel and Sequence-of-Events Monitor
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The following logic and control functions are performed by the PLC and pro-

cess controllers: 

Generation of S-signal 

• Automatic control of SG pressure, liquid water level, feedwater flow, and 

main steam flow

• Automatic control of PZR pressure and level

• Programmed reactor decay power and control of core exit temperatures

• Programmed HPSI pump flow rate

• Automatic reactor power trip on high heater sheath temperature

• Automatic reactor coolant pump trip on loss of RCP seal water cooling

The control panel also interfaces with controllers to vary RCP speed and reactor

power. Figure 3.17 shows the large SCR controllers for the core heater rods. All

control actions, such as valve openings and closures, pump starts, and safety

signals are monitored and recorded using a Wonderware software package. This

package provides a time history of all control actions that occur during a test.

The Wonderware software package is fully validated and tested.

FIGURE 3.17 Photograph of Power Controllers for Reactor Heater Rod Bundles
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3.2 Separate Effects Transparent Loop (SETL)

A transparent test section was constructed to examine the fluid mixing behavior

for the scaled range of flow conditions expected for the Palisades plant under

primary loop natural circulation conditions. This facility was designed to:

• Determine the conditions for the onset of stratification in the Palisades 

nuclear plant cold legs.

• Determine the conditions for the onset of back-flow behavior in the HPSI 

line.

• Determine the conditions for the onset of back-flow behavior in the cold leg.

• Determine the conditions for the onset of HPSI coolant spill-over into the 

cod leg loop seal.

Figures 3.18 and 3.19 show a side view and top view of the flow visualization

test facility. The system was comprised of a transparent PVC cold leg, a trans-

parent PVC side-entry HPSI line, a transparent PVC loop seal, a cold leg fresh-

water supply with a variable speed pump and flow meter, a HPSI line salt-water

supply system with a pump and globe valve that permitted fine flow control

capability, a salt-water recirculation system and a large receiving tank that sim-

ulated the reactor vessel. It is scaled such that the flow visualization results

could be readily compared to the thermal mixing data measured in APEX-CE.

Each component is described in more detail in the following paragraphs, and

summarized in Table 3.1.



DESCRIPTION OF THE OSU PTS TEST FACILITIES

3-17

FIGURE 3.18 Photograph of the OSU Flow Visualization Fluid Mixing Loop (Side View)

FIGURE 3.19 Photograph of the OSU Flow Visualization Test Loop (Top View)
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The test section consisted of a horizontal, 10.0 cm (4.0 inch Schedule 40) cold

leg made of transparent PVC. Fresh water was pumped through the cold leg

from a 1000 gallon tank using a variable speed pump. The fresh water was used

to simulate the low density warm water in the primary loop. A magnetic flow

meter was used to measure the cold leg flow rate. The centerline of the cold leg/

HPSI line junction was located 47 cm (18.5 inches) from a 45-degree bend in

the cold leg. The distance from the bend to the large receiving tank that simu-

lated the reactor vessel was 41.3 cm (16.25 inches). The receiving tank was

equipped with a 5 cm (2-inch) drain line approximately 15.2 cm (6 inches)

above the entrance of the cold leg. This ensured that the cold leg was always

full. The HPSI injection line had an inside diameter of 3.51 cm (1.38 inches,

1.25 inch schedule 40 PVC pipe).

A salt-water injection system was used to pump high density salt water to the

HPSI line. The salt water was used to simulate the cold HPSI coolant. The salt

water was contained in a 55-gallon supply tank, with a 2.54 cm (1 inch) line that

connected the supply tank to the pump suction. The pump discharge was con-

TABLE 3.1 Flow Visualization Loop - Key Component Dimensions

Key Components/Parameters Dimension (English)

Dimension

(Metric)

Cold Leg/Loop Seal Inside Diameter 4.026 in 10.23 cm

Distance of RCP Weir Wall to CL/HPSI Junction 15.00 in 38.10 cm

Distance from CL/HPSI Junction to 45-degree bend 18.50 in 46.99 cm

Distance from 45-degree elbow to receiving tank 16.25 in 41.28 cm

HPSI inside diameter 1.38 in 3.51 cm

Maximum HPSI flow rate 28 gpm 106 liters/min

Maximum HPSI fluid velocity 6.00 ft/s 1.829 m/s

Maximum Cold Leg flow rate 200 gpm 757 liters/min

Maximum density ration (∆ρ/ρ) 0.165 0.165

Maximum Fr HPSI at maximum density ratio 7.68 7.68

Maximum Fr HPSI/CL at maximum density ratio 0.53 0.53
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nected to a 2.54 cm (1 inch) diameter pipe with a 2.54 cm (1 inch) globe valve

which was used to control the HPSI flow rate. For HPSI flows below 7.57 liter/

min (2 gpm) flow was diverted through a 1.27 cm (0.5 inch) line equipped with

a needle valve for improved flow control. This permitted fine flow control

between 1.14 liter/min (0.3 gpm) to 9.5 liters/min (2.5 gpm). The full range of

measured flows was 1.14 liter/min (0.3 gpm) to 106 liters/min (28 gpm). A

recirculation line was incorporated into the design to adjust the globe valve

position to the desired initial flow rate without injecting into the cold leg. The

recirculation line also provided a method of mixing of the salt solution to obtain

a uniform density. The recirculation line was connected to the top of the 55-gal-

lon supply tank drum where it attached to a mixing line. The mixing line

directed the recirculated water to two nozzles; one located at the center of the

supply tank and one located at the bottom of the tank. The two nozzle flows

assured that the salt solution was well mixed before it was injected into the cold

leg.

A 2.54 cm (1 inch) hose connected the salt-water injection system to the HPSI

line. The HPSI line included a check valve as is the case in the Palisades HPSI

design. The check valve prevented backflow of fresh water into the salt water

supply tank and established simular flow conditions as APEX-CE. The HPSI

line was attached horizontally to the cold leg at a 60-degree angle in order to

simulate the Palisades Plant design.

The results of the flow visualization tests have been included in Chapter 5 of

this report.
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4.0 OVERVIEW OF THE PALISADES OPERATIONS

In an effort to develop procedures for the APEX-CE integral system tests, OSU

and NRC researchers attended a meeting sponsored by Nuclear Regulatory

Research (NRR) held at the Palisades Nuclear Plant in Covert, Michigan on

March 19, 2001. The meeting provided a forum for valuable discussions with

the Palisades plant control room operators. 

Using the Palisades plant simulator, the control room operators demonstrated

how they would respond to a small MSLB and a small primary loop LOCA.

Based on our discussions with the Palisades operators, our observations of their

simulator scenarios and a review of the APEX-CE scaling limitations, a set of

test procedures were developed.

The following Palisades Emergency Operating Procedures (EOP) were exam-

ined as part of the effort to develop test procedures for APEX-CE:

• Standard Post Trip Actions, EOP-1.021

• Loss of Coolant Accident Recovery, EOP-4.022

• Excess Steam Demand Event, EOP-6.023

• Functional Recovery Procedure, EOP-9.024

• EOP Supplements.25

The Palisades Plant EOPs were designed to diagnose and address a wide range

of accident scenarios, including LOCA scenarios (EOP-4.0) and the MSLBs

(EOP-6.0). The Functional Recovery Procedure provides systematic operator

actions for events for which a diagnosis is not possible or is not covered by any

other single EOP. All of the EOPs guide the operator to place the plant in a safe,

stable condition.

It should be noted that the avoidance of Pressurized Thermal Shock is an inher-

ent part of the safety mindset at the Palisades plant. This is reflected in the Pali-

sades EOPs which include specific steps to avoid overcooling the plant. Figures
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4.1 and 4.2 are the Palisades plant "Pressure Temperature Limit Curves" which

identify the non-operating regions for the plant.

FIGURE 4.1 Upper Portion of the System Pressure versus Temperature curve for the Palisades Plant
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FIGURE 4.2 Lower Portion of the System Pressure versus Temperature curve for the Palisades Plant

In the event of accident, the plant operators are trained to keep the plant within

the pressure and fluid temperature limits identified in the charts to avoid over-

cooling.   A computer monitoring system is dedicated to tracking the plant pri-

mary system pressure and the hot and cold leg temperatures during a transient

upset.
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During the visit to the Palisades plant, the operators demonstrated their response

capabilities for several scenarios posed to them on the plant simulator. Figure

4.3 shows the pressure-temperature transient history as recorded on the control

room computer monitor for a MSLB located inside the containment building.

The break size was approximately equivalent to one ADV. As shown in the

graph, the event was initiated from 2060 psia (14.2 MPa) with a cold leg tem-

perature of 277.8°C (532°F) and a hot leg temperature of approximately

308.3°C (587°F). Subsequent to the start of the event, the hot leg and cold leg

temperatures merged and followed a downward linear trend relative to primary

system pressure. The operators made a concerted effort to keep the primary sys-

tem conditions, represented by the two hot and cold leg temperatures lines in the

center of the plot, within the required bands. As shown in the plot, the plant was

not permitted to re-pressurize.

FIGURE 4.3 Pressure and Temperature History for a Main Steam Line Break Performed in the 
Palisades Plant Simulator 
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The simulator scenarios provided a wealth of information regarding operator

actions and plant logic. As a result of the discussions, a set of procedures were

developed for the APEX-CE test facility. Tables 4.1 and 4.2 compare some of

the key plant logic and operator actions in Palisades and APEX-CE for a in-con-

tainment MSLB scenario and for SBLOCA scenarios respectively. As indicated

in the tables, the APEX-CE test procedures were relatively simple and limited

the operator's response to the transient.

TABLE 4.1 Comparison of Palisades Plant Actions versus APEX-CE Simulation in Response to a 

Main Steam Line Break Inside Containment

Palisades Plant Action APEX-CE Simulation

High containment pressure results in con-

tainment isolation. This results in a loss of 

component cooling water and reactor cool-

ant pump (RCP) seal cooling. This results 

in tripping all four RCPs. 

Trip RCPs at opening of the break.

Reactor is manually tripped by operator. Switch to decay power mode at opening of the 

break.

On containment isolation, turbine bypass 

valves (TBVs) are not available to control 

secondary side pressure. The Atmospheric 

Dump Valves (ADVs) are used to keep 

Steam Generator (SG) pressure at 900 psia.

Use scaled ADV flow area to maintain secondary 

side pressure to desired setpoint.

Main Feedwater Pumps (MFPs) were 

tripped manually by operators

MFPs tripped at opening of the break.

Location of MSLB diagnosed by operator. 

Auxiliary feedwater (AFW) to broken SG 

was secured.

AFW to broken SG secured at opening of the 

break or at 10 minutes as specified by test proce-

dure.

IF HPSI throttle criteria are met, operators 

may throttle HPSI as needed to stay within 

pressure and temperature bands. The pri-

mary system is not permitted to re-pressur-

ize.

HPSI is programmed to follow the Palisades flow 

versus head curve. No throttling of HPSI was 

performed. The primary system is permitted to 

re-pressurize.
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TABLE 4.2 Comparison of Palisades Plant Actions versus APEX-CE Simulation in Response to a 

Small Break Loss-of-Coolant-Accident or Stuck-Open Pressurizer SRV

Palisades Plant Action APEX-CE Simulation

RCPs A and D are manually tripped by the 

operator.

RCPs 1 and 4 are tripped at opening of the 

break.

Reactor is manually tripped by operator. Switch to decay model at opening of the break.

On containment isolation, TBVs are not 

available to control secondary side pressure. 

The ADVs are used to keep SG pressure at 

900 psia.

Use scaled ADV flow area to maintain second-

ary side pressure to desired setpoints.

MFPs were tripped manually by operators. MFPs tripped at opening of the breaks.

RCPs B and C are manually tripped when hot 

leg cooling is less than 25°F.

RCPs 2 and 3 are manually tripped when the 

hot leg subcooling is less than 25°F.

Operators throttled HPSI as needed to stay 

within pressure and temperature bands. The 

primary system is not permitted to re-pressur-

ize.

HPSI was programmed to follow the Palisades 

flow versus head curve. No throttling of HPSI 

was performed. The primary system is permit-

ted to repressurize.
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5.0 APEX-CE TEST MATRIX AND ANALYSIS METHODS

This chapter presents the APEX-CE test matrix, identifies the important phe-

nomena examined during testing and describes the methods used to analyze

and/or model these phenomena. A total of twenty tests were conducted in

APEX-CE Test Facility. The completed test procedures, a Test Acceptance

Report and electronic files (approximately 750 channels for each test) have been

provided to the NRC for inclusion in the NRC Databank. One of the goals of the

research program was to gain a greater understanding of key thermal hydraulic

phenomena of relevance to PTS and to identify and assess methods that could

be used to model these phenomena. Figure 5.1 provides a flowchart that

describes the Testing and Analysis portion of the NRC PTS Program at OSU.

FIGURE 5.1 Flowchart of the PTS Testing and Analysis Effort

APEX-CE Integral System

Test Program (20 Tests)

Two Categories:

� Over-Cooling Transients

� Fluid Mixing

Key Thermal Hydraulic Data

Eight Phenomena:

Integral

� Primary System Cool-Down Transients

� Effect of Upper Plenum Vents

� Primary Loop Stagnation

Local

� HPSI/Cold Leg Junction Mixing

� Cold Leg Thermal Stratification

� Loop Seal Fluid Mixing

� Downcomer Plume Behavior

� Reactor Vessel Wall Heat Transfer

Data Analysis and Modeling Methods

and Assessments

� Data Plots, Trends, and Comparisons

� Flow Visualization

� Analytical Models and Correlations

� Regional Model (REMIX)

� CFD Code (STAR-CD)

� System Model (RELAP5/MOD 3.2.2 γ)
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As shown in Figure 5.1, two categories of tests, over-cooling transient tests and

fluid mixing tests, were performed to study eight PTS related thermal hydraulic

phenomena. Table 5.1 presents the test matrix that was executed for the research

program.

The integral system overcooling tests included a variety of SBLOCA and

MSLB scenarios. The tests selected by the NRC are representative of over-cool-

ing transients and include scenarios that had been modeled using computer

codes in the original NRC PTS study. To the extent possible, it was desired that

the test procedures reflect the actual Palisades plant response to a SBLOCA or a

MSLB. This is because the Palisades operating procedures have been specifi-

cally designed to mitigate plant overcooling. However, several system failures

were added to the APEX-CE test procedures to explore some of the less proba-

ble event sequences. This was done for the purpose of providing a wide range of

experiment data that could be used to benchmark the computer codes. 

Whereas the over-cooling tests were aimed at investigating overall primary sys-

tem cooling behavior, the fluid mixing tests were aimed at investigating local

behavior in the system. This included parametric studies of the onset of thermal

stratification in the cold legs, the plume penetration depths in the downcomer

and the interaction of the plumes in the downcomer.

Both categories of tests produced multiple phenomena (e.g., cold leg thermal

stratification, downcomer mixing, loop stagnation). Therefore the data resulting

from all of the tests were used as a set to address the thermal hydraulic phenom-

ena of interest. 

The eight thermal hydraulic phenomena listed in Figure 5.1 were all highly

ranked in the PTS PIRTs. These phenomena are discussed in detail in subse-

quent chapters. Figure 5.1, also lists six methods used to analyze and/or model

the thermal hydraulic phenomena of interest to this study. 
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5.1 Data Plots, Trends and Comparisons

All test data channels were plotted to obtain a clear understanding of the

sequence of events, to identify the phenomena of interest and to identify any

new phenomena that may not have been previously considered. In the test pro-

gram, several parametric studies were conducted. For example, primary side

cooling rates were obtained for a variety of overcooling transients initiated from

different conditions. In those cases where only one parameter was varied, direct

comparisons of the primary side cooling rates reveals the impact of that particu-

lar parameter. This analysis activity represents a major effort for integral system

tests programs.

TABLE 5.1 APEX-CE Test Matrix

Test Number
(Date Completed) Test Description

OSU-CE-0001

(8/18/00)

APEX-CE Natural Circulation Flow Test

Baseline natural circulation flow test to study power versus flow for the APEX-CE configuration. Reactor 
power was varied from 200 kW to 50 kW in 50 kW increments. This baseline test was used to calculate ori-
fice sizes in both the hot and cold legs to match Palisades scaled flow rates.

OSU-CE-0002

(10/12/00)

APEX-CE Natural Circulation Stepped Inventory Reduction Test

Inventory reduction test to obtain single-phase and two-phase core mass flow rate as a function of primary 
loop inventory. This test consisted of steady-state "snap-shots" of natural circulation flow characteristics 

typical of a small break LOCA. This test was used to identify the APEX-CE primary loop inventory at 
which stagnation occurs in the cold legs and was assessed with RELAP5/MOD 3.2.2γ.

OSU-CE-0003

(11/1/00)

APEX-CE Natural Circulation Fluid Mixing Test

Parametric study to determine the combination of HPSI and cold leg flow rates at which thermal stratifica-
tion occurs in the cold legs. This data was used to assess existing stratification criteria and CFD codes. This 
test was a counterpart to the CREARE 1/5 scale test. The following table presents the test specifications.

Power

(kW)

Cold Leg #3

HPSI Flow gpm (lpm)

Cold Leg #4 HPSI Flow

gpm (lpm)

400 0.50 (1.89) 1.00 (3.79)

400 0.35 (1.32) 0.65 (2.46)

300 0.50 (1.89) 1.00 (3.79)
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OSU-CE-0003

(11/1/00)

Continued

300 0.35 (1.32) 0.65 (2.46)

200 0.50 (1.89) 1.00 (3.79)

200 0.35 (1.32) 0.65 (2.46)

150 0.50 (1.89) 1.00 (3.79)

100 0.35 (1.32) 0.65 (2.46)

OSU-CE-0004

(2/8/01)

APEX-CE Stagnant Loop Fluid Mixing Test - 1 HPSI

First of three stagnant primary loop tests performed to obtain steady-state thermal mixing data in the 

APEX-CE downcomer and cold legs for several HPSI flow rates at stagnant loop conditions. This data was 
used to assess the STAR-CD CFD code and REMIX. This test is a counterpart to the CREARE ½-Scale 
test. This test was performed at zero power with only one HPSI at 1.5 gpm (5.68 lpm). 

OSU-CE-0005

(2/13/01)

APEX-CE Stagnant Loop Fluid Mixing Test - 4 HPSI

Second of three stagnant primary loop tests performed to obtain steady-state thermal mixing data in the 
APEX-CE downcomer and cold legs for several HPSI flow rates at stagnant loop conditions. This test is a 

counterpart to the CREARE ½-Scale test. This test was performed at zero power with all 4 HPSI at 1.5 
gpm (5.68 lpm) each. 

OSU-CE-0006

(2/27/01)

APEX-CE Stagnant Loop Fluid Mixing Test - 4 HPSI

Third of three stagnant primary loop tests performed to obtain steady-state thermal mixing data in the 
APEX-CE downcomer and cold legs for several HPSI flow rates at stagnant loop conditions. This data will 
be used to assess the STAR-CD CFD code and REMIX. This test is a counterpart to the CREARE ½-Scale 

test. This test was performed at zero power with all 4 HPSI at 0.75 gpm (2.84 lpm) each.

OSU-CE-0007

(5/22/01)

APEX-CE Top of Hot Leg SBLOCA

This test was the first of a series of primary system cooling transients. The test simulated a 1.41-inch (3.58 

cm) diameter top of a Hot Leg break from full power conditions. 

OSU-CE-0008

(5/24/01)

APEX-CE Top of Hot Leg SBLOCA

This test was another in a series of primary system cooling transients. The test simulated a 2.0-inch (5.08 

cm) diameter top of a Hot Leg break from full power conditions. This transient was modeled with 
RELAP5/MOD 3.2.2 γ.

OSU-CE-0009

(6/7/01)

APEX-CE Stuck open Primary SRV

This test was another in a series of primary system cooling transients. The test simulated a stuck open pri-
mary Safety Relief Valve from full power conditions.

OSU-CE-0010

(6/15/01)

APEX-CE Stuck open SRV and ADV

This test was another in a series of primary system cooling transients. The test simulated stuck open pri-
mary Safety Relief Valve and SG Automatic Dump Valve from full power conditions.

OSU-CE-0011

(5/4/01)

APEX-CE 1.0 ft2 MSLB from Hot Zero Power w/ failure to isolate AFW

This test was another in a series of primary system cooling transients. The test simulated a 1.0 ft2 (0.093 

m2) Main Steam Line Break 100 hours after shutdown, with failure to isolate Auxiliary Feed Water flow to 

the affected Steam Generator. Initial core power includes decay heat and Primary Coolant Pump pumping 
losses. This transient was modeled with RELAP5/MOD 3.2.2γ.

TABLE 5.1 APEX-CE Test Matrix

Test Number
(Date Completed) Test Description
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OSU-CE-0012

(5/11/01)

APEX-CE 1.0 ft2 MSLB from Full Power w/ failure to isolate AFW

This test was another in a series of primary system cooling transients. The test simulated a 1.0 ft2 (0.093 

m2) Main Steam Line Break, with failure to isolate the Auxiliary Feed Water flow to the affected Steam 
Generator. This transient was modeled with RELAP5/MOD 3.2.2γ.

OSU-CE-0013

(10/19/01)

APEX-CE Stuck open Primary SRV with Subsequent Re-closure

This test was another in a series of primary system cooling transients. The test simulated a stuck open pri-
mary Safety Relief Valve from full power conditions. It was a repeat of OSU-CE-0009 with the exception 

that the primary SRV was closed subsequent to the initial failure.

OSU-CE-0014

(11/07/01)

APEX-CE Stagnant Loop Fluid Mixing Test - 2 Adjacent HPSI

This was part of a series of stagnant primary loop tests performed to obtain steady-state thermal mixing 

data in the APEX-CE downcomer and cold legs for several HPSI flow rates at stagnant loop conditions. 
This test was a counterpart to the CREARE ½-Scale test. This test was performed at zero power with two 
adjacent HPSI at 1.5 gpm. 

OSU-CE-0015

(11/07/01)

APEX-CE Stagnant Loop Fluid Mixing Test - 2 Opposite HPSI

This was part of a series of stagnant primary loop tests performed to obtain steady-state thermal mixing 
data in the APEX-CE downcomer and cold legs for several HPSI flow rates at stagnant loop conditions. 

This test was performed at zero power with two opposite cold leg HPSI at 1.5 gpm (5.68 lpm). 

OSU-CE-0016

(11/21/01)

APEX-CE Stagnant Loop Fluid Mixing Test - 3 HPSI

This was part of a series of stagnant primary loop tests performed to obtain steady-state thermal mixing 

data in the APEX-CE downcomer and cold legs for several HPSI flow rates at stagnant loop conditions. 
This test was a counterpart to the CREARE ½-Scale test. This test was performed at zero power with three 
HPSIs at 1.5 gpm (5.68 lpm).

OSU-CE-0017

(5/10/02)

APEX-CE Stagnant Loop Fluid Mixing Test - 1 HPSI with Upper Plenum/Downcomer Bypass

This was part of a series of stagnant primary loop tests performed to obtain steady-state thermal mixing 
data in the APEX-CE downcomer and cold legs for several HPSI flow rates at stagnant loop conditions. 

This test was a counterpart to the CREARE ½-Scale test and a repeat of OSU- CE-0004. This test was per-
formed at zero power with one HPSI at 1.5 gpm (5.68 lpm) with the upper plenum/downcomer bypass 
open.

OSU-CE-0018

(12/18/01)

APEX-CE Stagnant Loop Fluid Mixing Test - 4 HPSI with Upper Plenum/Downcomer Bypass

This is part of a series of stagnant primary loop tests performed to obtain steady-state thermal mixing data 
in the APEX-CE downcomer and cold legs for several HPSI flow rates at stagnant loop conditions. This 

data will be used to assess the STAR-CD CFD code and REMIX. This test is a counterpart to the CREARE 
½-Scale test. This test will be performed at zero power with all 4 HPSI at 1.5 gpm (5.68 lpm) each with the 
upper plenum/downcomer bypass open.

TABLE 5.1 APEX-CE Test Matrix

Test Number
(Date Completed) Test Description
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5.2 Flow Visualization for Qualitative Analysis of Local Fluid Mixing 

Phenomena

One method used to gain insights into the local fluid mixing phenomena arising

in the APEX-CE integral system tests was to perform separate flow visualiza-

tion tests. A transparent Separate Effects Test Loop (SETL), implementing salt-

water injection, was constructed to examine the HPSI, Cold Leg and Loop Seal

fluid mixing behavior. This facility is described in detail in Section 3.2 of this

report. Flow visualization may be coupled with measurement to obtain quantita-

tive results for a limited range of conditions. However, for this program, its

greatest value was to provide a clear picture of the complex fluid mixing behav-

ior at the HPSI/Cold Leg junction, the countercurrent flow in the cold leg and

the loop seal fluid mixing. 

5.3 Analytical Models and Correlations for Modeling of Local Fluid Mixing 

Phenomena

The first approach for modeling relatively simple local fluid mixing phenomena

was to develop a set of predictive equations derived using a combination of

mass, momentum and energy conservation laws for the interacting fluid fields.

In this study, analytical solutions for the perfect mixing of fluids are readily

obtainable and may serve to define bounding limits for fluid entrainment. Corre-

OSU-CE-0019

(5/6/02)

APEX-CE 2.0-Inch Hot Leg Break from Full Power with Upper Plenum/Downcomer Bypass

The objective of this test was to measure the downcomer cool-down rate and to determine the conditions 

for cold leg flow stagnation. The fluid mixing conditions in the cold leg and downcomer were measured. 
The test was initiated from Full power steady-state conditions with a simulated 2.0-inch (5.08 cm) diame-
ter break on the top of a single hot leg. It is a repeat of OSU-CE-0008 with bypass valves open.

OSU-CE-0020

(5/15/02)

APEX-CE 2.0 Inch Hot Leg Break Separate Effects Test

The objective of this test was to observe the effects of steam condensation on the HPSI injection flow dur-
ing a two-inch hot leg break. The test was initiated from steady-state conditions by opening a break at the 

bottom of the hot leg. A steady-state balance between the HPSI flow and the break flow rates was 
achieved. The goal was to maintain the reactor vessel liquid level at the bottom of the hot leg while mea-
suring the local cold leg and downcomer wall temperatures. This created a waterfall effect in the down-

comer that had not been previously examined in the context of PTS. Two decay powers and injection flow 
rates were examined.

TABLE 5.1 APEX-CE Test Matrix

Test Number
(Date Completed) Test Description
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lations for downcomer plume fluid entrainment, plume temperature decay,

plume velocity, and the onset of thermal stratification in a horizontal cold leg

are also available in the literature. 

5.4 Regional Models (REMIX) for Modeling of Local Fluid Mixing Phenomena

For thermal hydraulic phenomena limited to certain regions of a system, it may

be possible to develop a regional model rather than modeling the entire system.

This is the case for HPSI fluid mixing in the cold legs, loop seal and downcomer

under limited conditions. For this study, the REMIX code was used to predict

the downcomer fluid temperatures. This code is described in Chapter 6. 

5.5 Computation Fluid Dynamics (STAR-CD) for Modeling of Local Fluid 

Mixing Phenomena

Complex fluid mixing behavior, such as multiple plume merging and meander-

ing in the downcomer, HPSI backflow, or HPSI injection into complex geome-

tries cannot be predicted using simple regional models. These complex

behaviors are better modeled using a computational fluid dynamics code. For

this study STAR-CD was implemented as an analysis and modeling tool. The

details of this code are also described in Chapter 6. 

5.6 Thermal Hydraulic Systems Codes (RELAP5/MOD 3.2.2γ for Modeling 

Integral System Phenomena

Modeling transient, integral system, thermal hydraulic behavior such as primary

loop stagnation requires the use of a systems analysis code. For this study, the

RELAP5/MOD 3.2.2γ computer code was implemented as a systems analysis

and modeling tool. This code is also described in chapter 6.

Table 5.2 identifies the methods that were used to analysis and model the ther-

mal hydraulic phenomena of interest to this study. The following chapters pro-

vide the results of the data analysis and modeling effort in the same sequence

listed in Table 5.2. 
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1. Tests in which phenomenon was present

2. Modeling methods were assessed against a subset of applicable tests

TABLE 5.2 PTS Thermal Hydraulic Phenomena Analysis Matrix

Chapter Phenomenon Applicable Test 1 Analysis/Modeling Methods2

6 Primary System Cool-Down Transients

• Downcomer Fluid Temperatures and 
Pressures

OSU-CE-0007 through 

OSU-CE-0013

(7 Tests)

Data Plots, Trends and

Comparisons

RELAP5/MOD 3.2.2γ

7 Primary Loop Stagnation

• Loss of Natural Circulation Flow

• Asymmetric Loop Stagnation

OSU-CE-0002 and

OSU-CE-0007 through 

OSU-CE-0013 (8 Tests)

Data Plots, Trends and

Comparisons

RELAP5/MOD 3.2.23.2.2γ

8 Effect of Upper Plenum Vents

• Downcomer Fluid Temperatures

OSU-CE-0017 through 

OSU-CE-0019 (3 Tests)

Data Plots, Trends, and

Comparisons

9 HPSI/Cold Leg Junction Mixing

• HPSI Backflow

• HPSI Plume Mixing

OSU-CE-0003 through 

OSU-CE-0020

(18 Tests)

Data Plots, Trends and Comparisons

Flow Visualization

Analytical Models

STAR-CD

10 Cold Leg Thermal Stratification

• Onset Conditions

• Temperature Gradient

OSU-CE-0003 through 

OSU-CE-0020

(18 Tests)

Data Plots, Trends and Comparisons

Flow Visualization

Analytical Models

STAR-CD

11 Loop Seal Fluid Mixing

• Transient Fluid Temperatures

OSU-CE-0003 through 

OSU-CE-0020

(18 Tests)

Data Plots, Trends and Comparisons

Flow Visualization

Analytical Models

STAR-CD

12 Downcomer Plume Behavior

• Fluid Temperatures

• Multiple Plume Interactions

OSU-CE-0003 through 

OSU-CE-0020

(18 Tests)

Data Plots, Trends and Comparisons

REMIX

STAR-CD

RELAP5/MOD 3.2.2γ

13 Reactor Vessel Wall Heat Transfer

• Wall Temperature Profiles

• Wall Heat Transfer

OSU-CE-0003 through 

OSU-CE-0020

(18 Tests)

Data Plots, Trends and Comparisons

STAR-CD
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6.0 RESULTS AND ANALYSIS OF PRIMARY SYSTEM 

OVERCOOLING TRANSIENTS

This chapter presents the results and analysis of seven APEX-CE primary sys-

tem cool-down tests without upper plenum/downcomer bypass vents. The anal-

ysis has three main objectives: 

1. To identify the transients that result in the lowest downcomer fluid tempera-

tures while at significant system pressures, 

2. To determine if the RELAP5/MOD 3.2.2γ computer code can adequately 

predict the transient conditions for each class of transient considered, and 

3. To identify the thermal hydraulic phenomena that significantly impacts HPSI 

fluid mixing. The fluid mixing phenomena will be further examined in later 

chapters.

Section 6.1 presents the review of the APEX-CE overcooling tests. The purpose

of this examination was to determine the sequence of events, explain the causes

for the observed behaviors and to identify the key thermal phenomena. Section

6.2 presents RELAP5/MOD 3.2.2γ analyses of four of the seven overcooling

transients. The goal was to determine how well RELAP5 predicts the measured

data and to explain any differences that were observed. Lastly, Section 6.3 com-

pares the downcomer fluid temperatures and system pressures for all of the tests

to determine their relative importance to PTS. 

6.1 APEX-CE Overcooling Test Data

This section presents an examination of the data from the following seven tests: 

• OSU-CE-0007, 1.41 in (3.58 cm) Top of Hot Leg SBLOCA

• OSU-CE-0008, 2.0 in (5.08 cm) Top of Hot Leg SBLOCA

• OSU-CE-0009, Stuck-Open Pressurizer Safety Relief Valve

• OSU-CE-0010, Stuck-Open Pressurizer Safety Relief Valve and Steam Gen-

erator Automatic Dump Valve

• OSU-CE-0011, 1.0 ft2 (0.093 m2) MSLB from Hot Zero Power with failure 

to isolate Auxiliary Feedwater

• OSU-CE-0012, 1.0 ft2 (0.093 m2) MSLB from Full Power with failure to 

isolate Auxiliary Feedwater

• OSU-CE-0013, APEX-CE Stuck-Open Pressurizer Safety Relief Valve with 

Subsequent Re-closure
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6.1.1 APEX-CE Data for a Scaled 1.4-Inch Hot Leg Break from Full Power (OSU-CE-0007)

Test OSU-CE-0007 was successfully performed on May 22, 2001. It was the

first of the integral system overcooling tests to be conducted in the APEX-CE

test facility. The objective of this test was to measure the downcomer cool-down

rate and to determine the conditions for cold leg flow stagnation. The fluid tem-

perature profiles in the cold leg and downcomer were measured as described in

Chapter 3 of this report.

The SBLOCA transient logic is presented in Table 6.1, and was implemented

based on the Palisades plant emergency operating procedures described in

Chapter 4. Table 6.2 lists the sequence of events for the test.

The test was initiated by opening the LOCA valve on the top of Hot Leg #1

from steady-state full power conditions. An orifice plate having a 0.135 inch

(0.343 cm) diameter opening was in place in the break line to simulate a scaled

1.4-inch (3.56 cm) diameter hot leg break. As per the logic, the four trains of

HPSI were placed in service and the core power was placed in decay mode at

the start of the test. HPSI flow did not begin until primary pressure dropped

below the HPSI setpoint pressure of 2.6 MPa (377 psia).

TABLE 6.1 SBLOCA Test Logic

At Time Zero:
- Open hot leg break
- Actuate APEX-CE Decay Power Curve to simulate Reactor Scram

- Place HPSI System in Service

Manually trip 2 Reactor Coolant Pumps, one in each loop (no flow coastdown).

Maintain Steam Generator level with Auxiliary Feedwater flow.

Maintain Steam Generator pressure at setpoint. (Use Automatic Dump Valve if MSIVs are 

closed, use Turbine Bypass Valves if MSIVs are open)

Trip Pressurizer Heaters on Low Pressurizer level (~35%). Allow reset if Pressurizer level 

recovers

Trip remaining Reactor Coolant Pumps (include flow coastdown) on Low Hot Leg Subcooling 

Margin <13.9 K (25oF)
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Figure 6.1 describes the pressure history of the transient and the causes for the

trends observed. The first phase shown in Figures 6.1 is an initial period of

depressurization, caused by opening the break valve. During this time period,

primary system inventory was depleted due to sub-cooled critical flow at the

break location. At 4.1 seconds after opening the break, Reactor Coolant Pumps

1 and 4 were manually tripped as per the plant logic. At 13.4 seconds, the pres-

surizer heaters automatically tripped at the prescribed pressurizer level setpoint

of 40.64 cm (16 inches). At 20.3 seconds, Reactor Coolant Pumps 2 and 3 auto-

matically tripped at the prescribed pressurizer level setpoint of 38 cm (15

inches). The low subcooling margin for RCP trip, (i.e., hot leg fluid temperature

within 13.9 K (25oF) of the saturation temperature), was not reached until 41.6

seconds. As a result of the RCP trips, the loop flow transitioned from forced cir-

culation to natural circulation flow. Subsequent to the pump trips, each cold leg

had a volumetric flow rate of approximately 1 liter/s. The primary pressure

experienced a plateau when it reached the saturation pressure roughly corre-

sponding to the hot leg temperature. There was a brief period of saturated natu-

ral circulation, phase 2, as shown in Figure 6.1.

Primary system pressure decreased as the break flow continued. At 50 seconds,

the primary system pressure dropped below the setpoint for HPSI actuation and

HPSI flow was started. Cold HPSI water was injected into each cold leg in

accordance with the pump head curve. The primary system pressure continued

to decrease as a result of the loss of inventory through the break and HPSI cool-

ing.
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TABLE 6.2 The Sequence of Events for OSU-CE-0007

APEX-CE

Event Description Time (s)

Open LOCA Break on Top of Hot Leg #1

RCP-1 and RCP-4 Manual Trip as per Logic

Pressurizer Heaters Off on Compensated Low Level setpoint, 40.6 cm (16 inches)

RCP-2 and RCP-3 Trip on PZR level setpoint, 38.0 cm (15 inches) 

HPSI Flow begins automatically at pressure setpoint

Reached 13.9 K (25oF) subcooling margin in Hot Legs (RCP2 & RCP3 already tripped)

Pressurizer begins to refill to initial liquid level

Pressurizer Heaters On

Pressurizer Heaters Off

Pressurizer Heaters On

Pressurizer Heaters Off

Pressurizer Heaters On

Pressurizer Heaters Off

Loop Seal #4 Temperature Decay Begins

Cold Leg #4 Flow Stops

Pressurizer Heaters On

Pressurizer Heaters Off

Pressurizer Heaters On

Pressurizer Heaters Off

Pressurizer Heaters On

Pressurizer Heaters Off

Loop Seal #3 Temperature Decay Begins

Cold Leg #3 Flow Stops

Pressurizer Heaters On

Pressurizer Heaters Off

Pressurizer Heaters On

Pressurizer Heaters Off

Pressurizer Heaters On

Pressurizer Heaters Off

Pressurizer Heaters On

Pressurizer Heaters Off

Cold Leg #2 Flow Stops

Pressurizer Heaters On

Pressurizer Heaters Off

Test Ends

0

4.1

13.4

20.3

39

41.6

837

1822

2185

2954

3193

3749

3959

4137

4180

4468

4674

5262

5432

6049

6234

6479

6611

6829

7010

7543

7737

8295

8491

9020

9217

9612

9669

9820

10,166
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FIGURE 6.1 Description of Pressurizer Pressure History

Notes: 1. Subcooled Blowdown 2. Saturated Natural Circulation 3. Saw-Toothed oscilla-

tions generated by Pressurizer filling due to HPSI injection and primary fluid volume

expansion and Pressurizer Draining due to PZR Heater Operation.

At 2185 seconds, the first of many saw-toothed oscillations were observed in

the pressure trend. The cause for these oscillations is readily explained using the

schematic shown in Figure 6.2. The HPSI system gradually refilled the primary

system with cool water. As this cool water was heated by the core decay power,

its volume increased thereby increasing the liquid level in the pressurizer. Even-

tually the liquid level in the pressurizer was sufficient to automatically reset the

PZR heaters. This is shown in Figure 6.3. The PZR heaters generated a steam

bubble that forced some liquid out of the pressurizer back into the primary loop

thus raising system pressure. The increased primary system pressure reduced

the HPSI flow rate and increased the break flow rate as shown in Figure 6.4.

Figure 6.5 reveals the presence of low vapor quality fluid slugs passing through

the break during the brief periods when system pressure was increasing. The

reduced HPSI flow and increased break flow allowed primary system fluid vol-

0

0.5

1

1.5

2

2.5

3

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Time (s)

P
r
e
ss

u
r
e
 (

M
P

a
)

PT-604 MPa1 2 3



RESULTS AND ANALYSIS OF PRIMARY SYSTEM OVERCOOLING TRANSIENTS

6-6

ume to decrease and pressurizer level to continue decreasing. Pressurizer drain-

ing also resulted in an increase in the reactor vessel mixture and collapsed liquid

levels as shown in Figure 6.6. Eventually the pressurizer level dropped below

the PZR heater setpoint, tripping the heaters. This allowed the primary system

pressure to decrease and HPSI flow to increase again. 

FIGURE 6.2 Schematic Explaining the Saw-toothed Pressure Oscillations observed in OSU-CE-0007

Cool HPSI water is heated by core 

decay heat expanding primary 

system fluid volume.

Increasing Primary System fluid 

volume refills the PZR.

PZR heaters actuate on PZR level 

forming a steam bubble

PZR steam bubble grows 

forcing liquid out of PZR 

and raising system 

pressure.

Increased system pressure reduces 

HPSI flow and increases break 

flow. Primary fluid volume 

decreases.

Decreasing primary fluid volume 

lowers level in PZR below heater 

setpoint and PZR heaters trip.

Loss of PZR heaters allows system 

pressure to decrease and HPSI flow 

to increase.

Cool HPSI water is 
injected into the 

primary system
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FIGURE 6.3 Cyclic Filling and Draining of the PZR Near the PZR Heater Trip and Reset Level of 40.6 
cm

FIGURE 6.4 Comparison of HPSI and Break Mass Flow Rates
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FIGURE 6.5 Vapor Quality at the Break Showing the Cyclic Passage of Low Quality Liquid Slugs

FIGURE 6.6 Reactor Vessel Mixture and Collapsed Liquid Levels 

The next major phenomenon observed during the test was the asymmetric stag-

nation of the cold leg flows. Figure 6.7 shows that the flow in Cold Leg #4
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stopped at approximately 4180 seconds whereas the flow in Cold Leg #2, with

which it shares a common inlet header via Steam Generator #2, stopped much

later at 9162 seconds. Cold Leg #3 exhibits similar behavior as shown on Figure

6.8.

In general, loop stagnation occurred after the temperature of the shell side fluid

in the steam generators exceeded the temperature of the fluid in hot legs. That

is, the steam generators became heat sources for the primary system. This is

illustrated in Figures 6.9 and 6.10. Note that loop stagnation did not occur until

there was sufficient temperature difference to overcome the buoyancy generated

by cold HPSI injection into the cold legs and downcomer. 

The asymmetric stagnation of the cold legs is attributable to the asymmetric

cooling of the loop seals as shown in Figures 6.11 and 6.12. This phenomenon

is discussed in detail in the next chapter.

FIGURE 6.7 Asymmetric Stagnation Behavior in Cold Legs #2 and #4 During OSU-CE-0007
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FIGURE 6.8 Asymmetric Stagnation Behavior in Cold Legs #1 and #3 during OSU-CE-0007

FIGURE 6.9 Steam Generator #2 Shell Side Fluid Becomes a Heat Source for Primary Side
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FIGURE 6.10 Generator #1 Shell Side Fluid Becomes a Heat Source for Primary Side

FIGURE 6.11 Asymmetric Cooling of Loop Seal # 4 due to Spillover of HPSI Fluid (OSU-CE-0007)
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FIGURE 6.12 Asymmetric Cooling of Loop Seal # 3 due to Spillover of HPSI fluid (OSU-CE-0007)

The downcomer fluid temperatures are of significant interest to overcooling

transients. Figures 6.13 through 6.16 show the downcomer fluid temperatures

below each of the cold legs. In general, the fluid temperatures near the vessel

wall were fairly uniform below a downcomer depth of three cold leg diameters. 

The test proceeded until it was successfully terminated at 10,166 seconds. In

conclusion, the test provided useful data on control system interactions during

very small break LOCAs and on asymmetric loop stagnation. Local fluid-mix-

ing data was also obtained. These phenomena will be discussed in the analysis

chapters that follow.
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FIGURE 6.13 Downcomer Fluid Temperature Below Cold Leg #1 (OSU-CE-0007)

FIGURE 6.14 Downcomer Fluid Temperature Below Cold Leg #2 (OSU-CE-0007)
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FIGURE 6.15 Fluid Temperature Below Cold Leg #3 (OSU-CE-0007)

FIGURE 6.16 Downcomer Fluid Temperature Below Cold Leg #4 (OSU-CE-0007)
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6.2 RELAP5 Calculations of APEX-CE Overcooling Transients

One of the objectives of the OSU PTS Research Program was the assessment of

RELAP5's ability to predict the thermal hydraulic phenomena that could signif-

icantly increase the risk of a PTS event. This section presents the analysis of

four APEX-CE SBLOCA and MSLB tests using RELAP5/MOD 3.2.2γ. Table

6.3 lists the test number, transient type and descriptive name of each test ana-

lyzed.

One quasi-steady state stepped inventory reduction tests, OSU-CE-0002, and

one steady-state HPSI operation test, OSU-CE-0006, were also assessed using

RELAP5. The results of those calculations are presented in the section on pri-

mary loop stagnation and downcomer plume behavior respectively. The follow-

ing sections present a brief description of the initial conditions, the sequence of

events and the thermal hydraulic phenomena for each test. A comparison of the

predicted versus actual sequence of events and parameter histories, and explana-

tions for differences observed between the measured data and the predicted

results are provided. The chapter concludes with an assessment of RELAP5 rel-

ative to the PTS SBLOCA and MSLB PIRTs.

