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ABSTRACT

This report describes the test facility and program designed to
measure fluid mixing and heat transfer in a l/2-scale model of the
cold leg downcomer and lower plenum of a pressurized water reactor
under conditions of interest to the issue of pressurized thermal
shock. Several cold leg assemblies are modeled and the downcomer
arrangement can be altered to match vendor-specific configurations.
The facility can be operated to model flow rates based on Froude
number of the injected flow in the cold leg and with steady or
transient inlet boundary conditions. Extensive instrumentation is
provided to measure flow rates, temperatures and pressure at the
facility boundaries and for detailed measurements of temper ture,
velocity and heat transfer data in the cold leg and downcomer models.
The test data are monitored and recorded by a computer data
acquisition system that is also used for post-test data reduction and
plotting.

The planned test matrix includes 75 tests with variations in cold leg
and downcomer geometries, loop and HPI flow rates, cold leg Froude
number and loop to HPI density difference. Test results will be
reported in a series of quick look reports.
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velocity probe pressure coefficient
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wall heat flux, W/m?

volumetric flow rate, m®/s

time, s

temperature, °c

velocity, m/s or voltage, v

distance, m

thermal diffusivity, m?/s

differential

sum of system component volumes, m?®
dimensionless density ratio (ou-oL/p“)
density, kg/m?

mixing time, s

kinematic viscosity, m?/s

eigen values, Eq. 5.14

see Eq. 3.6
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see Eq. 3.6
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HPI flow

index

loop flow
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SUMMARY

This report describes the test facility and program designed to
measure fluid and thermul mixing of high pressure injection (HPI)
water in 1/2-scale models of the cold leg, downcomer and lower plenum
of a pressurized water reactor. A companion report (Volume 2)
discusses data from two transient cool down tests conducted in this
facility during May 1984. This experimental project is being carried
cut at Creare under the joint sponsorship of U.S. Nuclear Regulatory
Commission (NRC) and the Electric Power Research Institute (EPRI).

The test facility is designed for operation at 1.38 MPa (200 psia)
with loop and HPI flows covering ranges of interest to the issue of
pressurized thermal shock. Several different cold leg assemblies and
safety injection lines are modeled, to simulate configurations for
Westinghouse, Combustion Engineering and Babcock & Wilcox. The
downcomer has thick metal walle to provide data on wall to fluid heat
transfer. A thermal shield can be installed in the downcomer for some
tests and the downcomer has ports to simulate vent flow for tests of
the Babcock & Wilcox configuration. A lower plenum is attached to the
bottom of the downcomer, replicating the reactor geometry. The
support facility includes water storage tanks, heating and cooling
systems, pumps, flow meters and control valves needed to establish the
required initial conditions and to run tests of sufficient duration to
achieve steady fluid temperature throughout the test vessel.
Prescribed loop flow rate transients can also be simulated.

Test measurements include flow rates, temperatures and pressures at
the boundaries of the 1/2-scale model facility to characterize the
test conditions, plus over 300 local measurements of temperature, flow
velocity and wall-to-fluid heat transfer within the cold legs,
downcomer acd lower plenum. Test data are recorded from all instru-
ments simultaneously on a computer-based data acquistion system for
the duration of each test.

The planned test matrix includes 75 tests - 66 with steady inlet
boundary conditions, and 9 with transient inlet boundary conditions.
Variables in the test matrix are the cold leg and downcomer geometry
combinations, loop, vent and HPI flow rates, HPI Froude number and
initial loop to HPI density difference.

Results of the tests will be reported in quick look reports that will
describe the geometry and instrumentation for that test and will
display the data in tabular and graphical formats.

The test program is being conducted under Quality Assurance procedures
which make the data available for use in plant licensing decisions.

ix
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| g8 INTRODUCTION

This report describes a testing project which measures the thermal
mixing of HPl water in a model of the cold leg, downcomer and lower
plenum of a pressurized water reactor. The data will be useful to
assess the applicability of existing thermal mixing and heat transfer
models and to develop additional models if needed. The test program
is being carried out by Creare Incorporated with joint sponsorship by
the Electric Power Research Institute (EPRI), and the U.S. Nuclear
Regulatory Commission (NRC).