TABLE 6.3 APEX-CE Overcooling Transients Analyzed with RELAP5

Test Number Transient Type Description

OSU-CE-0008 SBLOCA 2.0 in Top of Hot Leg from Full Power

OSU-CE-0011 MSLB 1.0 ft2 Main Steam Line from Hot Zero Power

OSU-CE-0012 MSLB 1.0 ft2 Main Steam Line from Full Power

OSU-CE-0010 SBLOCA and MSLB Stuck Open Main Steam Line ADV and Pressur-

izer SRV from Full Power
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Before delving into the code comparisons to measured data, a description of the

RELAP5 models and the analysis methods are presented.

6.2.1 APEX-CE RELAP5 Model and Methods

A detailed RELAP5/Mod 3.2.2γ model of the APEX-CE test facility was devel-

oped for each of the five APEX-CE transients. A RELAP5 nodalization diagram

for APEX-CE is shown in Figure 6.17. As shown in this diagram, each model

simulated the reactor vessel with a core and internal structures, two steam gen-

erators with shell side connections for feedwater, four cold legs (each with a

reactor coolant pump, a loop seal and a HPSI line connection), two hot legs, and

a pressurizer. An individual model was custom made for each transient by

assigning break locations, operator actions, system logic, initial conditions and

boundary conditions specific to the transient being considered. The following

section describes the typical initial conditions and APEX-CE information used

in the RELAP5 models.

6.2.1.1 Steady-State Initial Conditions

Two sets of initial conditions were typically established for the APEX-CE

SBLOCA and MSLB transients; Full Power and Hot Zero Power. Table 6.4 lists

the typical full power conditions for the APEX-CE test facility. These initial

conditions were obtained through a detailed scaling analysis presented in

NUREG/CR-67311.
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FIGURE 6.17 RELAP5 Nodalization Diagram for the APEX-CE Test Facility
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Table 6.5 lists the APEX-CE Hot Zero Power condition. The Hot Zero Power

condition represents the plant steady-state power 100 hours after shutdown from

full power. This includes the heat contributed by the four operating reactor cool-

ant pumps.

TABLE 6.4 APEX-CE Full Power Initial Conditions

Parameter English Units Metric Units

Core Power 578.2 Btu/s 610 kW

Core Mass Flow Rate 92 lbm/s 41.7 kg/s

Pressurizer Pressure 384.7 psia 2.65 MPa

Pressurizer Level (Narrow Range) 20 in. 50.8 cm

Hot Leg Temperature 411oF 483.7 K

Cold Leg Temperature 403oF 479.3 K

Steam Generator #1Pressure 246.7 psia 1.70 MPa

Steam Generator #2 Pressure 246.7 psia 1.70 MPa

Steam Generator #1 Water Level (Narrow Range) 15 in. 38.1 cm

Steam Generator #2 Water Level (Narrow Range) 15 in. 38.1 cm

Steam Generator #1 & #2 Feedwater Temperature 69.5oF 294.0 K

Steam Generator #1 & #2 Mass Flow Rate (per SG) 0.226 lbm/s 0.103 kg/s

TABLE 6.5 APEX-CE Hot Zero Power Initial Conditions

Parameter English Units Metric Units

Core Power 94.78 Btu/s 100 kW

Core Mass Flow Rate 92 lbm/s 41.7 kg/s

Pressurizer Pressure 384.7 psia 2.65 MPa

Pressurizer Level (Narrow Range) 20 in. 50.8 cm

Hot Leg Temperature 415oF 485.9 K

Cold Leg Temperature 414oF 485.4 K

Steam Generator #1Pressure 286.7 psia 1.98 MPa

Steam Generator #2 Pressure 286.7 psia 1.98 MPa

Steam Generator #1 Water Level (Narrow Range) 24 in. 60.9 cm
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A detailed, transient specific, input deck was prepared for each APEX-CE test

that was analyzed. Prior to performing a transient analysis, a calculation was

performed to establish steady-state conditions for the RELAP5 model. Pressur-

izer pressure and collapsed liquid level, steam generator pressures and collapsed

liquid levels, core power, cold leg mass flow rate, and the average temperatures

for the hot and cold leg fluid were typically calculated for 1200 seconds to reach

steady-state conditions. These calculated steady-state values were then used to

initiate the transient analysis. The results of the steady-state initialization runs

are presented in Appendix C.

6.2.1.2 Core Decay Power Curve

The decay power for APEX-CE was obtained from the APEX-CE Scaling Anal-

ysis Report1 which used values from the “American National Standard for

Decay Heat Power in Light Water Reactors” (ANSI/ANS-5.1.24, 1979). The

power curve includes a G-factor that takes into account the transient decay of

heavy elements. The decay power curve was modeled by the following equa-

tion:

(6.8)

where P o in APEX-CE was 610 kW, the decay time constant, ωD was 0.2338 s-

1 and the exponent, c, was 0.2316 for full power initial conditions. This decay

curve was used to simulate the core power decay from Full Power initial condi-

tions.

Steam Generator #2 Water Level (Narrow Range) 24 in. 60.9 cm

Steam Generator #1 & #2 Feedwater Temperature 68.7oF 293.5 K

Steam Generator #1 & #2 Mass Flow Rate (per SG) 0.040 lbm/s 0.018 kg/s

TABLE 6.5 APEX-CE Hot Zero Power Initial Conditions

Parameter English Units Metric Units
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6.2.1.3 HPSI Pump Flow Rate Curve

The High Pressure Safety Injection flow rate was programmed in the APEX-CE

to be a function of system pressure. Table 6.6 presents the HPSI flow versus

pressure head for each pump.

*HPSI Fluid Density was approximately constant 62.3 lbm/ft3 (998 kg/m3)

TABLE 6.6 HPSI Pump Curve (Flow Rate per Cold Leg).*

Pressure
(psia)

Volumetric
Flow (gal/min)

Mass Flow
Rate (lbm/s)

Pressure
(MPa)

Volumetric Flow
(liters/min)

Mass Flow 
(kg/s)

14.7 1.151 0.160 0.10 4.355 0.072

14.7 1.140 0.158 0.10 4.313 0.072

20.6 1.129 0.157 0.14 4.272 0.071

28.6 1.117 0.155 0.20 4.229 0.070

36.6 1.106 0.154 0.25 4.187 0.070

44.5 1.095 0.152 0.31 4.145 0.069

52.5 1.084 0.150 0.36 4.102 0.068

55.7 1.080 0.150 0.38 4.086 0.068

56.3 1.079 0.150 0.39 4.083 0.068

58.3 1.076 0.149 0.40 4.074 0.068

58.6 1.076 0.149 0.40 4.071 0.068

68.5 1.060 0.147 0.47 4.013 0.067

100.4 1.009 0.140 0.69 3.817 0.064

132.2 0.954 0.132 0.91 3.610 0.060

164.1 0.895 0.124 1.13 3.388 0.056

196.0 0.832 0.116 1.35 3.148 0.052

227.9 0.762 0.106 1.57 2.884 0.048

259.8 0.684 0.095 1.79 2.589 0.043

291.7 0.5294 0.083 2.01 2.247 0.037

323.6 0.484 0.067 2.23 1.830 0.030

355.5 0.332 0.046 2.45 1.257 0.021

371.4 0.214 0.030 2.56 0.809 0.013

382.6 0.000 0.000 2.64 0.000 0.000

382.9 0.000 0.000 2.64 0.000 0.000
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6.2.2 Comparison of RELAP5 Predictions to OSU-CE-0008 Data

Appendix C presents plots of the RELAP5 steady-state initialization and tran-

sient calculations for the OSU-CE-0008 test. This section provides a compari-

son of the RELAP5 calculations to the measured data and provides explanations

for some of the differences that were observed.

The initial conditions for the OSU-CE-0008 test are listed in Table 6.7. The ini-

tial conditions for the test were measured during the two-minute steady state

interval just prior to opening the LOCA break valve. Excellent agreement

between the measured and calculated steady-state values was achieved by per-

forming 1200 seconds of calculation using the input deck developed for the test.

The output of the steady state run was used to build a restart file for the transient

calculations. The restart transient file included new inputs for initiating a simu-

lated 2" (5.08 cm) break at the top of Hot Leg #1. Table 6.8 compares the

APEX-CE sequence of events with the sequence of events predicted by

TABLE 6.7 Measured and RELAP5 Calculated Initial Conditions for OSU-CE-0008

Parameters
APEX-CE
Measured

RELAP5
Calculated

Core Power 578.2 Btu/s 610 kW 578.2 Btu/s 610 kW

Core Mass Flow Rate 92 lbm/s 41.7 kg/s 92 lbm/s 41.7 kg/s

Pressurizer Pressure 384.7 psia 2.65 MPa 384.7 psia 2.65 MPa

Pressurizer Level (Narrow Range) 18 in. 45.7 cm 19 in. 48.3 cm

Hot Leg Temperature 411oF 483.7 K 411oF 479.3 K

Cold Leg Temperature 403oF 479.3 K 403oF 479.3 K

Steam Generator #1Pressure 246.7 psia 1.70 MPa 246.7 psia 1.70 MPa

Steam Generator #2 Pressure 246.7 psia 1.70 MPa 246.7 psia 1.70 MPa

Steam Generator #1 Water Level (Narrow Range) 15 in. 38.1 cm 18 in. 45.7 cm

Steam Generator #2 Water Level (Narrow Range) 15 in. 38.1 cm 18 in. 45.7 cm

Steam Generator #1 & #2 Feedwater Temperature 69.5oF 297 K 68.7oF 293.5 K

Steam Generator #1 & #2 Mass Flow Rate (per SG) 0.226 lbm/s 0.103 kg/s 0.25 lbm/s 0.113 kg/s
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RELAP5. The table provides a general sense of how well RELAP5 predicted

the timing of key events.

* Each of the RELAP5 Steam Generators was modeled using a single tube.

TABLE 6.8 Comparison of APEX-CE and RELAP5 Sequence of Events for OSU-CE-0008

Event Description
APEX-CE
Time (s)

RELAP5
Time (s)

Open LOCA Break on Top of Hot Leg #1 0 0

RCP-1 and RCP-4 Manual Trip as per Logic 4.1 0.001

Pressurizer Heaters Off on Compensated Low Level Setpoint, 40.6 cm (16 inches) 11.5 20.8

RCP-2 and RCP-3 Trip on PZR Level Setpoint, 38.0 cm (15 inches) 28.7 20

HPSI Flow Begins Automatically at Pressure Setpoint 39 27

Reached 13.9 K (25oF) Subcooling Margin in Hot Legs (RCP-2 and RCP-3 already tripped) 45.2 160

Pressurizer Empty 53 112

Feedwater Flow to Steam Generator #1 Started 536 490

Feedwater Flow to Steam Generator #3 Started 552 506

Steam Generator #2 Long Tube Begins to Drain 1082 1020*

Steam Generator #1 Long Tube Begins to Drain 1119 870

Feedwater Flow to Steam Generator #2 Isolated 1196 1213

Feedwater Flow to Steam Generator #1 Isolated 1627 1640

Cold Leg #4 Stagnates 1841 1420

Steam Generator #1 Short Tube Begins to Drain 2642 870*

Steam Generator #2 Short Tube Begins to Drain 2642 1020*

Cold Leg #3 Stagnates 3395 3790

Pressurizer Begins to Refill to Initial Liquid Level 3798 410

Cold Leg #1 Stagnates 4731 3000

Pressurizer Heaters On 4763 670

Cold Leg #2 Stagnates 4789 1300

Pressurizer Heaters Off 5101 n/a

Cold Leg #1 Flows Restarts 5326 3900

Pressurizer Empty Again 5351 n/a

Cold Leg #1 Stagnates Again 5936 4700

Pressurizer Surge Line Empty 7612 n/a

Test Ends 10007 10000
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The sequence of events table reveals that the timing of events, as predicted by

the RELAP5 calculations, are in reasonable agreement with the measured data

early in the test. However, significant differences arise later in the test. The key

comparisons are presented in the following sections. 

6.2.2.1 System Pressure and Downcomer Fluid Temperatures

With regards to PTS, the parameters of major interest are the system pressure

and the downcomer fluid temperatures. Figures 6.18 and 6.19 compare the cal-

culated pressurizer collapsed liquid level and pressure, respectively, to the mea-

sured values for OSU-CE-0008. As shown in Figure 6.18, the PZR collapsed

liquid predicted by RELAP5 is significantly greater than the APEX-CE values.

The RELAP5 calculations indicate that the pressurizer initially empties, then

subsequently refills to a maximum height at ~4800 seconds and remains par-

tially filled with liquid for the remainder of the test. It is interesting to note that

RELAP5 accurately predicted the time for reaching the peak liquid level in the

pressurizer.

The code calculations also predicted that the pressurizer heaters re-energized at

670 seconds and remained energized for the remainder of the test. Figure 6.18

reveals that the pressurizer was actually empty for most of the test and as a

result, the PZR heaters were off. This discrepancy accounts for the difference

between the pressure trends predicted by the code and those observed in the test

as shown in Figure 6.19. Even with the effect of the PZR heaters, the trends

were quite similar for the first 4800 seconds of the test. The difference in pres-

sures is most noticeable after 7800 seconds when the RELAP5 over-estimated

the pressurizer pressure. This time corresponds to the emptying of the PZR

surge line as shown in Figure 6.20.
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FIGURE 6.18 Comparison of RELAP5 Calculations to Measured Pressurizer Collapsed Liquid Levels 
(OSU-CE-0008)

FIGURE 6.19 Comparison of RELAP5 Calculations to Measured Pressurizer Pressures (OSU-CE-
0008)
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FIGURE 6.20 Comparison of RELAP5 Calculations to Measured Pressurizer Surge Line Collapsed 
Liquid Levels (OSU-CE-0008)

Comparisons of RELAP5 predictions to the measured downcomer fluid temper-
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FIGURE 6.21 Comparison of RELAP5 Calculations to Measured Cold Leg #1-Downcomer 
Temperature Profile in OSU-CE-0008

FIGURE 6.22 Comparison of RELAP5 Calculations to Measured Cold Leg #2-Downcomer 
Temperature Profile in OSU-CE-0008
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FIGURE 6.23 Comparison of RELAP5 Calculations to Measured High Pressure Injection Flow Rates 
(OSU-CE-0008)

FIGURE 6.24 Comparison of RELAP5 Calculations to Measured Break Flow Rates (OSU-CE-0008)
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6.2.2.2 Cold Leg Stagnation

Figure 6.25 through Figure 6.28 show comparisons of the calculated and mea-

sured cold leg mass flow rates. RELAP5 predicted stagnation in all of the cold

legs as in the test. It was interesting to note that RELAP5 predicted asymmetric

stagnation in the cold legs although not in the same order as observed in the test.

The stagnation timing predictions for Cold Leg #4 (1420 seconds versus the

actual 1841 seconds) and Cold Leg #3, (3790 seconds versus the actual 3395

seconds) were within about 400 seconds. The predictions for Cold Leg #1 (3000

seconds versus the actual 4731 seconds) and Cold Leg #2 (1300 seconds versus

the actual 4789 seconds) were about 1700 seconds apart. After reaching the cold

leg stagnation condition, the calculated values oscillated about zero flow for the

duration of the transient.

FIGURE 6.25 Comparison of RELAP5 Calculations to Measured Cold Leg #1 Flow Rates (OSU-CE-
0008)
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FIGURE 6.26 Comparison of RELAP5 Calculations to Measured Cold Leg #2 Flow Rates (OSU-CE-
0008)

FIGURE 6.27 Comparison of RELAP5 Calculations to Measured Cold Leg #3 Flow Rates (OSU-CE-
0008)
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FIGURE 6.28 Comparison of RELAP5 Calculations to Measured Cold Leg #4 Flow Rates (OSU-CE-
0008)
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(1082 seconds). However, the RELAP5 predictions were considerably different

relative to the time when the short tubes started to drain (2642 seconds). 

The liquid mass inventory that remained in the steam generator tubes subse-

quent to the onset of tube draining was significantly greater in the RELAP5

model than in the actual experiment. Figures 6.29 and 6.30 shows that the mini-

mum liquid level in the steam generator tubes for either steam generator, as pre-

dicted by RELAP5, was 1.8 m as opposed to the actual value of 0.37 m. In the

experiment, the draining of the steam generator tubes was found to impact the

reactor vessel and hot leg liquid levels. Furthermore, during the periods when

the steam generator tubes, the pressurizer and the pressurizer surge line drained,

the break mass flow rate generally increased.

FIGURE 6.29 Comparison of RELAP5 Calculations to Measured Steam Generator #1 Tube Collapsed 
Liquid Levels (OSU-CE-0008)
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FIGURE 6.30 Comparison of RELAP5 Calculations to Measured Steam Generator #2 Tube Collapsed 
Liquid Levels (OSU-CE-0008)
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FIGURE 6.31 Comparison of RELAP5 Calculations to Measured Steam Generator #2 Feedwater Flow 
Rates (OSU-CE-0008)

FIGURE 6.32 Comparison of RELAP5 Calculations to Measured Steam Generator #1 Feedwater Flow 
Rates (OSU-CE-0008)
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FIGURE 6.33 Comparison of RELAP5 Calculations to Measured Steam Generator #1 Pressures 
(OSU-CE-0008)

FIGURE 6.34 Comparison of RELAP5 Calculations to Measured Steam Generator #2 Pressures 
(OSU-CE-0008)
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Figures 6.35 and 6.36 show that during the test, Steam Generator #1 became a

"heat source" after 6138 seconds and Steam Generator #2 became a heat source

after 5709 seconds. That is, the hot leg fluid temperatures were less than the sec-

ondary side fluid temperatures. However, the RELAP5 calculations indicate

that the steam generators remained as "heat sinks" throughout the entire test

except for the period from 2000 to 3120 seconds where the two temperatures

were equal. The fact that the steam generators had become heat sources pre-

vented primary loop natural circulation from being re-established after the

steam generator tubes refilled.

FIGURE 6.35 Comparison of RELAP5 Calculations to Measured Hot Leg #1 and Steam Generator #1 
Temperature Profiles in OSU-CE-0008
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FIGURE 6.36 Comparison of RELAP5 Calculations to Measured Hot Leg #2 and Steam Generator #2 
Temperature Profiles in OSU-CE-0008

6.2.2.4 Conclusions
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The initial conditions for the OSU-CE-0010 test are listed in Table 6.9. The ini-

tial conditions for the test were measured during the two-minute steady state

interval just prior to opening the LOCA break valve. Excellent agreement

between the measured and calculated steady-state values was achieved by per-

forming 1200 seconds of calculation using the input deck developed for the test.

The output of the steady state run was used to build a restart file for the transient

calculations. The restart transient file included new inputs for initiating an event

that includes both a stuck-open Pressurizer SRV and a stuck-open ADV on the

Main Steam Line. 

Table 6.10 compares the APEX-CE sequence of events with the sequence of

events predicted by RELAP5. The table provides a general sense of how well

RELAP5 predicted the timing of key events.

TABLE 6.9 A Comparison of Measured and RELAP5 Calculated Initial Conditions for OSU-CE-0010

Parameters
APEX-CE
Measured

RELAP5
Calculated

Core Power 578.2 Btu/s 610 kW 578.2 Btu/s 610 kW

Core Mass Flow Rate 92 lbm/s 41.7 kg/s 92 lbm/s 41.7 kg/s

Pressurizer Pressure 384.7 psia 2.65 MPa 384.7 psia 2.65 MPa

Pressurizer Level (Narrow Range) 20 in. 50.8 cm 21 in. 53.34 cm

Hot Leg Temperature 408oF 481.9 K 408oF 481.9 K

Cold Leg Temperature 403oF 479.3 K 403oF 479.3 K

Steam Generator #1Pressure 246.7 psia 1.70 MPa 246.7 psia 1.70 MPa

Steam Generator #2 Pressure 246.7 psia 1.70 MPa 246.7 psia 1.70 MPa

Steam Generator #1 Water Level (Narrow Range) 18 in. 45.7 cm 18 in. 45.7 cm

Steam Generator #2 Water Level (Narrow Range) 18 in. 45.7 cm 18 in. 45.7 cm

Steam Generator #1 & #2 Feedwater Temperature 69.5oF 294.0 K 68.7oF 293.5 K

Steam Generator #1 & #2 Mass Flow Rate (per SG) 0.25 lbm/s 0.1134 kg/s 0.25 lbm/s 0.1134 kg/s
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* RELAP5 predicted another resumption of the flow in Cold Legs #2 and #4 at 7210 seconds.

6.2.3.1 System Pressure and Downcomer Fluid Temperatures

With regards to PTS, the parameters of major interest are the system pressure

and the downcomer fluid temperatures. Figures 6.37 and 6.38 compare the cal-

culated pressurizer collapsed liquid level and pressure, respectively, to the mea-

sured values for OSU-CE-0010. As shown in Figure 6.37, RELAP5 predicted

the trend of the pressurizer pressure reasonably well (i.e., within 7 percent) dur-

ing the first 6000 seconds of the transient. 

RELAP5 predicts the same rapid increase in pressurizer level as observed in the

test as a result of the opening of the PZR safety relief valve. The maximum col-

lapsed liquid level predicted by RELAP5 was 10 percent greater than the

observed value.

TABLE 6.10 Comparison of APEX-CE and RELAP5 Sequence of Events for OSU-CE-0010

Event Description
APEX-CE
Time (s)

RELAP5
Time (s)

ADS 2 Open / Steam Generator PORV Open / HSPI Injection Initiated 0 0

Secure RCPs 1 and 4 5 5

Secure RCPs 2 and 3 13 15

Feed Water Secured 17 0

Cold Leg 4 Stagnates 762 610

Cold Leg 2 Stagnates 1161 610

Cold Legs 2 and 4 Begin to Flow / Steam Generator #2 Tubes Begin to Drain 3587 3600*

Cold Legs 2 and 4 Stagnate / Stream Generator #2 Tubes Become Full 6623 6610

End of Test 10016 10000
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FIGURE 6.37 Comparison of RELAP5 Calculations to Measured Pressurizer Pressures (OSU-CE-
0010)

FIGURE 6.38 Comparison of RELAP5 Calculations to Measured Pressurizer Collapsed Liquid Level 
(OSU-CE-0010)
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Comparisons of RELAP5 predictions to the measured downcomer fluid temper-

atures are shown in Figures 6.39 and 6.40. The location shown in each figure is

at a distance 8 cold leg diameters below the cold leg centerline. The well-mixed

downcomer fluid temperatures predicted by RELAP5 were within 7.3 percent of

the measured downcomer fluid temperatures.

Both the downcomer fluid temperature and the primary system pressure are

influenced by the HPSI and break flow rates during the transient. Figure 6.41

compares the RELAP5 prediction of the HPSI flow rate to the measured values.

Although RELAP5 predicted similar trends, it under-predicted the HPSI flow

rates by up to 20 percent for portions of the transient. Figure 6.42 compares the

predicted PZR SRV flow rates to the measured values. The averaged flow rates

predicted by RELAP5 are in good agreement with the data. That is, the pre-

dicted values tend to oscillate around the measured values. This is seen more

clearly in Figure 6.43, which shows the integrated mass of the PZR SRV and

HPSI over the course of the test. Both the test and the RELAP5 calculation indi-

cate that more liquid mass was injected into the system than was swept out of

the PZR SRV. This indicates that given enough time, the HPSI pumps would

refill and repressurize the primary system. The difference in the total injection

flow rate and the PZR SRV flow rate is relatively small. Hence small inaccura-

cies in the break flow rate predictions could significantly alter the predicted sys-

tem behavior. That is, small under-predictions in the loss of mass would result

in a prediction of an early repressurization of the system. 

The predicted and APEX-CE secondary side ADV flow rates are compared in

Figure 6.44. The APEX-CE values were determined using a shell-side mass bal-

ance because the volumetric flows were all below the low-flow cutoff for the

vortex flowmeter. The comparison shows that RELAP5 significantly over-pre-

dicted the ADV flow rate for a majority of the transient.
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FIGURE 6.39 Comparison of RELAP5 Calculations to Measured Cold Leg #1-Downcomer 
Temperature Profile in OSU-CE-0010

FIGURE 6.40 Comparison of RELAP5 Calculations to Measured Cold Leg #2-Downcomer 
Temperature Profile in OSU-CE-0010
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FIGURE 6.41 Comparison of RELAP5 Calculations to Measured HPSI Flow Rates (OSU-CE-0010)

FIGURE 6.42 Comparison of RELAP5 Calculations to Measured PZR SRV Flow Rates (OSU-CE-
0010)
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FIGURE 6.43 Comparison of RELAP5 Calculations to Measured PZR SRV and HPSI Integrated Mass 
(OSU-CE-0010)

FIGURE 6.44 Comparison of RELAP5 Calculations to Measured ADV Flow Rates (OSU-CE-0010)
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Although the ADV flow rates predicted by RELAP5 over-estimated the actual

values, it predicted the secondary side pressure quite well as shown in Figure

6.45. Thus the total secondary side mass loss appears to be overestimated by

RELAP5. Note however, that for the low flow rates and pressures measured, a

small difference in mass yields a large difference in volume.

FIGURE 6.45 Comparison of RELAP5 Calculations to Measured Steam Generator #1 Pressures 
(OSU-CE-0010)

6.2.3.2 Cold Leg Stagnation

Figures 6.46 through 6.49 show comparisons of the calculated and measured

cold leg volumetric flow rates. In this test, stagnation occurred in the cold legs

connected to the intact steam generator (Cold Legs #2 and #4) but not in the

cold legs connected to the broken steam generator (Cold Legs #1 and #3). Dif-

ferent stagnation mechanisms and different stagnation points were involved in

the stagnated cold legs. While the onset of stagnation occurred in Cold Leg #4

at 762 seconds and at 1161 seconds in Cold Leg #2, RELAP5 predicted the

stagnation in both cold legs at 610 seconds. The mechanism for the first onset of

stagnation in the test and in the RELAP5 calculation was the transition of Steam
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Generator #2 from heat sink to heat source. This was apparent by examining the

Steam Generator #2 and Hot Leg #2 temperature profiles as shown in Figure

6.50. This figure shows that Steam Generator #2 became hotter than Hot Leg #2

prior to the period of stagnation. The asymmetry in cold leg stagnation was due

to the countercurrent flow in the cold legs that resulted in the spillover of cold

HPSI fluid into the Cold Leg #2 and #4 loop seals. Because of the one-dimen-

sional nature of code, the countercurrent behavior was not predicted.

It was also noticed that the flow resumed in Cold Leg #2 in both the test and the

calculations at approximately 3600 seconds. This was due to the draining of

Steam Generator #2 at that time as shown in Figures 6.51 and 6.52. RELAP5

predicted an earlier resumption of the flow after the first stagnation in Cold Leg

#2 and Cold Leg #4 at 1410 seconds due to the draining of Steam Generator #2

for a short time as shown in the same figure. This is in contrast to the test, where

Steam Generator #2 remained full until it began draining at 3600 seconds. 

RELAP5 predicted that the flow in Cold Legs #2 and #4 would resume at about

7210 seconds when the primary loop temperature exceeded the secondary side

temperature; thus permitting the steam generator to act as a heat sink again (see

Figure 6.50). This resumption did not occur in the test because the steam gener-

ator actually remained a heat source. 

As shown in Figures 6.46 and 6.48, which depict the flow rates of Cold Leg #1

and #3 respectively, there was no stagnation during the whole test period. The

continuous flow in these two cold legs was due to the potential that drives the

flow between the primary and the secondary systems. Figure 6.53 supports this

argument. The temperature in Hot Leg #1 was always greater than, or equal to,

that of the shell-side of Steam Generator #1. Also the Steam Generator #1 tube

liquid levels, as depicted in Figures 6.54 and 6.55, remained full throughout the

transient.



RESULTS AND ANALYSIS OF PRIMARY SYSTEM OVERCOOLING TRANSIENTS

6-46

FIGURE 6.46 Comparison of RELAP5 Calculations to Measured Cold Leg #1 Flow Rates (OSU-CE-
0010)

FIGURE 6.47 Comparison of RELAP5 Calculations to Measured Cold Leg #2 Flow Rates (OSU-CE-
0010)
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FIGURE 6.48 Comparison of RELAP5 Calculations to Measured Cold Leg #3 Flow Rates (OSU-CE-
0010)

FIGURE 6.49 Comparison of RELAP5 Calculations to Measured Cold Leg #4 Flow Rates (OSU-CE-
0010)
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FIGURE 6.50 Comparison of RELAP5 Calculations to Measured Hot Leg #2 and Steam Generator #2 
Shell-side Temperature Profiles (OSU-CE-0010)

FIGURE 6.51 Comparison of RELAP5 Calculations to Measured Steam Generator #2 Tube Up-Flow 
Collapsed Liquid Level (OSU-CE-0010)
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FIGURE 6.52 Comparison of RELAP5 Calculations to Measured Steam Generator #2 Tube Down-
Flow Collapsed Liquid Level (OSU-CE-0010)

FIGURE 6.53 Comparison of RELAP5 Calculations to Measured Hot Leg #1 and Steam Generator #1 
Shell-side Temperature Profiles (OSU-CE-0010)
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FIGURE 6.54 Comparison of RELAP5 Calculations to Measured Steam Generator #1 Up-Flow 
Collapsed Liquid Level (OSU-CE-0010)

FIGURE 6.55 Comparison of RELAP5 Calculations to Measured Steam Generator #1 Down-Flow 
Collapsed Liquid Level (OSU-CE-0010)
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6.2.3.3 Conclusions

RELAP5 was successfully used to predict the thermal hydraulic behavior of a

very complex overcooling transient, a simultaneous primary side break (stuck-

open PZR SRV) and a secondary side break (stuck-open ADV). The following

are the results of the key comparisons:

1. RELAP5 predicted the trend of the pressurizer pressure reasonably well (i.e., 

within 7 percent) during the first 6000 seconds of the transient.

2. The maximum collapsed liquid level predicted by RELAP5 was 10 percent 

greater than the observed value. 

3. The well-mixed downcomer fluid temperatures predicted by RELAP5 were 

within 7.3 percent of the measured downcomer fluid temperatures.

4. Although RELAP5 predicted similar HPSI flow trends, it under-predicted 

the HPSI flow rates by up to 20 percent for portions of the transient. 

5. The averaged PZR SRV flow rates predicted by RELAP5 are in good agree-

ment with the data. That is, the predicted values tend to oscillate around the 

measured values. 

6. An examination of the integrated mass injected and loss from the primary 

indicated that over the course of the transient more liquid mass was injected 

into the system than was swept out of the PZR SRV. This indicates that 

given enough time, the HPSI pumps would refill and repressurize the pri-

mary system. The difference in the total injection flow rate and the PZR SRV 

flow rate is relatively small. Hence small inaccuracies in the break flow rate 

predictions could significantly alter the predicted system behavior. That is, 

small under-predictions in the loss of mass would result in a prediction of an 

early repressurization of the system.

7. RELAP5 significantly over-predicted the ADV flow rate for a majority of 

the transient. However, it predicted the secondary side pressures quite well. 

Thus the total secondary side mass loss appears to be overestimated by 

RELAP5. Note however, that for the low flow rates and pressures measured, 

a small difference in mass yields a large difference in volume.

8. The flow rate predictions for Cold Leg#1 and #2 were within 2% of the mea-

sured data, well within the accuracy of the flow meters. 

9. RELAP5 accurately predicted the transition time (~ 400 s) at which Steam 

Generator #2 would transition from being a heat sink to a heat source.

10.RELAP5 predicted that the Steam Generator #2 tubes would drain and refill. 

This was observed during the test but the timing of this event was offset in 

RELAP5. The tubes in Steam Generator #1 remained full as predicted by 

RELAP5.
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6.2.4 Comparison of RELAP5 Predictions to OSU-CE-0011 Data

Appendix C presents plots of the RELAP5 steady-state initialization and tran-

sient calculations for the OSU-CE-0011 test. This section provides a compari-

son of the RELAP5 calculations to the measured data and provides explanations

for some of the differences that were observed.

The initial conditions for the OSU-CE-0011 test are listed in Table 6.11. The

initial conditions for the test were measured during the two-minute steady state

interval just prior to opening the MSLB valve. Excellent agreement between the

measured and calculated steady-state values was achieved by performing 1200

seconds of calculation using the input deck developed for the test.

The output of the steady state run was used to build a restart file for the transient

calculations. The restart transient file included new inputs for initiating a simu-

lated 1.0 ft2 (0.092 m2) MSLB in the Steam Generator #1. Table 6.12 compares

the APEX-CE sequence of events with the sequence of events predicted by

TABLE 6.11 Measured and RELAP5 Calculated Initial Conditions for OSU-CE-0011 

Parameter
APEX-CE
Measured

RELAP5
Calculated

Core Power 94.78 Btu/s 100 kW 94.78 Btu/s 100 kW

Core Mass Flow Rate 92 lbm/s 41.7 kg/s 92 lbm/s 41.7 kg/s

Pressurizer Pressure 384.7 psia 2.65 MPa 384.7 psia 2.65 MPa

Pressurizer Level 20 in. 50.8 cm 20 in. 50.8 cm

Hot Leg Temperature 415oF 485.7 K 415.7oF 486.2 K

Cold Leg Temperature 414oF 485.2 K 414.4oF 485.44 K

Steam Generator #1Pressure 286.7 psia 1.975 MPa 286.7 psia 1.975 MPa

Steam Generator #2 Pressure 286.7 psia 1.975 MPa 286.7 psia 1.975 MPa

Steam Generator #1 Water Level (Narrow Range) 24 in. 60.96 cm 24.2 in. 61.46 cm

Steam Generator #2 Water Level (Narrow Range) 24 in. 60.96 cm 24.2 in. 61.46 cm

Steam Generator #1 & #2 Feedwater Temperature 68.7oF 293.4 K 68.7oF 293.4 K

Steam Generator #1 & #2 Mass Flow Rate (per SG) 0.04 lbm/s 0.0181 kg/s 0.04 lbm/s 0.0181 kg/s
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RELAP5. The table provides a general sense of how well RELAP5 predicted

the timing of key events. The key comparisons are presented in the following

sections.

* Onset of oscillation about zero flow, complete stagnation at 1756 seconds.

6.2.4.1 System Pressure and Downcomer Fluid Temperatures

The parameters of major interest in the PTS studies are the system pressure and

the downcomer fluid temperatures. Figures 6.56 and 6.57 compare the calcu-

lated pressurizer pressure and collapsed liquid level to the measured values for

OSU-CE-0011. The trend of the pressurizer pressure in both the test and

RELAP5 prediction is similar. However, as shown in Figure 6.56, RELAP5 pre-

dicted a minimum pressure that was lower than the measured value. This

impacted the HPSI flow rate and hence the downcomer cooling. As shown in

Figure 6.57, the PZR collapsed liquid behavior predicted by RELAP5 is in a

good agreement with the APEX-CE values.

TABLE 6.12 Comparison of APEX-CE and RELAP5 Sequence of Events for OSU-CE-0011

Event Description
APEX-CE
Time (s)

RELAP5
Time (s)

Opened Steam Generator #1 PORV; Drop Power to 45.8 kW 0 0

Manually Tripped RCP-1, RCP-2, RCP-3, and RCP-4 as per Logic 4 0

HPSI Flow Begins Automatically at Pressure Setpoint 91 92

Steam Generator #2 Becomes a Heat Source 171 171

Cold Leg #2 Stagnated 383 600*

Cold Leg #4 Stagnated 383 820*

Feedwater Flow Steam Generator #1 was Secured 619 600*

HPSI Flow Automatically Stops on Pressure Setpoint 1616 1641

Test Ends 3937 4000
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FIGURE 6.56 Comparison of RELAP5 Calculations to Measured Pressurizer Pressures (OSU-CE-
0011)

FIGURE 6.57 Comparison of RELAP5 Calculations to Measured Pressurizer Collapsed Liquid Levels 
(OSU-CE-0011)
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Comparisons of RELAP5 predictions to the measured downcomer fluid temper-

atures are shown in Figures 6.58 and 6.59. The location shown in each figure is

at a distance 8 cold leg diameters below the cold leg centerline. The fluid tem-

peratures at this location were generally close to the well-mixed fluid tempera-

ture in the downcomer. The calculated temperature is in excellent agreement

with the measured values for the first 1000 seconds into the test. However, sub-

sequent to 1000 seconds, RELAP5 slightly under-predicted the fluid tempera-

tures. This was due to the greater HPSI injection resulting from the lower

system pressure predicted by RELAP5.

The pressure dependent HPSI flow rates are depicted in Figure 6.60. The excel-

lent agreement in the early primary system depressurization in both test and cal-

culations led to good prediction of the start of HPSI flow. RELAP5 slightly

over-predicted the maximum HPSI flow during the test due to the under-predic-

tion in pressure.

Figure 6.61 is a comparison of the predicted break flow rate from Steam Gener-

ator #1 and the measured values. The maximum break flow rate predicted by

RELAP5 was 289.4 liters/s. This value is within 3 percent of the measured

value of 281.3 liters/s and falls within the uncertainty of the vortex flow meter

measurements. The primary difference between the predicted break flow values

and the data is the time when the break flow reaches a minimum. RELAP5 pre-

dicted that the break flow experiences a sharp drop at 980 seconds, whereas the

data exhibits this behavior at 1228 seconds.

6.2.4.2 Cold Leg Stagnation

Figure 6.62 through Figure 6.65 show comparisons of the calculated and mea-

sured CL volumetric flow rates. As can be observed, RELAP5 successfully pre-

dicted stagnation in Cold Legs #2 and #4.
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FIGURE 6.58 Comparison of RELAP5 Calculations to Measured Cold Leg #1 Downcomer 
Temperature Profile in OSU-CE-0011

FIGURE 6.59 Comparison of RELAP5 Calculations to Measured Cold Leg #2-Downcomer 
Temperature Profile in OSU-CE-0011
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FIGURE 6.60 Comparison of RELAP5 Calculations to Measured HPSI Flow Rates (OSU-CE-0011)

FIGURE 6.61 Comparison of RELAP5 Calculations to Measured Steam Generator #1 Break Flow 
Rates (OSU-CE-0011)
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FIGURE 6.62 Comparison of RELAP5 Calculations to Measured Cold Leg #1 Flow Rates (OSU-CE-
0011)

FIGURE 6.63 Comparison of RELAP5 Calculations to Measured Cold Leg #2 Flow Rates (OSU-CE-
0011)
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FIGURE 6.64 Comparison of RELAP5 Calculations to Measured Cold Leg #3 Flow Rates (OSU-CE-
0011)

FIGURE 6.65 Comparison of RELAP5 Calculations to Measured Cold Leg #4 Flow Rates (OSU-CE-
0011)
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Figures 6.63 and 6.65 show that RELAP5 under-predicted the maximum flow

rate in Cold Legs #2 and #4. The short period of negative flow observed in Cold

Legs #2 and #4 is likely due to the HPSI countercurrent flow and spillover into

the loop seal. Stagnation in Cold Legs #2 and #4 occurred as the result of the

intact steam generator, Steam Generator #2, becoming a heat source at approxi-

mately 171 seconds into the test. As shown in Figures 6.66 and 6.67, the

RELAP5 prediction of the transition of Steam Generator #2 from a heat sink to

a heat source was excellent.

FIGURE 6.66 Comparison of RELAP5 Calculations to Measured Hot Leg #1 and Broken Steam 
Generator #1 Shell Side Fluid Temperatures (OSU-CE-0011)
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FIGURE 6.67 Comparison of RELAP5 Calculations to Measured Hot Leg#2 and Intact Steam 
Generator #2 Shell Side Fluid Temperatures (OSU-CE-0011)
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350

370

390

410

430

450

470

490

0 1000 2000 3000 4000

Time (s)

T
e
m

p
e
r
a

tu
r
e
 (

K
)

RELAP5 Hot Leg #2

APEX-CE Hot Leg #2

RELAP5 SG#2  Shell Side

APEX-CE SG#2  Shell Side



RESULTS AND ANALYSIS OF PRIMARY SYSTEM OVERCOOLING TRANSIENTS

6-62

FIGURE 6.68 Comparison of RELAP5 Calculations to Measured Steam Generator #1 Feedwater Flow 
Rates (OSU-CE-0011)

FIGURE 6.69 Comparison of RELAP5 Calculations to Measured Steam Generator #1 Pressures 
(OSU-CE-0011)
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The steam generator pressures are shown in Figures 6.69 and 6.70. The agree-

ment is excellent for the broken steam generator, Steam Generator #1. However

RELAP5 generally under-predicted the pressures in the intact steam generator,

Steam Generator #2. This may be due to excessive heat loss assumed for the

model.

FIGURE 6.70 Comparison of RELAP5 Calculations to Measured Steam Generator #2 Pressures 
(OSU-CE-0011)
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The RELAP5 predictions of HPSI flow rate, pressurizer collapsed liquid level,

feedwater flow rate were all in excellent agreement with the measured data. The

maximum break flow rate predicted by RELAP5 was 289.4 liters/s. This value

was within 3% of the measured value of 281.3 liters/s and fell within the uncer-

tainty of the vortex flow meter measurements. The primary difference between

the predicted break flow values and the data was the time when the break flow

reached a minimum. RELAP5 predicted that the break flow experiences a sharp

drop at 980 seconds, whereas the data exhibited this behavior at 1228 seconds.

RELAP5 predicted stagnation in Cold Legs #2 and #4 as a result of Steam Gen-

erator #2 becoming a heat source. The trends in the cold leg flow rates were

very similar and the numerical values were in reasonable agreement with the

measured values with the exception of the data for Cold Leg #1. The time at

which Steam Generator #2 became a heat source was accurately predicted by

RELAP5.

6.2.5 Comparison of RELAP5 Predictions to OSU-CE-0012 Data

Appendix C presents plots of the RELAP5 steady-state initialization and tran-

sient calculations for the OSU-CE-0012 test. This section provides a compari-

son of the RELAP5 calculations to the measured data and provides explanations

for some of the differences that were observed.

The initial conditions for the OSU-CE-0012 test are listed in Table 6.13. The

initial conditions for the test were measured during the two-minute steady state

interval just prior to opening the MSLB valve. Excellent agreement between the

measured and calculated steady-state values was achieved by performing 1200

seconds of calculation using the input deck developed for the test.
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The output of the steady state run was used to build a restart file for the transient

calculations. The restart transient file included new inputs for initiating a simu-

lated 1.0 ft2 (0.092 m2) MSLB in the Steam Generator #2. Table 6.14 compares

the APEX-CE sequence of events with the sequence of events predicted by

RELAP5. The table provides a general sense of how well RELAP5 predicted

the timing of key events. The key comparisons are presented in the following

sections.

TABLE 6.13 Measured and RELAP5 Calculated Initial Conditions for OSU-CE-0012 

Parameter
APEX-CE
Measured

RELAP5
Calculated

Core Power 578.14 Btu/s 610 kW 578.14 Btu/s 610 kW

Core Mass Flow Rate 92 lbm/s 41.7 kg/s 92 lbm/s 41.7 kg/s

Pressurizer Pressure 384.7 psia 2.65 MPa 384.7 psia 2.65 MPa

Pressurizer Level 20 in. 50.8 cm 20 in. 50.8 cm

Hot Leg Temperature 411oF 483.5 K 409oF 482.4 K

Cold Leg Temperature 403oF 479.1 K 403oF 479.1 K

Steam Generator #1Pressure 246.7 psia 1.7 MPa 246.7 psia 1.7 MPa

Steam Generator #2 Pressure 246.7 psia 1.7 MPa 246.7 psia 1.7 MPa

Steam Generator #1 Water Level (Narrow Range) 15 in. 38.1 cm 15 in. 38.1 cm

Steam Generator #2 Water Level (Narrow Range) 15 in. 38.1 cm 14 in. 35.56 cm

Steam Generator #1 & #2 Feedwater Temperature 69.5oF 293.8 K 68.7oF 293.4 K

Steam Generator #1 & #2 Mass Flow Rate (per SG) 0.226 lbm/s 0.1025 kg/s 0.226 lbm/s 0.1025 kg/s

TABLE 6.14 Comparison of APEX-CE and RELAP5 Sequence of Events for OSU-CE-0012

Event Description
APEX-CE
Time (s)

RELAP5
Time (s)

Opened Steam Generator #2 PORV 0 0

Tripped RCP-3, and RCP-4 (RCP-1 and RCP-2) as per Logic 4 (8) 0 (0)

HPSI Flow Begins Automatically at Pressure Setpoint 123 92

Cold Leg #3 Stagnated 342 1190
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6.2.5.1 System Pressure and Downcomer Fluid Temperatures

The parameters of major interest in the PTS studies are the system pressure and

the downcomer fluid temperatures. Figures 6.71 and 6.72 compare the calcu-

lated pressurizer pressure and collapsed liquid level to the measured values for

OSU-CE-0012. The trend of the pressurizer pressure in both the test and the

RELAP5 prediction is similar. However, as shown in Figure 6.71, RELAP5 pre-

dicted a minimum pressure that was slightly lower than the measured value.

This impacted the HPSI flow rate and hence the downcomer cooling. As shown

in Figure 6.72, the PZR collapsed liquid level initially predicted by RELAP5 is

in excellent agreement with the APEX-CE data. However, after 2000 seconds,

the pressurizer liquid level is over-predicted by RELAP5. 

Comparisons of RELAP5 predictions to the measured downcomer fluid temper-

atures are shown in Figures 6.73 and 6.74. The location shown in each figure is

at a distance 8 cold leg diameters below the cold leg centerline. The fluid tem-

peratures at this location were generally close to the well-mixed fluid tempera-

ture in the downcomer. The calculated temperature is in excellent agreement

with the measured values.

Cold Leg #1 Stagnated 452 894

Feedwater Flow to Steam Generator #1 was Secured 598 600

HPSI Flow Automatically Stops on Pressure Setpoint 885 1641

Cold Leg #3 Re-Initiated Flow 3416 3000

Cold Leg #1 Re-Initiated Flow 3625 3190

Test Ends 5447 5400

TABLE 6.14 Comparison of APEX-CE and RELAP5 Sequence of Events for OSU-CE-0012

Event Description
APEX-CE
Time (s)

RELAP5
Time (s)
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FIGURE 6.71 Comparison of RELAP5 Calculations to Measured Pressurizer Pressures (OSU-CE-
0012)

FIGURE 6.72 Comparison of RELAP5 Calculations to Measured Pressurizer Collapsed Liquid Levels 
(OSU-CE-0012)
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FIGURE 6.73 Comparison of RELAP5 Calculations to Downcomer Fluid Temperatures Measured 8D 
below Cold Leg #1 (OSU-CE-0012)

FIGURE 6.74 Comparison of RELAP5 Calculations to Downcomer Fluid Temperatures Measured 8D 
below Cold Leg #2 (OSU-CE-0012)
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same start of HPSI injection because the logic of HPSI initiation depends on the

primary pressure. It started injection when the pressure fell below 2.58 MPa and

stopped when the pressure exceeded this value. 

FIGURE 6.75 Comparison of RELAP5 Calculations to Measured HPSI Flow Rates (OSU-CE-0012)
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onds.

0

0.01

0.02

0.03

0.04

0.05

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500

Time (s)

H
P

S
I 

F
lo

w
 R

a
te

s 
(l

it
er

s/
s)

RELAP5

APEX-CE



RESULTS AND ANALYSIS OF PRIMARY SYSTEM OVERCOOLING TRANSIENTS

6-70

FIGURE 6.76 Comparison of RELAP5 Calculations to Measured Steam Generator #1 Break Flow 
Rates (OSU-CE-0012)

6.2.5.2 Cold Leg Stagnation

Figure 6.77 through Figure 6.80 show comparisons of the calculated and mea-

sured cold leg flow rates. RELAP5 successfully predicted stagnation in Cold

Legs #1 and #3 as shown in Figures 6.77 and 6.79.

FIGURE 6.77 Comparison of RELAP5 Calculations to Measured Cold Leg #1 Flow Rates (OSU-CE-

0012)
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FIGURE 6.78 Comparison of RELAP5 Calculations to Measured Cold Leg #2 Flow Rates (OSU-CE-
0012)

FIGURE 6.79 Comparison of RELAP5 Calculations to Measured Cold Leg #3 Flow Rates (OSU-CE-
0012)
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FIGURE 6.80 Comparison of RELAP5 Calculations to Measured Cold Leg #4 Flow Rates (OSU-CE-
0012)
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values are within 2 percent of the measured values for the entire transient. How-

ever, it over-predicts the broken steam generator, Steam Generator #2, shell side

fluid temperatures. The problem may be associated with the models used by

RELAP5 to predict heat transfer from the steam generator tubes to the low pres-

sure steam in the broken steam generator.

FIGURE 6.81 Comparison of RELAP5 Calculations to Measured Hot Leg #1 and Intact Steam 
Generator #1 Temperature Profiles (OSU-CE-0012)
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FIGURE 6.82 Comparison of RELAP5 Calculations to Measured Hot Leg #2 and Broken Steam 
Generator #2 Temperature Profiles (OSU-CE-0012)
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FIGURE 6.83 Comparison of RELAP5 Calculations to Measured Steam Generator #2 Feedwater Flow 
Rates (OSU-CE-0012)

FIGURE 6.84 Comparison of RELAP5 Calculations to Measured Steam Generator #1 Pressures 
(OSU-CE-0012)
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FIGURE 6.85 Comparison of RELAP5 Calculations to Measured Steam Generator #2 Pressures 
(OSU-CE-0012)

6.2.5.4 Conclusions

A MSLB test, OSU-CE-00012, initiated from full power, was successfully per-
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temperature was 2.5 percent.
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excellent agreement with the measured data. The maximum break flow rate pre-
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liters/s and falls within the uncertainty of the vortex flow meter measurements.
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RELAP5 predicted that the break flow experiences a sharp drop at 990 seconds,

whereas the data exhibits this behavior at 1249 seconds.

RELAP5 predicted stagnation in Cold Legs #1 and #3 as a result of Steam Gen-

erator #1 becoming a heat source. The exact timing for the onset of flow stagna-

tion and the flow restart were not well predicted by RELAP5. Nonetheless, the

magnitudes of the flow were in good agreement, particularly for Cold Legs #2,

#3 and #4. The errors were quite small and well within the accuracy of the mag-

netic flowmeter.

The predicted Hot Leg #1 fluid temperatures and the intact steam generator

shell side temperatures deviated significantly from the measured values. The

predicted values for Hot Leg #2 are within 2 percent of the measured values for

the entire transient. RELAP5 over-predicts the broken steam generator, Steam

Generator #2, shell side fluid temperatures. The problem may be associated

with the models used by RELAP5 to predict heat transfer from the steam gener-

ator tubes to the low-pressure steam in the broken steam generator.

6.3 APEX-CE Overcooling Transient Data Comparisons and Trends

This section examines the APEX-CE overcooling transient data and calcula-

tions as a set. The primary goal was to identify which transients tended to pro-

duce the coldest downcomer fluid temperatures while at the highest system

pressures. The reader should bear in mind that the transients simulated in

APEX-CE included planned system failures that lead to primary side overcool-

ing. The second goal was to determine if the RELAP5 calculations of down-

comer fluid temperatures and pressures were adequately predicted. 

6.3.1 APEX-CE Overcooling Transient Data Comparisons

Section 6.1 presented the key data plots for seven overcooling transients con-

ducted in the APEX-CE test facility. Two tests were MSLB, four tests were

SBLOCA scenarios, and one test was a combined SBLOCA and secondary side

break. Figure 6.86 compares the pressure trends observed for the two MSLB
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cases. Both cases resulted in a re-pressurization of the primary loop. However,

the Hot Zero Power MSLB re-pressurized later than the full power case. Figure

6.87 compares the downcomer fluid temperatures for the two MSLB cases. As

expected, the downcomer fluid temperatures for the MSLB initiated from Hot

Zero Power conditions resulted in lower downcomer fluid temperatures than the

full power case. These temperatures were the well-mixed fluid temperatures

measured 8 cold leg diameters below the cold leg centerline. As such, it may not

be the actual minimum fluid temperature in the downcomer if cold plumes are

generated at the cold leg entrance. The phenomenon of downcomer plume

behavior will be examined in a later chapter.

FIGURE 6.86 Comparison of the Pressure Histories for the Full Power MSLB (OSU-CE-0012) and the 
Hot Zero Power MSLB (OSU-CE-0011)
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FIGURE 6.87 Comparison of the Downcomer Fluid Temperature (8D) Histories for the Full Power 
MSLB (OSU-CE-0012) and the Hot Zero Power MSLB (OSU-CE-0011)

Figures 6.88 and 6.89 compare the pressure and downcomer fluid histories for

the four SBLOCA transients and the one combined SBLOCA/SLB transient.

The case of the stuck open SRV with subsequent re-closure (OSU-CE-0013)

results in the highest system pressure. However the downcomer fluid tempera-

tures do not decrease significantly during the transient. The severity of this tran-

sient with regard to PTS concerns is directly related to the time for SRV closure.

If SRV closure were delayed for several hours, the pressure trend would follow

that of OSU-CE-0009 until the SRV is closed at which point the system would

re-pressurize. This would result in a considerably lower downcomer fluid tem-

perature at full system pressure.

The three SBLOCA cases OSU-CE-0007, OSU-CE-0008 and OSU-CE-0009

indicate that as the break size increases, the minimum system pressure and the

minimum fluid temperature in the downcomer decreases. As shown in Figure

6.89, the combined stuck open SRV and ADV (OSU-CE-0010) produced sig-

nificantly lower downcomer fluid temperatures than the stuck open SRV case
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(OSU-CE-0009) which did not experience the additional ADV failure. Subse-

quent closure of the SRV for this transient would have resulted in very low

downcomer fluid temperatures at full system pressure.

FIGURE 6.88 Comparison of the Pressure Histories for the five APEX-CE SBLOCA Transients

FIGURE 6.89 Comparison of the 8D-Downcomer Fluid Temperature Histories for Five APEX-CE 
SBLOCA Transients
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Table 6.15 summarizes the results of the integral system tests in terms of the

minimum downcomer fluid temperature (8D location) and the pressure at the

time the minimum temperature was observed.

With regard to the severity of the transients, test OSU-CE-0011, the 1.0 ft2

MSLB from Hot Zero Power conditions, resulted in the highest system pressure

with a relatively cold downcomer fluid temperature. However, had the SRV in

OSU-CE-0010 been closed late in the transient, that case would have resulted in

the lowest downcomer fluid temperatures at full system pressure.

6.3.2 RELAP5 Calculation Comparisons

Section 6.2 presented the details of the RELAP5 MOD 3.2.2γ calculations of the

APEX-CE overcooling transients. This section examines the adequacy of the

predictions relative to the system pressures and downcomer fluid temperatures.

Figures 6.90 through 6.97 show RELAP5 comparisons for two MSLB cases

(OSU-CE-0011 and OSU-CE-0012), one SBLOCA case (OSU-CE-0008), and a

combined SBLOCA/SLB (OSU-CE-0010). 

TABLE 6.15 Summary of APEX-CE Integral System Overcooling Transients without Bypass

Test Number Description
Minimum Downcomer

Temperature
Pressure at Minimum

Temperature

OSU-CE-0007 1.4” SBLOCA 397 K 255oF 1.00 MPa 145.7 psia

OSU-CE-0008 2.0” SBLOCA 354 K 177oF 0.60 MPa 86.3 psia

OSU-CE-0009 Stuck Open SRV 422 K 300oF 1.50 MPa 217.7 psia

OSU-CE-0010 Stuck Open SRV and ADV 370 K 207oF 0.63 MPa 91.6 psia

OSU-CE-0011 MSLB SG-1 Hot Zero Power 388 K 238oF 2.51 MPa 363.7 psia

OSU-CE-0012 MSLB SG-2 Full Power 404 K 268oF 240 MPa 347.7 psia

OSU-CE-0013 Stuck Open SRV with Subsequent Closure 465 K 378oF 2.05 MPa 297.7 psia
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The predicted downcomer fluid temperatures and pressures for the two MSLB

cases shown in Figures 6.90 through 6.93 have excellent correspondence with

the data. Based on the MSLB results, one would conclude that RELAP5 MOD/

3.2.2γ is fully capable of predicting MSLB transients. A major reason for this is

the fact that the primary system remains single-phase liquid and the inventory

and energy losses from the steam generator are associated with single-phase

vapor.

The greater deviations of predicted to measured data occurs for the transients

involving a primary side break. In these comparisons, the two-inch hot leg break

and the combined stuck open SRV and ADV compare reasonably well with the

measured data. For the MSLB predictions the differences observed were much

typically larger. The reason for this difference lies in the fact that a primary side

break calculation must employs a larger number of models. This includes two-

phase critical flow models, static flow regime models for pressure drop and heat

transfer, two-phase fluid equations of state, interfacial mass, momentum, and

energy transport models and the logic necessary to tie them all together. As

expected, the uncertainty in the predicted results should be greater. This is

clearly reflected in Figures 6.94 through 6.97. Although the SBLOCA calcula-

tions are considerably more complex, the results are actually quite reasonable.

For the two-inch hot leg break, (OSU-CE-0008), the maximum difference in

downcomer fluid temperature and system pressure is approximately 5 percent in

each parameter for the first two hours (7200 seconds) of transient. After this, the

calculated pressure deviates significantly from the measured pressure, but the

deviation in the calculated temperature remains about the same. It is noted that

differences in the timing of control processes, (e.g., pressurizer heaters on or

off) can have significant effects on system parameters. Similar deviations were

observed for the combined stuck open SRV/ADV transient (OSU-CE-0010).

The calculated values for the first 7200 seconds of the transient were in the 5-7

percent deviation range. Subsequently, the pressures and fluid temperatures

deviated significantly.
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In conclusion, RELAP5 MOD3.2.2γ can provide accurate predictions of system

pressure and "well-mixed" downcomer fluid temperatures for MSLB transients.

The SBLOCA transients proved to be much more challenging. Deviations in the

range of 5-7 percent were observed in system pressures and well-mixed down-

comer fluid temperatures fluid for the first two hours of both SBLOCA tran-

sients. Subsequent to the first two hours, however, the predictions tended to

deviate significantly. Additional details of the calculations and the RELAP5

model can be found in Section 6.2.

FIGURE 6.90 Comparison of RELAP5 Calculations to Measured PZR Pressures (OSU-CE-0011)
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FIGURE 6.91 Comparison of RELAP5 Calculations to Measured Cold Leg #1 Downcomer 
Temperature Profile in OSU-CE-0011

FIGURE 6.92 Comparison of RELAP5 Calculations to Measured PZR Pressures (OSU-CE-0012)
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FIGURE 6.93 Comparison of RELAP5 Calculations to Downcomer Fluid Temperatures Measured 8D 
below Cold Leg #1 (OSU-CE-0012)

FIGURE 6.94 Comparison of RELAP5 Calculations to Measured PZR Pressures (OSU-CE-0008)
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FIGURE 6.95 Comparison of RELAP5 Calculations to Measured Cold Leg #1-Downcomer 
Temperature Profile in OSU-CE-0008

FIGURE 6.96 Comparison of RELAP5 Calculations to Measured PZR Pressures (OSU-CE-0010)
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FIGURE 6.97 Comparison of RELAP5 Calculations to Measured Cold Leg #1-Downcomer 
Temperature Profile in OSU-CE-0010
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7.0 PRIMARY LOOP STAGNATION

This chapter presents a description of the mechanisms that cause the interrup-

tion of primary loop natural circulation flow as measured in APEX-CE transient

and quasi-steady state tests. The analysis includes data comparisons, flow visu-

alization studies in a transparent loop and RELAP5 MOD 3.2.2γ calculations.

Thermal fluid stratification in the cold legs is most likely to occur when the pri-

mary loop is stagnant. That is, there is neither forced nor natural circulation loop

flow. The cold layers of water spilling from the cold legs into the downcomer

produce plumes that may impact the local temperature of the reactor pressure

vessel walls. It is therefore important to investigate the mechanisms that lead to

loop stagnation.

Three mechanisms were observed to interrupt natural circulation flow in one or

more of the cold leg during the MSLB and SBLOCA transients performed in

APEX-CE:

• Steam Generator Tube Voiding,

• Negative Buoyancy in the Loop Seal,

• Steam Generator Reverse Heat Transfer.

Table 7.1 lists the instances of stagnation observed in the different APEX-CE

tests. It was noted that loop stagnation was asymmetric for some of the tran-

sients. A series of flow visualization tests and one APEX-CE separate effects

test (OSU-CE-0002) were performed in an effort to better understand the stag-

nation mechanisms. A description of these tests and of each of the mechanisms

is described in the following sections.
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7.1 Primary Loop Stagnation Due to Steam Generator Tube Draining

The primary mechanism for the interruption of natural circulation flow follow-

ing the onset of a LOCA is draining of the steam generator tubes. The presence

of vapor at the top of the steam generator tubes disrupts the natural thermo-

siphon created by the fluid mixture (low vapor quality) inside the tubes. It was

observed that the longest tubes begin to drain first. Natural circulation contin-

ues, at decreasing flow rates, until the shortest tubes begin to drain, at which

time natural circulation ceases and a reflux condensation mode of operation

dominates.

A variety of quasi-steady state and transient LOCA tests were performed in

APEX-CE to characterize the conditions leading to loop stagnation. The results

of these tests are described in the following sections.

TABLE 7.1 Primary Loop Stagnation Observed in the APEX-CE Tests

Test Number Description Stagnation Phenomena

OSU-CE-0002 Stepped Inventory Reduction Cold Legs 1 through 4 stagnate due to steam generator tube drain-

ing.

OSU-CE-0007 1.4" SBLOCA Cold Legs 2, 3, and 4 stagnate due to steam generator reverse heat 

transfer and negative buoyancy in loop seals.

OSU-CE-0008 2.0" SBLOCA Cold Legs 1 and 2 stagnate due to steam generator voiding. Cold 

Legs 3 and 4 stagnate due to negative buoyancy in loop.

OSU-CE-0009 Stuck Open SRV Cold Legs 2 and 4 stagnate due to negative buoyancy in loop seals.

OSU-CE-0010 Stuck Open SRV and ADV Cold Legs 2 and 4 stagnate due to loss of SG-2 heat sink.

OSU-CE-0011 MSLB SG-1 Hot Zero Power Cold Legs 2 and 4 stagnate due to loss of SG-2 heat sink

OSU-CE-0012 MSLB SG-2 Full Power Cold Legs 1 and 3 stagnate due to loss of SG-1 heat sink

OSU-CE-0013 Stuck Open SRV with Subsequent 

Valve Closure

None

OSU-CE-0019 2.0" SBLOCA with Upper Plenum 

Bypass

Cold Legs 1 and 2 stagnate due to steam generator tube draining. 

Cold Legs 3 and 4 stagnate due to negative buoyancy in loop seals.
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7.1.1 APEX-CE Natural Circulation Stepped-Inventory Reduction Test (OSU-CE-0002)

Test OSU-CE-0002 was successfully completed on October 12, 2000. The

objective of this test was to determine the primary loop inventory at which

reflux condensation begins and hence loop stagnation occurs. This was accom-

plished by obtaining the single-phase core mass flow rate as a function of pri-

mary loop inventory. This type of test was performed in LOFT, Semicscale and

PKL to obtain steady-state "snap-shots" of the natural circulation flow charac-

teristics of a SBLOCA. The proposed test was aimed at identifying the APEX-

CE primary loop inventory at which stagnation occurs in the cold legs.

The test was performed at a constant power of 275 kW (3 percent decay) with a

constant steam generator pressure of 250 psia. The test was initiated by estab-

lishing steady-state single-phase natural circulation in the primary loop. Subse-

quently, coolant was drained, in a step-wise manner, from the primary loop into

a catch tank to measure inventory loss. Steady-state natural circulation flow was

established at each step and both the steady-state data and intermediate transient

data were recorded. Primary loop power and secondary side conditions were

held constant at each step. The test continued until cold leg loop flow was com-

pletely halted.

Figure 7.1 shows the catch tank level as a function of time. Each step change in

level is associated with the discharge of liquid from the primary loop.

Figure 7.2 presents the APEX-CE core flow rate as a function of the percent of

primary side inventory. The plot includes both the steady-state and transient

data. The data has been normalized relative to the entire primary loop inventory

including the pressurizer liquid mass. This figure indicates that loop flow stag-

nation occurs in APEX-CE when the primary side inventory drops below ~ 60

percent of the normal operating inventory. Therefore, actuation of the HPSI

while at primary system inventories below 60 percent are expected to produce

thermal stratification in the cold legs.
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FIGURE 7.1 A Graph of the Changes in the Catch Tank Liquid Level Associated with Primary Side 
Draining

FIGURE 7.2 The Transient and Steady-State Core Flow Rates in APEX-CE as a function of Primary 
System Mass Inventory Percentage
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formed with the pressurizer isolated from the remainder of the primary loop.

Figure 7.4 presents a comparison of the APEX-CE and Semiscale data as nor-

malized to maximum core flow rate and excluding the pressurizer liquid mass.

For the purpose of comparison with Semiscale, the APEX-CE inventory was re-

normalized to 100 percent after the pressurizer was empty. As shown in the fig-

ure, the APEX-CE and Semiscale trends are nearly identical. In theory, the max-

imum core flow rate occurs when the up-flow side of the steam generator tubes

contain a two-phase fluid mixture and the down-flow side contains single-phase

liquid. This would yield the maximum driving head for the primary loop flow.

FIGURE 7.3 Semiscale Mod 2A Stepped-Inventory Reduction Data (60 kW equals ~3 Percent Decay 
Power for a W-4 Loop Plant)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

50 55 60 65 70 75 80 85 90 95 100

Percent Mass Inventory (Excludes PZR Liquid Mass)

L
o

o
p

 M
a

ss
 F

lo
w

 R
a

te
 (

k
g

/s
)

P = 100 kW

P = 60 kW

P = 30 kW

ONSET OF LOOP 

STAGNATION

SINGLE-

PHASE N/C

TWO-PHASE

N/C

TWO-PHASE N/C WITH

SG DRAINING



PRIMARY LOOP STAGNATION

7-6

FIGURE 7.4 Comparison of APEX-CE OSU-CE-0002 and Semiscale Mod 2A Data
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FIGURE 7.5 Comparison of Cold Leg Flow Rates to Steam Generator #1 Vapor Void Fraction
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FIGURE 7.6 Comparison of Cold Leg Flow Rates to Steam Generator #1 Vapor Void Fraction
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void fraction is approximately 40 percent. As the sort tube void fraction

increases, the cold leg flows decrease.

Similar behavior was observed in the SBLOCA transient tests described in the

following section. However, the larger break sizes make the difference in short

tube and long tube draining much more pronounced. 

7.1.2 APEX-CE Two-Inch SBLCOA Test (OSU-CE-0008)

Test OSU-CE-0008 simulated a 2-inch (5.08 cm) diameter hot leg break that

exhibited natural circulation interruption in all four cold legs due to steam gen-

erator tube draining. Asymmetric stagnation was observed because of differ-

ences in loop seal cool-down behavior. The loop seal cool-down behavior is dis-

cussed in the next section.

Figure 7.7 compares the liquid levels in the long tubes and short tubes of Steam

Generator #2 with the corresponding flow rates in Cold Legs #2 and #4 for test

OSU-CE-0008. The long tubes began to drain at approximately 1000 seconds.

The short tubes began to drain significantly later at approximately 3000 sec-

onds. The presence of vapor high in the tubes resulted in interrupting two-phase

natural circulation through the tubes. The figure shows how the flow rate

through the cold legs attached to Steam Generator #2 decreased as the tubes

drained. Note that the onset of primary loop stagnation occurred over an

extended period as the longer tubes drained first. Complete loop stagnation did

not occur until the shortest tubes were draining. Figure 7.8 shows a somewhat

more complicated tube draining behavior for Steam Generator #1 because of the

presence of the break on Hot Leg #1.
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FIGURE 7.7 Comparison of Steam Generator #2 Tube Draining Behavior with Corresponding Cold 
Leg Flow Rates. (OSU-CE-0008) 
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FIGURE 7.8 Comparison of Steam Generator #1 Tube Draining Behavior with Corresponding Cold 
Leg Flow Rates. (OSU-CE-0008) 
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7.2 Primary Loop Stagnation Due to Negatively Buoyant Fluid in the Loop 

Seal

During the conduct of the transient tests in APEX-CE, asymmetric stagnation of

the cold legs was observed. The cause of this phenomenon was determined to be

the introduction of cold water into the loop seals. Figures 7.9 through 7.13 show

how the introduction of cold water into the loop seals affected cold leg flow

rates during tests OSU-CE-0007, OSU-CE-0008, and OSU-CE-0009. 

During test OSU-CE-0007, cold-water spillover into the loop seal resulted in

rapidly cooling of the loop seal volume. This is shown in Figure 7.9 where Cold

Leg #4 loop seal began to cool at approximately 4000 seconds. The impact of

introducing cold water into the loop seal was a corresponding decrease in the

Cold Leg #4 flow rate. Spillover of cold water into the loop seal created a nega-

tively buoyant region with a gravity head that resists loop flow. As a result of

the higher resistance in that cold leg, the flow is preferentially diverted to the

adjacent Cold Leg #2 through the SG lower plenum. It is interesting to note that

the presence of an RCP weir delays loop seal cooling and hence delays the onset

of stagnation in the loops. This is an example of a local phenomenon affecting

integral system behavior. Figures 7.10 through 7.13 show similar behavior. 

In an effort to better understand the thermal data obtained in the APEX-CE

tests, a transparent test section was built to visualize the fluid mixing behavior

in the loop seals. The SETL facility is described in Chapter 3 of this report. Fig-

ure 7.14 shows the denser fluid spilling over the RCP weir wall toward the loop

seal. As shown in this figure, the injection of dense HPSI fluid produced a strat-

ified layer of dense water at the bottom of the cold legs. The injected water trav-

eled along the bottom of the cold leg over a weir (lip of the RCP) and spilled

into the loop seal. The spillover of HPSI water into the loop seal caused the loop

seal to become negatively buoyant as in the thermal tests. 

The asymmetric behavior of loop seal spillover can be attributed to small differ-

ences in local HPSI flow rates and RCP lip heights. The impact of this phenom-
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enon was not recognized in earlier PTS studies. Furthermore, the onset of loop

seal spillover cannot be predicted by RELAP5 because of the countercurrent

behavior of the phenomenon and the 1-D nature of RELAP5.

FIGURE 7.9 Behavior of Cold Leg #4 Flow Rates Caused by Introducing Cold Water into Loop Seal 
#4 During OSU-CE-0007
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FIGURE 7.10 Behavior of Cold Leg #3 Flow Rates Caused by Introducing Cold Water into Loop Seal 
#3 During OSU-CE-0007
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FIGURE 7.11 Behavior of Cold Leg #4 Flow Rates Caused by Introducing Cold Water into Loop Seal 
#4 During OSU-CE-0008
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FIGURE 7.12 Behavior of Cold Leg #3 Flow Rates Caused by Introducing Cold Water into Loop Seal 
#3 During OSU-CE-0008
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FIGURE 7.13 Behavior of Cold Leg 4 Flow Rates Caused by Introducing Cold Water into Loop Seal 4 
During OSU-CE-0009
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FIGURE 7.14 Spillover of Dense HP Fluid into the Cold Leg Loop Seal in the SETL Facility. The Same 
Phenomenon led to Asymmetric Cold Leg Flow Stagnation in the APEX-CE Thermal 
Tests.

7.3 APEX-CE Data on Loop Stagnation Due to Steam Generator Reverse Heat 

Transfer

Primary loop stagnation caused by the loss of a primary heat sink was observed

in OSU-CE-0007, OSU-CE-0010, OSU-CE-0011 and OSU-CE-0012. Specifi-

cally, primary side temperatures dropped below the secondary side temperature

of one or both steam generators. This resulted in the loss of the buoyancy driven

flow in one or both loops depending on which steam generator was affected. 

OSU-CE-0007 was a very small break LOCA simulation during which the

HPSI system was able to keep up with the break flow such that the steam gener-
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ator tubes did not drain during the transient. The steam generators were held at

constant pressure as per plant procedure and the HPSI cooling of the primary

loop caused the hot leg temperatures to drop below the steam generator shell

side fluid temperatures. Figure 7.15 compares the primary and secondary side

temperatures and the corresponding flows for Steam Generator #2. The asym-

metric behavior in loop stagnation was due to asymmetric loop seal cooling.

OSU-CE-0010 was a simulated stuck-open ADV (secondary side break) in

combination with a stuck-open pressurizer Safety Relief Valve (primary side

break). During this transient, a reverse heat transfer situation developed in

Steam Generator #2, causing a loss of flow in Cold Legs #2 and #4. A compari-

son of the primary and secondary side temperatures and the corresponding

flows is provided in Figure 7.16.

OSU-CE-0011 and OSU-CE-0012 were MSLB from hot zero power and full

power respectively. For OSU-CE-0011 the MSLB was on Steam Generator #1.

As a result, this steam generator experienced a blow-down that cooled the pri-

mary system. The unaffected SG, Steam Generator #2, was isolated and thus

became a heat source. The result was that Cold Legs #2 and #4 stagnated. This

is shown in the comparison given in Figure 7.17. 

For OSU-CE-0012, the MSLB was on Steam Generator #2. Subsequently, when

the isolated Steam Generator #1 becomes a heat source, at approximately 500

seconds, the flow in Primary Loops #1 and #3 began to decrease and eventually

stopped as shown in Figure 7.18. It is noted that even in the presence of reverse

heat transfer from Steam Generator #1, positive loop natural circulation contin-

ued to occur because of HPSI injection into the downcomer. The buoyancy gen-

erated by the density difference between the cold downcomer fluid and the hot

core fluid exceeded the resistance due to the steam generator acting as a heat

source. Thus the steam generator reverse heat transfer acted as "brakes" that

impeded natural circulation loop flow. At approximately 3350 seconds, the hot

leg temperatures once again exceeded the Steam Generator #1 fluid temperature
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and primary loop natural circulation flow in loops 1 and 3 was re-established as

shown in Figure 7.18.

FIGURE 7.15 Effect of Reverse Heat Transfer in Steam Generator #1 on Cold Leg #1 and #3 Flow 
Rates. (OSU-CE-0007). Figure includes asymmetric behavior due to loop seal cooling.
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FIGURE 7.16 Effect of Reverse Heat Transfer in Steam Generator #1 on Cold Leg #1 and #3 Flow 
Rates. (OSU-CE-0010). Figure includes asymmetric behavior due to loop seal cooling.
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FIGURE 7.17 Effect of Reverse Heat Transfer in Steam Generator #2 on Cold Leg #2 and #4 Flow 
Rates. (OSU-CE-0011). 
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FIGURE 7.18 Effect of Reverse Heat Transfer in Steam Generator #1 on Cold Leg #1 and #3 Flow 
Rates. Cold Legs #1 and #3 become stagnant when Steam Generator #1 becomes a 
Heat Source at ~500 seconds. Flow restarts when it returns to being a Heat Sink at 
~3350 seconds. (OSU-CE-0012).
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7.4 RELAP5 MOD 3.2.2γ Analysis of Primary Loop Stagnation

This section examines the ability of the APEX-CE RELAP5 model to predict

the onset on loop stagnation during SBLOCA and MSLB transients. Two areas

are of specific interest, the modeling of steam generator tube draining and the

modeling of steam generator reverse heat transfer.

7.4.1 RELAP5 Predictions of Steam Generator Tube Draining

The APEX-CE RELAP5 model uses one tube to simulate all of the tubes in the

steam generator. The pressure drop is estimated using the diameter and flow of a

single tube, however the surface area is based on the entire tube bundle. Tube

heights and lengths are preserved in the RELAP5 model. This is the usual prac-

tice, although RELAP5 is capable of modeling multiple tubes. 

Section 7.1 demonstrated that during a LOCA, the long tubes typically began to

drain earlier than the short tubes. It was noted that primary loop natural circula-

tion continued until the short tubes began to drain. It is not expected that one-

tube steam generator models could accurately predict both the loop flow rate

and the onset of loop stagnation simultaneously without introducing some com-

pensating errors in terms of loop resistance or tube length. 

RELAP5 was used to model four APEX-CE primary system breaks. Two of the

four tests exhibited significant steam generator tube draining leading to flow

stagnation, the two-inch hot leg break (OSU-CE-0008) and the natural circula-

tion stepped inventory reduction test (OSU-CE-0002). 

Figure 7.19 compares the RELAP5 predictions for Steam Generator #2 tube liq-

uid level to the OSU-CE-0008 data. Although the RELAP5 calculation indicates

that the steam generator remains relatively full, it still predicts the onset of flow

stagnation in Cold Leg #2 as shown in Figure 7.20. The cause for cold leg stag-

nation however is due to the loss of the heat sink rather than steam generator

tube draining. Similar results were obtained for Steam Generator #1.
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More insights on RELAP5's ability to predict steam generator tube draining

were obtained from the RELAP5 analysis of OSU-CE-0002 presented in the

following section.

FIGURE 7.19 Comparison of RELAP5 Calculations to Measured Steam Generator #1 Tube Collapsed 
Liquid Levels (OSU-CE-0008)

FIGURE 7.20 Comparison of RELAP5 Calculations to Measured Cold Leg #1 Flow Rates (OSU-CE-
0008)
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7.4.1.1 RELAP5 Predictions of Steam Generator Tube Draining in OSU-CE-0002

This section describes the analysis performed for the OSU-CE-0002 test using

the RELAP5/MOD 3.2.2γ code. The objective of this test was to study the sin-

gle and two-phase core mass flow rates as related to the liquid inventory of the

primary system. From this functional relationship, the onset of flow stagnation,

which corresponds to reflux condensation conditions during a SBLOCA, were

identified. A key objective of this RELAP5 analysis was to determine how well

the code predicts the single and two phase natural circulation flow rates and the

interruption of loop natural circulation. 

OSU-CE-0002 was a natural circulation, stepped inventory reduction test. This

type of test was performed in LOFT, Semiscale and PKL to obtain steady-state

"snap-shots" of the natural circulation flow characteristics of a Small Break

LOCA.6.2.1 The OSU test was aimed at identifying the APEX-CE primary loop

inventory at which stagnation occurs in the cold legs. 

To establish the desired initial conditions for the test, the Reactor Coolant

Pumps were tripped and single-phase natural circulation was established. Pri-

mary coolant was drained in a step-wise manner from the reactor vessel into a

catch tank to measure inventory loss. Steady-state loop flow conditions were

established at each step and both the steady-state data and intermediate transient

data were recorded. Primary loop power and secondary side conditions were

held constant at each step. The test continued until the cold leg loop flow was

completely halted. The test was performed at a constant power of 275 kW (3

percent decay power) with a constant steam generator pressure of 1.72 MPa

(250 psia). A description of the key thermal hydraulic behavior observed during

this test has been provided in Section 7.1 of this report.

A. RELAP5 Input Modifications

The RELAP5 APEX-CE base model was modified for this calculation to

include a temporary drain valve on the reactor vessel that was cyclically opened
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and closed during the test to reduce primary liquid inventory in a controlled

manner. Junction 995, at the middle of one of the downcomer sectors (VOL-

UME 10805), was added to represent the temporary valve. VOLUME 990 was

added to represent the pipe that directs the liquid being taken from the primary

inventory to the break separator VOLUME 993. This pipe consisted of two sec-

tions; the first was horizontal section, while the second was inclined upward by

40 degrees. This configuration was identical to the temporary line physically

installed between the reactor pressure vessel and the break separator in APEX-

CE.

B. Steady-State Natural Circulation Initial Conditions

The code was run for 1200 seconds to generate the steady-state initial condi-

tions for the APEX-CE configuration assuming a constant power of 275 kW and

forced circulation. In the steady state run, Time Dependent Volumes and con-

trollers were used to force the code towards the desired values for the pressure

and liquid level in the pressurizer and the steam generators. Although the

steady-state calculation was run for 1200 seconds, most of the parameters con-

verged to steady-state values within 600 seconds.

A natural circulation case (i.e., RCPs off) was then run for 600 seconds to reach

the OSU-CE-0002 steady-state initial conditions. The numerical values for the

comparison between the calculated and measured values are presented in Table

7.2. As can be observed, the RELAP5 prediction was in excellent agreement

with the measured data.
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The steady-state plots for OSU-CE-0002 are presented in Appendix C.

C. Transient Analysis

The RELAP5 transient calculation was started using a restart file that contained

the initial conditions for the transient run. The restart transient file included new

inputs for initiating the stepped inventory reduction and for collecting the liquid

that was drained from the primary into a volume that simulated the conditions of

the APEX-CE facility break separator. 

The RELAP5 analysis was performed by numerically simulating the step-wise

draining of the APEX-CE primary system. The break valve in the model was

opened to simulate a blowdown into the break separator tank. When the level in

the break separator increased by 4 inches (10 cm), the valve was closed and the

code was run for 600 seconds. At the end of the 600 seconds, the valve was

opened again to drain the primary and raise the break separator liquid level by 4

TABLE 7.2 Comparison of Measured and Calculated Natural Circulation Initial Conditions for the 

OSU-CE-0002 Test

Parameter
Measured
(Metric)

Calculated
(Metric)

Measured
(English)

Calculated
(English)

Core Power 275 kW 275 kW 260.6 Btu/s 260.6 Btu/s

Core Mass Flow Rate 2.9 kg/s 2.9 kg/s 6.4 lbm/s 6.4 lbm/s

Pressurizer Pressure 4.72 MPa 4.72 MPa 385 psia 385 psia

Pressurizer Level (Narrow Range) 63.5 cm 63.5 cm 25 in. 25 in.

Hot Leg Temperature 493.2 K 497.6 K 428oF 436oF

Cold Leg Temperature 479.3 K 479.3 K 403oF 403oF

Steam Generator #1 Pressure 1.72 MPa 1.72 MPa 250 psia 250 psia

Steam Generator #2 Pressure 1.73 MPa 1.73 MPa 251 psia 251 psia

Steam Generator #1 Level (Narrow Range) 53.3 cm 53.3 cm 21 in. 21 in.

Steam Generator #2 Level (Narrow Range) 53.3 cm 53.3 cm 21 in. 21 in.

Steam Generator #1 & #2 Feedwater Temperature 294 K 293.5 K 69.5oF 68.7oF

Steam Generator #1 & #2 Mass Flow Rate (per SG) 0.045 kg/s 0.045 kg/s 0.1 lbm/s 0.1 lbm/s
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inches (10 cm). This process was repeated four more times. Subsequently, the

step-wise draining was reduced from four inches to 2 inches (5.08 cm). This

smaller incremental draining was repeated six times to duplicate the actual

OSU-CE-0002 test procedure. The code was run for the same time period as that

of the test. Appendix C includes the RELAP5 calculations for the step-wise

behavior of the liquid level in the break separator, the pressurizer pressure and

liquid level, the steam generator tubeside liquid level, the steam generator steam

and feedwater mass flow rates and the cold leg mass flow rates. 

Figure 7.21 compares the measured and predicted break separator levels during

the test. The agreement is excellent; particularly when considering that the fill-

ing rate of the break separator (i.e., catch tank) is governed by the RELAP5

choke flow models. The timing of the valve opening and closing is in excellent

agreement for the first 4000 seconds. After 4000 seconds, the drain valve open-

ing and closing times are offset and the rate of separator filling is steeper for the

RELAP5 calculations. 

FIGURE 7.21 Comparison of the Break Separator Level in OSU-CE-0002 Test and RELAP5 
Calculations
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The RELAP5 predictions for Steam Generators #1 and #2 pressures were in

very good agreement with the test, as can be noted in Figures 7.22 and 7.23. The

APEX-CE facility implemented automatic controls to maintain a constant pres-

sure.

The calculated pressurizer liquid level and the depressurization rate do not agree

well with the test as shown in Figures 7.24 and 7.25. In both, the test and the

calculation, the pressurizer liquid level experienced a prompt drop when the

inventory reduction started. However, the pressurizer draining was much faster

in the test than in the calculations. The pressurizer then regained level in both

the test and the calculations. However, the level in the test did not exceed the

initial level while in the RELAP5 calculations, the level increased to approxi-

mately twice the initial value. Therefore the pressurizer took more time to

empty in the RELAP5 calculations than in the test. 

Although the general trend of the pressurizer pressure is similar in the test and

the calculation at the beginning and at the end, RELAP5 predicted a faster

depressurization during approximately 2000 seconds of the test as shown in Fig-

ure 7.25. This faster depressurization may be the cause of the higher in-core

flow rates predicted during that period.

Figure 7.26 shows that RELAP5 adequately predicted the general trend of the

reactor vessel collapsed liquid level during the test. RELAP5 predicted the onset

of stagnation in the cold legs at a slightly different reactor vessel level. 
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FIGURE 7.22 Comparison of the Pressure History of Steam Generator #1 in OSU-CE-0002 Test and 
RELAP5 Calculations

FIGURE 7.23 Comparison of the Pressure History of Steam Generator #2 in OSU-CE-0002 Test and 
RELAP5 Calculations
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FIGURE 7.24 Comparison of the Pressurizer Level History in OSU-CE-0002 Test and RELAP5 
Calculations

FIGURE 7.25 Comparison of the Pressurizer Depressurization History in OSU-CE-0002 Test and 
RELAP5 Calculations
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FIGURE 7.26 Comparison of the Reactor Vessel Collapsed Liquid Level History in OSU-CE-0002 Test 
and RELAP5 Calculations

FIGURE 7.27 Comparison of the Core Volumetric Flow Rate as a Function of Break Separator Level in 
the OSU-CE-0002 Test and RELAP5 Calculations

In general, the core flow rate predicted by RELAP5 was greater than that

observed in the test. The reason for this difference is primarily due to differ-

0

1

2

3

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Time (s)

V
e
ss

e
l 

C
o

ll
a

p
se

d
 L

iq
u

id
 L

e
v

e
l 

(m
)

APEX-CE 1.26 m

RELAP5 1.32 m

0

2

4

6

8

10

12

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Break Separator Liquid Level (m)

C
o

r
e
 V

o
lu

m
e
tr

ic
 F

lo
w

 R
a

te
 (

L
it

e
r
s/

s)

RELAP5

APEX-CE



PRIMARY LOOP STAGNATION

7-34

ences in the mass distribution in the steam generator tubes as shown in Figures

7.28 through 7.31.

FIGURE 7.28 Comparison of RELAP5 Calculations to Measured Steam Generator #1 Long Tube 
Collapsed Liquid Levels (OSU-CE-0002)

FIGURE 7.29 Comparison of RELAP5 Calculations to Measured Steam Generator #1 Short Tube 
Collapsed Liquid Levels (OSU-CE-0002)

0

0.5

1

1.5

2

2.5

3

0 2000 4000 6000 8000 10000 12000

Time (s)

S
G

#
1

 C
o

ll
a

p
se

d
 L

iq
u

id
 L

e
v

e
l 

(m
)

RELAP5 (Up)

RELAP5 (Down)

LDP-215 (Up)

LDP-219 (Down)

0

0.5

1

1.5

2

2.5

3

0 2000 4000 6000 8000 10000 12000

Time (s)

S
G

#
1

 C
o

ll
a

p
se

d
 L

iq
u

id
 L

e
v

e
l 

(m
)

RELAP5 (Up)

RELAP5 (Down)

LDP-217 (Up)

LDP-221 (Down)



PRIMARY LOOP STAGNATION

7-35

FIGURE 7.30 Comparison of RELAP5 Calculations to Measured Steam Generator #2 Long Tube 
Collapsed Liquid Levels (OSU-CE-0002)

FIGURE 7.31 Comparison of RELAP5 Calculations to Measured Steam Generator #2 Short Tube 
Collapsed Liquid Levels (OSU-CE-0002)
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measured in the longest and shortest tubes on both the up-flow (i.e., hot leg) and

down-flow (i.e., cold leg) sides of each steam generator. The RELAP5 col-

lapsed liquid level calculations for the long tubes were closer to the measured

data than the values predicted for the short tubes. The mass distribution in the

steam generator tubes plays an important role in determining the total mass flow

rate through the core. The core flow rate depends on the mixture density in the

up-flow side of the steam generators relative to the fluid density in the down-

flow portion of the tubes. As voiding in both the up-flow and down-flow tubes

increased, the flow rate decreased until the flow was completely halted. The

onset of stagnation occurred when the total inventory of the pressurizer and the

vessel dropped below 70 percent. 

This test did not include HPSI flow, therefore the effect of cold leg thermal

stratification and downcomer cooling were not observed. The following section

presents the results of a small hot leg break with HPSI flow.

D. Conclusions

The RELAP5 calculations of OSU-CE-0008 and OSU-CE-0002 indicate that

RELAP5 MOD 3.2.2γ does not accurately predict the liquid mass distribution in

components located above the hot leg; particularly the steam generator tubes

and the pressurizer. In particular, the void fraction on the up-flow side of the

tubes significantly affects the natural circulation core mass flow rate. RELAP5

predicted higher core flow rates than measured during the tests. The use of a sin-

gle tube in RELAP5 to model each of the 133 tube APEX-CE steam generators

may be a significant contributor to the differences observed. 