In this section, we present the background of the problem under
investigation and the objectives of the testing project. Section 2
describes the test facility design including a discussion of the basis
for the selection of the test geometry (cold legs, downcomer and lower
plenum) and describes the capabilities of the support test facility,
Section 3 provides a detailed discussion of the test measurements and
facility instrumentation. The plans and procedures for conducting the
tests are presented in Section 4, including possible test matrices,
procedures for establishing and controlling steady-state conditions,
and data acquisition procedures. Finally, Section 5 describes the
data reduction procedures including conversion of raw data to
engineering units, data display methods and plans for presenting test
data in quick look reports.

1.1 PRACKGROUND

During certain loss-of-coolant accidents or cooling transients in
pressurized water reactors, cold water is injected at high pressure
into the primary coolant system. Theoretical models and data are
being developed to determine the potential for thermal shock and
fracture of the reactor vessel under the combination of the following
adverse conditions:

1. a reactor vessel material with a very large degree of
radiation embrittlement,

2. a crack in the embrittled material of sufficient size to
propagate,

3. the presence of extremely cold water cascading by the belt
line region of the vessel,

4. sufficient heat transfer to produce high induced the mal
stresses, and

5. repressurization of the primary system following the thermal
shock., -

EPRI has carried out an extensive program underway (1) to address the
pressurized thermal shock issues. Creare has performed 5 earlier
experimental studies (2 - 8) of fluid thermal mixing in the cold leg
and downcomer of transparent models of pressurized water reactors at
1/5 of reactor scale. Those tests investigated the effects of



facility geometry (loop seal and cold leg geometry, injector type and
location, presence of annulus thermal shield, and lower plenum
geometry) and operating conditions (vent valve flow, loop and HPI flow
rates, and fluid density differences) on the location and degree of
fluid mixing. Temperature measurements in the cold leg and downcomer
and flow visualization showed substantial mixing of the HPI flow with
the loop flow or with the stagnant loop water.

The USNRC is currently sponsoring a comprehensive program to evaluate
the likelihood, consequences and risk of various PTS events for three
nuclear power plants. A detailed method of performing such plant
specific analyses is being developed in order to provide appropriate
quidance to the nuclear industry. This work is the coordinated
analysis effort of four national laboratories (ORNL, INEL, LANL, and
BNL). The program also includes fracture mechanics and thermal
hydraulic experimentation at ORNL, Purdue University and Creare
Incorporated. The Creare l/2-scale experiments described in this
report have provided valuable heat transfer data for the assessment of
predictive models being developed and applied in NRC's PTS evaluation
programs (9-13).

The present experimental project provides large-scale data to support
further analysis of the thermal mixing phenomena in the cold leg and
downcomer and heat transfer from the vessel and core walls to the
fluid in the downcomer. The tests are conducted at larger scale (1/2
of prototypical vessel and cold leg dimensions) and at greater loop to
HPI flow temperature differences (up to about 2/3 of the temperature
difference at reactor conditions of significance to pressurized
thermal shock) than in the earlier studies. The facility also
includes the effects of heated walls and is extensively instrumented.

1.2 PROJECT OBJECTIVES

The principal objectives of this testing project are to:
1, Provide experimental steady-state and transient data on
thermal mixing in cold leg and downcomer geometries due to
safety injection fr

. phenomenological understanding of thermal mixing

- development of heat transfer correlations and thermal
mixing models
. computer code assessment

Z. Provide scaling rationale to apply data to reactor conditions

3. In conjunction with EPRI, NRC and their contractors develop,
assess and improve turbulent mixing models in computer
codes.

As a major part of the effort to accomplish these objectives, a
testing project has been unde-taken. That test project is the only
subject of this report.



Based on a scaling analysis, a test facility has been designed and
fabricated to model prototypical features of several cold leg
geometries, locations and types of injectors, downcomer geometry and
internals (thermal shield, baffles, vent valves) and lower plenum
geometry. Tests can be conducted over a range of loop, HPI and vent
valve flow rates and loop to HPI fluid density differences to permit
extrapolation of test data to the full-scale safety injection tran-
fients. A measurement system is available to record temperatures and
fluid velocities in the cold leg, loop seal, downcomer and lower
plenum, and wall-to-fluid heat transfer rates in the downcomer.

1.3 EXPECTED RESULTS

The results of this testing project will be data on the temperatures
and velocities in the 1/2-scale model cold legs and downcomer, and
wall-to~fluid heat transfer in the downcomer, for a range of steady-
state and transient test conditions. It is expected that these test
data will cover a range of conditions and be reported in such a way
as to be useful to verify the applicability of existing models and
correlations of thermal mixing and heat transfer during safety
injection transients, or to develop new models if necessary.