7.4.2 RELAP5 Prediction of Steam Generator Tube Reverse Heat Transfer

RELAP5 MOD 3.2.2γ was used to model three APEX-CE tests that exhibited

loop stagnation as a result of steam generator reverse heat transfer, the combina-

tion stuck-open SRV and ADV, (OSU-CE-0010), the MSLB from hot zero
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power conditions (OSU-CE-0011) and the MSLB from full power conditions

(OSU-CE-0012).

Figures 7.32 through 7.34 compare the RELAP5 predictions of the steam gener-

ator shell-side and hot leg fluid temperatures to the APEX-CE data for test

OSU-CE-0010, OSU-CE-0011 and OSU-CE-0012. It also compares the

RELAP5 predictions of the Cold Leg #2 flow rates. Each set of comparisons

describes the conditions for the onset of loop stagnation due to loss of a steam

generator heat sink.

It is noted in Figure 7.32 that RELAP5 predicted that Cold Leg #2 would stag-

nate as soon as the hot leg fluid temperature became colder than the Steam Gen-

erator #2 shell side fluid temperature. Since the steam generator tubes are still

full at this time in the transient, it suggests that the code is not accurately model-

ing the additional buoyancy driving head created by injection of cold HPSI fluid

into the downcomer. This scenario also involves a primary side break (stuck-

open Pressurizer SRV), which makes the code calculations more challenging.

Figures 7.33 and 7.34 show the RELAP5 calculations of the conditions for the

onset of loop stagnation in the two MSLB. The RELAP5 calculations, for the

hot zero power MSLB (OSU-CE-0011) case, are in excellent agreement with

the APEX-CE data as illustrated in Figure 7.33. Both the cold leg flow rates and

the primary and secondary side temperatures match very well during the onset

of loop stagnation. Unfortunately, the calculations deviate from the data subse-

quent to approximately 750 seconds as the steam generator pressure calculated

by RELAP5 decreases at a much faster rate than that observed in the test. This is

also the case for the RELAP5 calculations of OSU-CE-0012 shown in Figure

7.34. The lower secondary side pressures and saturation temperatures result in

Steam Generator #1 becoming a heat sink, and a corresponding loop flow

restart, much earlier than measured in the data. Because the intact steam genera-

tor is isolated shortly after the start of the transient, the only major mechanism

for heat loss from the steam generator is due to heat transfer from the secondary
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side via the u-tubes into the primary. Under reverse heat transfer conditions,

RELAP5 appears to over-predict the amount of heat being transferred from the

shell side fluid into the hot leg fluid. 

In conclusion, the RELAP5 MOD 3.2.2γ calculations of the conditions for the

onset of loop stagnation are reasonably predicted for the single-phase MSLB

cases. However, there appear to be problems in the steam generator heat transfer

package under "reverse" heat transfer conditions. RELAP5 tends to over-predict

the heat transfer from the steam generator shell side to the primary coolant.

FIGURE 7.32 Conditions Predicted by RELAP5 for the Onset of Loop Stagnation due to Loss of Steam 
Generator #2 Heat Sink Compared to APEX-CE Data (OSU-CE-0010)
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FIGURE 7.33 Conditions Predicted by RELAP5 for the Onset of Loop Stagnation due to Loss of Steam 
Generator #2 Heat Sink Compared to APEX-CE Data (OSU-CE-0011)
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FIGURE 7.34 Conditions Predicted by RELAP5 for the Onset of Loop Stagnation due to Loss of Steam 
Generator #1 Heat Sink Compared to APEX-CE Data (OSU-CE-0012)
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7.5 Summary of Primary Loop Stagnation Results

A series of APEX-CE integral system tests have been conducted to explore the

conditions that lead to the onset of primary loop stagnation during HPSI opera-

tion. The presence of these conditions indicates that thermal stratification will

develop in the cold legs and that downcomer and loop seal plumes will likely be

produced. Thus the onset of thermal stratification serves to delineate the analy-

sis techniques that should be used to fully assess an overcooling transient. Anal-

yses of the degree of thermal stratification, the fluid mixing in behavior in the

HPSI line, the cold legs, and the loop seals cannot be accurately performed

using a systems analysis code such as RELAP5. Advanced computational tech-

niques, such as that offered by a CFD code would need to be implemented. 

The following findings have been obtained based on analyses of the APEX-CE

test data for 8 integral system tests. The analyses included both test-to-test com-

parisons and RELAP5 MOD 3.2.2γ calculations. 

1. The two-inch SBLOCA tests, (OSU-CE-0008) and (OSU-CE-0019) and the 

Stepped-Inventory reduction test (OSU-CCE-0002) described loop stagnation via 

steam generator tube draining. It was noted that the long tubes drained significantly 

earlier than the short tubes. Loop stagnation was not observed until after the short 

tubes began to drain. Current studies using RELAP5 typically model the steam gen-

erator using a single tube. Despite this idealization, RELAP5 was able to predict the 

onset of loop stagnation during the OSU-CE-0008 SBLOCA transient. However, the 

reason for this agreement appears to be due to steam generator reverse heat transfer 

as opposed to steam generator tube draining. 

2. Asymmetric stagnation in adjacent cold legs was observed in several tests. The 

cause for the asymmetric stagnation was determined to be the spillover of cold HPSI 

water into a loop seal. Fluid mixing in the loop seal caused the loop seal to become 

cold. The negative buoyancy of the cold liquid in the loops seal caused stagnation in 

the affected cold leg. This is an example of a local phenomenon having an integral 

system effect. This impact of this phenomenon was not recognized in earlier PTS 

studies. The onset of loop stagnation as a result of the cold fluid mixing in the loop 

seal cannot be calculated by RELAP5 because the phenomenon is multidimensional 

in nature; involving countercurrent flow in the loop seal and cold leg.

3. During the MSLB tests, loop stagnation was observed to occur in the cold legs of the 

unaffected steam generator. Stagnation occurred after the unaffected steam genera-

tor became a heat source for the primary system. It was noted that even in the pres-

ence of reverse heat transfer from the steam generators, positive loop natural 

circulation could occur because of the driving head produced by HPSI injection into 

the downcomer. The steam generator reverse heat transfer can act as "brakes" that 

impede N/C loop flow. RELAP5 was able to accurately predict the steam generator 
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shell-side and hot leg fluid temperatures early in the MSLB transients (OSU-CE-

0011 and OSU-CE-0012). However the calculated shell side pressures and satura-

tion temperatures subsequently deviated from the actual values. The likely reason 

for this discrepancy is that RELAP5 over-predicted the reverse heat transfer rate 

from the shell-side fluid to the primary fluid.
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8.0 HPSI PLUME BEHAVIOR AND COLD LEG 

JUNCTION FLUID MIXING

This chapter presents the APEX-CE test data and analyses for two fluid mixing

phenomena, buoyant fluid backflow into the HPSI line and fluid mixing at the

HPSI/Cold leg junction. The following analyses were conducted for these phe-

nomena:

• A flow visualization study to characterize the hydrodynamic behavior of the pro-

cesses,

• A comparison of APEX-CE operating conditions to an analytical model for the onset 

of buoyant backflow into the HPSI line,

• An analysis of APEX-CE thermal data using an analytical model to obtain entrain-

ment rates at the HPSI/Cold Leg junction.

• A STAR-CD computational fluid dynamics analysis of the HPSI line and cold leg 

mixing behavior.

The results of these analyses are provided in the sections that follow.

8.1 Flow Visualization Study

A flow visualization study was conducted in the OSU Separate Effects Test

Loop (SETL). This transparent test loop was used to model prototypic HPSI and

cold leg flow rates while satisfying the following modified Froude Number

scaling requirements:

(8.1)

(8.2)

[ ] 1Fr
RHPSI =

[ ] 1Fr
RHPSI/CL =





HPSI PLUME BEHAVIOR AND COLD LEG JUNCTION FLUID MIXING

8-3

FIGURE 8.1 Side Entry HPSI Flow in the SETL Facility Cold Leg

FIGURE 8.2 Buoyant Fluid Backflow into the Side Entry HPSI Line 

HPSI LINE
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The HPSI plume enters the side of the cold leg and falls to the bottom of the

cold leg. Depending on the HPSI flow rate, a stagnant pool forms between the

injection location and the lip (weir) at the exit of the reactor coolant pump. A

countercurrent flow is established in the region between the injection location

and the downcomer entrance. Hot water is drawn from the downcomer through

the cold leg and mixes with the cold HPSI fluid. A cooler mixed stream then

returns via the bottom of the cold leg back to the downcomer entrance. This

conceptual model has been used to develop a mathematical model for cold leg

and HPSI fluid mixing described in a later section. APEX-CE thermal fluid

measurements have been used to estimate the HPSI plume entrainment rate at

the cold leg junction using this model. See Figure 8.3 below for HPSI and cold

leg fluid flow behavior for stratified flow conditions.

FIGURE 8.3 Thermally Stratified Conditions for the Side-Entry HPSI Line

8.2 Buoyant Backflow into the HPSI Line (FrHPSI)

As part of the scaling analysis performed for this study, it was determined that

the HPSI Froude number must be preserved between the experiment and the full

scale plant to preserve the conditions for the onset of buoyant fluid backflow

into the injection line. As shown in Figure 8.4, careful selection of the flow rates

and HPSI nozzle size resulted in a near perfect match for steady state and tran-

sient integral system conditions. It is observed that even at the maximum injec-
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buoyant fluid from the cold leg will flow back into the injection line to establish

a countercurrent flow. Buoyant fluid backflow is expected to occur in the Pali-

sades plant for most high-pressure injection conditions.

FIGURE 8.4 Comparison of HPSI Froude Numbers in APEX-CE and the Palisades Plant
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It was not possible to simultaneously preserve both the injection Froude number

and the injection Reynolds number. As mentioned in the previous section, the
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FIGURE 8.5 Comparison of APEX-CE and Palisades HPSI Reynolds Numbers Assuming No Buoyant 
Backflow into the Injection Line
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clearly expanding during the first few minutes of HPSI operation as a counter-

current flow was being established in the cold leg. As a result, entrainment

ratios calculated using equation (8.18) during this period would include the

effect of the growing mixing region. The second set of conditions for the data

was that THPSI and TCL were constant during the period being examined. 

Figures 8.7 through 8.12 present the data used in the analyses and the steady-

state entrainment ratios obtained using equation (8.19) for those portions of the

tests meeting the conditions stated above. As shown in these figures, the top lay-

ers of fluid were typically uniform and constant in temperature with most of the

fluid was mixing occurring in the lower layers. 

Table 8.1 lists the ranges of entrainment ratios observed for the different test

conditions. The lower HPSI Froude numbers resulted in a higher entrainment

ratio and therefore warmer temperatures in the mixing region. This is also

reflected in the HPSI temperature rise.

TABLE 8.1 Values of ξ for APEX-CE Stagnant Loop Tests

Test Number FrHPSI QHPSI (lpm)
Entrainment
Ratio Range

HPSI Temperature 
Rise (K)

OSU-CE-0004 0.45 5.6 (1.48 gpm) 0.38 - 0.44 70 (126oF)

OSU-CE-0005 0.43 5.6 (1.48 gpm) 0.35 70 (126oF)

OSU-CE-0016 0.45 5.6 (1.48 gpm) 0.42 81 (145.8oF)

OSU-CE-0015 0.45 5.6 (1.48 gpm) 0.37 - 0.41 73 (131.4oF)

OSU-CE-0006 0.23 2.8 (0.74 gpm) 0.51 102 (183.6oF)

OSU-CE-0014 0.22 2.8 (0.74 gpm) 0.52 - 0.55 104 (187.2oF)
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FIGURE 8.7 Axial Fluid Temperatures for Cold Leg #4 (OSU-CE-0004)

FIGURE 8.8 Axial Fluid Temperatures for Cold Leg #3 (OSU-CE-0005)
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FIGURE 8.9 Axial Fluid Temperatures for Cold Leg #4 (OSU-CE-0006)

FIGURE 8.10 Axial Fluid Temperatures for Cold Leg #4 (OSU-CE-0014)
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FIGURE 8.11 Axial Fluid Temperatures for Cold Leg #4 (OSU-CE-0015)

FIGURE 8.12 Axial Fluid Temperatures for Cold Leg #4 (OSU-CE-0016)
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8.4 STAR-CD Analysis of HPSI line Backflow and HPSI/Cold Leg Junction 

Fluid Mixing

This section describes the STAR-CD analysis of two of APEX-CE stagnant

loop tests, OSU-CE-0005 and OSU-CE-0006, discussed in the previous section.

Both phenomena have been examined using STAR-CD. Before discussing the

results, a description of the physical geometry that was modeled, the thermo-

couple locations of interest and the STAR-CD model shall be presented.

8.4.1 APEX-CE HPSI Line and Cold Leg Junction Geometry

This section presents a brief overview of the APEX-CE HPSI line and cold leg

junction. The HPSI lines implemented in the experiments were based on the

Palisades nuclear plant side injection design. It is a ¼ length scale line that con-

nects to the cold leg on a horizontal plane. As shown in Figure 8.13, the HPSI

line attaches to the cold leg on a sixty-degree angle such that the flow is prefer-

entially directed towards the reactor vessel downcomer. 

FIGURE 8.13 Top View of the Horizontal Cold Leg and HPSI Nozzle Junction

The prototypic portion of the HPSI line extends from the cold leg junction to the

HPSI line check valve as shown in the photograph labeled Figure 8.14. The
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HPSI nozzle extends from the check valve flange to the cold leg junction for a

total distance of 18.64 cm. 

A single thermocouple was inserted through the top of the nozzle, as shown in

Figure 8.13. It was located 11.75 cm (4.625 in.) upstream of the cold leg junc-

tion. Figure 8.15 shows a side view of the thermocouple tap and the approxi-

mate penetration depth. To determine the exact location of the thermocouple tip,

each component was measured separately with a micrometer. The thermocouple

seal rings were at 11.23 cm (4.42 in) from the measurement tip. The tap was

9.40 cm (3.70 in) long. The HPSI nozzle had a wall thickness of 1.27 cm (0.50

in) and the outer pipe had a wall thickness of 0.70 cm (0.276 in). The dimen-

sions are shown in Figure 8.16. This placed the thermocouple barely into the

fluid stream with the tip at 0.14 cm (0.056 in) inside the wall. Basically, the

thermocouple was measuring the near wall temperature of the fluid.

FIGURE 8.14 Photograph of the Section of the APEX-CE HPSI Line with the HPSI Check Valve
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FIGURE 8.15 HPSI Nozzle Thermocouple Tap

FIGURE 8.16 HPSI Nozzle Thermocouple Depth Determination

8.4.2 STAR-CD Model of HPSI Line and Cold Leg Junction

This section describes the STAR-CD model of the HPSI line and Cold leg junc-

tion. The HPSI line was modeled in STAR-CD from the cold leg junction to the

check valve flange. The check valve was not modeled, because the effects of the

upstream line and the check valve are assumed to dissipate previous to the back-

flow-mixing region. In other words, flow patterns introduced by the check valve

are lost in the randomness of the turbulent flow before they can influence the

0.276”

3.700”

4.42”

0.500”
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HPSI/CL junction fluid mixing. This assumption was based on the Reynolds

numbers for the fluid entering the check valves. The small, 1.58 cm diameter,

line leading to the check valve produced fluid Reynolds number of approxi-

mately 6,000 for OSU-CE-0005 and 3,500 for OSU-CE-0006, approximately

double of those inside the HPSI nozzle.

Although the check valve itself was not modeled, the influence of the upstream

turbulence was considered. It was introduced into the calculation by specifying

the turbulence intensity and mixing length of the HPSI fluid entering the HPSI

line. These two values were provided by the developer of the STAR-CD code,

Adapco. Based on their experience, they recommended that the turbulent inten-

sity for a fully developed turbulent pipe flow with water be estimated as 0.05

the turbulent length should be set at approximately one-tenth the diameter of the

pipe. Additional discussion is presented in the STAR-CD user’s manual. 

Only 18.64 cm length of HPSI line from the cold leg junction to the face of the

check valve flange was modeled using STAR-CD. This was determined to be

adequate through a series of STAR-CD calculations that indicated that cold leg

fluid penetration depth inside the HPSI line was completely within the modeled

region for the tests being considered. This distance was found to be around 18

cm. For test OSU-CE-0006, the backflow extends to the HPSI inlet boundary at

the exit chamber of the check valve. Figure 8.17 shows the temperature distribu-

tion in the HPSI line and the cold leg junction. The STAR-CD cold leg mesh at

the HPSI junction is shown in Figure 8.18. The mixing region at this cold leg

junction plays an important role and will be the focus of later analyses.
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FIGURE 8.17 OSU-CE-00006 HPSI and Cold Leg Junction Temperature Distribution at 505 Seconds

FIGURE 8.18 Cross-Sectional View of the Cold Leg Mesh in the STAR-CD Model of APEX-CE

8.4.3 Analysis of the HPSI Nozzle Fluid Temperature Transient

As shown previously in Figures 8.15 and 8.16, a thermocouple was located at

the top of each HPSI nozzle. The closest measurement location calculated

within the STAR-CD model was the uppermost cell. This cell represents the

average fluid temperature within 0.3625 cm (0.145 in.) of the wall. This was the

cell location used for the following comparisons for tests OSU-CE-0005 and

OSU-CE-0006.
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Each comparison shows the temperature measurements for the four APEX-CE

cold legs and the calculated temperature for the above-mentioned top cell of the

STAR-CD model. The reason for showing all four cold leg HPSI temperatures

is due to the fact that each HPSI nozzle experiences slightly different mixing

and temperature transients. Good agreement is seen between STAR-CD and

APEX-CE for both tests. 

The general transient is followed very well for test OSU-CE-0005, up to

approximately 500 seconds into the transient as shown in Figure 8.19. Subse-

quent to that time, both the measured and calculated temperatures drop towards

a new value near 300 K (80.3oF). The slope of the STAR-CD calculated temper-

ature is generally greater than the measured test data for the period between 500

and 900 seconds, however, the overall behavior is captured. Figure 8.20 shows a

comparison for test OSU-CE-0006. Reasonable agreement between the STAR-

CD calculation and APEX-CE data was observed.

FIGURE 8.19 STAR-CD and APEX-CE HPSI Nozzle Temperature Transient Comparison for Test 
OSU-CE-0005
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FIGURE 8.20 STAR-CD and APEX-CE HPSI Nozzle Temperature Transient Comparison for Test 
OSU-CE-0006

8.4.4 Degree of HPSI Fluid Mixing Calculated by STAR-CD

This section examines the degree of HPSI fluid mixing in the HPSI line and

HPSI/Cold Leg junction as calculated using STAR-CD. To aid in visualizing

the results of the calculations, all of the images of the fluid temperatures and

velocities in the HPSI/CL, are shown as perpendicular to the faces described in

Figure 8.21. Figure 8.21 shows the HPSI/CL junction from above, exposing the

centerline cells.

FIGURE 8.21 Location of Cell Faces Along Centerline of HPSI Nozzle, and Cross-Stream of the Cold 
Leg. The Following Images are Taken of the Faces Labeled in This Figure.
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It is instructive to analyze the flow structure in the HPSI line and HPSI/CL junc-

tion. Figure 8.22 shows the development of the temperature distribution in the

HPSI and HPSI/CL junction, starting from 2.5 seconds after the HPSI injection

is initiated until 30 seconds after the HPSI initiation. A development of the

velocity vectors for the same times is given in Figure 8.23. 

Because the HPSI Froude number for this test is less than one, the initiation of

the HPSI flow immediately produces a lock exchange condition inside the HPSI

line. The cold HPSI fluid flows along the bottom of the HPSI line towards the

cold leg and hot fluid from the cold leg is drawn into the upper portion of the

HPSI line. STAR-CD calculates that the velocity of the hot fluid entering the

HPSI line is approximately one-tenth that of the cold HPSI fluid flowing in the

opposite direction. That is, the hot fluid behaves somewhat like a bubble inside

a horizontal pipe and it is nearly stagnant. The interface between the hot and

cold fluids acts as a thin fluid-mixing layer. A close-up view of the flow field is

shown in Figure 8.24. Because the mixing in the HPSI line is primarily con-

strained to the narrow interface, the HPSI fluid is thermally stratified as it enters

the cold leg. This precludes simply using the difference between the inlet and

outlet HPSI fluid temperatures as the measure of thermal mixing. To accurately

measure the degree of thermal mixing in the HPSI line, an experiment would

need to measure both the temperature and velocity of each thermal layer at the

HPSI outlet. Each thermal layer contributes to a change in enthalpy in differing

degrees because of their relative mass contributions. Fortunately, a point wise

description of the flow is provided in the CFD model. 
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FIGURE 8.22 Progression of HPSI Fluid Temperature (K) Distribution from 2.5 to 30 Seconds into the 
Transient

Time: 2.5 seconds

Time: 5 seconds

Time: 10 seconds

Time: 20 seconds

Time: 30 seconds
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FIGURE 8.23 Progression of Velocity (m/s) Distribution of HPSI Injection, from 2.5 to 30 Seconds into 
the Transient

Time: 2.5 seconds

Time: 5 seconds

Time: 10 seconds

Time: 20 seconds

Time: 30 seconds
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The most important observation that can be discerned from Figure 8.24 is that

the highest velocities arise in the "waterfall" region at the HPSI/Cold Leg junc-

tion. Clearly this region dominates the mixing behavior for the overall process.

This observation is also supported by the thermal profiles shown Figure 8.22. 

FIGURE 8.24 Close up of velocity distribution in the HPSI/CL junction at 30 seconds into the transient. 
Velocities in the legend are in m/s

8.5 Conclusions

Experimental measurements in APEX-CE have shown that lower HPSI flow

rates result in higher entrainment ratios, indicating greater fluid mixing and

warmer HPSI fluid within the thermal layers at the bottom of the cold leg. The

APEX-CE stagnant loop tests exhibited 70-100 K (126oF - 180oF) temperature

increases in HPSI fluid. STAR-CD calculations of HPSI and HPSI/Cold Leg

junction temperature and velocity profiles showed that significant fluid mixing

occurs in the "waterfall" region at the HPSI/Cold Leg junction.
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9.0 COLD LEG FLUID THERMAL STRATIFICATION

This chapter presents the data and analyses of fluid thermal stratification behav-

ior in the APEX-CE cold legs. This includes a description of the mechanisms

leading to the onset of thermal stratification, the results of flow visualization

analyses, and the results of parametric studies and integral system tests. The

STAR-CD computational fluid dynamics code was also used to analyze the

thermal stratification data for selected tests.

Prior to presenting the APEX-CE measurements of cold leg fluid thermal strati-

fication, it is best to describe the physical phenomenon of interest. Figure 9.1

illustrates the thermal stratification mechanism for a horizontal cold leg with

side HPSI injection, as is the case for APEX-CE. Cold water enters the cold leg

through the HPSI nozzle located at the side of the cold leg.

FIGURE 9.1 Fluid Thermal Stratification in a Cold Leg with Side Injection
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The HPSI volumetric flow rate is given by QHPSI. If the loop natural circulation

rate, QL, is sufficiently low, the cold HPSI water falls to the bottom of the cold

leg and spreads towards the loop seal and the downcomer. For the Palisades

plant, the reactor coolant pump geometry limits the amount of cold water spill-

ing into the loop seal. Hot water from the loop is entrained into the HPSI plume

with varying degrees of intensity depending on the HPSI and loop flow rates.

The cold stream height formed by the HPSI flow is limited by the counter-cur-

rent flow pattern established at the cold leg/downcomer junction. A hot stream

of water from the downcomer rushes into the top of the cold leg while a cold

stream of water exits from the bottom of the cold leg into the downcomer. A

cold turbulent plume forms in the downcomer and mixes with the hot water as it

travels downward. A thermally well-mixed fluid leaves the control volume via

the lower plenum at a volumetric flow rate, Qm.

In an effort to gain a clearer understanding of the phenomenon, a scaled trans-

parent test section, OSU SETL, was used to examine the hydrodynamics of

HPSI flow in a horizontal cold leg. Figure 9.2 is a photograph of the fluid strati-

fication observed in the SETL facility. A salt-water solution was injected

through the side entry HPSI into a horizontal cold leg filled with fresh water.

The salt-water solution was dyed with Sodium Fluorescein to visualize the flow

patterns. The density difference produced in the flow visualization study

matched that of typical conditions for APEX-CE.

For the combination of injection and loop flow rates shown in the photograph,

the dense HPSI fluid did not spill over the reactor coolant pump weir wall (mod-

eled by a small plate of scaled height) into the cold leg loop seal. Figure 9.3

shows the flow conditions at the weir.
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FIGURE 9.2 Thermal Stratification Observed in the OSU Flow Visualization Test Loop

FIGURE 9.3 Photograph of HPSI flow at the RCP Weir Being Swept Back by the Loop Flow
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9.1 Onset of Thermal Stratification in APEX-CE

Test OSU-CE-0003, "APEX-CE Palisades Natural Circulation Fluid Mixing

Test", was a parametric study to examine the conditions for the onset of thermal

stratification in the cold legs under natural circulation conditions. Table 9.1

shows the range of conditions examined. These conditions represent natural cir-

culation cold leg flow rates ranging from 1.5 percent to 4 percent decay power

HPSI injection flow rates ranging from 30 percent to 100 percent.

Each test was initiated from steady-state natural circulation conditions. The

Cold Leg #3 and #4 HPSI nozzles provided a constant flow into the cold legs

and thermocouple rakes were used to measure the fluid temperature profiles

along the vertical axis inside each of the cold legs. Figure 9.4 shows the axial

locations of the six thermocouples along the center of each of the cold legs.

After approximately 600 seconds of data, HPSI was secured and the cold legs

were flushed using the RCPs to mix all of the primary system fluid. The entire

process was then repeated using a new power with a corresponding loop natural

circulation flow rate and a new set of HPSI flow rates.

TABLE 9.1 HPSI Flow Rates and Core Decay Powers for OSU-CE-0003

Core Decay 
Power (kW)

Cold Leg #3 HPSI 
Flow Rate (gpm)

Cold Leg #4 HPSI 
Flow Rate (gpm)

Cold Leg #3 HPSI 
Flow Rate (lpm)

Cold Leg #4 HPSI 
Flow Rate (lpm)

400 0.50 1.00 1.89 3.79

400 0.35 0.65 1.32 2.46

300 0.50 1.00 1.89 3.79

300 0.35 0.65 1.32 2.46

200 0.50 1.00 1.89 3.79

200 0.35 0.65 1.32 2.46

150 0.50 1.00 1.89 3.79

150 0.35 0.65 1.32 2.46
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Figures 9.5 and 9.6 show the fluid temperature profiles for each combination of

core power (i.e., natural circulation flow) and HPSI flow in Cold Legs #3 and

#4 respectively. Some thermal stratification was observed in every test, contrary

to what was predicted by the existing criterion for the onset of thermal stratifica-

tion.11

In general, less stratification was observed for higher core powers (i.e., higher

loop natural circulation flow rates) and lower HPSI flow rates. The maximum

temperature difference observed in Cold Leg #3, between the top and bottom of

the cold leg, was approximately 97.2 K (175°R). This was observed for core

powers of 150 kW and 200 kW with a HPSI flow rate of 0.5 gpm (1.89 lpm).

This jump was observed mainly between the bottom two thermocouples; indi-

cating that the cold stratified layer interface was low in the cold leg.

FIGURE 9.4 Thermocouples Locations in Cold Legs #3 and #4

TF-221 (8.26 cm)

TF-223 (6.35 cm)

TF-225 (4.45 cm)

TF-227 (3.18 cm)

TF-229 (1.91 cm)

TF-231 (0.64 cm)

TF-222 (8.26 cm)

TF-224 (6.35 cm)

TF-226 (4.45 cm)

TF-228 (3.18 cm)

TF-230 (1.91 cm)

TF-232 (0.64 cm)

COLD LEG #4 COLD LEG #3
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Similar results were observed in Cold Leg #4. However, in this case, the HPSI

flow rates were higher, ranging from 0.65 to 1 gpm (1.32 - 1.89 lpm). Stratifica-

tion was more pronounced compared to the results for cold leg #3, even for the

higher power cases. This is due to the higher HPSI flow rates used in Cold Leg

#4. The major temperature jump observed was closer to the middle of the cold

leg rather than the bottom. Hence the stratified layer height was greater in Cold

Leg #4 than in Cold Leg #3. Table 9.2 summarizes the results for each set of

steady-state flow conditions.

9.1.1 Comparison to Criteria for the Onset of Thermal Stratification

Theofanous, et al.15, successfully correlated a significant amount of cold leg

thermal stratification data using the following criterion:

TABLE 9.2 Temperature Difference From Top to Bottom of Cold legs in APEX-CE-0003

Power (kW) FrHPSI/CL ∆T (K) 1+QCL/QHPSI

400 0.0418 17.7 36.00

400 0.0292 5.8 53.22

300 0.0418 31.1 34.27

300 0.0292 16.3 47.02

200 0.0418 83.2 30.52

200 0.0292 52.8 43.77

150 0.0418 93.5 26.60

150 0.0292 93.5 26.60

400 0.0836 53.4 17.49

400 0.0543 29.3 27.62

300 0.0836 67.9 14.78

300 0.0543 49.4 23.68

200 0.0836 83.3 13.61

200 0.0543 63.1 20.49

150 0.0836 89.4 11.65

150 0.0543 72.4 17.80
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FIGURE 9.6 Thermal Stratification as a Function of Loop National Circulation and HPSI Flow Rate as 
Measured in Cold Leg #4 During OSU-CE-0003

Figure 9.7 compares the APEX-CE-0003 thermal stratification data, for each

steady-state set of HPSI and cold leg flows, to the stratification criterion given

by Equation 9.1. The figure indicates that although all of the APEX-CE data

exhibited cold leg thermal stratification, as shown in Figures 9.5 and 9.6, the

criterion predicts that the cold leg fluid should be well mixed. Because of the

excellent comparisons of the criterion to the other data, a cause for the differ-

ence was sought.

The answer was obtained through the flow visualization tests. It was apparent

that the presence of the RCP weir wall promoted thermal stratification in the

cold leg. As a result, much higher cold leg flows would be needed to mix the

HPSI and cold leg fluid. 

It is important to note that RCP weir spillover was not observed in APEX-CE-

0003 because natural circulation flow rates were always greater than 10 gpm

(37.85 lpm) per cold leg.
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In conclusion, the APEX-CE data reveals that a new thermal stratification crite-

rion is needed for HPSI flows in horizontal conduits containing flow obstruc-

tions. The next section presents the cold leg thermal stratification data for a

series of steady-state tests conducted without loop flow. 

FIGURE 9.7 Comparison of APEX-CE-0003 Cold Leg Thermally Stratified Fluid Data to the 
Stratification Criterion

9.2 Cold Leg Fluid Thermal Stratification During APEX-CE Stagnant Loop 

Tests

This section presents the APEX-CE cold leg fluid thermal stratification data for

all of the steady-state fluid mixing tests listed in Table 9.3.
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This series of tests was conducted to explore thermal fluid mixing in the pri-

mary loop. In particular, it significantly extends the existing fluid mixing data

obtained from earlier thermal test facilities. Multi-loop HPSI tests with and

without upper plenum bypass flow are included.

Figures 9.8 through 9.23 present the cold leg thermal stratification data obtained

for the eight stagnation tests. Figures 9.8 and 9.9 shows the temperature gradi-

ents in Cold Legs #3 and #4 for test OSU-CE-0004. Figure 9.9, shows the steep

thermal gradient associated with the HPSI flow in Cold Leg #4 for this test. This

stands in contrast with, Figure 9.8, in which there is no HPSI flow in Cold Leg

#3. Note that the mixed-mean temperature at the entrance to the core is expo-

nential in form and represents a lower bound to the cold legs that do not have

HPSI flow. The same trend is observed in Figures 9.14 (OSU-CE-0014), 9.16

(OSU-CE-0015) and 9.20 (OSU-CE-0017).

All of the cold legs with HPSI flow experience approximately the same sudden

drop in fluid temperature at the onset of injection. That is, the fluid temperatures

at the bottom of the cold leg from approximately 480 K (404oF) to 355 K

(179oF). This ∆T of 125 K (225oF) is nearly the same for all of the tests. The

TABLE 9.3 APEX-CE Steady-State Fluid Mixing Tests

Test Number Test Description

OSU-CE-0004 Thermal Stratification under Stagnant Loop Conditions - 1 HPSI at Maximum Flow

OSU-CE-0005 Thermal Stratification under Stagnant Loop Conditions - 4 HPSI at Maximum Flow

OSU-CE-0006 Thermal Stratification under Stagnant Loop Conditions - 4 HPSI at Intermediate Flow

OSU-CE-0014 Thermal Stratification under Stagnant Loop Conditions - 2 Adjacent HPSI at Maximum Flow

OSU-CE-0015 Thermal Stratification under Stagnant Loop Conditions - 2 Opposite HPSI at Maximum Flow

OSU-CE-0016 Thermal Stratification under Stagnant Loop Conditions - 3 HPSI at Maximum Flow

OSU-CE-0017 Thermal Stratification under Stagnant Loop Conditions - 1 HPSI at Maximum Flow and Upper Ple-

num/Downcomer Bypass

OSU-CE-0018 Thermal Stratification under Stagnant Loop Conditions - 4 HPSI at Maximum Flow and Upper Ple-

num/Downcomer Bypass
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lowest two thermocouples, located at 0.635 cm (0.25 in.) and 1.91 cm (0.75 in.)

from the bottom of the cold leg, show the greatest temperature change indicat-

ing that the coldest stratified layer is relatively low in the cold leg for these

HPSI flow rates. As expected, the mixed mean temperature (i.e., core average

inlet temperature) falls somewhere near the midpoint of the temperature pro-

files.

FIGURE 9.8 Cold Leg #3 Thermal Stratification Data for APEX-CE-0004 (No HPSI flow)
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FIGURE 9.9 Cold Leg #4 Thermal Stratification Data for APEX-CE-0004

FIGURE 9.10 Cold Leg #3 Thermal Stratification Data for APEX-CE-0005
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FIGURE 9.11 Cold Leg #4 Thermal Stratification Data for APEX-CE-0005

FIGURE 9.12 Cold Leg #3 Thermal Stratification Data for APEX-CE-0006
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FIGURE 9.13 Cold Leg #4 Thermal Stratification Data for APEX-CE-0006

FIGURE 9.14 Cold Leg #3 Thermal Stratification Data for APEX-CE-0014 (No HPSI Flow)
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FIGURE 9.15 Cold Leg #4 Thermal Stratification Data for APEX-CE-0014

FIGURE 9.16 Cold Leg #3 Thermal Stratification Data for APEX-CE-0015 (No HPSI Flow)
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FIGURE 9.17 Cold Leg #4 Thermal Stratification Data for APEX-CE-0015

FIGURE 9.18 Cold Leg #3 Thermal Stratification Data for APEX-CE-0016
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FIGURE 9.19 Cold Leg #4 Thermal Stratification Data for APEX-CE-0016

FIGURE 9.20 Cold Leg #3 Thermal Stratification Data for APEX-CE-0017 (No HPSI Flow)
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FIGURE 9.21 Cold Leg #4 Thermal Stratification Data for APEX-CE-0017

FIGURE 9.22 Cold Leg #3 Thermal Stratification Data for APEX-CE-0018
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FIGURE 9.23 Cold Leg #4 Thermal Stratification Data for APEX-CE-0018

9.2.1 Cold Leg Fluid Thermal Stratification with Upper Plenum Bypass Flow

Two pairs of counterpart tests were conducted under stagnant loop conditions to

examine the effect that upper plenum bypass flow has on cold leg fluid thermal

stratification. The first pair of tests, OSU-CE-0004 and OSU-CE-0017, had

injection in one cold leg. The second pair of tests, OSU-CE-0005 and OSU-CE-

0018, had injection in all four cold legs.

The geometry of the bypass flow is shown in Figure 9.24. The bypass flow area

consisted of ten 0.528 cm (0.208 in.) diameter holes in the upper plenum plate

that permitted flow of hot water from the upper plenum to the downcomer.

Under stagnant loop conditions, that is no natural circulation or forced flow, the

pressure difference between the upper plenum and the cold leg is not very large

and the flow through the bypass holes is very small.
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FIGURE 9.24 Upper Plenum Bypass Flow Holes Connect the Upper Head and the Downcomer

Under these low flow conditions, the influence of the bypass flow mixing was

best detected in the upper downcomer. Figures 9.25 and 9.26 compare the Cold

Leg #3 thermal stratification for counterpart tests OSU-CE-0004 (without

bypass) and OSU-CE-0017 (with bypass). Figures 9.27 and 9.28 compare the

results for Cold Leg #4. The bypass holes had very little effect on the thermal

gradients in the cold legs under stagnant loop conditions. Fluid mixing, how-

ever, can be detected in the upper downcomer as shown in the figures. With the

bypass holes open, the upper downcomer temperatures more closely to followed

the temperatures at the top of the cold legs. 
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FIGURE 9.25 Fluid Thermal Stratification in Cold Leg #3 in OSU-CE-0004 (No Bypass Flow)

FIGURE 9.26 Fluid Thermal Stratification in Cold Leg #3 in Counterpart Test OSU-CE-0017 (With 
Bypass Flow)
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FIGURE 9.27 Fluid Thermal Stratification in Cold Leg #4 in OSU-CE-0004 (No Bypass Flow)

FIGURE 9.28 Fluid Thermal Stratification in Cold Leg #4 in Counterpart Test OSU-CE-0017 (With 
Bypass Flow)
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9.3 Cold Leg Fluid Thermal Stratification During APEX-CE Transient Tests 

This section presents the APEX-CE cold leg fluid thermal stratification data for

all of the transient tests listed in Table 9.4.

Thermal fluid stratification of varying degree was observed in each of the tran-

sient tests listed above. The following sections present the cold leg thermal

stratification data for Cold Legs #3 and #4 for each of the tests. They are dis-

cussed by category. That is, the MSLB series, the Stuck-Open Pressurizer

Safety Relief Valve Series, and the SBLOCA series.

9.3.1 MSLB Cold Leg Fluid Thermal Stratification

Two MSLB test were conducted. Figures 9.29 and 9.30 present the cold leg

fluid thermal stratification measurements for OSU-CE-0011, which involved a

MSLB on Steam Generator #1 from initially low decay power conditions. Dur-

ing the test, natural circulation flow was lost in Cold Legs #2 and # 4 because

the intact Steam Generator #2 became a heat source. This explains the trends

observed in Figures 9.29 and 9.30. Cold Leg # 3, generally exhibits thermally

well-mixed fluid conditions except for a period of low flow from 500 to 1600

seconds. However, the fluid in Cold Leg #4 becomes thermally stratified when

flow in the cold leg ceases.

TABLE 9.4 APEX-CE Transient Integral System Tests

Test Number Test Description

MSLB Series

OSU-CE-0011 1.0 ft2 MSLB from hot zero power with failure to isolate AFW

OSU-CE-0012 1.0 ft2 MSLB from full power with failure to isolate AFW

Stuck-Open SRV Series

OSU-CE-0009 Stuck open primary SRV

OSU-CE-0013 Stuck open primary SRV with subsequent re-closure

OSU-CE-0010 Stuck open SRV and ADV

SBLOCA Series

OSU-CE-0007 1.4-inch (3.56 cm) top of hot leg SBLOCA

OSU-CE-0008 2.0-inch (5.08 cm) top of hot leg SBLOCA

OSU-CE-0019 2.0-inch (5.08 cm) hot leg break from full power with upper plenum/downcomer bypass
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Figures 9.31 and 9.32 present the cold leg fluid thermal stratification measure-

ments for OSU-CE-0012, which involved a MSLB on Steam Generator #2 from

initially full decay power conditions. As expected, these figures show the oppo-

site trends from OSU-CE-0011 because the steam line break was on the oppo-

site side. For this test, Steam Generator #1 became a heat source and

consequently natural circulation was interrupted in Cold Legs # 1 and #3. Thus

Cold Leg #3 exhibited thermal stratification, whereas Cold Leg #4 exhibited

thermally well-mixed conditions.

FIGURE 9.29 Thermal Fluid Stratification in Cold Leg #3 during OSU-CE-0011
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FIGURE 9.30 Thermal Fluid Stratification in Cold Leg #4 during OSU-CE-0011

FIGURE 9.31 Thermal Fluid Stratification in Cold Leg #3 during OSU-CE-0012
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FIGURE 9.32 Thermal Fluid Stratification in Cold Leg #4 during OSU-CE-0012

9.3.2 Stuck-Open SRV Cold Leg Fluid Thermal Stratification

Three tests were conducted to examine cold leg thermal stratification arising

from a stuck-open SRV. Tests OSU-CE-0009 and OSU-CE-0013 are identical

with the exception that the SRV was subsequently re-closed in OSU-CE-0013.

Figures 9.33 through 9.36 present the cold leg thermal stratification results for

the first 5000 second of these tests. Both tests indicate that the stratified layer

was at the bottom of the cold leg as measured by the thermocouple located at

0.635 cm (0.25 in). The top four thermocouples indicated a thermally well-

mixed condition near the saturation temperature of the fluid. The second ther-

mocouple from the bottom showed the spiked behavior typical of that observed

near a stratified layer interface. The re-closure of the SRV in test OSU-CE-0013

resulted in an increase in natural circulation flow that promoted mixing in all the

cold legs as shown in Figures 9.35 and 9.36.

Test OSU-CE-0009 was permitted to continue with the stuck-open SRV. The

result was that the stratified layer continued to grow until cold water spilled into

the loop seals. This resulted in stagnation in Cold Legs #2 and #4 and subse-
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quently greater thermal stratification was observed in these legs as shown in

Figures 9.37 and 9.38.

Test OSU-CE-0010 was initiated with a stuck-open pressurizer SRV immedi-

ately followed by a stuck-open atmospheric dump valve on Steam Generator #1.

The subsequent isolation of Steam Generator #2 resulted in making it a heat

source that caused stagnation in Cold Legs #2 and #4. Figures 9.39 and 9.40

show the cold leg thermal stratification measurements in Cold Legs #3 and #4

respectively. The fluid in Cold Leg #3 is thermally well mixed for the first 1500

seconds but becomes stratified as the primary loop flows decrease. The fluid in

Cold Leg #4 shows significant thermal stratification close to the onset of the test

due to the interruption of natural circulation in the legs connected to Steam Gen-

erator #2.

FIGURE 9.33 Thermal Fluid Stratification in Cold Leg #3 during OSU-CE-0009
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FIGURE 9.34 Thermal Fluid Stratification in Cold Leg #4 during OSU-CE-0009

FIGURE 9.35 Thermal Fluid Stratification in Cold Leg #3 during OSU-CE-0013



COLD LEG FLUID THERMAL STRATIFICATION

9-29

FIGURE 9.36 Thermal Fluid Stratification in Cold Leg #4 during OSU-CE-0013

FIGURE 9.37 Thermal Fluid Stratification in Cold Leg #3 during OSU-CE-0009
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FIGURE 9.38 Thermal Fluid Stratification in Cold Leg #4 during OSU-CE-0009

FIGURE 9.39 Thermal Fluid Stratification in Cold Leg #3 during OSU-CE-0010
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FIGURE 9.40 Thermal Fluid Stratification in Cold Leg #4 during OSU-CE-0010

9.3.3 SBLOCA Cold Leg Fluid Thermal Stratification

The smallest LOCA test conducted was OSU-CE-0007, a 1.4-inch (3.56 cm) top

of the hot leg break. This test did not result in draining the steam generator

tubes, but did result in natural circulation interruption in Cold Legs #2, #3 and

#4 because of loss of the steam generators as heat sinks and the generation of

negative buoyancy in the loop seals. As a result, thermal stratification was

observed in the cold legs as shown in Figures 9.41 and 9.42. The very cold layer

on the bottom of the cold leg is characteristic of most of the tests. The remaining

thermocouples show that most of the cold leg fluid is thermally well mixed until

the cold leg flows drop considerably. At 4000 seconds, the flow in cold leg #4

stops and the thermal stratification becomes much more pronounced.