The facility includes capabilities for:
1. tests to establish baseline data for protetypical conditions

2. tests to display the major parameter sensitivity and assist
in the development of heat transfer correlations

3. transient tests simulating various cooldown scenarios.

The output from the tests will be displayed as plots of temperature,
velocity, heat flux and wall-to-fluid differential temperature as
functions of time and position. Test conditions such as flow rates,

loop and vent flow temperatures and HPl1 temperature, will be displayed
in tables.



2. TEST FACILITY DESIGN

A major task in this program was the design and construction of a
facility, including 1/2-scale models of prototypical loop seals,
pumps, cold legs and downcomer geometries, for conducting the
steady-state and transient tests. In this section we review the
design basis for the test facility and describe the design and
capabilities of the test geometries and support facility.

2.1 FACILITY DESIGN BASIS

The basic design specifications for the test facility were defined
(14) and updated following the Design Review meeting in September

1982.

Test geometries which are 1/2-scale representations of
prototypical pressurized water reactor components:

a)

b)
c)

d)

cold legs of Combustion Engineering, Babcock & Wilcox and
Westinghouse designs, including loop seals and pump
simulators,

high pressure injection ports for the above cold legs,

a 90° planar sector of a reactor vessel downcomer,
including one cold leg from a plant having 4 cold legs,
and

a lower plenum having a correctly scaled volume and
internal flow baffles

Test vessel pressure limit of 1.38 MPa (200 psia)

Thermally thick walls to study heat transfer rates

Replication of all geometric features that bear significantly
on thermal mixing or heat transfer for all pressurized water
reactors

Capability to add a thermal shield in the downcomer

Two different cold leg configurations (horizontal and
inclined)

Multiple injection locations for each cold leg

Steady-state and transient testing capability

Extensive instrumentation summarized below:

a)

b)
c)
d)
e)
f)

90 thermocouples in the cold leg and loop seal

(at least 10 with fast response)

71 thermocouples in the downcomer centerline

40 thermocouples in the downcomer, near the walls

40 thermocouples on the downcomer wall surfaces

40 heat flux sensors in the downcomer

20 locations for velocity probes in the cold leg to
measure radial velocity distributions at several axial
locations



g) 20 locations for velocity probes in the downcomer to
measure velocities on the centerline and near the walls

h) 15 thermocouples in the downcomer below the cold leg
nozzle center-line to measure gapwise temperature
distribution

i) 5 thermocouples in the lower plenum

10. Additional process instruments to monitor loop pressure,
loop, HPI and vent valve flows and temperatures installed
throughout the loop as required in order to establish and
control steady-state and transient test conditions.

A scaling analysis (15) was conducted of the mixing of HPI water in
the cold leg and downcomer of a pressurized water reactor under
conditions of importance to the issues of pressurized thermal shock.
The scaling analysis, which considers analytical and empirical
evaluations of the heat transfer and fluid dynamic aspects of the
problem, was used to aid in the design of the test geometries and test
matrix and to define the requirements for the support facility. An
abbreviated summary of the scaling approach is given below:

Geometric similarity
a) all ratios of flow path physical dimensions and
all angles will be preserved
b) the model size scale will be 1/2

2. Kinematic similarity -- all ratios of boundary velocities
will be preserved

: Dynamic similarity
a) Froude scaling will be emphasized
b) Froude number will be preserved
¢) Reynolds number will also be preserved in special tests
d) Froude and Reynolds numbers cannot be simultaneously
preserved .

4, Thermal similarity
a) temperature difference (T -T, ) will be varied over a
factor of three range extknd?ng up to about 6(7 of
prototype
b) density ratio will be varied over a factor of .our range
extending up to about 507 of prototype
¢) vessel wall thickness of at least 50.8 mm (2 iu.  will
provide applicable data for heat transfer coefficient h
and fluid temperature T for three periods
o h, T for early transient, t<100 s
o h, T for conduction-limited transient, 100s<t<400s
o T for steady adiabatic period, t>400s

2.2 TEST GEOMETRY DES1GN

Typical reactor dimensional information was supplied by Babcock &
Wilcox (B&W), Westinghouse (W) and Combustion Engineering (CE). That
data was used to develop a composite geometry for the downcomer with



accommodations for vent valves and a horseshoe baffle (to be used only
in tests of B&W designs), three cold leg geometries including loop
seals and pump simulators, and a thermal shield for use with the W/CE
designs.