Three two-inch (5.08 cm) SBLOCAs were also conducted in APEX-CE, OSU-

CE-0008, OSU-CE-0019 and OSU-CE-0020. Tests OSU-CE-0008 and OSU-

CE-0019 are identical with the exception that OSU-CE-0019 had upper plenum

bypass flow. Figures 9.43 through 9.45 present the thermal stratification data for

the fluid in Cold Legs #3 and #4 for both tests. 
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In both tests, Cold Legs #1 and #2 stagnated because of steam generator tube

voiding and Cold Legs #3 and #4 stagnated due to negative buoyancy in the

loop seals. As a result significant thermal stratification is observed in both tests. 

The impact of the upper plenum bypass flow in these tests was not significant as

made evident by comparing the upper downcomer temperatures (TF-168) to the

cold leg temperatures at the top of the cold legs. In comparison to the test with

upper plenum bypass flow, OSU-CE-0019, the fluid temperatures at the top of

the cold legs track closely with the upper downcomer temperature and decay in

a more uniform manner. The presence of steam in the upper head and upper

downcomer also provides an opportunity for heating of the cold leg fluid. How-

ever, the total flow area of the bypass holes is relatively small, thus effect is not

large for these tests.

FIGURE 9.41 Thermal Fluid Stratification in Cold Leg #3 during OSU-CE-0007
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FIGURE 9.42 Thermal Fluid Stratification in Cold Leg #4 during OSU-CE-0007

FIGURE 9.43 Thermal Fluid Stratification in Cold Leg #3 during OSU-CE-0008 (No Upper Plenum 
Bypass Flow)
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FIGURE 9.44 Thermal Fluid Stratification in Cold Leg #4 during OSU-CE-0008 (No Upper Plenum 
Bypass Flow)

FIGURE 9.45 Thermal Fluid Stratification in Cold Leg #3 during OSU-CE-0019 (With Upper Plenum 
Bypass Flow)
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FIGURE 9.46 Thermal Fluid Stratification in Cold Leg #4 during OSU-CE-0019 (With Upper Plenum 
Bypass Flow)

9.3.4 Maximum Temperature Difference Across the Cold Legs

Table 9.5 summarizes the maximum temperature difference observed from the

bottom to the top of the cold leg for each of the transient tests. The two-inch

breaks demonstrated the greatest thermal stratification because saturated steam

and liquid were present at the top of the cold legs. During the transient the level

in the vessel drops below the cold legs allowing steam to intrude. This results in

HPSI injection into a partially filled cold leg. The following section describes a

test specifically conducted to explore the impact of steam condensation on cold

leg and downcomer cool-down behavior.
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9.4 Fluid Thermal Stratification in Steam-Filled Cold Legs (OSU-CE-0020)

Test OSU-CE-0020 was a 4.22 cm (1.66-inch) hot leg break separate effects test

successfully performed on May 15, 2002. The objective of the test was to

observe the effects of steam condensation on the cold leg and downcomer fluid

thermal conditions. The test was initiated by opening a break at the bottom of

the hot leg. A steady-state balance between the HPSI flow rate and the break

flow rate was then achieved. The goal was to maintain the reactor vessel liquid

level at the bottom of the hot leg while measuring the local cold leg and down-

comer wall temperatures. This would create a waterfall effect in the down-

comer, a phenomenon that had not been previously examined in the context of

PTS. Table 9.6 presents the two sets of steady-state conditions achieved during

the test. During these time periods, the hot legs and upper plenum were empty

and the core mixture level and power were constant. The saturation temperature

and average vessel void fraction are also presented in Table 9.6

TABLE 9.5 Maximum Cold Leg Stratification Temperature Difference 

Test Number Test Description
Cold Leg #3

∆T (K)
Cold Leg #4

∆T (K)

MSLB Series

OSU-CE-0011 1.0 ft2 MSLB from hot zero power w/ failure to isolate AFW 28 70

OSU-CE-0012 1.0 ft2 MSLB from full Power w/ failure to isolate AFW 73 1

Stuck-Open SRV Series

OSU-CE-0009 Stuck-open primary SRV 111 102

OSU-CE-0013 Stuck-open primary SRV with subsequent re-closure 112 105

OSU-CE-0010 Stuck-open SRV and ADV 85 96

SBLOCA Series

OSU-CE-0007 1.4-inch (3.56 cm) top of hot leg SBLOCA 106 107

OSU-CE-0008 2.0-inch (5.08 cm) top of hot leg SBLOCA 116 130

OSU-CE-0019 2.0-inch (5.08 cm) hot leg break from full power with upper ple-

num/downcomer bypass

131 139
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*Note: Flow fluctuated.

Figures 9.47 through 9.50 present the axial fluid temperatures in Cold Legs #3

and #4 respectively for the two sets of steady-state conditions. The measure-

ments indicate that the top five thermocouples were immersed in saturated

vapor. However, the bottom thermocouple in each cold leg indicates the pres-

ence of subcooled liquid. 

All four of the figures show significant heating of the HPSI liquid as a result of

steam condensation. The liquid from each HPSI nozzle entered the cold leg at

296.5 K (74oF) and was heated to temperatures ranging from 450 K (350oF) to

475 K (395oF) as it traveled through the nozzle into the cold leg and a short dis-

tance to the thermocouple rake. A simple energy balance was used to calculate

the steam condensation rates that produced the liquid temperature changes

observed in Cold Legs #3 and #4. Table 9.7 summarizes the results for the two

sets of steady state conditions.

TABLE 9.6 Test OSU-CE-0020 Steady-State Conditions

Time Period

 (s)

Core

 Power

 (kW)

HPSI Flow Rate (lpm)

Pressure

 (MPa)

TSAT

(K)

Rx

Mixture

 Level (cm)

Avg. Vessel

 Void Fraction
1 2 3 4

2800 - 5800 150 0.73 * 0.71 0.70 2.30 492.8 154.7 18.4%

6800 - 9768 200 0.93 0.84 1.00 0.91 2.41 459.2 154.9 20.0%

TABLE 9.7 Estimates of HPSI Liquid Heating and Steam Condensation Rates

Time Period

(s)

Cold Leg #3 Cold Leg #4

HPSI

Mass Flow

 (g/s)

Steam

Condensation

(g/s)

Liquid

Heating Rate

 (kW)

HPSI

Mass Flow

 (g/s)

Steam

Condensation

 (g/s)

Liquid

Heating Rate

 (kW)

2800 - 5800 11.8 4.2 7.8 11.6 4.7 8.6

6800 - 9768 16.6 6.4 11.8 15.1 6.3 11.7
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FIGURE 9.47 Thermal Fluid Stratification in Cold Leg #3 during OSU-CE-0020

FIGURE 9.48 Thermal Fluid Stratification in Cold Leg #4 during OSU-CE-0020 
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FIGURE 9.49 Thermal Fluid Stratification in Cold Leg #3 during OSU-CE-0020

FIGURE 9.50 Thermal Fluid Stratification in Cold Leg #4 during OSU-CE-0020
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9.5 STAR-CD Calculations of Cold Leg Thermal Stratification

This section presents the results of the three-dimensional calculations per-

formed using STAR-CD to analyze the APEX-CE thermal fluid stratification

behavior. Specifically, STAR-CD has been used to predict local fluid velocities

and temperatures in the cold legs for tests OSU-CE-0005 and OSU-CE-0006.

These tests were conducted using steady-state HPSI flow rates at stagnant loop

conditions as discussed in Section 9.2.

The cold leg temperature gradient of APEX-CE Cold Legs #3 and #4 were mea-

sured with thermocouple rakes placed inside the cold leg flange as shown in

Figure 9.51. The STAR-CD counterpart cell locations are shown in Figure 9.52,

where the heights of the cells in the computational model are matched to the

measurement locations shown in Figure 9.51. 

The comparison of calculation and measured data for the temperature gradient

of test OSU-CE-0005 is given in 9.53. Both the calculation and data show the

existence of thermal stratification. The overall degree of stratification calculated

by STAR-CD, as given by the maximum temperature difference from the top to

the bottom of the cold leg, is in very good agreement up to approximately 250

seconds into the test. From approximately 250 to 450 seconds, the calculation

under-predicts the temperature at the uppermost location in the cold leg. This

cooler temperature enhances the plume's existence in the downcomer. From 450

seconds through the end of the test, the overall degree of stratification is again

in very good agreement.

The behavior of the interface separating the coldest and hottest fluids is impor-

tant to understand. The largest gradient between adjacent temperature locations

is indicative of the approximate location of the interface. The interface marks

the boundary between the cold and hot streams flowing counter current to one

another. During the first 450 seconds, the interface is located between the sec-

ond lowest and second highest measurements. In other words, the upper two

measurements are within a similar temperature fluid, whereas the bottom two
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are located in a region where the fluid has a temperature gradient. The lower

fluid experiences mixing as it traverses the cold leg.

FIGURE 9.51 Thermocouple Locations in the APEX-CE Cold Leg

FIGURE 9.52 Cell locations for the Cold Leg Fluid Temperature Calculations in STAR-CD
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In contrast to the measured data, the calculation shows a more continuous gradi-

ent across the cold leg. It is interesting to note that the interface location, indi-

cated by large fluctuations in temperature, moves at approximately 450 seconds;

after which the data matches the calculation very well. 

Stratification within the cold leg for test OSU-CE-0006 is similar to test OSU-

CE-0005 as shown in 9.54. Both situations begin with an intact upper hot

stream, which then decays as the cold layer grows and the interface moves

upward. The calculation for test OSU-CE-0006 shows the same overall temper-

ature gradient as the data, to approximately 280 seconds into the test. The data

shows that the interface is between the lowest and second lowest temperature

locations, as this is the largest spatial temperature gradient. This is described by

the large temperature fluctuations as was seen for test OSU-CE-0005. 

The interface is located in the region between the upper two and lower two loca-

tions for the duration of the comparison. The greatest difference from the data is

also at this location, indicating the location of the calculated interface as being

most difficult to resolve for STAR-CD. Between approximately 280 and 800

seconds, the calculation under-predicts the upper most temperature. However

the lower layer thickens by 800 seconds to include the upper thermocouple, and

the overall degree of stratification is again in good agreement.
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FIGURE 9.53 Comparison of STAR-CD Calculation and APEX-CE Cold Leg Data for Test OSU-CE-
0005

FIGURE 9.54 Comparison of STAR-CD Calculation and APEX-CE Cold Leg Data for Test OSU-CE-
0006
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9.5.1 STAR-CD Velocity Profiles for APEX-CE Cold Leg Fluid Counter-Current Flow

Calculating the correct dynamics of the cold and hot streams in the cold leg are

important in accurately determining the cold leg mixing processes. Figure 9.55

presents a STA-CD calculation of the cross-sectional velocity vectors of the

fluid within the cold leg. This cross-sectional image shows the cold stream

along the lower portion of the cold leg traveling in a right to left direction, and

the hot stream flowing counter to the cold stream in a left to right direction. At

the interface between these streams exists a mixing region that is at most two

cells thick. In actuality, the interface can be much thinner than the thickness of

two cells. This smearing of the interface due to cell resolution is a factor in this

location showing the most discrepancy. The interface region is where the veloc-

ities are lowest as they change direction or obtain an amount of vertical move-

ment.

FIGURE 9.55 STAR-CD Calculation of Cold Leg Fluid Velocities in APEX-CE Test OSU-CE-0005

In conclusion, STAR-CD was able to model fluid thermal stratification in the

APEX-CE cold legs as measured in tests OSU-CE-0005 and OUS-CE-0006.

The most challenging aspect of the calculation is predicting the interface loca-
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tion. It was shown that STAR-CD was able to capture the essential fluid mixing

behavior in the cold legs. 

9.6 Summary of Cold Leg Thermal Stratification Results

Cold leg thermal stratification was observed in all of the natural circulation tests

for the CE side injection configuration and Palisades flow rates. It was deter-

mined that the primary reason for this was the presence of the RCP lip, simu-

lated in APEX-CE by a scaled weir in the cold legs. A comparison of the data to

the thermal stratification criterion, used successfully in previous studies,

revealed that the criterion could not be used to predict the onset of thermal strat-

ification when the cold leg is partially obstructed. 

A significant data base on thermal fluid stratification in cold legs has been

obtained using the APEX-CE test facility. Steady state and transient data show

that large thermal gradients are generated in the cold leg fluid. The largest tem-

perature difference from top to bottom of the cold leg was observed in the

SBLOCA tests. This resulted because the top of the cold leg was filled with sat-

urated steam, whereas the bottom of the cold leg contained a very narrow layer

of subcooled liquid. The HPSI liquid heating in a steam filled cold leg was

determined to be very significant. Steam condensation on the HPSI liquid raised

its temperature from 296.5 K (74oF) to temperatures of 450 (350oF) to 475 K

(395oF) over very short distances. 

An additional parameter examined in these tests was the effect of upper plenum

bypass flow. It was determined that for the limited bypass flow area imple-

mented in the test program, the upper plenum flow did not significantly impact

the cold leg fluid thermal stratification. 

The STAR-CD computational fluid dynamics code was used to analyze two

APEX-CE tests, OSU-CE-0005 and OSU-CE-0006. Overall the START-CD

predictions were very good and generally within 3-5 percent of the measured

temperatures. STAR-CD captured the fundamental physics of the problem.
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Including the presence of thermal stratification and the countercurrent flow phe-

nomena. The countercurrent flow behavior was confirmed using flow visualiza-

tion. The greatest challenge to the code was accurately predicting the interface

location.
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10.0 LOOP SEAL FLUID MIXING

This chapter presents the results of the thermal fluid mixing analysis in the cold

leg loop seals. This phenomenon is significant for two reasons. First, whenever

loop seal spillover occurs, less HPSI flow is directed toward the downcomer.

This has a direct impact on the degree of cold leg thermal stratification and the

formation of downcomer plumes. Second, as indicated in Chapter 7, the back-

flow of cold HPSI fluid into the cold leg loop seals was responsible for asym-

metric stagnation in the primary loops. The presence of the negatively buoyant

fluid in the loop seal presented added resistance to the natural circulation flow.

Under low driving head conditions, this added resistance was enough to divert

the flow from one cold leg to the adjacent cold leg through the shared steam

generator lower plenum. 

The spillover of the cold HPSI fluid is shown in Figure 10.1. Flow visualization

studies were conducted in the salt-water Separate Effects Transparent Loop

(SETL) to gain greater insights into the phenomenon. Figure 10.2 shows the

loop seal mixing behavior observed in SETL. 

FIGURE 10.1 Fluid Mixing in the Loop Seal of the Cold Leg Impacts Downcomer Injection and Integral 
Loop Flow Rates
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FIGURE 10.2 Spillover of Dense HPSI Fluid into the Cold Leg Loop Seal in the SETL Facility. The 
Same Phenomenon Led to Asymmetric Cold Leg Flow Stagnation in the APEX-CE 
Thermal Tests.

As observed in the photograph, the dense HPSI fluid, colored green using a flu-

orescent dye, travels along the bottom of the cold leg toward the loop seal. The

dense fluid spills over the weir that simulates the lip of the reactor coolant pump

and falls as a plume into the loop seal. A countercurrent flow is established with

the less dense fluid from the loop seal traveling along the top portion of the cold

leg toward the HPSI nozzle. 

10.1 APEX-CE Loop Seal Fluid Mixing Data for Stagnant Loop Tests

This section presents the APEX-CE data for the stagnant loop tests presented in

Table 10.1. These tests were conducted at APEX-CE nominal operating temper-

ature and pressure at zero power and no loop flow. The number of active HPSI
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lines and their flow rates were varied to develop a wide range of downcomer

conditions. All of the tests experienced loop seal fluid mixing as shown in Fig-

ure 10.3 through Figure10.10

The onset of loop seal spillover can be clearly discerned in Figure 10.3, which

was the simplest of the stagnant loop tests conducted. The HPSI flow was

through a single injection line on Cold Leg #4. Unlike Loop Seal #4, the

remaining three loop seals reflect the cool-down of the primary system. Figure

10.4 shows similar initial conditions, except with all four HPSI lines in opera-

tion. It is interesting to note that the spillover of cold HPSI fluid into Loop Seals

#2 and #4 occurs simultaneously and earlier than it does for the remaining loop

seals in test OSU-CE-0005. A slightly different result was observed for OSU-

CE-0006, which was the same test conducted at half the HPSI flow rate. In

OSU-CE-0006, the loop seal spillover occurred at different times for Loop Seals

#1 and #3.

TABLE 10.1 APEX-CE Steady-State Fluid Mixing Tests

Test Number Test Description

OSU-CE-0004 Thermal Stratification under Stagnant Loop Conditions - 1 HPSI at Maxi-

mum Flow

OSU-CE-0005 Thermal Stratification under Stagnant Loop Conditions - 4 HPSI at Maxi-

mum Flow

OSU-CE-0006 Thermal Stratification under Stagnant Loop Conditions - 4 HPSI at Interme-

diate Flow

OSU-CE-0014 Thermal Stratification under Stagnant Loop Conditions - 2 Adjacent HPSI at 

Maximum Flow

OSU-CE-0015 Thermal Stratification under Stagnant Loop Conditions - 2 Opposite HPSI at 

Maximum Flow

OSU-CE-0016 Thermal Stratification under Stagnant Loop Conditions - 3 HPSI at Maxi-

mum Flow

OSU-CE-0017 Thermal Stratification under Stagnant Loop Conditions - 1 HPSI at Maxi-

mum Flow and Upper Plenum/Downcomer Bypass

OSU-CE-0018 Thermal Stratification under Stagnant Loop Conditions - 4 HPSI at Maxi-

mum Flow and Upper Plenum/Downcomer Bypass
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All of the stagnant flow tests show similar exponential decays in loop seal fluid

temperatures for the loop seals having an active HPSI line. This suggests that

simple perfect mixing models based on mass and energy conservation could be

used to predict the loop seal time dependent fluid temperatures. The difficulties

with this approach are explained in Section 10.3.

FIGURE 10.3 Loop Seal Temperatures for OSU-CE-0004. (HPSI Flow in Cold Leg # 4)
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FIGURE 10.4 Loop Seal Temperatures for OSU-CE-0005. (HPSI Flow in Cold Legs 1-4, Loop Spillover 
occurred earlier in Cold Leg #1)

FIGURE 10.5 Loop Seal Temperatures for OSU-CE-0006. (HPSI Flow in Cold Legs 1-4, Loop Spillover 
occurred earlier in Cold Legs #2 and 4)
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FIGURE 10.6 Seal Temperatures for OSU-CE-0014. (HPSI Flow in Cold Legs 2 & 4)

FIGURE 10.7 Seal Temperatures for OSU-CE-0015. (HPSI Flow in Cold Legs 1 & 4)
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FIGURE 10.8 Loop Seal Temperatures for OSU-CE-0016. (HPSI Flow in Cold Legs 1, 3 & 4)

FIGURE 10.9 Loop Seal Temperatures for OSU-CE-0017. (HPSI Flow in Cold Leg 4 with Upper 
Plenum Bypass)
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FIGURE 10.10 Loop Seal Temperatures for OSU-CE-0018. (HPSI Flow in Cold Legs 1-4, with Upper 
Plenum Bypass)

10.2 Loop Seal Fluid Mixing During APEX-CE Transient Tests 
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10.2.1 Main Steam Line Break Loop Seal Fluid Mixing

Figures 10.11 and 10.12 present the loop seal fluid mixing data for the two

MSLB scenarios. Both tests show similar trends, however, the temperature

decay for the full power MSLB shown in Figure 10.12 was arrested at approxi-

mately 400 K (260.3oF). Because the test was conducted at a higher core decay

power, the corresponding natural circulation flow rates were higher. This

resulted in a shorter period of non-uniform temperatures in the loop seals.

TABLE 10.2 APEX-CE Transient Integral System Tests

Test Number Test Description

MSLB Series

OSU-CE-0011 1.0 ft2 MSLB from Hot Zero Power w/ failure to isolate AFW

OSU-CE-0012 1.0 ft2 MSLB from Full Power w/ failure to isolate AFW

Stuck-Open SRV Series

OSU-CE-0009 Stuck open primary SRV

OSU-CE-0013 Stuck open primary SRV with subsequent re-closure

OSU-CE-0010 Stuck open SRV and ADV

SBLOCA Series

OSU-CE-0007 1.44-inch (3.56 cm) Top of Hot Leg SBLOCA

OSU-CE-0008 2.0-inch (5.08 cm) Top of Hot Leg SBLOCA

OSU-CE-0019 2.0-inch (5.08 cm) Hot Leg Break from Full Power with Upper 

Plenum/Downcomer bypass
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FIGURE 10.11 Loop Seal Temperatures for OSU-CE-0011. (MSLB from Hot Zero Power)

FIGURE 10.12 Loop Seal Temperatures for OSU-CE-0012. (MSLB from Full Power)
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10.2.2 Stuck-Open SRV Loop Seal Fluid Mixing

Three stuck-open SRV tests were conducted. Figures 10.13 and 10.14 show the

results for OSU-CE-0009 and OSU-CE-0013. These tests were identical with

the exception that the later test subsequently re-closed the SRV. Both tests show

the same behavior for the first 5000 seconds. That is, well-mixed loop seal fluid

temperatures. Test OSU-CE-0009 was permitted to proceed beyond 5000 sec-

onds. HPSI fluid spillover and fluid mixing in Loop Seals #4 and #2 was

observed to occur later in the transient.

Test OSU-CE-0010 was a combination primary side and secondary side break.

Significant loop seal fluid mixing is observed in Figure 10.15 for the cold legs

that experienced stagnation.

FIGURE 10.13 Loop Seal Temperatures for OSU-CE-0009. (Stuck-Open SRV)

250

300

350

400

450

500

550

0 2000 4000 6000 8000 10000 12000

Time (s)

T
em

p
er

a
tu

re
 (

K
)

TF-251-1 TF-251-2 TF-251-3
TF-252-1 TF-252-2 TF-252-3
TF-253-1 TF-253-2 TF-253-3
TF-254-1 TF-254-2 TF-254-3

LOOP SEAL #4

LOOP SEALS #1 & #3

LOOP SEAL #2



LOOP SEAL FLUID MIXING

10-12

FIGURE 10.14 Loop Seal Temperatures for OSU-CE-0013. (Stuck-Open SRV with Re-Closure)

FIGURE 10.15 Loop Seal Temperatures for OSU-CE-0010. (Stuck-Open SRV and ADV)
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10.2.3 SBLOCA Loop Seal Fluid Mixing

Three SBLOCA tests were conducted and the measurements of their loop seal

fluid temperatures are presented in Figures 10.16 through 10.18. The smallest

break was a 1.44-inch (3.65 cm) hot leg break. The loop seal temperatures

exhibited the same type of exponential decay observed in the stagnant loop

tests. The onset of loop spillover for these tests also signaled the upcoming

onset of cold leg stagnation. 

A comparison of Figures 10.17 and 10.18 shows the impact of the upper plenum

bypass. The tests were identical except that the upper plenum bypass flow holes

were open in OSU-CE-0019. The two temperature plots show similar trends.

Loop Seal #4 was the first to experience loop seal spillover. However, the order

for the onset of loop seal fluid mixing was not the same for the remaining loop

seals.

FIGURE 10.16 Loop Seal Temperatures for OSU-CE-0007. (1.44-inch SBLOCA)
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FIGURE 10.17 Loop Seal Temperatures for OSU-CE-0008 (2.0-inch SBLOCA without Upper Plenum 
Bypass)

FIGURE 10.18 Loop Seal Temperatures for OSU-CE-0019 (2.0-inch SBLOCA with Upper Plenum 
Bypass)
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10.3 Limitations of the Mixing Cup Model for the Loop Seal

The exponential temperature decay observed in the loop seals suggest that a

simple perfect mixing model (sometimes called a mixing cup model) could be

used to adequately predict the time dependent, averaged, loop seal temperatures.

That is, using the mass and energy conservation equations the following simple

analytical model can be developed:

(10.1)

In this equation, the dimensionless terms are:

(10.2)

and

(10.3)

Here the subscript "LS" refers to a loop seal parameter, the superscript "+" indi-

cates a dimensionless parameter, the subscript "m" represents the temperature at

the inlet to the loop seal, and "f" represents the fraction of HPSI flow directed

towards the loop seal. This is similar to what was done for the REMIX model

mixing regions. 

The challenges for such a model become evident when examining the experi-

mental data. Test OSU-CE-0004 was the simplest of the flow stagnation tests. It

was a zero power test conducted with one HPSI in operation on Cold Leg #4

and with no loop natural circulation flow. Figure 10.19 shows the fluid tempera-

tures measured in the loop seals and at the bottom of Cold Leg #4. The loop

seals for Cold Legs #1 through #3 reflect the average temperature of the primary
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system fluid. Loop Seal #4 indicates that some quantity of cold fluid from HPSI

#4 has reached the loop seal and mixed with its contents. The result is a pro-

nounced decay in the fluid temperature in Loop Seal #4.

The challenges to modeling this behavior using the simple mixing cup model

are evident. First, as shown in Figure 10.19, the temperature of the cold fluid

reaching the entrance of the loop seal is significantly warmer than the HPSI

fluid temperature as a result of mixing at the junction of the HPSI nozzle and

cold leg. Furthermore, this temperature also decays with time, and secondly, the

fraction of the HPSI flow rate reaching the loop seal versus that reaching the

downcomer is not known. 

FIGURE 10.19 Loop Seal, HPSI and Bottom of Cold Leg #4 Fluid Temperatures during Stagnation Test 
OSU-CE-0004. Constant HPSI flow rate 1.5 gpm (5.68 lpm)

In light of the difficulties encountered in modeling this simple test using a mix-

ing cup model, it was determined that a more detailed model would be devel-

oped using STAR-CD. The following section presents the results of that effort.
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10.4 STAR-CD Calculations of Loop Seal Fluid Mixing 

The STAR-CD computational fluid dynamics code was used to model the

APEX-CE loop seal fluid thermal behavior for tests OSU-CE-0005 and OSU-

CE-0006. These were stagnant loop tests conducted with all four HPSI operat-

ing at maximum and intermediate flow conditions respectively. Table 10.3 pro-

vides the HPSI Froude numbers for both of these tests as well as for OSU-CE-

0004 for comparison. A description of the STAR-CD model is provided in

Chapter 13. 

The top of the thermocouple is located 1.23 cm (0.48 in.) into the fluid as mea-

sured from the pipe inside wall. The locations of the thermocouples, along the

axis of the loop seal, are shown in Figure 10.20.

Figure 10.21 shows the calculated and measured values of the Upper, Middle,

and Lower thermocouples in the loop seal for test OSU-CE-0005. Very good

agreement was observed for all time steps, with STAR-CD slightly over predict-

ing the temperatures for the upper location. This would have the effect of heat-

ing the HPSI fluid at the HPSI injection location more than what is seen in the

data, by providing warmer fluid from the loop seal side to be entrained into the

falling plume of the HPSI. Since the loop seal has a finite volume and heat stor-

age capacity, this effect is only temporary, which is manifested in Figure 10.21

by the convergence of the three location's values (in both the data and calcula-

TABLE 10.3 HPSI Froude Numbers for OSU-CE-0004, OSU-CE-0005, and OSU-CE-0006

Test

QHPSI

(m3/s)

AHPSI

(m2)

ρHPSI

(kg/m3)

ρh

(kg/m3)

DHPSI

(m) FrHPSI

OSU-CE-0004 9.386E-5

(1.49 gpm)

9.2347E-4

(1.43 in2)

999.44

(62.39 lb/ft3)

846.31

(53.96 lb/ft3)

0.03429

(1.35 in.)

0.4477

OSU-CE-0005 9.068E-5

(1.44 gpm)

9.2347E-4

(1.43 in2)

999.44

(62.39 lb/ft3)

846.28

(53.95 lb/ft3)

0.03429

(1.35 in.)

0.4333

OSU-CE-0006 4.688E-5

(0.74 gpm)

9.2347E-4

(1.43 in2)

999.44

(62.39 lb/ft3)

846.28

(53.95 lb/ft3)

0.03429

(1.35 in.)

0.2236
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tions). This convergence is also a measure of the ability of the code to correctly

predict the threshold HPSI injection rate for spill over to occur. The spill over

phenomenon is also dependent on the density difference between the loop seal

fluid and the cold stream flowing towards the loop seal; i.e., as these two densi-

ties approach each other through heating of the loop seal fluid, the ability to

form a plume in the loop seal diminishes.

FIGURE 10.20 Location of Thermocouples in the Loop Seal. The TF Closest to the Cold Leg is the 
Upper TF, the Next Closest is the Middle TF, and the Closest to the Loop Seal Horizontal 
is the Bottom TF. (Dimensions in Inches)
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FIGURE 10.21 Comparison of the calculated and measured temperatures in the loop seal for test OSU-
CE-0005

Figure 10.22 shows good agreement between the calculated and measured val-

ues of the Upper, Middle, and Lower thermocouples in the loop seal for test

OSU-CE-0006. However, STAR-CD consistently over-predicts the cell temper-

atures at these locations. This is, that STAR-CD slightly under-predicted the

spill over rate of flow of cold stream fluid into the loop seal. Examination of

Table 10.3, shows that the HPSI nozzle Froude number for test OSU-CE-0006

is about one-half that of OSU-CE-0005, due to the volumetric flow rate being

approximately one-half. The reduced volumetric flowrate has the effect of mak-

ing the spill over harder to predict, as the HPSI flow rate is near the threshold

for spill over. This could explain the slightly larger error for test OSU-CE-0006

versus OSU-CE-0005. However, the trends and temperatures are in good agree-

ment.
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FIGURE 10.22 Comparison of the calculated and measured temperatures in the loop seal for test OSU-
CE-0006

10.5 Conclusions

Loop seal thermal fluid mixing data in each of the four APEX-CE cold legs has

been obtained under stagnant loop and transient flow conditions and the data

can be used to benchmark thermal fluid mixing models. Accurately modeling

loop seal thermal fluid mixing using a simple "mixing cup" (i.e., perfect mixing)

analytical model, however, would require knowledge of the time dependent

temperatures and flow rates of the cold fluid traveling from the HPSI nozzle/

Cold Leg junction to the loop seal entrance. Because of this complexity, STAR-

CD was used to model the loop seal fluid temperatures. It was found that

STAR-CD provided excellent predictions of the loop seal temperatures for

OSU-CE-0005 and OSU-CE-0006.
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11.0 DOWNCOMER FLUID TEMPERATURES AND 

PLUME BEHAVIOR

This section describes the downcomer plume behavior observed in the APEX-

CE integral system tests. Figure 11.1 shows the different phenomena associated

with the formation of a cold plume in the downcomer. Under stagnant loop con-

ditions, cold water from the HPSI system falls to the bottom of the cold leg pro-

ducing a thermally stratified fluid layer. This cold layer travels towards the

downcomer and the loop seals. When the cold layer spills into the downcomer,

it creates a cold plume in the downcomer. The following questions were of par-

ticular interest to this study:

• How far down does a cold plume travel before it is essentially well-mixed with the

ambient fluid in the downcomer? 

• How do multiple plumes interact in the downcomer?

• What analytical tools can be used to accurately predict downcomer fluid tempera-

tures during HPSI operation?

FIGURE 11.1 Formation of Cold Leg Thermal Stratification, Downcomer Plumes and Downcomer 
Thermal Stratification
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The following sections answer the questions listed above by analyzing the

APEX-CE downcomer plume behavior under a wide range of steady state and

transient conditions. Measurements of plume temperatures for stagnant loop

conditions, SBLOCA conditions, MSLB conditions and for a combined

SBLOCA and MSLB transient give significant insights into the plume mixing

characteristics. Examining plume behavior under co-flow conditions and multi-

ple cold leg injection reveals the complexity of plume behavior. Lastly REMIX,

RELAP5 and STAR-CD code analyses are assessed against the APEX-CE

plume temperature measurements in the downcomer.

11.1 APEX-CE Downcomer Plume Temperatures

This section presents the measurements of the downcomer fluid temperatures

obtained for the APEX-CE tests. The data consists of local fluid temperature

measurements obtained near the vessel wall. Because the plume locations varied

with time, the temperatures have been averaged. The vertical axis of each plot

represents a fluid temperature difference of 12 K (21.6 oF). The horizontal axis

represents the radial position (0 to 360 degrees) in the downcomer at a given

axial elevation expressed in cold leg diameters.

11.1.1 Stagnant Loop Fluid Mixing Tests

Tests OSU-CE-0004, through OSU-CE-0006, and OSU-CE-0014, through

OSU-CE-0018 were performed with no loop flow present in the system. For test

OSU-CE-0004, 5.68 liters/min (1.5 gpm) of coolant was injected into Cold Leg

#4 throughout the entire test. The remaining HPSI lines were isolated. Figures

11.1 and 11.3 show the plume behavior at two time periods in the test. As

expected, the coldest temperatures were observed under Cold Leg #4. The

plume could still be detected at 8 cold leg diameters below the cold leg center-

line. In addition, downcomer thermal stratification was observed at the remain-

ing radial positions. However, the maximum temperature differences between

the plume and the corresponding radial temperatures of the ambient fluid were

small, typically about 4 K (7.2oF).
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FIGURE 11.2 OSU-CE-0004 Averaged Downcomer Fluid Temperatures (0-1000 seconds) with 1 Cold 
Leg #4 HPSI at 5.68 lpm (1.5 gpm)

FIGURE 11.3 OSU-CE-0004 Averaged Downcomer Fluid Temperatures (7000-8000 seconds) with 1 
Cold Leg #4 HPSI at 5.68 lpm (1.5 gpm)
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Test OSU-CE-0005 was performed by injecting 5.68 liters/min (1.5 gpm) of

coolant into each of the four cold legs. Figures 11.4 and 11.5 show that the fluid

temperature trends in the downcomer were relatively flat during the test. The

lower region of the downcomer was slightly warmer than the upper region.

Test OSU-CE-0006 was performed by injecting 2.84 liters/min (0.75 gpm) into

each of the four cold legs. Figures 11.6 and 11.7 show the same flat fluid tem-

perature trends in the downcomer as in the previous test with the lower region of

the downcomer was slightly warmer than the upper region.

FIGURE 11.4 OSU-CE-0005 Averaged Downcomer Fluid Temperatures (0-1000 seconds) with 4 Cold 
Leg HPSI, each at 5.68 lpm (1.5 gpm)
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FIGURE 11.5 OSU-CE-0005 Averaged Downcomer Fluid Temperatures (1000-2000 seconds) with 4 
Cold Leg HPSI, each at 5.68 lpm (1.5 gpm)

FIGURE 11.6 OSU-CE-0006 Averaged Downcomer Fluid Temperatures (0-1000 seconds) with 4 Cold 
Leg HPSI, each at 2.84 lpm (0.75 gpm)
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FIGURE 11.7 OSU-CE-0006 Averaged Downcomer Fluid Temperatures (1000-2000 seconds) with 4 
Cold Leg HPSI, each at 2.84 lpm (0.75 gpm)

Test OSU-CE-0014 examined the interaction between two adjacent HPSI

plumes emanating from Cold Legs #2 and #4. As seen in Figures 11.8 and 11.9,

the plumes merged and the minimum temperatures were observed midway

between the two cold legs. The maximum temperature difference observed was

approximately 5 K (9oF).

Test OSU-CE-0015 examined the plume mixing behavior in the downcomer

resulting from HPSI flow into two opposite cold legs, Cold Legs #1 and #4,

each at 5.86 lpm (1.5 gpm). Depressed fluid temperatures were observed under

the Cold Leg #1 and Cold Leg #4 in Figures 11.10 and 11.11. However, the

maximum temperature difference between the plume and the ambient fluid was

only about 2 K (3.6oF). The plumes did not merge as in the previous case.
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FIGURE 11.8 OSU-CE-0014 Averaged Downcomer Fluid Temperatures (0-1000 seconds) Two 
Adjacent Cold Legs #2 and #4 HPSI each at 5.68 lpm (1.5 gpm)

FIGURE 11.9 OSU-CE-0014 Averaged Downcomer Fluid Temperatures (2000-3000 seconds) Two 
Adjacent Cold Legs #2 and #4 HPSI each at 5.68 lpm (1.5 gpm)
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FIGURE 11.10 OSU-CE-0015 Averaged Downcomer Fluid Temperatures (0-1000 seconds) Two 
Opposite Cold Legs #1 and #4 HPSI each at 5.68 lpm (1.5 gpm)

FIGURE 11.11 OSU-CE-0015 Averaged Downcomer Fluid Temperatures (1000-2000 seconds) Two 
Opposite Cold Legs #1 and #4 HPSI each at 5.68 lpm (1.5 gpm)
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Test OSU-CE-0016 examined the downcomer fluid mixing behavior resulting

from injection into three cold legs, Cold Legs #1, #3 and #4. The same injection

flow rate, 5.68 lpm (1.5 gpm), was provided to each cold leg. Figures 11.12 and

11.13 indicate that the three plumes mixed to give a minimum temperature

between Cold Legs #1 and #3. The maximum temperature difference between

the plume and the ambient fluid was only about 4 K (7.2oF).

Test OSU-CE-0017 was a repeat of test OSU-CE-0004 with the exception that

the flow bypass holes between the upper plenum and the downcomer were

opened to permit warm water from the upper plenum to flow into the down-

comer. Cold Leg #4 received a HPSI flow of 5.68 lpm (1.5 gpm). Figure 11.14

and 11.15 show the same trends as those presented in Figures 11.2 and 11.3.

However, the downcomer fluid ambient temperature is about 6 K (10.8oF)

warmer as a result of upper plenum bypass flow.

FIGURE 11.12 OSU-CE-0016 Averaged Downcomer Fluid Temperatures (0-1000 seconds) Cold Legs 
#1, #3 and #4 HPSI each at 5.68 lpm (1.5 gpm)
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FIGURE 11.13 OSU-CE-0016 Averaged Downcomer Fluid Temperatures (1000-2000 seconds) Cold 
Legs #1, #3 and #4 HPSI each at 5.68 lpm (1.5 gpm)

FIGURE 11.14 OSU-CE-0017 Averaged Downcomer Fluid Temperatures (0-1000 seconds) with 1 Cold 
Leg#4 HPSI at 5.68 lpm (1.5 gpm) and Upper Plenum/Downcomer Bypass Flow
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FIGURE 11.15 OSU-CE-0017 Averaged Downcomer Fluid Temperatures (7000-8000 seconds) with 1 
Cold Leg#4 HPSI at 5.68 lpm (1.5 gpm) and Upper Plenum/Downcomer Bypass Flow

Test OSU-CE-0018 was a repeat of OSU-CE-0005 with all four cold leg HPSI

operating at 5.68 lpm (1.5 gpm) and with upper plenum bypass flow. Figures

11.16 and 11.17 show the same trends as observed for OSU-CE-0005. The fluid

temperatures around the downcomer are relatively uniform. The ambient fluid

temperature is warmer in OSU-CE-0018 because of the upper plenum bypass

flow.
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FIGURE 11.16 OSU-CE-0018 Averaged Downcomer Fluid Temperatures (0-1000 seconds)) with Four 
Cold Leg HPSI each at 5.68 lpm (1.5 gpm) and Upper Plenum/Downcomer Bypass Flow

FIGURE 11.17 OSU-CE-0018 Averaged Downcomer Fluid Temperatures (1000-2000 seconds) with 
Four Cold Leg HPSI each at 5.68 lpm (1.5 gpm) and Upper Plenum/Downcomer Bypass 
Flow
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11.1.2 Small Break Loss of Coolant Accidents

OSU-CE-0007 through OSU-CE-0009, OSU-CE-0013, OSU-CE-0019 and

OSU-CE-0020 were SBLOCA tests. Figures 11.18 and 11.19 show the down-

comer fluid temperatures for OSU-CE-0007, a simulated 3.58 cm (1.41 inch)

break on the top of Hot Leg #1. The downcomer fluid temperatures indicate that

the downcomer was thermally stratified. Figure 11.19 shows that the top of the

downcomer, at the 2D elevation, was near the saturation temperature. It was

approximately 6 K (10.8oF) degrees higher than the 3D elevation. The presence

of a cold plume can be detected up to 4 cold leg diameters below the centerline

during the period between 6000 and 7000 seconds.

FIGURE 11.18 OSU-CE-0007 Averaged Downcomer Fluid Temperatures (0-1000 seconds)

OSU-CE-0007 (0-1000 sec.)
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FIGURE 11.19 OSU-CE-0007 Averaged Downcomer Fluid Temperatures (6000-7000 seconds)

Figures 11.20 and 11.21 show the results for a simulated 5.08 cm (2 inch) break

on top of Hot Leg #1. The larger break results in a more rapid cooldown of the

primary and a lower saturation temperature between 6000 and 7000 seconds.

The fluid temperature profile is relatively flat during this time period and the

presence of the cold plumes is detected down to 3 cold leg diameters below the

centerline.

Figures 11.22 and 11.23 show the results for a simulated stuck open pressurizer

PORV. The results are similar to those observed for the 3.58 cm (1.4 inch) hot

leg break. The downcomer fluid exhibits thermal stratification and Figure 11.23

shows that the top of the downcomer, at the 2D elevation, was near the satura-

tion temperature. It was approximately 6 K (10.8oF) degrees higher than the 3D

elevation. The presence of weak plumes could be detected down up to 4 cold leg

diameters below Cold Leg #4 centerline.
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FIGURE 11.20 OSU-CE-0008 Averaged Downcomer Fluid Temperatures (0-1000 seconds)

FIGURE 11.21 OSU-CE-0008 Averaged Downcomer Fluid Temperatures (6000-7000 seconds)

OSU-CE-0008 (0-1000 sec.)
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FIGURE 11.22 OSU-CE-0009 Averaged Downcomer Fluid Temperatures (0-1000 seconds)

FIGURE 11.23 OSU-CE-0009 Averaged Downcomer Fluid Temperatures (8000-9000 seconds)

Figures 11.24 and 11.25 show the results for a simulated stuck open pressurizer

PORV with a subsequent closure of the valve. The results for the period from 0
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to 1000 seconds are very similar to those observed for OSU-CE-0009. In gen-

eral, the downcomer fluid exhibits thermal stratification. The influence of indi-

vidual plumes can only be discerned to about 3 cold leg diameters below the

centerline during the first 1000 seconds. The effect of closing the PORV was to

represurize the system. This caused HPSI flow to decrease and eventually stop

as the system repressurized. This lead to the downcomer fluid temperatures

stratifying uniformly around the vessel.

FIGURE 11.24 OSU-CE-0013 Averaged Downcomer Fluid Temperatures (0-1000 seconds)

OSU-CE-0013 (0-1000 sec.)
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FIGURE 11.25 OSU-CE-0013 Averaged Downcomer Fluid Temperatures (1000-2000 seconds)

Figures 11.26 and 11.27 show the results of OSU-CE-0019, a simulated 5.08 cm

(2 inch) break on top of Hot Leg #1. This was a repeat of OSU-CE-0008, with

the exception that upper plenum bypass flow was present. The trends are similar

to those observed in OSU-CE-0008, however, the ambient fluid temperature is

warmer because of the upper plenum bypass flow.
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FIGURE 11.26 OSU-CE-0019 Averaged Downcomer Fluid Temperatures (0-1000 seconds)

FIGURE 11.27 OSU-CE-0019 Averaged Downcomer Fluid Temperatures (6000-7000 seconds)
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Figures 11.28 and 11.29 show the results of OSU-CE-0020, a simulated 4.2 cm

(1.66 inch) break on the bottom of Hot Leg #2. The objective of this test was to

maintain the reactor vessel liquid level at the bottom of the hot leg, allowing the

downcomer to be partially filled with steam. Operation of the HPSI under these

conditions, would produce a waterfall in the downcomer. Figure 11.28 shows

that early in the test, all of the temperatures were essentially the same. However

at 3000 to 4000 seconds, the thermocouples at the 2D location were exposed to

saturated steam whereas below this location the thermocouples were exposed to

subcooled liquid. The HPSI flow rates for this test were relatively low to main-

tain steady-state conditions as required by the test procedure. The presence of

cold plumes could not be readily detected at these flow rates.

FIGURE 11.28 OSU-CE-0020 Averaged Downcomer Fluid Temperatures (0-1000 seconds)

OSU-CE-0020 (0-1000 sec.)
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FIGURE 11.29 OSU-CE-0020 Averaged Downcomer Fluid Temperatures (3000-4000 seconds)

11.1.3 Main Steam Line Break

Two MSLB tests were performed in APEX-CE, OSU-CE-0011 and OSU-CE-

0012. Figures 11.30 and 11.31 show the downcomer temperatures for the OSU-

CE-0011, a 0.093 m2 (1.00 ft2) MSLB on Steam Generator #1 while at hot zero

power conditions. It was also assumed that the Auxiliary Feedwater (AFW) to

the affected steam generator was not isolated for 10 minutes. Figure 11.30

shows the sharp decrease in fluid temperature below Cold Leg #4. A maximum

temperature difference of 10 K (18oF) between the plume and the ambient fluid

was observed and the plume could be detected at the 8D location. Figure 11.31

indicates that the fluid temperatures in the vessel were asymmetric between 500

and 1,000 seconds. The coldest region was below Cold Leg #1 which was asso-

ciated with the broken steam generator.
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FIGURE 11.30 OSU-CE-0011 Averaged Downcomer Fluid Temperatures (0-500 seconds)

FIGURE 11.31 OSU-CE-0011 Averaged Downcomer Fluid Temperatures (500-1000 seconds)

Figures 11.32 and 11.33 show the downcomer temperatures for the OSU-CE-

0012, a 0.093 m2 MSLB on Steam Generator #2 while at full power conditions.
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It was also assumed that the AFW to the affected steam generator was not iso-

lated for 10 minutes. Figure 11.32 shows a sharp decrease in fluid temperature

below Cold Legs #2 and #4. This cold region was created by the MSLB on

Steam Generator #2 while the AFW continued operation. A maximum tempera-

ture difference of 8 K (14.4oF) between the plume and the ambient fluid was

observed and the plume could be detected at the 8D location. Figure 11.33 indi-

cates that this effect was mitigated shortly after the AFW was isolated at 10

minutes.

FIGURE 11.32 OSU-CE-0012 Averaged Downcomer Fluid Temperatures (0-500 seconds)

OSU-CE-0012 (0-500 sec.)
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FIGURE 11.33 OSU-CE-0012 Averaged Downcomer Fluid Temperatures (500-1000 seconds)

11.1.4 Primary and Secondary Side Break

A single test was performed to assess the downcomer fluid temperatures during

a combined primary and secondary side break. Test OSU-CE-0010 was a stuck

open PZR PORV in conjunction with a stuck open secondary side ADV. Fig-

ures 11.34 and 11.35 show that the downcomer fluid temperature profiles were

relatively flat.
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FIGURE 11.34 OSU-CE-0010 Averaged Downcomer Fluid Temperatures (0-1000 seconds)

FIGURE 11.35 OSU-CE-0010 Averaged Downcomer Fluid Temperatures (1000-2000 seconds)
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11.2 APEX-CE Data on Planar Plumes in a Co-Flowing Fluid

The SBLOCA and MSLB transients examined in the previous section involved

HPSI injection under natural circulation conditions. That is, cold leg flow was

present during injection. The effect of cold leg flow on downcomer plume

behavior received limited investigation in earlier PTS studies. It was generally

thought that the presence of any significant cold leg flow would result in com-

pletely mixing of the cold HPSI fluid in the cold leg before reaching the down-

comer entrance. The thermal stratification criterion of Theofanous,et.al14, given

by Equation 2.3 and shown in Figure 2.21, suggests that the cold leg fluid in

most nuclear plants would be well-mixed even for the low volumetric flows that

arise under loop natural circulation conditions. However, it was shown in Chap-

ter 9 that the presence of a lip on the reactor coolant pump discharge acts as a

weir that promotes thermal stratification in the cold legs. Furthermore, the IVO

tests, performed in a transparent semi-annular test loop, demonstrated that for

certain combinations of HPSI and cold leg flows, the plumes would not break-

up as easily, leading to thermal stratification in the downcomer. This behavior is

depicted in Figure 11.36 for the IVO test facility. Similar behavior was

observed in the APEX-CE SBLOCA and MSLB tests. 
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FIGURE 11.36 Two snapshots of IVO Test #102 showing plume penetration into the downcomer and the 
resulting thermal stratification in the downcomer. Cold Leg C flow rate = 66 gpm (4.2 
liters/s) and HPSI flow in Cold Leg B = 6.6 gpm (0.42 liters/s)

Figures 11.37 through 11.39 are temperature maps for OSU-CE-0009, the stuck

open PZR SRV, that show the fluid mixing behavior in the downcomer. As

shown in Figure 11.37, the initial fluid temperatures are uniform prior to the

start of HPSI flow with two of the four RCPs circulating. Figures 11.38 and

11.39 demonstrate the presence of thermal stratification in the cold legs and in

the downcomer. This behavior is similar to what was observed in the IVO test

facility.
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FIGURE 11.37 Downcomer Temperature Map Showing that the Downcomer Fluid Temperature was 
Uniform at Time= 0.0 seconds for OSU-CE-0009

FIGURE 11.38 Temperature Map Showing Thermal Stratification in the Cold Legs and in the 
Downcomer at 3494 Seconds into the OSU-CE-0009 Transient
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FIGURE 11.39 Temperature Map Showing Thermal Stratification in the Cold Legs and in the 
Downcomer at 6523 Seconds into the OSU-CE-0009 Transient

11.3 REMIX, RELAP5 and STAR-CD Analyses of APXE-CE Downcomer Fluid 

Temperatures

This section presents a comparison of REMIX, RELAP5 and STAR-CD predic-

tions of APEX-CE downcomer fluid temperatures during HPSI operation. A

description of each of these codes is provided in Chapter 13. 

The downcomer fluid temperature measurement locations used for the compari-

sons were along the centerline, directly below the cold leg downcomer junction,

at distances 1.3, 2.0, 4.0, and 8.0 cold leg diameters below the cold leg center-

line as shown in Figure 11.40. Counterpart cells were selected in the REMIX,

RELAP5 and STAR-CD computer models for the comparisons. 

The comparisons are shown in the order of increasing distance from the cold leg

into the downcomer. The thermocouple and its counterpart code calculation

were plotted on the same graph for tests OSU-CE-0005 and OSU-CE-0006.

RELAP5 was not run for test OSU-CE-0006. Figure 11.41 through Figure 11.49

present the comparisons.
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FIGURE 11.40 APEX-CE Downcomer Temperature Map
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FIGURE 11.41 OSU-CE-0005 Downcomer Fluid Temperatures at 1.3 Cold Leg Diameter Location

FIGURE 11.42 OSU-CE-0005 Downcomer Fluid Temperatures at 2 Cold Leg Diameter Location
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FIGURE 11.43 OSU-CE-0005 Downcomer Fluid Temperatures at 4 Cold Leg Diameter Location

FIGURE 11.44 OSU-CE-0005 Downcomer Fluid Temperatures at 8 Cold Leg Diameter Location



DOWNCOMER FLUID TEMPERATURES AND PLUME BEHAVIOR

11-33

FIGURE 11.45 OSU-CE-0006 Downcomer Fluid Temperatures at 1.3 Cold Leg Diameter Location

FIGURE 11.46 OSU-CE-0006 Downcomer Fluid Temperatures at 2 Cold Leg Diameter Location



DOWNCOMER FLUID TEMPERATURES AND PLUME BEHAVIOR

11-34

FIGURE 11.47 OSU-CE-0006 Downcomer Fluid Temperatures at 3 Cold Leg Diameter Location

FIGURE 11.48 OSU-CE-0006 Downcomer Fluid Temperatures at 4 Cold Leg Diameter Location
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FIGURE 11.49 OSU-CE-0006 Downcomer Fluid Temperatures at 8.0 Cold Leg Diameter Location

11.3.1 STAR-CD Analysis of APEX-CE Downcomer Temperature Data

Figures 11.41 through 11.49 indicate that the downcomer fluid temperatures

calculated using STAR-CD had the same qualitative trends as the temperatures

measured in APEX-CE. The duration of the calculation was limited because of

the large computational expense. The calculated values varied from the mea-

sured data intermittently for short durations at the 1.3 and 2.0 diameter loca-

tions. This was attributed to STAR-CD calculating a stronger plume presence in

the downcomer than was measured in the data. Both data and calculation show

some degree of variation, indicative of plume dynamics. 

Overall, the plots of the data and calculation show that STAR-CD consistently

over-predicted the fluid temperatures. This difference was not caused by an

error in the methodology since such an error would likely exhibit a divergence

rather then the same consistent trend. 

Table 11.1 presents ∆TCalc, the difference between the calculated fluid temper-

ature and the HPSI temperature and ∆TAPEX, the difference between the mea-

sured fluid temperature and the HPSI temperature. The HPSI temperature is
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representative of the initial cold stream temperature. Therefore, the temperature

difference is an indication of how much the cold stream warms up. Table 11.1

also shows the percent difference between the calculated and measured temper-

ature differences at different axial locations in the downcomer and at three dif-

ferent times. 

The percent differences were calculated as follows:

(11.1)

These comparisons are important because they show how well the computer

codes calculate the change in temperature of the cold stream. Quantitatively the

difference between calculation and the measured data is less than 13.8 percent

for the entire comparison.

*Below cold leg centerline.

The plots of the downcomer temperature comparisons for test OSU-CE-0006

are shown in Figures 11.45 through 11.49. The calculation trends agree very

well with the data at every location in the downcomer. There is little variance in

percent difference at any of the locations. Table 11.2 shows that there is no

increase of temperature difference between the calculation and data. As was

TABLE 11.1 OSU-CE-0005 STAR-CD Analysis of Downcomer Cold Stream Temperatures

200 Seconds 600 Seconds 900 Seconds

Downcomer

Position*

∆TAPEX

(K)

∆TSTAR-CD

(K)

%

Diff

∆TAPEX

(K)

∆TSTAR-CD

(K)

%

Diff

∆TAPEX

(K)

∆TSTAR-CD

(K)

%

Diff

1.3 D 179.6 165.7 7.7 150.1 152.5 1.6 124.7 130.7 4.7

2.0 D 172.0 165.7 3.6 141.4 153.6 8.6 116.0 124.6 7.4

4.0 D 178.4 165.8 7.1 142.9 152.1 6.4 117.1 130.5 11.5

8.0 D 189.9 163.7 13.8 149.4 151.8 1.6 124.7 128.7 3.2

APEX

APEXCalc

T

TT
Diff

∆
∆−∆= )(

%
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observed in test OSU-CE-0005, the calculation does not diverge from data. The

maximum percent difference for the change in cold stream temperature at the

downcomer locations, of the sample times, for the test duration is 5.3 percent at

the 1.3 diameter location at 200 seconds into the test. 

*Below cold leg centerline.

11.3.2 REMIX Analysis of APEX-CE Downcomer Temperature Data

A comparison of REMIX calculations with data, for test OSU-CE-0005, is

shown in Figures 11.41 through 11.44. The sample temperature values and their

respective percent difference with data are given in Table 11.3. The agreement

with the measured data is initially very good for all downcomer locations. All

percent differences are less than 8.2 percent at the beginning of the comparison.

It is apparent in every figure that the accuracy of the calculation degrades as the

test proceeds. The manner of this inaccuracy is an under-prediction of the tem-

perature. This is easily seen in the figures and is described in Table 11.3, by an

increase in the percent difference from a maximum of 8.2 percent to 29.5 per-

cent. The greatest value in Table 11.3 is at 900 seconds into the transient. At

900 seconds, the divergence stops and the calculation begins to converge with

the measured data. This is expected due to the fact that both the data and the cal-

culation must approach the same minimum HPSI temperature, limiting the time

of divergence. 

TABLE 11.2 OSU-CE-0006 STAR-CD Analysis of Downcomer Cold Stream Temperatures

200 Seconds 600 Seconds 900 Seconds

Downcomer

Position*

∆TAPEX

(K)

∆TSTAR-CD

(K)

%

Diff

∆TAPEX

(K)

∆TSTAR-CD

(K)

%

Diff

∆TAPEX

(K)

∆TSTAR-CD

(K)

%

Diff

1.3 D 179.3 188.8 5.3 160.5 168.5 4.8 150.6 154.7 2.7

2.0 D 183.2 182.7 .3 162.2 168.5 3.9 150.0 152.9 1.9

3.0 D 182.3 187.3 2.7 159.9 168.3 5.3 149.6 154.0 2.9

4.0 D 181.5 187.8 3.4 160.0 168.0 5.0 150.2 154.3 2.8

8.0 D 185.4 188.1 1.5 163.9 167.8 2.4 1551.1 153.4 1.5
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The REMIX temperature calculations are smoothly varying with time, due to

the method by which REMIX calculates the downcomer temperatures. All tem-

peratures are calculated with respect to the 2-diameter location in the down-

comer then every other location is calculated based on this 2-D location. Since

the reference temperature is determined from the well-mixed temperature of the

system, there is no consideration given to plume dynamics. Figure 11.46 shows

that the fluid temperature fluctuations are greatest at 2 cold leg diameters into

the downcomer because of the falling plume. REMIX however does not calcu-

late this. REMIX provides a conservative lower bound to the measured temper-

atures.

*Below cold leg centerline.

A comparison of REMIX calculations with test OSU-CE-0006 data is shown in

Figures 11.45 through 11.49. The sample temperature values and their respec-

tive percent difference with data are given in Table 11.4. As with the previous

test, REMIX under-predicts the temperatures at all locations for all time steps.

The initial maximum percent difference in Table 11.4 is again at the 1.3 diame-

ter location. In this test, the values are more symmetric from the upper to lower

downcomer locations. At the end of the comparison of test OSU-CE-0005, the

error was concentrated at the 1.3 diameter location, with 3.6 percent greater

error than the next worse location. From Table 11.4 it is apparent that this con-

trast between locations is not present earlier in the test. 

TABLE 11.3 OSU-CE-0005 REMIX Analysis of Downcomer Cold Stream Temperatures

200 Seconds 600 Seconds 900 Seconds

Downcomer

Position*

∆TAPEX

(K)

∆TREMIX

(K)

% Diff ∆TAPEX

(K)

∆TREMIX

(K)

% Diff ∆TAPEX

(K)

∆TREMIX

(K)

% Diff

1.3 D 179.6 164.9 8.2 150.1 114.4 23.8 124.7 87.9 29.5

2.0 D 172.0 174.6 1.5 141.4 123.7 12.5 116.0 96.8 16.6

4.0 D 178.4 177.3 0.6 142.9 126.3 11.6 117.2 99.3 15.2

8.0 D 189.9 180.5 5.0 149.4 129.6 13.2 124.7 102.5 17.8
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*Below cold leg centerline.

11.3.3 RELAP5 MOD3.2.2γ Analysis of APEX-CE Downcomer Temperature Data

A comparison of RELAP5 calculations with test OSU-CE-0005 data is shown

in Figures 11.41 through 11.44. The sample temperature values and their

respective percent differences with data are given in Table 11.5. Agreement

with the data is very good for the initial 800 seconds of the transient at all loca-

tions. RELAP5 under-predicts the 1.3 and 8 diameter downcomer location tem-

peratures. The under-prediction is from approximately 210 to 800 seconds, at

the 1.3 diameter location, and from approximately 90 to 700 seconds at the 8

diameter location. The first two sample values in Table 11.5 are at 200 and 600

seconds, so it does not include this under-prediction. However it is small and

does not exceed 2 percent difference between these times. 

After this initial under prediction, the calculations diverge from the data for the

rest of the test with over-predictions of the downcomer temperatures. The 2.0

and 4 diameter locations agree very well with the data up to approximately 500

seconds then also diverge from there on with over-predictions of the tempera-

tures. The percent difference is a maximum at approximately 4000 seconds with

a value of 6.1 percent in both the 2 and 4 diameter locations. The beginning of

this divergence at the 2 and 4 diameter locations is shown in Table 11.5, by the

increase in the percent difference values. In contrast with the other two codes,

TABLE 11.4 OSU-CE-0006 REMIX Analysis of Downcomer Cold Stream Temperatures

200 Seconds 600 Seconds 900 Seconds

Downcomer

Position*

∆TAPEX

(K)

∆TREMIX

(K)

% Diff ∆TAPEX

(K)

∆TREMIX

(K)

% Diff ∆TAPEX

(K)

∆TREMIX

(K)

% Diff

1.3 D 179.3 170.5 4.96 160.8 142.2 11.6 150.6 124.9 17.0

2.0 D 183.2 176.2 3.8 162.2 147.5 9.1 150.0 129.9 13.4

3.0 D 182.3 176.7 3.1 159.9 147.9 7.5 149.6 130.3 12.9

4.0 D 181.5 177.2 2.4 160.0 148.36 7.3 150.2 130.6 13.0

8.0 D 185.4 178.5 3.7 163.9 149.3 8.9 151.1 131.5 13.0
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this is a non-conservative calculation. This result was expected because RELAP

averages the fluid temperatures within the control volumes and not accounting

for any thermal stratification. It was noted however, that the measured local

plume temperatures were typically within 10 percent of the well-mixed fluid

temperatures predicted by RELAP.

*Below the cold leg centerline.

11.4 STAR-CD Calculations of Downcomer Plume Merging

STAR-CD predicted plume behavior that was consistent with physical measure-

ments in APEX-CE. Under certain conditions, plumes emanating from two

adjacent cold legs were predicted to merge. This was observed in APEX-CE.

This indicates that the coldest plume location might lie between the cold legs

rather than directly below the cold legs. 

Figure 11.50 shows a STAR-CD calculation for test OSU-CE-0005. It indicates

that 50 seconds after the HPSI was started, the plume geometry was symmetric

and straight. As shown in Figure 11.51, STAR-CD calculated that the plumes

merge intermittently during the test. This phenomenon, of intermittent plume

merging was observed in APEX-CE, as shown using the downcomer fluid tem-

perature map shown in Figure 11.52.

TABLE 11.5 OSU-CE-0005 RELAP5 MOD 3.2.2γ Analysis of Downcomer Cold Stream Temperatures

200 Seconds 600 Seconds 900 Seconds

Downcomer

Position*

∆TAPEX

(K)

∆TRELAP5

(K)

% Diff ∆TAPEX

(K)

∆TRELAP5

(K)

% Diff ∆TAPEX

(K)

∆TRELAP5

(K)

% Diff

1.3 D 179.6 181.0 0.8 150.1 143.1 4.7 124.7 125.1 0.3

2.0 D 172.0 181.5 5.5 141.4 144.7 2.3 116.0 128.4 10.7

4.0 D 178.4 182.7 2.4 142.9 145.4 1.7 117.2 128.6 9.8

8.0 D 189.9 183.3 3.5 149.4 145.8 2.5 124.7 129.4 3.7



DOWNCOMER FLUID TEMPERATURES AND PLUME BEHAVIOR

11-41

FIGURE 11.50 STAR-CD Symmetric Downcomer Plume Image 50 seconds after HPSI Initiation in OSU-
CE-0005
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FIGURE 11.51 STAR-CD Calculates that the Downcomer Plumes Merge Intermittently during OSU-CE-
0005
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FIGURE 11.52 Downcomer Fluid Temperature Map for OSU-CE-0005 Illustrating the Merger of Cold 
Plumes Beneath Cold Legs 1 and 2

11.5 Downcomer Well-Mixed Exit Fluid Temperatures

As part of the scaling analysis conducted for the design of the APEX-CE test

facility, a simple analytical model was developed to predict the well-mixed fluid

temperatures leaving the downcomer and entering the lower plenum. This sec-

tion presents an analysis of the data from OSU-CE-0003 using this perfect mix-

ing model. 

The control volume under consideration in this analysis is depicted in Figure

11.53. Cold water enters the control volume through the HPSI nozzle located at

the side of the cold leg, with a flow rate given by QHPSI. If the loop natural cir-

culation flow rate, QL, is sufficiently low, the cold HPSI water falls to the bot-

tom of the cold leg, entraining hot water, and spreads towards the loop seal and

the downcomer. Hot water is then entrained into the HPSI plume as the plume

falls into the downcomers. The cold stream height formed by the HPSI flow and

entrained hot fluid is limited by the counter-current flow pattern established at

the cold leg/downcomer junction where a hot stream of water flows from the
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that only one parameter, F, the Biot number ratio, was adjusted to obtain such a

good fit.

FIGURE 11.54 Fluid Temperatures at Core Inlet for Series A of OSU-CE-0003

FIGURE 11.55 Fluid Temperatures at Core Inlet for Series B of OSU-CE-0003
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FIGURE 11.56 Fluid Temperatures at Core Inlet for Series C of OSU-CE-0003

FIGURE 11.57 Fluid Temperatures at Core Inlet for Series D of OSU-CE-0003
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FIGURE 11.58 Fluid Temperatures at Core Inlet for Series E of OSU-CE-0003

FIGURE 11.59 Fluid Temperatures at Core Inlet for Series F of OSU-CE-0003
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FIGURE 11.60 Fluid Temperatures at Core Inlet for Series G of OSU-CE-0003

FIGURE 11.61 Fluid Temperatures at Core Inlet for Series H of OSU-CE-0003
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FIGURE 11.62 Comparison of Dimensionless Fluid Temperature versus Dimensionless Time for Series 
A through H of OSU-CE-0003

11.6 Conclusions

This chapter presented a wide range of separate effects and integral system data

that has been used to examine plume characteristics in an annular downcomer

and answers the questions asked at the beginning of this chapter.

How far down does a cold plume travel before it is essentially well-mixed with

the ambient fluid in the downcomer? 

Plume temperatures were examined in APEX-CE for a wide range of steady

state and transient conditions. For the bounding case of no loop flow and maxi-

mum HPSI flow, corresponding to 150 percent of Palisades plant HPSI flow, it

was found that:

• The maximum APEX-CE HPSI flow into a single cold leg under stagnant

loop conditions produced weak plumes (∆Tambient-plume ≅ 4 K) that could be

detected 8 cold leg diameters into the downcomer. 
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• The maximum HPSI flow into two adjacent cold legs under stagnant loop

conditions resulted in the merger of two plumes to form a slightly stronger

plume (∆Tambient-plume ≅ 5 K) located in the downcomer between the cold

legs rather than directly below a single cold leg.

• The maximum HPSI flow into three or four cold legs under stagnant loop

conditions produced relatively flat fluid temperature profiles around the

downcomer.

Secondly, it was determined that under SBLOCA and MSLB primary loop con-

ditions:

• The cold plumes were not easily detected below 2 cold leg diameters into the

downcomer. In general, all of the SBLOCA tests exhibited relatively flat

temperature profiles with thermal stratification in the downcomer.

• The MSLB cases exhibited the coldest temperature differences (∆Tambient-

plume ≅ 8 K) between the cold legs of the broken steam generator. For exam-

ple, a break in the main steam line of Steam Generator #1 followed by AFW

operation produced cold plumes below Cold Legs #1 and #3 due to steam

generator overcooling and HPSI operation. The merger of the plumes pro-

duced a cold region between Cold Legs #1 and #3. 

How do multiple plumes interact in the downcomer?

Downcomer plumes were observed in all of the tests with HPSI operation fol-

lowing RCP trip. Under natural circulation flow conditions, the plumes

remained intact longer and the downcomer fluid became thermally stratified.

The plume remains intact longer because the relative velocity between the

ambient fluid and the plume is significantly less in the con-current flow case

than in the stagnant ambient case. These results are consistent with the IVO test

observations that were not previously explained. 

The coldest temperature differences measured from the top to the bottom of the

downcomer was for the SBLOCA cases. The values ranged from 19.5 to 22.2 K

(35 to 40oF). Merging of adjacent plumes was also observed. For some tran-

sients, this changed the location of the coldest downcomer fluid temperatures to

a region between the cold legs rather than directly below the cold legs.
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What analytical tools can be used to accurately predict downcomer fluid tem-

peratures during HPSI operation?

The REMIX, RELAP and STAR-CD Codes have been compared to measured

data from the APEX-CE test series. In general, REMIX was found to under-pre-

dict the downcomer fluid temperature measurements. RELAP tended to over-

predict the measured data. This was expected because RELAP predicts the aver-

age fluid temperature within each control volume and the control volumes are

relatively large. Nonetheless, the RELAP5 calculations were generally within

10 percent of the actual downcomer fluid temperatures for the test examined.

STAR-CD provided the best predictions of the measured data. It also predicted

the detailed 3-D behavior of downcomer plume merging.

A limitation of STAR-CD was found to be its long running times. The run times

for the STAR-CD calculations were approximately 0.02 days/second of tran-

sient using 8 SUN Spark 750 MHz Processors. This is an expense limitation that

has been alleviated somewhat over the past few years, as computers become

more efficient and less expensive. Given the accuracy of STAR-CD and the

continued decrease in computer expense, this tool could be suitable for use in

reactor PTS analysis for short transients now and for full transients in the near

future.
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12.0 ANALYSIS OF REACTOR VESSEL WALL HEAT 

TRANSFER

This section presents a STAR-CD Analysis of the reactor vessel wall during a

MSLB. The objective of this analysis is to use STAR-CD to solve the inverse

heat conduction problem for the APEX-CE reactor vessel. Since there are no

thermocouples embedded within the vessel wall to measure the temperature dis-

tribution, a computational fluid dynamics model of the vessel was created in

STAR-CD. Boundary conditions were given by test data to try and determine

the temperature profile within the vessel wall during a MSLB. 

The test that was modeled was OSU-CE-0012, which simulates a 929 cm2 (144

in2) MSLB on Steam Generator #2 from full power. This test was selected

because it had the most severe temperature transient based upon data acquired

from heat flux meters located on the vessel wall. The outer wall heat flux was

initially outward from the vessel. The break then opens resulting in the over-

cooling of the primary fluid. This temperature drop caused the heat flux on the

outer vessel wall to reverse directions, causing heat to flow into the vessel from

the surrounding environment. After the initial cooldown had passed, the fluid

began receiving enough heat from the core to begin to reheat. This reheating of

the primary fluid eventually caused the heat flux on the outer wall to change

direction once again, returning to the initial direction of flow.

12.1 CFD Model Description

Figure 12.1 shows the layout of the STAR-CD model that was used. The light

shaded cells represent fluid cells while the dark shaded cells represent the solid

stainless steel cells that make up the vessel wall. Figure 12.2 shows a larger iso-

metric view of the model to better see the detail of the CFD model. The CFD

model is comprised of 41,132 solid cells and 185,097 fluid cells with a total cell

count of 226,229 cells. The simplified STAR-CD model incorporates the stain-

less steel vessel and the fluid within the downcomer. Four inlets are specified

with known velocities and temperatures based upon the test data from each
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respective cold leg. After entering the downcomer, the fluid passes by the stain-

less steel vessel wall where heat is transferred between the two materials. On the

outside of the vessel wall, a uniform heat flux was applied based on the data

measured by heat flux meters that are installed on the vessel wall of the APEX-

CE test facility. After the fluid passes the vessel wall, it is allowed to exit

through the bottom of the downcomer through an outlet boundary condition.

This model assumes that the core barrel and other vessel internals have little

affect on the temperature that the vessel wall experiences during a transient case

such as a MSLB. The STAR-CD model was ran using the high Reynolds num-

ber k-ε turbulence model with the default values for the constants used in the

equation. Gravity force was also implemented in the STAR-CD model in addi-

tion to conjugant heat transfer between the water and the stainless steel. The

stainless steel was assumed to have a constant density and the density of the

water was calculated using an isobaric model. All other material properties for

both the water and the stainless steel were assumed constant. The calculation

was performed using 0.25 second time steps and data was stored for every 4 sec-

onds of transient data. The calculation was run for 16,000 time steps resulting in

4000 seconds of transient data. The full transient took about 20 days to com-

plete on a dual 750 MHz processor Sun Blade 1000 computer.
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FIGURE 12.1 Four-View Layout of the STAR-CD Model

FIGURE 12.2 Isometric View of the STAR-CD Model
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One of the key motivations in the construction of the CFD model was to deter-

mine if a simplified model of the reactor vessel could be created and run within

a reasonable amount of time and produce results that exemplify the actual tem-

perature behavior within the reactor vessel. The CFD model that was created

incorporates the water within the entire downcomer region with refined cells in

the area of interest. The number of cells within the model could be possibly

reduced by only modeling half of the fluid cells and applying a symmetry

boundary condition. It was found, however, that this method would not achieve

acceptable results. This is because the MSLB occurs on one side of the plant

creating an asymmetric cooldown. In addition, since all of the fluid within the

downcomer participates in fluid mixing, the calculated fluid temperature within

the reactor vessel could be wrong if only half of the downcomer fluid was to be

used. This would lead to inaccuracies in the wall temperature calculation. The

simplified model uses no cold legs, hot legs, or HPSI injection lines. Only half

of the vessel wall was modeled because of several reasons. First, the test facility

does not have a heat flux measurement on that side of the vessel. Another rea-

son is that the steel on that side of the vessel will have little affect on the temper-

ature of the side of the vessel that is being analyzed. Finally, by only modeling

half of the vessel wall, the run time and the amount of storage space needed for

the model could be reduced. It will be shown later that even with these simplifi-

cations, the results computed by STAR-CD are in good agreement with the

actual test data.

12.2 STAR-CD Boundary Conditions

As previously mentioned, the STAR-CD model uses a uniform heat flux bound-

ary condition on the exterior of the vessel wall. The values used by STAR-CD

in the form of a lookup table are shown as a plot in Figure 12.3. The heat flux

values that were used were recorded by a heat flux meter on the APEX-CE test

facility. The sign of the heat flux was changed to match the convention used by

STAR-CD with negative heat flux being out of the wall and into the surround-

ing environment. One thing that may be noticed from the heat flux data is that
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following the cooldown portion of the transient; the measured heat flux out of

the wall becomes grater than the heat flux at the beginning of the test. This can

be explained by the fact that at the beginning of the test everything is at a steady

state temperature including the insulation that surrounds the reactor vessel.

After the initial transient, the insulation as well as the reactor vessel is cooled

substantially. As the fluid and the vessel begins to reheat, there is a greater heat

transfer between the reactor vessel and the surrounding insulation since the

insulation, is now cooler than it was at the beginning of the test. It can be

noticed towards the end of the heat flux data that the heat flux is beginning to

decrease. It would be expected that if the test were conducted out for a longer

period, the measured heat flux would return to their initial value.

FIGURE 12.3 Vessel Outer Wall Heat Flux Boundary Condition

Another boundary condition placed on the STAR-CD model was the values of

the inlet fluid velocities from each of the four cold legs. The inlet velocities

were determined from magnetic flow meters on the APEX-CE facility. These

inlet velocities were applied to the reactor vessel inlets as a uniform velocity
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across the face of each inlet. A plot of the inlet velocity values used in the

STAR-CD model is shown in Figure 12.4. Negative values of velocities corre-

spond to normal flow from the cold leg into the vessel while positive velocities

correspond to a reverse flow condition. It is difficult to say whether this reverse

flow condition actually exists because these velocities are below what the flow

meter can accurately measure.

FIGURE 12.4 Inlet Velocity Boundary Condition

The final specified boundary condition is the inlet fluid temperature values. A

plot of the values used in the STAR-CD model is shown in Figure 12.5. For

Cold Legs #3 and #4, the inlet temperature was determined by an average of six

thermocouples in each cold leg by a thermocouple rake, which spans each cold

leg from top to bottom. These cold legs are modeled on the side of the vessel

with the stainless steel wall. For Cold Legs #1 and #2, a thermocouple rake is

not available, so the inlet temperature that was used for these two cold legs was

given by thermocouples located within the lower plenum of each steam genera-

tor just prior to entering the corresponding cold leg. This temperature is higher
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than the actual inlet temperature because HPSI injection occurs downstream of

where these thermocouples are located. However, since this was the best data

available, it was used for Cold Legs #1 and #2. In addition, since these cold legs

are on the opposite side of the reactor vessel, the error in the inlet temperature

will not have a large affect on the vessel wall temperature that is being analyzed.

Even though Cold Legs #2 and #4 temperatures are determined different ways,

it can be seen in Figure 12.5 that the cold leg temperatures in Cold Legs #2 and

#4 are similar. This is because the break occurs on the side of the plant where

Cold Legs #2 and #4 are located and rapid cooldown dominates the temperature

trend, and a temperature difference due to HPSI fluid addition doesn't become

apparent until after 1000 seconds into the transient. Cold Leg #3 has a similar

trend since the HPSI fluid is averaged into the inlet temperature. Cold Leg #1

inlet temperature used is substantially warmer throughout the test than the other

cold legs. This is due to Cold Leg #1 being opposite the break, and an asymetric

flow pattern previous to stagnation.

FIGURE 12.5 Inlet Temperature Boundary Condition
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12.3 STAR-CD Model Benchmarks

Previous to calculating the reactor vessel wall temperatures, the results of

STAR-CD was first benchmarked with actual data. The benchmark consisted of

a comparison of an outer wall temperatures at two cold leg diameters below

Cold Leg #4 centerline the and a comparison of the fluid temperature at the

same location. Figure 12.6 the shows a comparison between measured fluid

temperatures. It can be seen from Figure 12.6 that the STAR-CD results are in

excellent agreement with the test data, indicating that STAR-CD accurately cal-

culates mixing behavior within the downcomer, as well as showing that the inlet

temperatures used are justified.

FIGURE 12.6 Comparison of STAR-CD Fluid Temperature Results with Measured Data

The second benchmark used was the comparison of the outer wall temperatures

between STAR-CD and test data and is shown in Figure 12.7. Again, there is

good agreement between STAR-CD and the test data. The discrepancy between

the calculated and measured outer wall temperatures could be attributed to a

non-uniform heat flux in APEX-CE (the model assumes uniformity).
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FIGURE 12.7 Comparison of STAR-CD Outer Vessel Wall Temperature Results with Measured Data

12.4 STAR-CD Results

Based upon the benchmark calculations performed by STAR-CD, confidence in

the model was obtained that the calculated temperatures within the reactor ves-

sel wall are accurate. In Figure 12.8, the calculated temperature difference

across the vessel wall is shown for locations of 1.3, 2, and 8 cold leg diameters

below Cold Leg #4. A positive value on this plot indicates the temperature of

the inner vessel wall being hotter than the outer vessel wall. Figure 12.8 shows

that the maximum calculated difference across the reactor vessel wall is about

4.5 K (8.1oF) and occurs approximately 300 seconds into the transient. Figure

12.8 also shows that the temperature gradients are less severe at the lower por-

tion of the vessel. This can be explained by the fact that the fluid has more time

to mix before reaching the lower portion of the reactor vessel. This provides a

more even temperature distribution within the fluid, which removes any cool or

hot spots of fluid against the vessel wall. Figure 12.8 also indicates the behavior
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of the heat flux between fluid and the inner vessel wall, since the heat flux is

proportional to the temperature gradient within the wall.

FIGURE 12.8 Calculated Temperature Difference across the Vessel Wall at Various Axial Locations

Figure 12.9 through Figure 12.11 show the calculated temperature profiles for

various times of the transient within the vessel wall. The convention used in

these figures is that position 0 cm is the inside wall of the reactor vessel while

the 1.2 cm position is the outside of the vessel wall. Similar to Figure 12.8, Fig-

ure 12.9 shows that the largest temperature difference across the reactor vessel

wall occurs at about 300 seconds into the transient.
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FIGURE 12.9 Calculated Vessel Wall Temperature Distribution t = 4 - 700 seconds
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FIGURE 12.10 Calculated Vessel Wall Temperature Distribution t = 800 - 1500 seconds
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FIGURE 12.11 Calculated Vessel Wall Temperature Distribution t = 1600 - 4000 seconds
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mately 4.5 K (8.1oF) and allowed for visualization of the transient temperature

profile within the vessel wall.
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13.0 DESCRIPTION OF COMPUTER MODELS FOR 

APEX-CE DATA ANALYSIS

This chapter describes three computer codes that have been used to analyze the

APEX-CE test data; RELAP5 MOD 3.2.2γ, REMIX and STAR-CD. Table 13.1

lists the tests that were analyzed using the three different codes.

Both RELAP5 and REMIX have been used extensively for thermal hydraulic

analyses of PTS. As such, significant documentation is available in literature.

This chapter will provide a brief description of both the APEX-CE RELAP5

and REMIX models and give a more in-depth description of STAR-CD, since it

is our first application of this code to PTS thermal hydraulic analyses. This

includes a benchmark analysis of the CREARE one-half scale thermal fluid

mixing data. 

The three codes implemented in the APEX-CE study have different characteris-

tics. Table 13.2 provides a comparison of the key features of each of the codes.

RELAP5 MOD 3.2.2γ is a systems analysis code with significant two-phase

fluid modeling capabilities. However, it is a 1-D code that implements ther-

TABLE 13.1 APEX-CE Tests Analyzed Using RELAP5 MOD 3.2.2γ, REMIX, and STAR-CD

Computer Code Test Number Test Name

RELAP5 MOD 3.2.2γ OSU-CE-0002 Natural Circulation Stepped Inventory Reduction Test

OSU-CE-0005 Stagnant Loop Fluid Mixing Test - 4 HPSI Maximum Flow

OSU-CE-0008 Two-inch Top of Hot Leg SBLOCA

OSU-CE-0011 1.0 ft2 MSLB from Hot Zero Power w/ Failure to Isolate AFW

OSU-CE-0012 1.0 ft2 MSLB from Full Power w/ Failure to Isolate AFW

STAR-CD OSU-CE-0005 Stagnant Loop Fluid Mixing Test - 4 HPSI Maximum Flow

OSU-CE-0006 Stagnant Loop Fluid Mixing Test - 4 HPSI Intermediate Flow

OSU-CE-0012 1.0 ft2 MSLB from Full Power w/ Failure to Isolate AFW

REMIX OSU-CE-0005 Stagnant Loop Fluid Mixing Test - 4 HPSI Maximum Flow

OSU-CE-0006 Stagnant Loop Fluid Mixing Test - 4 HPSI Intermediate Flow
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mally well-mixed control volumes. Countercurrent flows and thermal stratifica-

tion cannot be predicted using this code. REMIX is a regional mixing model

that was developed to augment the systems analysis codes. It was specifically

designed to predict the downcomer plume temperatures under stagnant loop

conditions. STAR-CD is a commercial computational fluid dynamics code that

is capable of single-phase fluid-fluid mixing. Each has advantages and disad-

vantages depending on its application.

13.1 APEX-CE RELAP5 Model and Methods

RELAP5 is a light water reactor transient analysis code developed for the U.S.

Nuclear Regulatory Commission (USNRC). RELAP5 is a generic code that can

be used for simulation of hydraulic and thermal transients in both nuclear and

non-nuclear systems involving mixtures of steam, water, non-condensable flu-

ids, and solute. Of interest to the nuclear field, its use for analyzing both LOCAs

and operational transients.

The RELAP5/MOD3 code is based on a non-homogeneous and non-equilib-

rium model for a general two-phase system that is solved by a partially implicit

numerical scheme. RELAP5/MOD3 does not approach the solution of a system

TABLE 13.2 Overview of STAR-CD, REMIX and RELAP5 Computer Codes

STAR-CD REMIX RELAP5

Turbulence Models 5 Models Simple functions fitted to κ−ε−θ' None

Conservation of Mass 3-D Regional and System 1-D

Conservation of Momentum 3-D Lock exchange model for closure 1-D

Conservation of Energy 3-D Regional and system Many, pre-defined components

Geometries Modeled Any One set of reactor components 1-D

Boiling and condensation No no 1-D

Heat of structures 3-D 1-D 1-D

Variable boundary conditions Yes HPSI Flow Rate Yes

Computation expense Significant Negligible Little
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by creating system components from general shapes as a CFD code does.

Instead the system model is constructed out of pre-defined components for each

section of the system. The components available include a wide variety of gen-

eral system parts, including pumps, valves, pipes, heat releasing or absorbing

structures, reactor point kinetics, electric heaters, jet pumps, turbines, separa-

tors, accumulators, and control system components. Specific effects such as

form loss, flow at an abrupt area change, branching, choked flow, boron track-

ing, and non-condensable gas transport are modeled using specific process mod-

els where required. This is an interesting approach to modeling a thermal-

hydraulic system, however it limits the generality of the code along with the

robustness of its application in the non-nuclear field, an artifice of it being cre-

ated with a specific application in mind. The code is highly developed for the

nuclear field and has been assessed extensively with very good agreement. 

To understand the contrast between a general thermal hydraulic code and a spe-

cialized system code, the approach of the system code in solving the fluid sys-

tem needs be explained. RELAP approaches a system as a set of control

volumes linked together in a specific way to represent the actual system, how-

ever not at the differential level. For each of the volumes, governing equations

are solved to determine the dependent unknowns. In addition to the spatial dis-

cretization, the code solves the different dynamics of the system in separate

modules, and then enforces conservation between the modules to give the total

system dynamic, i.e., the heat transfer in structures would be solved then cou-

pled to the hydrodynamic calculation. See RELAP5/MOD 3.3.2γ users manual

for a detailed description of the code.54

RELAP5's strength is in modeling transient integral system behavior as was

done in Chapter 6 of this report. With regard to the thermal fluid-mixing prob-

lem of interest to this study, it is recognized that RELAP5 was not designed to

model countercurrent flow and thermal gradients in the cold leg, nor to model

the plume behavior in the downcomer. Its one-dimensional nature, typically
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large control volume nodalization, and lack of turbulence models preclude such

modeling. However, it was of interest to determine if the well-mixed fluid tem-

peratures in the downcomer, as predicted by RELAP5, were significantly differ-

ent than those measured in the APEX-CE experiments and predicted by STAR-

CD and REMIX. That is, are the RELAP5 predictions sufficient to support the

thermal stress analyses or are more detailed fluid mixing or CFD codes

required?

A detailed RELAP5/Mod 3.2.2γ model of the APEX-CE test facility was devel-

oped for each of the five APEX-CE transients listed in Table 13.1. A RELAP5

nodalization diagram for APEX-CE is shown in Figure 13.1. As shown in this

diagram, each model simulated the reactor vessel with a core and internal struc-

tures, two steam generators with shell side connections for feedwater, four cold

legs (each with a reactor coolant pump, a loop seal and a HPSI line connection),

two hot legs, and a pressurizer. An individual model was custom made for each

transient by assigning break locations, operator actions, system logic, initial

conditions and boundary conditions specific to the transient being considered.

The initial conditions and APEX-CE information used in each of the RELAP5

models is presented with its corresponding calculation presented in the report

(Section 6.2, Section 7.4, and Chapter 11).
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FIGURE 13.1 RELAP5 Nodalization Diagram for the APEX-CE Test Facility
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13.2 REMIX Code

REMIX52 is a simple regional mixing model that received extensive use in the

original PTS study. It has been benchmarked against a wide range of data from

1/5 scale to full scale.15 It was developed to complement the RELAP5 systems

analyses by providing a very quick and reasonably accurate prediction of the

downcomer fluid temperature profiles under stagnant loop conditions. REMIX

treats the reactor system as a simplified fluid domain as shown in Figure 13.2.

Fluid mixing is assumed to occur in appreciable amounts, only in certain mixing

regions labeled as MR1 through MR5 in Figure 13.2.

FIGURE 13.2 REMIX Regional Mixing Model Simplified Geometry
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13.4 depicts the computational grid used and includes a side view, a close up of

the downcomer, and a top view.

FIGURE 13.3 Creare ½-Scale Test Facility Configuration for Test MAY105
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FIGURE 13.4 STAR-CD Computational Grid for Creare ½ Scale Test Facility

For the STAR-CD model, the inlet boundary condition was prescribed at the

inlet to the HPSI line, and at the top of the loop seal. The outlet boundary was

created in the center of the lower plenum and has the same flow area as the

standpipe exit in the Creare facility. All the exterior surfaces of the model were

assumed to be adiabatic. This was a fair assumption given the CREARE facility

was insulated. 

The MAY105 test was performed under stagnant loop conditions. The initial

loop temperature was 462.15 K (372.2oF). The HPSI injection flow rate was
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5.17E-3 m 3/s (82 gpm) with a fluid temperature of 287.35 K (57.6oF). The dura-

tion of the test was 2340 seconds and data was recorded once a second. 

The STAR-CD calculation was started from the same initial conditions as the

MAY105 test. The calculation model was executed with an upwind difference

discretization scheme. For turbulence modeling, a high Reynolds number k-ε

model was used. The initial turbulence in the system was set to zero, because

the loop was stagnant. The turbulent intensity prescribed at the injection was 5

percent with a mixing length of approximately 1/10th of the diameter of the pipe

or about 0.011 meters (0.43 in.). The fluid density in the model was isobaric

with a thermal expansion coefficient that was calculated to be 6.979E-5 K-1.

The model was run for 4280 iterations at a time step of 0.25 seconds for a total

of 1070 seconds of transient. Temperature, velocity, and heat flux were

recorded every 20 iterations (5 seconds). The model took 7.63 days to run on a

Sun Microsystems Blade 1000 with dual 750 MHz processors.

The CFD model offers a solution at every node in the problem. The nodes that

corresponded to instrument locations in the Creare test facility were extracted.