Because the geometry data is proprietary to the vendors, it is not
displayed here. However, the information supplied to us has been
verified with the vendors and has been checked by the Program
Management Croup (PMG). Also, the logic used to develop the composite
and the model from that composite has been discussed with the PMG.

The basic criteria used to develop the composite geometry and the
model are as follows:

1. The cold legs are approximately 1/2-scale representations of
typical designs from W and CE (horizontal configuration) and
from B&W (inclined) with accommodations for various
injectors and injector locations.

2. The cold leg nozzles are approximately 1/2-scale for each of
the cold leg designs.

3. For the model, the cold leg diameter is based on available
commercial pipe and fittings which most nearly match the
prototype diameters at 1/2-scale and which meet the needs
for the pressure boundary design. The diameter ratio
between the model pipe and the prototype is a main scale
factor for each prototype.

4. All cold leg and nozzle angles are preserved.

wn

The downcomer width represents the unwrapped length at
1/2-scale of a 90° sector of a typical reactor at the mid-gap
radius, and includes one cold leg nozzle. The intent is to
represent one typical sector of a plant having four cold
legs.

6. Within the sector, the cold leg is located in a typical
manner consistent with the so-called "60°- 120°" layout of
plants with four cold legs.

¥ Major geometries within the sector are modeled; for example,
the downcomer includes the blockage of 1/2 of a hot leg.

8. The downcomer is designed to include certain special features
such as the vent valves and baffle of a B&W plant, and a
typical thermal shield, all at about l/2-scale, These are
inserted or removed as needed for specific geometries.

9. The vent lines are sized at approximately 1/2-scale using
available steel pipe or tubing.

10. The downcomer is approximately 1/2-scale of a typical
reactor gap and the walls are smooth without steps as in
some plants.



In the following subsections, we discuss some of the features of these
components of the facility design.

2.2.1 Downcomer &ad Lower Plenum

Several views of the basic downcomer geometry are shown in Figure 2-1.
The width W is based on the mid-gap length of a 90° sector from a
prototypical reactor at a scale factor of about 1/2., The height of the
downromer above the cold leg nozzle centerline Z provides a properly
scaled upper downcomer to accommodate the vent fiov when the vent
valves are used for a B&W-representative test series.

Dimensions for the downcomer gap S and the length from the centerline
of the nozzle location to the bottom of the downcomer Z, are also
based on prototype geometry at a scale factor of 1/2; tgc length being
modeled is to the bottom of the reactor core barrel. The thermal
shield thickness t_and length L are based on the same prototype
reactor data at a Scale factor of 1/2, and the width matches the full
internal width of the downcomer.

The locat mn of the top of the thermal shield below the nozzle center-
line 2 ¢ selected as the higher of two prototype thermal shield °
elevatic . This maximizes the effect of the thermal shield for
comparic.a with tests not having the shield in place, and the
dimensionless location Z _/D. 1is close to that in earlier 1l/5escale

s CL
tests (3).

The hot leg blockage, the size and locations of the vent valve
nozzles, and the size and location of the horseshoe baffle are based
on the B&W data, at the same scale factor used for the downcomer
width.

Table 2-1 lists the characteristic dimensions of the downcomer
geometry shown in Figure 2-1. The dimensions are normalized by gap
thickness S and cold leg diameter D_ and they are compared with the
equivalent dimensions from the 1/5-8cale models also tested at Creare
£2s 35 3)-

Access to the interior of the downcomer is provided in order to install
the horseshoe baffle for the B&W tests, and to install and remove the
thermal shield.

The downcomer vessel and core barrel walls are fabricated from carbon
steel plate (SA 516-70) having a nominal thickness of 70 mm (2.75
in.). A vessel with at least 50.8 mm (2 in.) inch thick walls will:

1. Accurately simulate the convection limited period.

r Simulate and respond to the surface conditions during the
conduction limited period (i.e., provide data for wall
temperature, T and wall to fluid heat transfer coefficient,
h).