Only some of the critical instruments shall be presented. The first instruments

examined were the thermocouples on a rake in the cold leg located 23.11 cm

(9.1 in.) after the injection nozzle towards the downcomer. The rake is on the

centerline of the cold leg. It has 10 thermocouple positions spaced equally from

the top to the bottom of the cold leg. Figure 13.5 shows the location and spacing

of these instruments. 

Due to the grid size used in the cold leg, some of thermocouples fell in the same

cell of the CFD model. In this instance the closest thermocouple to the middle

of the cell was plotted for comparison. In addition, the grid has nodes on both

sides of the centerline and not on the centerline. To accomplish the comparison,

both cells on each side of the centerline were plotted. 
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Figure 13.6 shows thermocouple position 10 compared with cells 53,786 and

53,791 of the STAR-CD model. The graph indicates that the STAR-CD model

seems to under predict temperatures for most of the transient. The maximum

difference observed was 37 K (66.6oF).

Figure 13.7 shows position 9 compared with cells 53,784 and 53,792. The

behavior at this thermocouple position is very similar to position 10. The maxi-

mum temperature difference between the Creare data and the STAR-CD calcu-

lation was 24 K (43.2oF).

Figure 13.8 shows them temperatures at location 7 on the thermocouple rake

compared with cells 53,768 and 53,808 of the STAR-CD model. Starting at this

position the STAR-CD calculations become much closer to the Creare data. The

maximum temperature difference observed at this position was 20 K (36oF).

Figure 13.9 is the plot of rake position 5 compared with STAR-CD cells 53,880

and 53,944. At position 5, the data and the calculation almost overlay. The max-

imum temperature difference observed at the onset of the test was 18 K

(32.4oF). Over the duration of the test the average temperature difference is 8 K

(14.4oF).

Figure 13.10 is the plot of position 4 compared with cells 53,896 and 53,936.

The maximum temperature difference between the model and facility data was

5 K (9oF). The average difference over the test is about 3 K (5.4oF).

Figure 13.11 is the comparison of location 3 with cells 53,920 and 53,912. The

maximum temperature difference was 13 K (23.4oF) with an average slightly

less than 10 K (18.0oF).
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Figure 13.12 is the plot for cold leg rake location 1. It is compared with cells

53,919 and 53,914. At this location the data from the model falls within the tem-

perature fluctuations of the thermocouple.

FIGURE 13.5 Thermocouple Locations in Creare ½ Scale Cold Leg

FIGURE 13.6 Thermocouple Rake Position 10
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FIGURE 13.7 Thermocouple Rake Position 9

FIGURE 13.8 Thermocouple Rake Position 7
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FIGURE 13.9 Thermocouple Rake Position 5

FIGURE 13.10 Thermocouple Rake Position 4
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FIGURE 13.11 Thermocouple Rake Position 3

FIGURE 13.12 Thermocouple Rake Position 1
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The next data compared was at locations in the downcomer on both the vessel

side of the thermal shield and the core side. These thermocouple positions were

at the center of the gap between the wall and the thermal shield. Figure 13.13

shows the location of the thermocouples in the downcomer in relation to the

cold leg. The locations are the same on both the vessel and core side of the ther-

mal shield.

Figures 13.14 through 13.28 are plots of the downcomer temperatures shown in

the map of Figure 13.13. Each thermocouple position is compared with a cell in

the CFD model corresponding to that location. In general the results are in rea-

sonable agreement. The CFD model seems to predict the core side of the ther-

mal shield temperatures better then the vessel side. The CFD model best

captured the plume behavior at the column 7 and 4 thermocouple locations. The

calculated results almost exactly match the test facility in most of the rows at

these locations. The greatest discrepancies arose in the column 9 locations. The

average difference there was on the order of 10-20 K (18-36oF).

FIGURE 13.13 Thermocouple Locations in Downcomer
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FIGURE 13.14 Comparison at Row 5 Column 4

FIGURE 13.15 Comparison at Row 5 Column 7
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FIGURE 13.16 Comparison at Row 5 Column 9

FIGURE 13.17 Comparison at Row 6 Column 4

Creare Downcomer Row 5 Column 9 Vs. Star-
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FIGURE 13.18 Comparison at Row 6 Column 7

FIGURE 13.19 Comparison at Row 6 Column 9

Creare Downcomer Row 6 Column 7 Vs. Star-
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FIGURE 13.20 Comparison at Row 7 Column 4

FIGURE 13.21 Comparison at Row 7 Column 7

Creare Downcomer Row 7 Column 4 Vs. Star-CD
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FIGURE 13.22 Comparison at Row 7 Column 9

FIGURE 13.23 Comparison at Row 8 Column 4

Creare Downcomer Row 7 Column 9 Vs. Star-CD
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FIGURE 13.24 Comparison at Row 8 Column 7

FIGURE 13.25 Comparison at Row 8 Column 9

Creare Downcomer Row 8 Column 7 Vs. Star-CD
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FIGURE 13.26 Comparison at Row 9 Column 4

FIGURE 13.27 Comparison at Row 9 Column 7

Creare Downcomer Row 9 Column 7 Vs. Star-CD

0

100

200

300

400

500

0 500 1000 1500

Time (sec)

T
e
m

p
 (

K
) c97ctc

v97ctc

225120 Vessel

225151 Core

Creare Downcomer Row 9 Column 4(core 

side) And 5(vessel side) Vs. Star-CD

0

100

200

300

400

500

0 500 1000 1500

Time (sec)

T
e

m
p

 (
K

) c94ctc

v95ctc

224720 Vessel

224751 Core



DESCRIPTION OF COMPUTER MODELS FOR APEX-CE DATA ANALYSIS

13-32

FIGURE 13.28 Comparison at Row 9 Column 9

The final data that was compared was the overall well-mixed fluid temperature.

This thermocouple was located in the center of the lower plenum. The plot in

Figure 13.29 shows that STAR-CD over-predicted the cooling rate of test.

FIGURE 13.29 Comparison of the Predicted and Measured Well-Mixed Fluid Temperature
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B. Conclusions

The STAR-CD code temperature predictions were in general agreement with

the Creare MAY 105 test data the trends were well predicted. There are a few

possibilities that explain the discrepancies that were observed. The first is that

the grid in the cold leg was not as refined as other parts of the model, and that

the data extracted from the model for comparison is not in the same exact geo-

metric location as thermocouples in the actual test facility. The second is related

to the test procedure. The Creare test circulated water to warm up the facility.

After reaching the steady state initial temperature, the flow was terminated and

HPSI injection was started to begin the test. This leads to the possibility that the

initial condition of a stagnant loop might not have been fully achieved. In the

STAR-CD model, the flow was completely stagnant at the beginning of the test.

Lastly, the component volumes in the STAR-CD model could not be matched

exactly with the actual test facility component volumes. 

13.3.2 APEX-CE STAR-CD Model

This section presents the APEX-CE STAR-CD computational model and

describes those areas where preserving geometric similarity in the model is dif-

ficult. The first modeling difficulty arises in trying to preserve the volumes in

the computational model. Table 13.4 shows the volume difference between the

STAR-CD model and the test facility. The differences arise because the facility

component boundaries cannot be modeled smoothly. An example is in the mod-

eling of the cold legs. The actual pipe is very close to circular, however the

computer code models a smooth curve using an arc constructed by a finite num-

ber of straight lines. The mismatch in volume is calculated for different sections

of the domain, and the total difference between the computer model and the

actual facility is less then 3.5 percent.
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The second modeling difficulty arises in modeling the bend radii in different

pipe sections. For example, the radii of the loop seal bends could not be main-

tained exactly due to skewness that is introduced into the cell mesh when the

cold legs and loop seal were being constructed. Particularly, the method used to

construct the loop seal was to trace a path with a spline, and to create a radial

mesh that is then extruded along the spline to create a pipe. The locations and

directions of its bends define the spline, and the bends are connected with a

smooth curve. If the bend is too tight, it is possible to distort the mesh in a nega-

tive fashion. To prevent this, the volumes were maintained with small changes

made to the shape of the loop seal. Figures 13.30 and 13.31 present the actual

shape of the APEX-CE loop seal and the shape modeled with STAR-CD. The

STAR-CD model does not preserve the right hand bend.

TABLE 13.4 Volume Difference Between STAR-CD and APEX-CE

Location STAR-CD APEX-CE Difference

Cold Leg m3E-2 (ft.3) 1.416 (0.50) 1.671 (0.59) 2.549 (0.09)

Downcomer m3E-2 (ft.3) 22.758 (8.03) 22.002 (7.77) 0.736 (0.26)

Lower Plenum m3E-2 (ft.3) 7.872 (2.78) 7.787 (2.75) 0.08 (0.03)

Total m3E-2 (ft.3) 32.036 (11.31) 31.460 (11.11) 1.076 (0.38)
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FIGURE 13.30 APEX-CE Cold Leg and Loop Seal Bends

FIGURE 13.31 STAR-CD Cold and Loop Seal Bends

The computational model was created in PROSTAR, a graphical interface for

model pre-processing and post-processing in STAR-CD. The model develop-

ment used a modular approach where each of the sections were created as sepa-

rate geometries and then merged together with either coupling or vertex merge
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operations to insure continuity of the fluid path and heat transfer with the solid

structures. This method uses defined local coordinate systems in which each

section can be most easily constructed. This approach is useful because local

construction planes left over from the model development simplifies the bound-

ary condition definitions. Velocity is defined by the local coordinate system,

rather than by calculating components for the global system. 

The complete APEX-CE model consists of the reactor vessel, core barrel, two

cold legs with HPSI junctions, and two loop seal regions as shown in Figure

13.32.

FIGURE 13.32 STAR-CD Model of APEX-CE

The boundaries defining the fluid domain consist of 4 inlets, an outlet, and mul-

tiple solid-fluid interfaces. The inlet conditions in the model are specified as

velocity vectors at each of the exposed cell faces using the local coordinate sys-

tems of the HPSI injection lines and loop seal inlets. The outlet condition of the

system is defined by mass conservation at the cell faces exposed at the top of the
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core region. This is a simplification to the system in that the outlet in the test

facility is actually through the hot legs. However this outlet is downstream of

the flow path in the downcomer and is assumed to not have a significant effect

on the downcomer temperatures. The solid-fluid interface boundaries include

the solid cells of the core barrel and core adjacent to the downcomer fluid cells,

and the solid cells of the vessel wall adjacent to the downcomer fluid cells. The

core barrel was included in the model to account for any heat transfer between

the core region and downcomer fluid. At the external surfaces of the vessel and

cold legs, the conditions are assumed to be adiabatic, an approximation of the

insulation on the APEX-CE facility. The final cell mesh in the downcomer and

the core region, along with the solid structures of the core barrel and vessel wall

are shown in Figure 13.33. 

FIGURE 13.33 Computational Mesh in Downcomer and Core Region
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A. Solution Method

The method of decomposing the derived governing equations into a form acces-

sible to numerical solution is discussed in this section. There are eight different

schemes of spatial discretization available within STAR-CD: Upwind Differ-

encing (UD), Self Filtering Center Differencing (SFCD), Center Differencing

(CD), Linear Upwind Differencing (LUD), Gamma, Quadratic Upstream Inter-

polation of Convective Kinematics (QUICK), and the Monotone Advection and

Reconstruction Scheme (MARS). There are two different schemes for time dis-

cretization: Crank-Nicholson and fully implicit. The methods chosen are depen-

dent on the fluid domain being solved.

The eight different spatial and two temporal discretization schemes available

each have there own benefits and drawbacks with respect to accuracy, ease of

computation, stability, and numerical diffusive properties. Since the discretiza-

tion determines the numerical form of the convective, diffusive, and temporal

terms in the governing equations, and thus impacts the overall stability and

accuracy of the problem, it must be given careful consideration. Only one lower

order (first order accurate) scheme is available, Upwind Differencing, and all

the rest are second order accurate. The user has the option of neglecting the dif-

fusive term of the spatial coordinate if it is determined that convection domi-

nates the problem and a convergence problem exists. 

The correct way of determining the discretization scheme appropriate for the

problem is to classify the governing equations and use a technique that is known

to exhibit the same properties as the class of equations to which the governing

equation belongs. There exist different methods in the literature, Anderson

(1995), of completing this classification.56 Anderson uses either Cramer's rule

or the Eigenvalue method for determining the classification of a partial differen-

tial equation. Both methods are similar in that they determine the number of real

or imaginary characteristic paths of information travel for the equations. In short

they look for domains, in space or time, that influence the dependent parameters
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at any point of which they influence. The Navier-Stokes equation is classified as

a mixed type. This means that it behaves differently depending on the flow in

which it is being solved. The classification is then important only for the exact

flow condition that is being addressed. These are usually simplified forms of the

full Navier-Stokes equations, (e.g., inviscid fluids or non-rotational flow). For

the single-phase incompressible flows of APEX-CE, the classification of the

interior flow is elliptic.56

B. Spatial Discretization

The APEX-CE calculations used a lower order upwind differencing scheme.

This scheme has the advantages of being computationally inexpensive and pro-

ducing physically accurate quantities (Tannehill et al., 1997).57 This is in con-

trast to higher order schemes that produce, on occasion, non-physical results

such as negative densities and turbulent energies. For example, the test case for

APEX-CE was run using second-order accurate schemes and the solution

diverged. However the upwind differencing method is only first order accurate

by truncation error analysis, (Anderson 1995).56  An attempt to determine the

reason for divergence of the higher order schemes was not completed. After the

first comparison with the data, the agreement was sufficient to indicate that fur-

ther modification to the model was not required. 

It is good practice to determine whether or not the solution of the model has any

dependence on the grid size. Therefore, the model was run at an intermediate

grid refinement step (at the HPSI injection to CL region). It was determined that

the solution at the two different grid sizes did not vary from each other to any

large degree and the model is largely grid independent. 

C. Time Discretization

STAR-CD offers two methods of time discretization, fully implicit and Crank-

Nicholson. Both of these options are suitable for solving the elliptic problem. It

is recommended in the users guide for STAR-CD that the fully implicit scheme
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be chosen as the default scheme. As such, the time discretization method used

for these calculations was the fully implicit method. In this method of temporal

discretization, the spatially located flux values are all determined at the new

time step. This allows for unconditional stability during the solution of the sys-

tem, which would permit large time steps to be used during a transient analysis.

However the equations solved by STAR-CD are not completely independent

and instabilities can occur with the choice of excessively large values. Also, the

temporal accuracy will degrade with increasing time step size. 

The Courant number is a measure of the ratio of the selected time step and the

sum of the convective and diffusive time scales, which is derived from a Von

Neumann stability analysis of the governing equations.56 In general, this should

be enforced to a value of less then unity when calculated on a per cell bases.

However the way that STAR-CD calculates this number and reports it to the

user, in the '.info' file, allows for values less than 100 to be computed during a

calculation without degradation of accuracy. During the calculations for APEX-

CE, this limiting factor was used and maintained at a value of less than 20. Fol-

lowing the progression of the calculation in the casename.info file, the time step

was adjusted to 0.1 seconds to satisfy this limiting condition.

D. Problem Setup and Running

It is required that the domain be initialized and that all boundary conditions be

specified to set up the problem for solution. The boundary conditions were spec-

ified for the problem at only three locations, the inlet of the HPSI, the outlet

from the core, and at the remaining solid/fluid interfaces. The HPSI coolant was

specified as having a constant fluid temperature and volumetric flow rate for the

duration of the test and was injected into a stagnant primary system with a

homogeneous fluid temperature. As mentioned previously, all heat transfer to

the environment was neglected, so that energy is only exchanged with the sys-

tem from the inlets of the HPSI and the outlet from the core. 
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The most important phenomenon in PTS is the mixing of the colder HPSI fluid

with the primary coolant. The mixing will be strongly influenced by any turbu-

lence effects, if present. The overall flow of this system is definitely laminar,

however there is the possibility of local turbulence where the mixing occurs. To

account for this effect, turbulence is modeled during the solution of this system. 

The solution of the problem was completed in parallel on four SUN Fire 240R

servers. Each machine has dual SUN Spark III 750 MHz 64 bit processors and 1

Gigabit of RAM. Preparation of the model for parallel processing takes place in

PROSTAR and in the parallel processing utility PROHPC. The model consists

of 768,784 cells and 2,038,300 vertices that construct the fluid domain to be

solved.

First it was specified in PROSTAR that 8 processors would be used and a geom-

etry file was written that contained the locations of each of the cells. Then a

problem file was written that described the run time controls, such as total num-

ber of iterations, discretization methods, boundary conditions, and any addi-

tional options. At this point PROSTAR was closed and the parallel processing

utility was started. Inside this utility, the cells and vertices were separated into 8

approximately equal size sub-models, one for each processor, using the opti-

mized Metis option in PROHPC. Any architecture specific information was

specified at that time. This included the machine type, the message-passing

interface, and the memory allocation procedure. The problem was run for

approximately 1000 seconds with a constant time step of 0.1 seconds for both of

the calculations, requiring approximately 15 days of real time.
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13.4 Conclusions

In particular, focus has been given to the STAR-CD computational fluids

dynamics code since this represents its first application to PTS thermal hydrau-

lics analysis at OSU. To gain confidence with STAR-CD, a benchmark calcula-

tion was performed using the CREARE ½-Scale thermal fluid mixing data.

Excellent comparisons were obtained. The lessons learned in the benchmark

study were helpful to the APEX-CE study.
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14.0 CONCLUSIONS THE OSU PTS RESEARCH 

PROGRAM

This report describes the results of a two year study performed at Oregon State

University to better understand and model thermal hydraulic phenomena perti-

nent to PTS in (PWRs. The APEX Test Facility at OSU was modified to simu-

late a typical 2x4 loop Combustion Engineering nuclear plant. The new

configuration, APEX-CE, was used to perform a series of separate effects and

integral system overcooling tests to investigate primary loop stagnation, cold

leg thermal stratification and downcomer cooling and heat transfer. RELAP5

calculations were compared to the test data to assess its ability to predict the

onset of loop stagnation and system cool-down. STAR-CD, a CFD code, and

REMIX, a regional mixing model, were assessed using the APEX-CE cold leg

and downcomer fluid mixing data. Flow visualization studies of HPSI injection

into a transparent cold leg were also performed. This work was part of the

USNRC effort to review its existing PTS rule. The results of this new research

provide valuable insights into how to improve the thermal hydraulic methodol-

ogy currently being used to identify and assess potential PTS scenarios in

PWRs. The purpose of this section is to highlight the key conclusions of the

study and describe their impact on the current PTS PIRTs and PTS Thermal

Hydraulic Assessment Methodologies.

14.1 APEX-CE Test Results

A total of twenty tests were performed in the APEX-CE integral system test

facility. These tests produced important findings with regard to the following

thermal hydraulic phenomena:

• Integral System Cooldown Behavior

• Mechanisms for Primary Loop Stagnation

• HPSI Plume Behavior

• Cold Leg Thermal Stratification

• Downcomer Plume Behavior
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The key conclusions are presented in the sections that follow.

14.1.1 Integral System Cool-down Behavior

The APEX-CE integral system tests were based on the Palisades geometry and

operating conditions. The plant's operating procedures are specifically designed

to avoid thermal hydraulic conditions that increase the risk of a PTS event. The

APEX-CE tests were conducted without operator intervention to examine limit-

ing cool-down conditions. These tests provide data that can be used to assess the

thermal hydraulic safety analysis codes. The current PTS rule was developed

without the benefit of integral system data for overcooling transients.

Conclusion #1: The general findings of the APEX-CE overcooling transients

agree with the original PTS calculations performed for Calvert Cliffs. 

Table 14.1 summarizes the results of the integral system overcooling tests in

terms of three parameters; the minimum downcomer fluid temperature observed

during the transient, the pressure at the time the minimum temperature was

observed, and the presence of primary loop stagnation. OSU-CE-0011, the

MSLB from Hot Zero Power resulted in the lowest downcomer fluid tempera-

tures while at re-pressurized conditions. The SBLOCA transients examined

resulted in lower downcomer fluid temperatures but did not repressurize. It is

important to note that this result agrees with the Calvert Cliffs TRAC-PF1 cal-

culations performed for the original PTS study (NUREG/CR-4109) and used to

help guide the development of the current PTS rule. The results of the Calvert

Cliffs calculations are presented in NUREG/CR-4109 and are summarized in
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Table 2.11 of this report. The Calvert Cliffs plant is almost identical to the Pali-

sades plant with regards to plant geometry and operations.

14.1.2 Mechanisms for Primary Loop Stagnation

The onset of primary loop stagnation was of particular interest to this study

because it can lead to cold leg thermal stratification and the formation of cold

downcomer plumes. The APEX-CE overcooling transients provided insights

into the mechanisms that cause primary loop stagnation. Table 14.2 identifies

the stagnation mechanisms observed in the overcooling tests. These mecha-

nisms are described in the sections that follow.

TABLE 14.1 Summary of APEX-CE Integral System Overcooling Transients

Test Number Description
Minimum

Downcomer Pressure at Minimum
Cold Leg 

Stagnation

OSU-CE-0007 3.56 cm (1.4") SBLOCA 397 K (255oF) 1.0 MPa (145.7 psia) 2,3,4

OSU-CE-0008 5.08 cm (2.0") SBLOCA 354 K(177oF) 0.59 MPa (86.3 psia) 1,2,3,4

OSU-CE-0009 Stuck Open Pressurizer SRV 422 K (300oF) 1.5 MPa (217.7 psia) 2,4

OSU-CE-0010 Stuck Open Pressurizer SRV and 

Steam line ADV
370 K (207oF) 0.63MPa (91.6 psia) 2,4

OSU-CE-0011 0.093 m2 (1.0 ft2) MSLB SG-1 Hot 

Zero Power

388 K (238oF) 2.5 MPa (363.7 psia) 2,4

OSU-CE-0012 0.093 m2 (1.0 ft2) MSLB SG-2 Hot 

Zero Power

404 K (268oF) 2.4 MPa (347.7 psia) 1,3

OSU-CE-0013 Stuck Open Pressurizer SRV with 

Reclosure
465 K (378oF) 2.1 MPa (297.7 psia) None

OSU-CE-0019 5.08 cm (2.0") SBLOCA with Upper 

Plenum Bypass
348 (167oF) 0.55 MPa (80.3 psia) 1,2,3,4
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Conclusion #2: At low primary loop flows, counter-current flow of cold HPSI

fluid into the cold leg loop seals can cause asymmetric loop stagnation.

Asymmetric stagnation of the cold leg fluid was observed in most of the tests as

shown in Table 14.2. In general, whenever the cold leg flow would drop below

a critical value, the cold HPSI fluid would spillover the reactor coolant pump lip

(modeled with a weir in APEX-CE) into the corresponding cold leg loop seal.

The spillover of cold water caused the loop seal to become a "cold plug." The

negative buoyancy of the cold liquid plug caused stagnation in the affected cold

leg. This mechanism cannot arise without the loop flow first being reduced to a

low value by another mechanism such as steam generator tube draining or

reverse heat transfer. When loop seal spillover occurred in one cold leg, the cold

leg flow was diverted to the adjacent cold leg (i.e., the cold leg sharing the same

steam generator.)

TABLE 14.2 Primary Loop Stagnation in the APEX-CE Tests

Test Number Description Stagnation Phenomena

OSU-CE-0002 Stepped Inventory Reduction Cold Legs 1 through 4 stagnate due to steam generator tube draining.

OSU-CE-0007 3.56 cm (1.4") SBLOCA Cold Legs 2, 3, and 4 stagnate due to reverse heat transfer and nega-

tive buoyancy in loop seals.

OSU-CE-0008 5.08 cm (2.0") SBLOCA Cold Legs 1 and 2 stagnate due to steam generator tube draining. 

Cold Legs 3 and 4 stagnate due to negative buoyancy in loop seals.

OSU-CE-0009 Stuck Open Pressurizer SRV Cold Legs 2 and 4 stagnate due to negative buoyancy in loop seals.

OSU-CE-0010 Stuck Open Pressurizer SRV and 

Steam line ADV

Cold Legs 2 and 4 stagnate due to loss of SG-2 heat sink

OSU-CE-0011 0.093 m2 (1.0 ft2) MSLB SG-1 Hot 

Zero Power

Cold Legs 2 and 4 stagnate due to loss of SG-2 heat sink

OSU-CE-0012 0.093 m2 (1.0 ft2) MSLB SG-2 Hot 

Zero Power

Cold Legs 1 and 3 stagnate due to loss of SG-1 heat sink

OSU-CE-0013 Stuck Open SRV with Reclosure None

OSU-CE-0019 5.08 cm (2.0") SBLOCA with Upper 

Plenum Bypass

Cold Legs 1 and 2 stagnate due to steam generator tube draining. 

Cold Legs 3 and 4 stagnate due to negative buoyancy in loop seals.
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The onset of loop stagnation as a result of the formation of a cold liquid plug in

the loop seal cannot be calculated by RELAP5 because the phenomenon is mul-

tidimensional in nature; involving countercurrent flow in the loop seal and cold

leg. This is an example of a local phenomenon having an integral system effect.

The impact of this phenomenon was not recognized in earlier PTS studies.

Conclusion #3: During the MSLB transients, stagnation occurred in the cold

legs attached to the unaffected steam generator after the unaffected steam

generator became a heat source for the primary system.

During the MSLB tests, loop stagnation was observed to occur in the cold legs

of the non-broken steam generator. The primary system blowdown caused by

the broken steam generator would drop the primary system fluid temperature

below the temperature of the steam generator shell-side fluid. Under these con-

ditions, the intact steam generator became a heat source for the primary system.

The negative buoyancy would significantly reduce the loop flow in the cold legs

attached to the intact steam generator. However, it was noted that even in the

presence of reverse heat transfer from the steam generators, positive loop natu-

ral circulation could occur because of the driving head produced by HPSI injec-

tion into the downcomer. The steam generator reverse heat transfer acted as

"brakes" that impeded natural circulation flow in the primary loop.

Conclusion #4: During the 2-Inch SBLOCA tests, loop stagnation was deter-

mined to be caused by steam generator tube draining. 

The 5 cm (2.0 in.) breaks and larger resulted in voiding the steam generator

tubes. It was noted that the long tubes drained significantly earlier than the short

tubes. As the longer tubes drained, cold leg flow was gradually reduced and

loop seal spillover was observed to occur. Loop stagnation was typically not

observed until the short tubes began to drain. Current studies using RELAP5

model the steam generator with a single tube.



CONCLUSIONS THE OSU PTS RESEARCH PROGRAM

14-6

14.1.3 HPSI Plume Behavior

Injection of cold coolant through the HPSI line may result in cold leg thermal

stratification and the subsequent formation of cold plumes in the downcomer. 

Conclusion #5: Significant heating of the cold HSPI fluid was observed as a

result of mixing at the HPSI/Cold Leg junction.

Significant mixing was observed at the HPSI/Cold Leg junction. Because of the

low flow rates that are typical of the plant, hot fluid from the cold leg was able

to penetrate back into the HPSI line. This phenomenon resulted in some warm-

ing of the HPSI fluid allowing the HPSI fluid to become thermally stratified

before entering the cold leg. Figure 14.1 shows the primary mixing mechanism

is located at the exit of the HPSI nozzle where the cold fluid spills into the cold

leg. The steady-state entrainment ratios, QE/QHPSI, and the HPSI temperature

rise for the stagnation tests are listed in Table 14.3. For the tests conducted, the

entrainment ratios ranged from 35 to 55 percent and the HPSI temperature rise

ranged from 70 - 100 K (120oF - 180oF).

FIGURE 14.1 STAR-CD Calculated Velocity Distribution (m/s) in the HPSI/Cold Leg Junction at 30 
seconds into the Transient shows Strong mixing in the "Waterfall" region at the Exit of the 
HPSI Nozzle
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14.1.4 Cold Leg Fluid Thermal Stratification

The APEX-CE test facility implemented the Palisades side injection HPSI noz-

zle geometry. The HPSI flows and nozzle diameter were scaled to simulate

buoyant fluid backflow into the HPSI line and the onset of thermal stratification

in the cold leg. The internal structure of the HPSI was also modeled, including

the check valve.

Conclusion #6: Cold leg fluid thermal stratification was observed for primary

loop natural circulation flows associated with core decay powers ranging

from 1.5 to 4 percent and HPSI flow rates ranging from 30 to 100 percent.

Cold leg thermal stratification was observed for all natural circulation flow con-

ditions that arose during testing. The reason for this observation is the side

injection HPSI nozzle configuration, the low HPSI flow rates and the presence

of the reactor coolant pump lip. The presence of the reactor coolant pump lip

promoted cold leg fluid thermal stratification and delayed spillover of cold

water into the loop seals (i.e., cold leg crossover legs). The largest temperature

difference observed from the bottom to the top of the cold leg was 83 K

(150oF). Much larger temperature differences would be observed in the full

scale plant.

TABLE 14.3 Values of ξ for APEX-CE Stagnant Loop Tests

Test Number FrHPSI QHPSI

Entrainment Ratio 
Range

HPSI Temperature 
Rise (K)

OSU-CE-0004 0.45 5.6 0.38 - 0.44 70 (126oF)

OSU-CE-0005 0.43 5.6 0.35 70 (126oF)

OSU-CE-0016 0.45 5.6 0.42 81 (145.8oF)

OSU-CE-0015 0.45 5.6 0.37 - 0.41 73 (131.4oF)

OSU-CE-0006 0.23 2.8 0.51 102 (183.6oF)

OSU-CE-0014 0.22 2.8 0.52 - 0.55 104 (187.2oF)
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14.1.5 Downcomer Plume Behavior

This study examined the behavior of cold plumes in the annular downcomer of

the APEX-CE reactor vessel. The fluid temperatures were measured near the

vessel wall at numerous azimuthal and axial positions. The greatest concentra-

tion of thermocouples was located beneath Cold Leg #4. By obtaining a time

dependent fluid temperature map for each test, plume migration, plume merging

and the depth of penetration before the plumes completely mixed with the ambi-

ent downcomer fluid could be observed. The downcomer plumes were exam-

ined with and without flow through the primary loop. 

Conclusion #7: HPSI flow into stagnant cold legs produced relatively weak

plumes that could be detected 8 cold leg diameters into the downcomer. 

Maximum APEX-CE HPSI flow, corresponding to 150 percent of the maximum

Palisades HPSI flow, into a single cold leg under stagnant loop conditions pro-

duced plumes having a temperature approximately 4 K (7.2oF) less than the sur-

rounding ambient fluid. The plume could be detected 8 cold leg diameters into

the downcomer. Maximum HPSI flow into two adjacent cold legs under stag-

nant loop conditions resulted in the merging of two plumes to form a slightly

stronger plume (5 K [9oF] less than ambient at 8 cold leg diameters) located

between the cold legs rather than directly below a single cold leg. Maximum

HPSI flow into three or four cold legs under stagnant loop conditions produced

relatively flat fluid temperature profiles around the downcomer.

Conclusion #8: HPSI flow into adjacent cold legs resulted in the merging of

the two plumes so that the coldest fluid temperatures were observed between

cold legs. 

The merging of plumes was observed in the IVO flow visualization tests per-

formed as part of the original PTS study. Plume merging was also predicted by

the STAR-CD code computational fluid dynamics code used in this study. Fig-

ures 14.2 and 14.3 show how the plumes emanating from Cold Legs #2 and #4
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merged during a Main Steam Line Break and a stagnant loop HPSI test, respec-

tively.

FIGURE 14.2 Merger of Cold Leg #2 and Cold Leg #4 Plumes During OSU-CE-0012 MSLB at Full 
Power

FIGURE 14.3 Merging of Two Adjacent Plumes in the Downcomer (HPSI #2 & #4, OSU-CE-0014, 
2000-3000 seconds)
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Conclusion #9: All of the SBLOCA tests exhibited relatively flat temperature

profiles and produced thermal stratification in the downcomer. Cold plumes

were not easily detected below 2 cold leg diameters into the downcomer. 

Conclusion#10: The MSLB cases exhibited the coldest temperature differ-

ences (8 K less than ambient at 8 cold leg diameters) between the cold legs of

the broken steam generator because of plume merging.

Conclusion #11: For certain natural circulation flow conditions, the plumes

remained intact longer than for the stagnant loop case.

Test OSU-CE-0003 provides a parametric study of the effects of loop flow on

plume behavior. The goal was to determine if the downcomer plumes in co-flow

remained intact longer than the downcomer plumes in a stagnant loop. Theoret-

ical models for plume spreading support this hypothesis. That is, it is possible

that the plume remains intact longer because the relative velocity between the

ambient fluid and the plume is significantly less in the "co-flow" case than in

the stagnant ambient case. However, the effect of the co-flowing fluid could not

be fully discerned from this test because of lack of velocity measurements in the

downcomer.

14.2 RELAP5 Results

Table 14.4 lists the APEX-CE transient analyses that were performed using the

RELAP5/MOD 3.2.2γ computer code. Comparisons of the code calculations to

the measured data provide insights into the RELAP's ability to accurately pre-

dict the APEX-CE SBLOCA and MSLB overcooling transients. 
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14.2.1 Natural Circulation Stepped Inventory Reduction (OSU-CE-0002)

The RELAP5 calculations of the mass flow rate leaving the break, the break

separator liquid level, and reactor vessel collapsed liquid level are in excellent

agreement with the data. The largest discrepancy was due to the mass distribu-

tion in components located above the hot leg; particularly the steam generator

tubes and the pressurizer. The void fraction on the up-flow side of the tubes sig-

nificantly affects the core mass flow rate. RELAP5 predicted higher core flow

rates than measured during the test. The use of a single tube in RELAP5 to

model each of the 133 tube APEX-CE steam generators may be a significant

contributor to the differences observed. 

14.2.2 Two-Inch Hot Leg SBLOCA (OSU-CE-0008)

RELAP5 Mod 3.2.2γ predicted values of primary system pressure that were

within 5 percent of the measured values for the first 7700 seconds of the tran-

sient. Similarly, the predicted values of the well-mixed downcomer fluid tem-

peratures were within 8 percent of the measured values throughout the entire

transient. RELAP5 over-estimated the pressurizer collapsed liquid level

throughout the transient. This resulted in prolonged PZR heater operation caus-

ing over-estimates of the primary system side pressure and under-estimates of

HPSI flow rate. The mass inventory in the steam generator tubes predicted by

RELAP5 greatly exceeded the observed values.

TABLE 14.4 APEX-CE Transients Analyzed with RELAP5

Test Number Transient Type Description

OSU-CE-0002 SBLOCA Natural Circulation Stepped Inventory Reduction Constant 

Power

OSU-CE-0008 SBLOCA 2.0 in. Top of Hot Leg from Full Power

OSU-CE-0011 MSLB 1.0 ft2 Main Steam Line from Hot Zero Power

OSU-CE-0012 MSLB 1.0 ft2 Main Steam Line from Full Power

OSU-CE-0010 SBLOCA and MSLB Stuck Open Main Steam Line ADV and Pressurizer PORV 

from Full Power 
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14.2.3 1.0 ft2 Main Steam Line Break from Hot Zero Power (OSU-CE-0011)

The RELAP5 calculations of primary system pressure and downcomer fluid

temperature were in excellent agreement with the measured data. The maximum

deviation in primary system pressure was 10.6 percent for a short portion of the

transient. Otherwise the difference was on the order of 1 percent. The maximum

deviation in the well-mixed downcomer fluid temperature was 4 percent. The

RELAP5 predictions of HPSI flow rate, pressurizer collapsed liquid level, feed-

water flow rate were all in excellent agreement with the measured data. The

maximum break flow rate predicted by RELAP5 was 289.4 liters/s (613 cfm).

This value was within 3 percent of the measured value of 281.3 liters/s (596

cfm) and fell within the uncertainty of the vortex flow meter measurements. The

primary difference between the predicted break flow values and the data was the

time when the break flow reached a minimum. RELAP5 predicted that the break

flow experiences a sharp drop at 980 seconds, whereas the data exhibited this

behavior at 1228 seconds. 

RELAP5 predicted stagnation in Cold Legs #2 and #4 as a result of Steam Gen-

erator #2 becoming a heat source. The trends in the cold leg flow rates were

very similar and the numerical values were in reasonable agreement with the

measured values with the exception of the data for Cold Leg #1. The time at

which Steam Generator #2 became a heat source was accurately predicted by

RELAP5.

14.2.4 1.0 ft2 Main Steam Line Break from Full Power (OSU-CE-00012)

The RELAP5 calculations of primary system pressure and downcomer fluid

temperature were in excellent agreement with the measured data. The maximum

deviation in primary system pressure was 7.5 percent for a short portion of the

transient. Otherwise the difference was on the order of 1 percent. The maximum

deviation in the well-mixed downcomer fluid temperature was 2.5 percent.
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The RELAP5 predictions of HPSI flow rate and feedwater flow rate were in

excellent agreement with the measured data. The maximum break flow rate pre-

dicted by RELAP5 was 567 liters/s (1201 cfm) but then it rapidly dropped to a

value of 296.6 liters/s (628 cfm). This value is within 6.6 percent of the mea-

sured value of 2714.3 liters/s and falls within the uncertainty of the vortex flow

meter measurements. RELAP5 predicted that the break flow experiences a

sharp drop at 990 seconds, whereas the data exhibits this behavior at 1249 sec-

onds.

RELAP5 predicted stagnation in Cold Legs #1 and #3 as a result of Steam Gen-

erator #1 becoming a heat source. The exact timing for the onset of flow stagna-

tion and the flow restart were not well predicted by RELAP5. Nonetheless, the

magnitudes of the flow were in good agreement, particularly for Cold Legs #2,

#3 and #4. The errors were quite small and well within the accuracy of the mag-

netic flow meters.

The predicted Hot Leg #1 fluid temperatures and the intact steam generator

shell side temperatures deviated significantly from the measured values. The

predicted values for Hot Leg #2 are within 2 percent of the measured values for

the entire transient. RELAP5 over-predicts the broken Steam Generator #2,

shell side fluid temperatures. The problem may be associated with the models

used by RELAP5 to predict heat transfer from the steam generator tubes to the

low-pressure steam in the broken steam generator.

14.2.5 Stuck-Open Atmospheric Dump Valve and Pressurizer Safety Relief Valve Test 

(OSU-CE-0010)

In general, RELAP5 was able to predit the overal thermal hydraulic behavior of

a very complex over cooling transient that include a simulataneous primary side

break (stuck-open PZR SRV) and a secondary side break (stuck-open ADV). 

The pressurizer pressure history was predicted reasonably well (i.e., within 7

percent) during the first 6000 seconds of the transient. The maximum collapsed

liquid level predicted by RELAP5 was 10 percent greater than the observed
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value. The well-mixed downcomer fluid temperatures predicted by RELAP5

were within 7.3 percent of the measured downcomer fluid temperatures.

Although RELAP5 predicted similar HPSI flow trends, it under-predicted the

HPSI flow rates by up to 20 percent for portions of the transient.The averaged

PZR SRV flow rates predicted by RELAP5 are in good agreement with the data.

That is, the predicted values tend to oscillate around the measured values. An

examination of the integrated mass injected and loss from the primary indicated

that over the course of the transient more liquid mass was injected into the sys-

tem than was swept out of the PZR SRV. This indicates that given enough time,

the HPSI pumps would refill and repressurize the primary system. The differ-

ence in the total injection flow rate and the PZR SRV flow rate is relatively

small. Hence small inaccuracies in the break flow rate predictions could signifi-

cantly alter the predicted system behavior. That is, small under-predictions in

the loss of mass would result in a prediction of an early repressurization of the

system.

RELAP5 significantly over-predicted the ADV flow rate for a majority of the

transient. However, it predicted the secondary side pressures quite well. Thus

the total secondary side mass loss appears to be overestimated by RELAP5.

Note however, that for the low flow rates and pressures measured, a small dif-

ference in mass yields a large difference in volume. The flow rate predictions

for Cold Legs #1 and #2 were within 2 percent of the measured data, well within

the accuracy of the flow meters. RELAP5 accurately predicted the transition

time (~ 400 seconds) at which Steam Generator #2 would transition from being

a heat sink to a heat source.RELAP5 predicted that the Steam Generator #2

tubes would drain and refill. This was observed during the test but the timing of

this event was offset in RELAP5. The tubes in Steam Generator #1 remained

full as predicted by RELAP5. 
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14.3 STAR-CD and REMIX Results

The REMIX, RELAP5 and STAR-CD Codes have been compared to measured

data from the APEX-CE test series. In general, REMIX was found to underpre-

dict the downcomer fluid temperature measurements. RELAP5 tended to over-

predict the measured data. This was expected because RELAP5 predicts the

average fluid temperature within each control volume and the control volumes

are relatively large. Nonetheless, the RELAP5 calculations were generally

within 10 percent of the actual downcomer fluid temperatures for the tests

examined.

STAR-CD provided the best predictions of the measured data. It also predicted

the detailed 3-D behavior of buoyant fluid backflow, cold leg counter-current

flow and downcomer plume merging. STAR-CD offers a powerful tool for PTS

assessment.

One of the limitations of the STAR-CD code was its difficulty in modeling the

mixing behavior at the cold leg thermal layer interface. The finite cell mesh in

the CFD model does not allow a completely stable interface to exist, which

shows up as smearing of the temperature gradient. The gradient calculations for

the cold stream were in very good agreement with the data at most locations for

the majority of the test.

Another limitation of STAR-CD was found to be its long running times. The

run times for the STAR-CD calculations were approximately 0.02 days/second

of transient using 8 SUN Spark 750 MHz Processors. This is an expense limita-

tion that has been alleviated somewhat over the past few years, as computers

have become more efficient and less expensive. Given the accuracy of STAR-

CD and the continued decrease in computer expense, this tool could be suitable

for use in reactor PTS analysis for short transients now and for full transients in

the near future.
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14.4 Sensitivity to Transport Rate Model Uncertainties

There exists a class of transients that exhibit a significant departure in plant

behavior when a critical setpoint is exceeded. For example:

• A minimum core mass below which a fuel temperature excursion must occur.

• A maximum primary system liquid volume above which the HPSI pumps will rap-

idly pressurize the system.

Code predictions of the outcome of these transients must be considered "inde-

terminate" when the sum of the uncertainties in the transport rate models are on

the same order as the net difference among the transport rates. In the course of

this test program, it was determined that the HPSI flow rates were sometimes on

the order of the break flow rates. Figure 14.4 compares the total HPSI flow with

the break flow measured for a 2-inch hot leg break, OSU-CE-00014. During

portions of the test, the break flow exceeds the HPSI flow. Subsequently the

HPSI flows become greater and the two oscillate about each other.

FIGURE 14.4 Measured HPSI and Break Flow Rates during a 2-inch Hot Leg Break in APEX-CE, 
OSU-CE-00014
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This transient represents a significant challenge to the codes. Can the codes

accurately determine if, or when, the system will refill and be re-pressurized by

the HPSI? A simple illustration will further clarify the nature of the challenge.

The integrated mass balance equation for the system can be written with the

uncertainties as follows:

(14.1)

Where  is an inlet or exit mass flow rate (kg/s), nσ is the mass flow rate model

uncertainty (kg/s), and Mo is the initial system mass (kg). It is reasonable to

assume that nσ is a small fraction relative to its respective mass flow rate. The

mass balance equation can be rewritten as:

(14.2)

If  is on the order of , then all the terms in the equation

are important. An accurate estimate of when, or if, the system becomes liquid

filled and re-pressurizes is strongly influenced by the magnitudes of the time

dependent flow rate model uncertainties.

This sensitivity to uncertainties in the transport rate models, (e.g., choke flow

models, entrainment rate models, etc.) becomes more important as best estimate

modeling techniques are used to fine-tune ECCS system performance in

advanced designs. Designers should pay special attention to transients with

small differences between inlet and outlet mass/energy flow rates. These condi-

tions may present a formidable challenge to the codes. 
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14.5 Impact of Current Study on PTS Phenomena Identification and Ranking 

Tables (PIRT)

PTS PIRTs have been developed for the H.B. Robinson Unit 2 Plant6 and the

Yankee Rowe Plant7. The objective of the PIRTs was to identify and rank all of

the thermal hydraulic phenomena of importance to PTS that could arise during

the course of a small break Loss-of-Cooling-Accident (SBLOCA) or a Main

Steam Line Break (MSLB). The Yankee Rowe PTS Plant also examined Steam

Generator Tube Ruptures (SGTR). The Robinson PTS PIRT committee con-

sisted of seven thermal hydraulic experts convened to determine which phe-

nomena most affects the fluid temperature and coolant cooldown rate in the

downcomer, the fluid to vessel wall heat transfer coefficient and the system

pressure. The temperature gradients at the beltline welds of the core region were

of particular interest.

For purposes of the current study, the H.B. Robinson and Yankee Rowe results

were consulted to develop SBLOCA and MSLB PTS phenomena PIRTs for the

Palisades plant. These PIRTs were used to guide the scaling analysis for the

APEX-CE test facility and to guide the assessment of the predictive computer

codes used to analyze the data.

The current testing program provides several new insights that impact the PTS

PIRTs. The following sections list the important PTS related thermal hydraulic

phenomena observed in the APEX-CE SBLOCA and MSLB tests.

14.5.1 Important SBLOCA related PTS Thermal Hydraulic Phenomena

Based on the results of the APEX-CE testing program, the following phenom-

ena should continue to be highly rank in the SBLOCA related PTS PIRT.

High Pressure Safety Injection (HPSI) Flow Rate and Number. The HPSI flow

rate had a direct impact on the degree on cold leg thermal stratification and on

the downcomer fluid temperature distribution. The number of HPSI in operation

affected plume merging and therefore the location of the coldest plumes.
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1. HPSI/Cold Leg Junction Fluid Mixing. The primary fluid mixing mecha-

nism was found to occur at the HPSI/Cold Leg junction. This phenome-

non had an impact on cold leg thermal stratification and on the 

downcomer fluid temperature distribution. In addition, buoyant fluid 

backflow was observed for all of the HPSI operating conditions for this 

design. This also provided some warming of the HPSI fluid before enter-

ing the cold leg. 

2. HPSI Water Source Temperature. The HPSI fluid temperature affects the 

onset of buoyant backflow into the HPSI line and the onset of thermal 

stratification in the cold legs. A higher injection temperature reduces the 

density difference weakening the plumes and promoting plume breakup.

3. Cold Leg Fluid Thermal Stratification. Thermal stratification was caused 

by HPSI flow for all of the natural circulation flows tested. The degree of 

thermal stratification was dependent on the primary loop flow and tem-

peratures. The Reactor Coolant Pump exit geometry can significantly 

impact the onset of thermal stratification in the cold leg.

4. Core Decay Heat. By heating the core fluid, the core power provided the 

buoyancy needed to drive the primary loop natural circulation. Greater 

decay heat powers generally resulted in warmer downcomer fluid temper-

atures when loop natural circulation was present. Decay power also 

impacted system pressure.

5. Primary Loop Resistance. The loop resistance limits the primary loop nat-

ural circulation flow rates. It is directly related to the conditions for the 

onset of primary loop stagnation.

6. Reactor Wall Conduction Heat Transfer. Heat conduction theory and sen-

sitivity studies performed with the REMIX code revealed that the RPV 

inside surface convective heat transfer coefficient did not significantly 

impact the wall temperatures because they were high enough such that the 

walls were conduction limited. STAR-CD was found to give good com-

parisons the measured data for the MSLB case. 

7. Downcomer Plume Mixing. The merging of multiple downcomer plumes 

significantly altered the location and temperatures of the downcomer 

plumes. Merged plumes produced cold regions between cold legs rather 

than directly below the cold legs.

8. Primary Loop Natural Circulation Flow Rate and Stagnation. Natural cir-

culation flow in the primary loops significantly enhanced HPSI mixing in 

the cold legs. Primary loop flow also produced the potential for the "co-

flow" of plumes with ambient downcomer fluid. This may influence the 

plume penetration depth. That is, plumes in co-flow spread less than 

plumes in a stagnant ambient fluid. Loss of natural circulation flow was 

the result of integral system and local component behavior. For the 

SBLOCA, steam generator tube draining and the formation of negatively 

buoyant liquid plugs in the loop seals resulted in primary loop stagnation.
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9. Break Mass Flow Rate. The break flow rate significantly impacts the pri-

mary system pressure. If the break mass flow rate is less than the HPSI 

flow rate, the system will eventually refill and re-pressurize by the action 

of the HPSI pumps. The break flow rate also affects steam generator tube 

draining and hence the onset of primary loop stagnation.

10. Steam Generator Tube Draining. Steam generator tube draining during 

the SBLOCA resulted in primary loop stagnation. The long tubes drained 

early, followed by the short tubes much later. Primary loop natural circu-

lation was not interrupted until the short tubes drained.

All of the items listed above were also included as highly ranked phenomena in

the PTS SBLOCA PIRT with the exception of Steam Generator tube draining

and the number of active HPSI, both of which have been added. 

Based on the APEX-CE data, the following PTS SBLOCA PIRT items would

no longer be considered as highly ranked:

• RPV Convective Heat Transfer Coefficient. The Reactor Pressure Vessel wall inside 

convective heat transfer coefficient. The RPV wall is conduction limited.

• Upper Head/Downcomer Flow. For the APEX-CE design tested, the upper head/

downcomer bypass connections produced some warming of the downcomer fluid 

over time. However, this flow path was very small. Therefore, the impact was not 

significant.

• Timing of RCP Trips. For the APEX-CE design tested, the RCPs tripped on low 

subcooling temperature which occurs very early for the SBLOCA transients.

• Steam Generator Energy Exchange, Feedwater Control and Feedwater Temperature. 

Secondary side temperature and pressure did affect primary side conditions until the 

steam generator tubes drained causing loop stagnation. After stagnation occurred, 

the primary loop was decoupled from the secondary loop.

• Liquid/Steam Interface in the Upper Downcomer. This region in the upper down-

comer is filled with saturated steam and liquid. It was found to be thermally decou-

pled from the rest of the downcomer fluid.

• Upper Head Heat Transfer Coefficient Under Voided Conditions. This phenomenon 

did impact primary side pressure to some extent. However, the energy associated 

with the break flow and the core decay power dominated the pressure behavior.

14.5.2 Important MSLB related PTS Thermal Hydraulic Phenomena

The first eight phenomena listed for the SBLOCA PIRT would also be highly

ranked for the MSLB PTS PIRT. The following phenomena would also be

highly ranked:

1. Primary Loop Natural Circulation Flow Rate and Stagnation. Natural cir-

culation flow in the primary loops significantly enhanced HPSI mixing in 
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the cold legs. Primary loop flow also produced the potential for the "co-

flow" of plumes with ambient downcomer fluid. This may influence the 

plume penetration depth. That is, plumes in co-flow spread less than 

plumes in a stagnant ambient fluid. Loss of natural circulation flow was 

the result of the integral system and local component behavior. For the 

MSLB the intact steam generator became a heat source such that the fluid 

inside the tubes became hotter than the hot leg fluid; thus interrupting pri-

mary loop flow. The formation of negatively buoyant liquid plugs in the 

loop seals resulted in asymmetric primary loop stagnation. 

2. Steam Line Break Mass Flow Rate. The break flow rate significantly 

impacts the secondary side pressure and temperature hence the primary 

system pressure. When pressure was low enough, the HPSI was actuated. 

The system eventually refilled and re-pressurized by the action of the 

HPSI pumps.

3. Steam Generator Heat Transfer. Heat transfer from the primary side fluid 

to the broken steam generator dictated the primary side pressure which 

initiated HPSI flow. Heat transfer from the intact steam generator to the 

primary side fluid resulted in primary loop stagnation.

4. Feedwater Control and Feedwater Temperature. Secondary side fluid 

temperature and pressure significantly affected primary side conditions 

during the MSLB. The primary and secondary are tightly coupled for this 

transient; particularly during the period when the broken steam generator 

is being fed.

With regards to the reactor coolant pump trips for the MSLB transients, high

containment pressure results in containment isolation. This, in turn, results in a

loss of component cooling water and reactor coolant pump (RCP) seal cooling.

The end result is tripping all four RCPs. Thus the RCPs were tripped at the

beginning of the transient. 

14.6 Possible Advancements to PTS Thermal Hydraulic Assessment 

Methodologies

The PTS Thermal Hydraulic Assessment Methodology used in the past can be

significantly improved with the use of modern CFD computer codes. Compari-

sons with APEX-CE data revealed that the REMIX code generally under-pre-

dicted the downcomer fluid temperatures. Furthermore, the location of the

merging plumes cannot be predicted by REMIX. 
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The STAR-CD CFD code comparisons to the APEX-CE data demonstrated

excellent agreement. Downcomer plume behavior, including plume merging,

and plume temperature decay were well predicted. In addition, cold leg thermal

stratification, HPSI backflow and loop seal backflow were also well predicted

by the CFD code. One of the complications faced by the earlier PTS thermal

hydraulic assessment methodology was determining the conditions for the onset

of cold leg thermal stratification. The presence of a reactor coolant pump lip in

the cold leg limits the applicability of the thermal stratification screening crite-

rion for this plant geometry. Modeling the RCP lip in STAR-CD was straight-

forward. The largest drawback to the use of CFD codes is the lengthy

computational time. However, computation times appear to be improving on a

yearly basis due to parallel processing and faster processors.

RELAP5's prediction of loop stagnation can be improved for some LOCA sce-

narios by modeling multiple tubes in the steam generator. The APEX-CE tests

demonstrated that the long tubes drain early in the transient, however loop stag-

nation does not occur until the short tubes drain; thus prolonging HPSI fluid

mixing in the cold legs. 

The APEX-CE data have been used to revise the existing SBLOCA and MSLB

PTS PIRTs. Several thermal hydraulic phenomena have been identified through

the APEX-CE test program to be important for the design being considered. The

use of a CFD code, STAR-CD, in conjunction with a systems analysis code,

RELAP5, have been shown to provide a complete description of the downcomer

fluid temperatures and reactor pressure vessel wall heat transfer.
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APPENDIX A − Review of the Pertinent Fluid 

Stratification Literature

The problem of thermal stratification has been extensively studied because of its

prevalence to PTS. In 1934, O'Brien and Cherno made the first attempt at

explaining the phenomenon for natural reservoirs. Following their initial study,

Yih, Gardner, Stommel and Farmer, Rothe et al., Sun and Oh, Kim, Wood, Iyer

and Theofanous, Rodi, and Reyes and King, among others, continued to

develop and improve models to determine the onset of thermal stratification for

reactors, chimneys, reservoirs, and ducts, for both air and water currents. Fur-

thermore, the effects of fluid backflow in the HPSI line are often coupled to the

aforementioned phenomenon. Indeed, fluid backflow changes the HPSI density

and flow rate and consequently affects the entire model. These effects are also

discussed in this section. 

 A.1 Fluid Stratification Literature 

This review will first focus, in a chronological manner, on the articles pertinent

to the problem of thermal stratification. Then, it will give brief but complete

description of the existing models that served as a basis for this research.

 A.1.1 General Contributions to the Thermal Stratification Literature

In 1934, O'Brien and ChernoA1 conducted the first experiments on two-layer

flow as part of a study done on the San Francisco Bay basin. The authors

derived a hypothesis called the "model law" which established a similarity rela-

tionship between an experimental device and a theoretical model. Scale ratios

between the two had to be consistent. They developed such a concept to deter-

mine the length, depth, and velocity of the salt-water layer entering the basin.

The similarity constant obtained for this particular problem is written as:

(A.1)

0.5
s
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Where K is the simplified criterion of similarity, Lo the length of the lock, d the

depth of the water, and s the salinity. After tests were performed on a scaled

prototype, O'Brien and Cherno concluded that their dimensionless model cor-

rectly predicted the results obtained even though several restrictions had been

made.

Stommel and Farmer (1952) A2 studied the effects of the abrupt widening of the

estuary mouth on the interfacial wave. They defined the interfacial Froude num-

ber for a stationary two-layer flow as follows:

(A.2)

Where F i is the interfacial Froude number, q2 the discharge per unit width of the

lower layer, q1 the discharge per unit width of the top layer, and n is related to

the depths of the two layers. Stommel and Farmer also developed a model using

Bernoulli's equation to account for the condition when the channel width of a

river didn't affect the interfacial wave.

In 1953, Stommel and Farmer A3 studied the effects of stratified flow on the

salinity at the mouth of estuaries. They believed that if mixing between the two

layers increased, then the amount of discharge into the ocean increased also.

This amplified mixing also decreased the salinity difference. The researchers

thought that there was a limit however, beyond which neither the amount of dis-

charge nor the salinity difference was altered by the overmixing.

C.S. Yih (1965)A4 studied the effects of stratified flow between two horizontal

layers of fluids inside a reservoir. In his model, he assumed that the upstream

density was linear and that the upstream velocity was a constant. 
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Where ∆ρ is the density difference between ρt (density of the light fluid) and

(density of the heavy fluid), g is the gravitational acceleration, d the diameter of

the pipe, and Q the volumetric flux. 

E.J. List (1982)A9 studied the mechanics of both jets and plumes in turbulent

buoyant flows. For turbulent jets, the governing parameter is the specific

momentum flux while for turbulent plumes; it is the specific buoyancy flux. List

also developed a model for forced plumes inside a fluid. He first derived a the-

ory for density-stratified environments and realized that the initial entrainment

carried denser fluid than the surrounding environment, decreasing the specific

momentum flux. Once there was no more flux, the jet stopped rising and the

entrainment began to mix with the warmer flow. Furthermore, List studied the

same effects in a crossflow situation and observed that a vortex was formed

around the point of injection. Finally, List investigated both phenomena, namely

forced flow in a stratified environment with crossflows. He realized that to solve

such a case, a three-dimensional analysis needed to be performed.

The following papers below apply directly to the phenomenon of thermal strati-

fication in the cold leg and are therefore discussed in more depth.

 A.1.2 B.K.-H. Sun, S. Oh, AND P.H. Rothe, 1983

In their paper titled "Transit Time of Mixed High Pressure Injection Water and

Primary Loop Water in Pressurized Water Reactor Cold Legs",A10 Sun et al.

studied the phenomenon of overcooling transients in pressurized water reactors

(PWRs). The researchers worked on an analytical model to determine the fluid

mixing behavior inside the reactor cold leg. In order for the model to be accu-

rate, the thickness of the colder layer (the HPSI layer) and the velocity of the

mixed flow inside the cold leg needed to be ascertained. Both were related to

the concept of transit time. Transit time was defined as the time it took the

HPSI fluid to travel from the mouth of the HPSI line into the downcomer, by

which point the fluid had considerably mixed with the cold leg water. In order

to apply this concept to an analytical model and compare the results to an exist-

t
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ing PWR, Sun et al. used data from an Electric Power Research Institute

(EPRI)/CREARE 1/5-scale model of a PWR cold leg configuration.8,9 Figure

A.1 shows a simple schematic of the system used. There are three vertical HPSI

lines: two angled and one perpendicular to the cold leg. The Froude number was

then determined and related to the transit time for stagnant loop flow by the fol-

lowing equation:

(A.8)

FIGURE A.1 Diagram of the CREARE/EPRI Cold Leg Configuration

The condition of stagnant loop flow provided the highest rate of overcooling

and the longest transit time and was consequently the defining case in the study

of overcooling transients. Here, two different transit times were defined: the

transit time in the HPSI region, tjet and the transit time in the stratified layer, .

the transit time in the HPSI region could then be determined from the HPSI jet

Froude number and  from the angle ϕ defined as:
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(A.9)

Where D is the cold leg diameter and l is defined on Figure A.2. 

Finally, Sun et al. studied the effects of transit time when flow was present in

the cold leg. They discovered that the higher the flow, the lesser the transit time.

The researchers reached the conclusion that their dimensionless groups gave

accurate data for wide ranges of HPSI flow rates.

FIGURE A.2 HPSI Flow into the CREARE/EPRI Cold Leg

 A.1.3 T.G. Theofanous, H.P. Nourbakhsh, P. Gherson, and K. Iyer, 1984

In their report,A11 the researchers studied the downcomer temperature transients

due to thermal stratification in the cold leg. 

The researchers Nourbakhsh and Theofanous wrote the first section of the

NUREG Report CR-3700 on the criterion for predicting thermal stratification

inside the reactor cold leg. They later wrote another paper dedicated entirely to
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Where ACL is the flow area of the cold leg, g the gravitational acceleration, DCL

is the cold leg diameter, ∆ρ the change in density, and ρHPSI the HPSI density. 

The researchers also compared their correlation for FrHPSI,CL with the

CREARE 1/5-scale facility. Figure A.3 shows how well the correlation agreed

with the test result.A11 The criterion for predicting thermal stratification is thus

very useful to determine whether the flow is stratified or well mixed. In conclu-

sion, the researchers pointed out that their correlation was very general and

didn't take into account the different types of stratification.

FIGURE A.3 Comparison Between the Theoretical and Experimental Froude Numbers

A later chapter was dedicated to the prediction of temperature transients due to

the HPSI. Figure A.4 shows the theoretical Regional Mixing Model used.A11 It

can be noted that there are four mixing regions (MRs) identified in the model.

MR1 is the mixing region at the exit of the HPSI nozzle where the cold liquid

first comes into contact with the warmer cold leg environment. The HPSI water
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falls to the bottom of the cold leg and propagates along either side. Mixing

occurring at the interface at MR2, which is not shown on the picture, is the mix-

ing region occurring along the cold leg at the interfacial area between the two

fluids. It has been proven to be negligible compared to the mixing at the other

regions and will therefore be disregarded here. MR3 and MR5 are regions

where the HPSI liquid first flows straight down. Warmer liquid from the loop

seal and downcomer is drawn upward and mixes with the cold water. MR4 is

the mixing region inside the downcomer, warmer liquid from the downcomer

environment is entrained into the cold plume. It is the last region where mixing

occurs. TM is the mixing temperature, TC is the temperature of the cold stream,

and TH is the temperature of the hot liquid inside the cold leg. The term hC is the

height of the cold stream. This model assumes that most of the mixing occurs at

MR1.

The mixing temperature was then determined as the average of the hot and cold

temperatures, TH and TC weighted by their volumes respectively, and is estab-

lished as follows:

(A.14)

Where VH is the volume occupied by the hot fluid, VC the volume occupied by

the cold fluid, and V* is defined as the sum of the two.

Finally, the results obtained were compared to the CREARE 1/5-scale tests.

Good correlations were observed and the investigators discussed the possible

implications of such studies to full-scaled PWRs.

C
T

C
V

H
T

H
V

M
TV +=∗



APPENDIX A - Review of the Pertinent Fluid Stratification Literature

A-11

FIGURE A.4 Schematic of the Regional Mixing Model

 A.1.4 T.G. Theofanous and K. Iyer, 1987

In "Mixing Phenomena of Interest to SBLOCAs," Theofanous and IyerA13 per-

formed comparisons between several test facilities to quantify stratification.

Their work followed an initial research establishing a criterion for thermal strat-

ification.A11,A12 The investigators were concerned with PTS applications to

SBLOCAs and limited their work to this purpose. 

Theofanous and Iyer used the Regional Mixing Model.A11 They made two

major modifications to the model. First, for low HPSI Froude numbers, mixing

occurred within the HPSI line. Second, the mixing taking place in MR3 (see

Figure A.4) needed to be taken into account because of its complexity as gath-

ered in the Purdue 1/2-scale tests. Prior to this study, the mixing at MR3 was

simply ignored. Consequently, flow in the lower plenum, pump, and loop seal

had to be modeled. The researchers combined their findings into two computer

codes they called REMIX and NEWMIX.

The CREARE 1/5-scale experiment corroborated with the new Regional Mix-

ing Model developed and the results obtained were consistent. The Purdue 1/2-
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scale tests provided reliable results for low HPSI Froude numbers (no backflow

into the HPSI line). When backflow was present however, small corrections had

to be made to the existing model. The CREARE 1/2-scale tests were performed

without adding salt water. Indeed, this facility operated at 200 psi, providing a

considerable density difference. Two rounds of tests were performed and even

though the first set wasn't satisfactory, the second set agreed very well with the

REMIX calculations. The HDR reactors tests were aimed at comparing the geo-

metric specifications with the Regional Mixing Model data. This was important

because the HDR reactor located in Frankfurt Germany could perform experi-

ments at full pressure and temperature with high HPSI injection Froude num-

bers. No such experiment existed in the US. The outcome agreed well with the

REMIX calculations. Finally, the 2/5 scale IVO (Imatran Voima Oy) experi-

ment in Finland provided dependable measurements to benchmark the code

NEWMIX.

In conclusion, Theofanous and Iyer discovered that the problem of thermal mix-

ing in SBLOCAs was important and needed to be addressed quickly to develop

reliable benchmark calculations.

 A.1.5 K. Iyer and T.G. Theofanous, 1991

In another paper, following the work done in the Reference [A11], the authors

Iyer and TheofanousA14 discussed the predictions applied to PWRs regarding

the phenomenon of thermal stratification. Using the same regional mixing

model (see Figure A.4), they first redefined the computer code REMIX.

REMIX calculates the mean temperature. It assumes that the fluid is overall

well mixed and takes into account the different fluid properties that fluctuate

with temperature. REMIX also performs local calculations, generally around

MR1, and solves the mass and energy balance equations simultaneously. The

following entrainment model is obtained for HPSI Froude numbers between 0.1

and 3:
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(A.15)

Where Qe is the entrainment flow rate, QHPSI the HPSI flow rate, and dh the fall

height defined as the difference between the height of the HPSI line (DHPSI) and

the height of the cold stream.

The researchers then compared their results with reactor prediction for 1/2 scale

and 1/5 scale experiments. They concluded that REMIX could predict results

with reasonable accuracy. They also observed that thermal stratification in the

cold leg was minimal for different FrHPSI as seen in Figures A.5 and A.6.A14

The graphs show the temperature at different heights inside the cold leg as a

function of time. These results were obtained from a typical PWR operating at

3000 MWt. The outcome produced slow cooldown rates and a rapid mixing of

the cold plumes traveling in the downcomer.

FIGURE A.5 Transient Temperature Response with FrHPSI = 0.22
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FIGURE A.6 Transient Temperature Response for FrHPSI = 1

 A.1.6 J. B. King, Jr. and J. N. Reyes, Jr., 1991

In their paper, called "Buoyant Backflow in Vertical Injection Lines," King and

ReyesA15 attempted through experimental and theoretical work to determine

how changes in HPSI velocity affect the fluid backflow behavior. Their research

was performed at Oregon State University using a 1/5-scale test system model-

ing a vertical HPSI injection line, cold leg, and downcomer, constructed of

glass. Salt water was used as HPSI fluid to obtain the appropriate density differ-

ence. A series of tests was performed in which the HPSI velocity was altered

and the changes in the flow behavior was observed. The experimental study

showed that backflow occurred even before the critical velocity was obtained. It

was noted that this critical velocity wasn't constant but instead increased with

buoyancy effects. To develop their theoretical model based on the experiment

results, King and Reyes made one major assumption to limit the number of

equations to solve: negligible entrainment effects. The wall friction was also

regarded as negligible in comparison to the interfacial friction factor. It was

noted that when the buoyancy effects were greater than the friction effects, per-

turbations increased in the HPSI line. In conclusion, the HPSI flow needed to
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achieve a critical velocity to minimize the effects of backflow within the HPSI

line. The analytical data proved to agree with the experimental critical velocity,

validating the model and the assumptions made.

 A.1.7 K. TakeuchiI, S.M. Bajorek, L.E. Hochrieter, R.M. Kemper, 1991

Takeuchi, et. al.,A16 developed a new model using the computer code WCO-

BRA/TRAC to account for the phenomenon of countercurrent flow inside hori-

zontal hot and cold legs during a SBLOCA. Before their new approach, the code

would use a system of two momentum equations to solve the problem, one for

each phase (liquid and gas), and a horizontal flow regime map that would divide

the pipe into segments such that one segment would serve as the interfacial area.

The researchers improved this method by adding another momentum equation

to account for entrained liquid. They also redesigned the flow regime map into

vertical as well as horizontal segments. Figure A.7 shows a simple schematic of

the map used by WCOBRA/TRAC for a horizontal pipe.

From the new map, it can be seen that the horizontal segments have been kept.

They have been divided vertically to allow more flexibility. Indeed, the strati-

fied layer is now free to move in a vertical direction while before it was con-

strained into one particular segment.

Tests were performed using this new approach. In the first test, only steam was

injected. Once the pipe was saturated, liquid was injected and calculations were

performed. A flooding relation using the Wallis correlation was used as follows

for this particular model: 

(A.16)

Where  is the dimensionless volumetric flux (superficial velocity) of the gas

phase and  is the dimensionless volumetric flux of the liquid phase. Here, c =

( ) ( ) c2
1
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0.959 while Wallis predicted c = 1 for horizontal pipes. The difference, the

researchers argued, may have been due to the flow regime map developed. 

FIGURE A.7 Flow Regime Map of WCOBRA/TRAC

 A.1.8 A.K. Majumdar, A.K. Singhal, L.T. Tam, and J.P. Sursock, 1994

The authors discussed the effects of turbulence on thermal stratification in the

cold leg and downcomer and related their findings to the computer code PHOE-

NICS, which analyzes flow patterns.A17 The researchers chose to numerically

simulate a circular cold leg, HPSI line, and downcomer configuration from the

EPRI/SAI test experiment. Several tests were performed using PHOENICS

where cold leg flow rate and computer meshing were varied.

Majumdar et al. noted that temperatures inside the cold leg were uniform. They

also noted while recirculation inside the downcomer was observed, this phe-

nomenon wasn't noted while at first predicted. The authors believed that it was

related to the high temperature differences present along the wall of the down-

comer. Furthermore, they noticed that finer meshing and turbulent effects didn't

influence the predictions. Finally, the investigators compared the results

obtained from PHOENICS with actual measurements and concluded that the

Liquid Entry

Steam Entry

ch. 10 ch. 8 ch. 7 ch. 6

ch. 5

ch. 9

Pipe divided into several channels









APPENDIX A - Review of the Pertinent Fluid Stratification Literature

A-20

Wood then described the problem of viscous boundary layer related to this

model. He explained that there existed a boundary layer between the fluids and

the walls of the reservoirs, and a boundary layer between the two fluids. He

derived the following equation where y1 is the depth of the flowing layer at any

position x:

(A.20)

The displacement thickness δ is defined as follows:

(A.21)

From equation (A.19), Wood deduced that both boundary layers were related to

the displacement thickness by a factor of 1/3. He concluded that viscous bound-

ary layers are too important to the problem to be ignored.

Wood also studied the flow of multiple layers assuming inviscid fluids. Here,

each reservoir was composed of two layers as illustrated in Figure A.9, parts (a)

and (b): fresh water and salty water of different densities. When the gate was

removed, a system of three layers was formed. The top layer was once again

assumed to be infinite. 
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fluid layers. The equations were then solved and the velocity of the flowing

fluid was obtained.

Wood finished his paper by comparing his theoretical model of the lock flow

exchange to experimental data. There were some problems to adjust the contrac-

tion width. To accurately reproduce the theory, the contraction had to be fairly

small. However, to maintain low boundary layer effects, the contraction had to

be wide. Both sizes were finally used and the experiment proved more accurate

with a wide contraction. Wood concluded that viscous effects played an impor-

tant role in the model as was predicted. 

 A.2.3 K. Iyer, T.G. Theofanous, 1985

In their paper titled "Flooding-Limited Thermal Mixing: The Case of High-

Froude Number Injection," A29 the investigators analyzed the phenomenon of

loop flow stagnation during LOCAs. The stagnant flow was subject to thermal

stratification and fluid backflow into the HPSI line. Iyer and Theofanous pre-

sented a study of the aforementioned problems using high Froude number injec-

tions into the cold leg at any orientation. They developed a model based on the

Regional Mixing Model and the computer code REMIX. 

High Froude number injections are characterized by forceful flows through rela-

tively small diameter HPSI lines. The suggestion offered by Iyer and Theo-

fanous was that high Froude number injections in any direction would provide

enough mixing in MR1 as defined in Figure A.4, to deal with counter-current

flow constraints. The researchers developed their model to prove the previous

statement using the flooding condition technique first raised by Wallis. The

relationship between the Froude numbers for the cold (Frc) and hot (Frh) liquids

is used: 

(A.27)
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Where DCL is the cold leg diameter and DHPSI is the diameter of the HPSI noz-

zle. As Dr increased (DHPSI decreased), the researchers discovered that the

HPSI flow changed from a buoyant to a forceful flow. Iyer and Theofanous

compared their theoretical model to experiments performed at the CREARE 1/

5-scale facility and the Purdue's 1/2-scale test facility. They concluded that for

high Froude numbers, maximum entrainment is achieved. This entrainment was

only limited by a flooding criterion at the cold leg exit.
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APPENDIX B − Review of Plume Modeling 

Literature

This Appendix provides a review of the literature pertaining to axisymmetric

and planar plumes. Top injection HPSI geometries are best described by axi-

symmetric plumes whereas the downcomer plumes are best described by planar

plumes. To describe plume mixing behavior in the HPSI line and the reactor

vessel downcomer, models for the HPSI plume entrainment and temperature

decay phenomena are required. The classical plume models presented in the lit-

erature are typically developed by: 

• Writing the governing mass, momentum, and thermal energy conservation 

equations for the appropriate conditions,

• Assuming Gaussian velocity, buoyancy and temperature profiles inside the 

plume, and

• Integrating the conservation equations over the plume cross-sectional area to 

obtain a set of ordinary differential equations in terms of mean flow proper-

ties.

The first section addresses axisymmetric forced plumes. In particular, two HPSI

geometries are of interest to this study: the top-entry HPSI and the side-entry

HPSI into horizontal cold legs of the primary loop. The second section takes a

look at models that describe planar plumes.

 B.1 Top-Entry HPSI Plumes (Axisymmetric Forced Plumes)

The injection of the cold (approximately 5°C to 20°C) fluid into a cold leg

results in mixing at the boundary of the HPSI plume and at the free shear layers

as illustrated in Figure B.1.
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FIGURE B.1 Thermally Stratified Conditions for the Top-Entry HPSI

For low, or essentially zero, primary loop flows, the cold HPSI fluid enters the

top of the cold leg and falls to the bottom of the pipe. This produces a head

wave which spreads the cold HPSI fluid in both directions. After the initial tran-

sient, a stagnant pool of HPSI fluid forms on the RCP side of the cold leg and all

of the HPSI flow is directed towards the reactor vessel downcomer. As depicted

in this figure, hot water from the loop and downcomer is entrained into the fall-

ing plume as shown in Region 1 of the figure above. The range of HPSI Froude

numbers (FrHPSI) being considered is approximately 5 x 10-3 to 1.0.

Mixing also occurs at the free shear layers identified as Region 2. Experimental

evidence from the CREARE 1/5,B1 CREARE 1/2,B2 and Purdue 1/2B3  scale test

facilities indicates that mixing at the free shear layers is negligible compared to

plume entrainment mixing. This may not be true for side injection. The focus of

this section will be to obtain the similarity criteria that can be used to best scale

the HPSI mixing in Region 1. That is, entrainment mixing of the vertical forced

plume and the resulting plume temperature decay.

 B.1.1 Fundamental Assumptions

Early studies of the behavior of forced plumes relied on similarity solutions

derived from the governing conservation equations. Particularly notable in this
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regard are the works of Rouse, Yih and Humphreys (1952),B4 Batchelor

(1954),B5 Morton (1958),B6 and Turner (1979).B7

Based on Batchelor's work, vorticity, or shearing motion, is generated inside a

falling plume as a result of friction at its outer surface. This shearing motion is

distributed through the plume by the downward motion along the vertical axis

of the plume. The fluid outside the plume will be free from vorticity except in

the thin boundary layer near the interface. The turbulent motion inside the

plume will produce velocity fluctuations near the interface which will penetrate

into the ambient fluid. The plume will break-up only if the inertia of the fluid

within the plume is not small compared with the inertia of the fluid surrounding

the plume. Therefore, turbulent entrainment of the ambient fluid into the plume,

dilution (thermal or solute concentrations) of the density difference and the rate

at which the plume falls depends greatly on the ambient fluid density. Further

studies by Turner revealed that entrainment takes place in two stages, the

engulfing of external fluid by larger eddies at the boundary, followed by rapid,

smaller scale, mixing across the central core.

In Morton's analysis of forced plumes, he made three key assumptions which

enabled him to obtain solutions to the governing conservation equations. These

assumptions are described below.

 B.1.1.1 Taylor's Entrainment Assumption

G.I. TaylorB8 was the first to recognize that the linear spread of the plume

radius with axial position implies that the mean inflow velocity across the edge

of the plume is proportional to the local mean downward velocity of the plume.

That is, 

(B.1)

pu
E

a
E

v =−
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Where the ratio of the mean speed of inflow vE at the edge of the forced plume

to the mean vertical speed on the plume axis, up is equal to an entrainment con-

stant, αΕ , which is a value between zero and one. Taylor's assumption of a con-

stant value of αE is known to be true for pure plumes or pure jets. Other

correlations for αΕ have been developed for forced plumes in which both the

momentum flux and buoyancy flux are important.

 B.1.1.2 Similarity of Velocity and Buoyancy Profiles

Morton assumed that the profiles of mean vertical velocity and buoyancy are

each of similar form at all axial elevations. The experimental data strongly sup-

ports this assumption as shown in Figure B.2 which is a plot of local velocity

inside a planar plume. Figure B.3 demonstrates that all of the data collapses to a

single curve when plotted in dimensionless coordinates.

FIGURE B.2 Velocity Distributions Measured in a Planar Jet (1934) B9
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FIGURE B.5 Thermally Stratified Conditions for the Side-Entry Palisades HPSI

 B.3 Governing Equations for Downcomer Planar Plumes

Figure B.6 illustrates the downcomer plume mixing phenomena as depicted for

planar plumes generated by two cold legs. This figure is based on observations

obtained from the 2/5 scale, multi-loop, transparent test facility at Imatran

Voima Oy (IVO) in Helsinki, Finland.B13 The complexity of the behavior, in

particular the interactions between plumes, does not lend itself to simple analy-

sis. The best starting point is the analysis of single planar plumes.

Chen and Rodi (1980)B10 have provided a valuable treatise which includes

detailed discussions on planar plumes.
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FIGURE B.6 Downcomer Plume Interactions as Observed in IVO 2/5 Scale Transparent Test Loop 

(IVO Mixing Test #115)B13

The analysis for the planar plume follows that presented in the previous section

for the axisymmetric forced plume. The three fundamental assumptions, Tay-

lor's entrainment assumption, the similarity of velocity and buoyancy profiles in

the plume, and the Gaussian profile assumption remain applicable. Figure B.7

illustrates the planar plume geometry.
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FIGURE B.7 Schematic of a Single Planar Plume in the RPV Downcomer

The Gaussian profiles for the plume velocity, buoyancy and temperature are

expressed as follows:

(B.23)
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APPENDIX C − RELAP5 Calculations of APEX-CE 

Small Break LOCAs and Main Steam Line Breaks

This Appendix presents the RELAP5 calculations for tests OSU-CE-0002,

OSU-CE-0008, OSU-CE-0011, OSU-CE-0012 and OSU-CE-0010 tests per-

formed in APEX-CE. Comparisons to the test data are provided in Chapter 6.

 C.1 Natural Circulation Stepped-Reduction in Inventory Test (OSU-CE-0002)

FIGURE C.1 RELAP5 Calculation of Step-wise Behavior of the Liquid Level in the Break Separator, 
OSU-CE-0002
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FIGURE C.2 RELAP5 Calculation of Pressurizer Pressure Behavior During Stepped Inventory 
Reduction OSU-CE-0002

FIGURE C.3 RELAP5 Calculation of Pressurizer Collapsed Liquid Level During Stepped Inventory 
Reduction, OSU-CE-0002
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FIGURE C.4 RELAP5 Calculation of Steam Generators Liquid Levels During Stepped Inventory 
Reduction

FIGURE C.5 RELAP5 Calculation of Steam Generator #1 Steam and Feed Water Mass Flow Rates 
During Stepped Inventory Reduction, OSU-CE-0002
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FIGURE C.6 RELAP5 Calculation of Steam Generator #2 Steam and Feedwater Mass Flow Rates 
During Stepped Inventory Reduction, OSU-CE-0002

FIGURE C.7 RELAP5 Calculated Mass Flow Rate for each of the Four Cold Legs During Stepped 
Inventory Reduction, OSU-CE-0002



APPENDIX C - RELAP5 Calculations of APEX-CE Small Break LOCAs and MSLBs

C-5

 C.2 Two-Inch (5.0 CM) Hot Leg Break From Full Power (OSU-CE-0008)

FIGURE C.8 RELAP5 Calculation of Pressurizer Pressure Behavior During OSU-CE-0008

FIGURE C.9 RELAP5 Calculation of Pressurizer Collapsed Liquid Level Behavior During OSU-CE-
0008
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FIGURE C.10 RELAP5 Calculation of Steam Generators Pressure During OSU-CE-0008

FIGURE C.11 RELAP5 Calculation of Steam Generators Feed Water Mass Flow Rates During OSU-
CE-0008
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FIGURE C.12 RELAP5 Calculation of Cold Leg Mass Flow Rate During OSU-CE-0008

FIGURE C.13 RELAP5 Calculation of HPSI Mass Flow Rate During OSU-CE-0008
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FIGURE C.14 RELAP5 Calculation of Break Mass Flow Rate During OSU-CE-0008

 C.3 1.0 ft2 Main Steam Line Break from Hot Zero Power (OSU-CE-0011)

FIGURE C.15 RELAP5 Calculations of the Pressurizer Pressure Behavior During SG#1 MSLB (OSU-
CE-0011)
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FIGURE C.16 RELAP5 Calculations of the Pressurizer Collapsed Liquid Level Behavior During SG#1 
MSLB (OSU-CE-0011)

FIGURE C.17 RELAP5 Calculations of the Steam Generators Pressure Behavior During SG#1 MSLB 
(OSU-CE-0011)
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FIGURE C.18 RELAP5 Calculations of the Steam Generators Feed Water Mass Flow Rates During 
SG#1 MSLB (OSU-CE-0011)

FIGURE C.19 RELAP5 Calculations of the Mass Flow Rate of the Four Cold Legs During SG#1 MSLB 
(OSU-CE-0011)
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FIGURE C.20 RELAP5 Calculations of the Mass Flow Rate for the HPSI During SG#1 MSLB (OSU-CE-
0011)

FIGURE C.21 RELAP5 Calculations of the Break Mass Flow Rate During SG#1 MSLB (OSU-CE-0011)
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 C.4 1.0 ft2 Main Steam Line Break from Full Power (OSU-CE-0012)

FIGURE C.22 RELAP5 Calculations of Pressurizer Pressure Behavior During SG#2 MSLB (OSU-CE-
0012)

FIGURE C.23 RELAP5 Calculations of Pressurizer Collapsed Liquid Level Behavior During SG#2 
MSLB (OSU-CE-0012)
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FIGURE C.24 RELAP5 Calculations of Steam Generators Pressure Behavior During SG#2 MSLB 
(OSU-CE-0012)

FIGURE C.25 RELAP5 Calculations of Steam Generators Feed Water Mass Flow Rates During SG#2 
MSLB (OSU-CE-0012)
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FIGURE C.26 RELAP5 Calculations of Mass Flow Rate for each of the Four Cold Legs During SG#2 
MSLB (OSU-CE-0012)

FIGURE C.27 RELAP5 Calculations of Mass Flow Rate for the HPSI During SG#2 MSLB (OSU-CE-
0012)
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FIGURE C.28 RELAP5 Calculations of Break Mass Flow Rate During SG#2 MSLB (OSU-CE-0012)

 C.5 Stuck Open Main Steam Line Atmospheric Dump Valve and Pressurizer 

Safety Relief Valve (OSU-CE-0010)

FIGURE C.29 RELAP5 Calculations of Pressurizer Pressure Behavior During OSU-CE-0010
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FIGURE C.30 RELAP5 Calculations of Pressurizer Collapsed Liquid Level Behavior During OSU-CE-
0010

FIGURE C.31 RELAP5 Calculations of Steam Generator Pressure Behavior During OSU-CE-0010
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FIGURE C.32 RELAP5 Calculations of Cold Leg Mass Flow Rates for OSU-CE-0010

FIGURE C.33 RELAP5 Calculations of HPSI Mass Flow Rates During OSU-CE-0010
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FIGURE C.34 RELAP5 Calculations of ADS 2 Mass Flow Rate During OSU-CE-0010

FIGURE C.35 RELAP5 Calculations of SG#1 PORV (ADV) Mass Flow Rate During OSU-CE-0010
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FIGURE C.36 RELAP5 Calculations of Steam Generator Tubeside Collapsed Liquid Levels During 
OSU-CE-0010

FIGURE C.37 RELAP5 Calculations of ADS-2 and HPSI Integrated Mass During OSU-CE-0010
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FIGURE C.38 RELAP5 Calculation of Break Mass Flow Rate During OSU-CE-0008

 C.6 1.0 ft2 Main Steam Line Break from Hot Zero Power (OSU-CE-0011)

FIGURE C.39 RELAP5 Calculations of the Pressurizer Pressure Behavior During SG#1 MSLB (OSU-
CE-0011)



APPENDIX C - RELAP5 Calculations of APEX-CE Small Break LOCAs and MSLBs

C-21

FIGURE C.40 RELAP5 Calculations of the Pressurizer Collapsed Liquid Level Behavior During SG#1 
MSLB (OSU-CE-0011)

FIGURE C.41 RELAP5 Calculations of the Steam Generators Pressure Behavior During SG#1 MSLB 
(OSU-CE-0011)
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FIGURE C.42 RELAP5 Calculations of the Steam Generators Feed Water Mass Flow Rates During 
SG#1 MSLB (OSU-CE-0011)

FIGURE C.43 RELAP5 Calculations of the Mass Flow Rate of the Four Cold Legs During SG#1 MSLB 
(OSU-CE-0011)
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FIGURE C.44 RELAP5 Calculations of the Mass Flow Rate for the HPSI During SG#1 MSLB (OSU-CE-
0011)

FIGURE C.45 RELAP5 Calculations of the Break Mass Flow Rate During SG#1 MSLB (OSU-CE-0011)
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 C.7 1.0 ft2 Main Steam Line Break from Full Power (OSU-CE-0012)

FIGURE C.46 RELAP5 Calculations of Pressurizer Pressure Behavior During SG#2 MSLB (OSU-CE-
0012)

FIGURE C.47 RELAP5 Calculations of Pressurizer Collapsed Liquid Level Behavior During SG#2 
MSLB (OSU-CE-0012)
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FIGURE C.48 RELAP5 Calculations of Steam Generators Pressure Behavior During SG#2 MSLB 
(OSU-CE-0012)

FIGURE C.49 RELAP5 Calculations of Steam Generators Feed Water Mass Flow Rates During SG#2 
MSLB (OSU-CE-0012)
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FIGURE C.50 RELAP5 Calculations of Mass Flow Rate for each of the Four Cold Legs During SG#2 
MSLB (OSU-CE-0012)

FIGURE C.51 RELAP5 Calculations of Mass Flow Rate for the HPSI During SG#2 MSLB (OSU-CE-
0012)
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FIGURE C.52 RELAP5 Calculations of Break Mass Flow Rate During SG#2 MSLB (OSU-CE-0012)

 C.8 Stuck Open Main Steam Line Atmospheric Dump Valve and Pressurizer 

Safety Relief Valve (OSU-CE-0010)

FIGURE C.53 RELAP5 Calculations of Feed Water Flow Rates for Steady-State Forced Circulation, 
OSU-CE-0010
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FIGURE C.54 RELAP5 Calculations of Pressurizer Pressure Behavior During OSU-CE-0010

FIGURE C.55 RELAP5 Calculations of Pressurizer Collapsed Liquid Level Behavior During OSU-CE-
0010
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FIGURE C.56 RELAP5 Calculations of Steam Generator Pressure Behavior During OSU-CE-0010

FIGURE C.57 RELAP5 Calculations of Cold Leg Mass Flow Rates for OSU-CE-0010
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FIGURE C.58 RELAP5 Calculations of HPSI Mass Flow Rates During OSU-CE-0010

FIGURE C.59 RELAP5 Calculations of ADS 2 Mass Flow Rate During OSU-CE-0010
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FIGURE C.60 RELAP5 Calculations of SG#1 PORV (ADV) Mass Flow Rate During OSU-CE-0010

FIGURE C.61 RELAP5 Calculations of Steam Generator Tubeside Collapsed Liquid Levels During 
OSU-CE-0010
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FIGURE C.62 RELAP5 Calculations of ADS-2 and HPSI Integrated Mass During OSU-CE-0010
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FIGURE C.62 RELAP5 Calculations of ADS-2 and HPSI Integrated Mass During OSU-CE-0010
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