3 Cool fast enough to provide an adiabatic period in tests of
acceptable duration.
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Table 2=1 DOWNCOMFR CHARACTERISTIC DIMENSIONS

1/5«5cale L/5Gcale
(No Thermal (Thermal
Paraseter Name 1/2=5cale Shield Shield)
(Ref. 1.2,1.3) (Ref. 1.9)
ECI. Cold Leg Diameter 363.5 em 142.9 om 142.9 em
(14.31 in.) € 5.625 {n.) ( 5.62% n.)
s Gap 137.2 s= 50.8 mm 6.2 mm
( 5.4 in.) ( 2.0 {n.) (1.82 in.)
B‘/Da Ratic of Cold Leg Nozzle Diameter
to Cold Leg Diameter
a) Herizontal 1.26 1.33 1.3
b) Inclined 1.31 1.31 -
D'/ba_ Ratio of Vent Valve Diameter to Cold 0.49 0.51 -
Leg Diametar
L’lba_ Ratic of Thermal Shield Length to 6.70 - 5.91
te Cold Leg Diameter
lnlba Ratio of Hot Leg Radius to Cold Leg 0.76 1.03 1.03
Diameter
t‘/s Ratic of Horseshoe Baffle Thickness 0.53 - -
to Gap
!tl! Ratic of Thermal Shield 0.43 - 0.42
Speacing to Cap
t.lt Ratio of Thermal Shield Thickness 0.28 - 0.37
to Gap
H/DQ Ratio of 90° Planar Sector Width to 4,45 .44 4.3
Cold Leg Diameter
Ullba Dimensionless Cold Leg Nozzle 2,97 2.95 2.9
Location
uzma Dimensionless Cold Leg Nozzle 1.48 1.50 1.45
Location
Hslba Ratio of Thermal Shield Width to Cold 4,45 - 6.3
Leg Diameter
i‘,"/n‘:L Uimensionless Vent Valve Location 1.63 1.63 -
"vszL Dimensionless Vent Valve Location 2.81 3.48 -
llba Ratio of Downcomer Length to Cold Leg 12.22 10.40 10.3
Diameter
z, lba Ratio of Downcomer Length Above Cold 3.00 2.5% 2.51
o Leg Centerline to Cold Leg Diameter
zzlna_ Ratio of Downcomer Length Below Cold 9.20 7.8% 7.80
Leg Centerline to Cold Leg Diameter
zS/DC'I. Normaiized elevation of top of 1.39 - 1.24
thermal shield
!vlba- Normalized elevation of vent valive 1.38 1.42 B

centerlines

]




The rationale for the selection of a minimum wall thickness is
discussed in greater detail in the scaling analysis report (13).

The downcomer is terminated with the lower plenum shown in Figure 2-2.
This design is similar to the lower plenum used in tests at 1/5~scale
(6). On theoretical grounds the lower plenum might be expected to
affect the mixing response because it provides a large volume of hot
fluid that can communicate with the downcomer (16). Therefore, a
lower plenum is included to provide data for comparisons with 1/5=
scale tests and to provide a realistic simulation of the volumes and
volume distribution in a prototypicai reactor.

The basic criteria used to design the lower plenum were:

1. A volume of about 60 to 70X of the downcomer volume, typical
of the lower range of lower plenum volume in full-scale
reactor geometries.

- 8 The radius of curvature and depth of the lower plenum
approximately 1/2-scale of prototype geometries.

. 8 A flow boundary at the exit of the lower plenum to produce
nominally uniform, vertical upflow, simulating the flow into
the core region of reactors.

The lower plenum geometry that satisfies these design requirements
consists of a pie-shaped sector of a semi-cylinder situated inside a
pressure vessel that alsc supports the downcomer. The circular arc
surface of the lower plenum provides a reasonable simulation of the
curvature of a reactor lower head, while the side and end walls limit
the active volume of the lower plenum. The volume contained in

the lower plenum is approximately 60Z of the total downcomer fluid
volume and 701 of the downcomer fluid volume when the thermal shield
is in place.

Flow enters the lower plenum from the downcomer and is discharged from
the lower plenum upward through a horizontal perforated plate which
serves as a flow distributor. From there the flow exits through a 102
mm (4 in.) diameter pipe connection at the top of the pressure vessel,
A second connection on the bottom of the pressure vessel is used to
circulate water through the "hot well” volume surrounding the lcwer
plenum simulator both during the pre-test heatup period and during the
cooldown transients. This circulated water provides a nearly
adiabatic boundary for the lower plenum thereby minimizing energy loss
from the lower plenum during a test.

A perforated plate is also provided at the inlet to the lower plenum,
directly below the bottom of the "core wall", to simulate the "flow
skirt" typical of one vendor's design. The hole size (35 mm) and
percent open area (507) are based on the full scale design to provide
a similar pressure drop characteristic. The perforated plate can be
removed for those tests where this flow skirt is not appropriate.

10
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