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NOTICE

This report was prepared as an account of work sr.onsored by an agency of the Uruted States
Government. Neither the United States Government not any agency thereof, or any of their
employees, makes any warranty, expressed or impheo, or assumes any legal liability of re-
sponsibility for any third party's use, or the results of such use, of any information, apparatus,
product or process disclosed in this report, or represents that its use by such third party would
not infringe privately owned rights.

NOTICE

Availability of Reference Materials Cited in NRC Publications

Most documents cited in NRC publications will be available from one of the followmg sources:

1. The NRC Public Document Room,1717 H Street, N.W.
Washington. OC 20555
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ABSTRACT

This report describes the test facility and program designed to
measure fluid mixing and heat transfer in a 1/2-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 tempersture,
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.

i

V

a.

t

G

r

i

!

:

4

!

l'
|

. , - - , , - < .-a - - . - , . . , - - - - , _ - - - -m,-, , - - . - - - , .,, - . . , , r,- . - ~ -,, . . , -



- . - . . .-_ .- . . . .-

.

.

ACKNOWLEDGENINTS

d

The authors of this report acknowledge the valuable contributions made
to the design of this test project by the plant owners and vendors

~

through their input to EPRI, and by the technical consultants of the
NRC Advanced Code Review Group. The several scaling and design *

reviews conducted by Dr. Jean-Pierre Sursock of EPRI and Dr. Novak'

.

Zuber of NRC were extremely effective in achieving wide input and
verification of the approaches taken in~this project. -We are also
grateful to Dr. Jose Reyes and Dr. Avtar Singh for their effective
project management and their technical support in reviewing the data.

Much of the basis of this facility and project design is derived from
small scale flow visualization studies sponsored by EPRI during 1981
and 1982; we acknowledge the foresight and technical contributions of
Dr.' Bill.K. H. Sun, Project Manager, in establishing this essential
early data base.

Many people at Creare also made significant contributions to the
overall experimental program. Mike Hall was responsible for the test
facility design with, major design and construction support from Frank
LeBlanc, Harold Clark,'Mario Langsten and John White. Instrumentation
system design and development were carried out by Tom Tantillo. Norm
Williams fabricated many of the special purpose-instruments and Bob
Eccher designed and built the data acquisition system.. Computer
programming for data acquisition and data reduction and reporting was

,

; done by Judy Durant. Becky Cummings performed the data reduction.
This report was prepared by Beverly Brooks and Leann Cushman with'

; figures drafted by John Wickman, Their efforts are greatly
appreciated.

I

i

'.
i

i

k

,

i

11

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



. .

CONTENTS

Page

ABSTRACT.* . . . . . . . . . . ............... i
ACKNOWLEDGEMENTS. 11-. . . . . . ...............
TABLE OF CONTENTS . iii. . . . . ...............
LIST OF TABLES . . . . . . . ............... v
LIST OF FIGURES . . . . . . . ............... vi
NOMENCLATURE. vii. . . . . . . . ...............
SUMMARY . ix. . . . . . . . . . ...............

1. INTRODUCTION. I. . . . . . . . ...............
1.1 Background. . . . I. ...............

1.2 Project Objectives. 2...............

1.3 Expected Results. 3. ...............

2. TEST FACILITY DESIGN. . 4. . . ...............
2.1 Facility Design' Basis . 4.............
2.2 Test Geometry Design. 5..............

2.2.1 Downconer and Lower Plenum . 7.......

2.2.2 Cold Leg Assemblies. *. . . . . . . . 12..

2.3 Support Facility Design . . . . . . . . . . . . 17
.

3. MEASUREMENT SYSTEM DESIGN . . . . . . . . . . . . . . . 25.

3.1 Measurement objectives. . . . . . . . . . . . 25.

3.2 System Measurements . . . . . . . . . . ... . . 25
3.3 Principal Measurements. . . . . 29.. ..... .

3.3.1 Instrument Locations . . . . . . . . . . 29
3.3.2 Instrument Design. . . ... . . . . . 40. .

3.4 Data Acquisition System . ... . . 53. . .. .. .

3.5 Instrument Calibrations ............56
3.5.1 Pressure Transducers . ....58.... .

3.5.2 velocity Probes ....58........

3.5.3 Heat Flux Probes . ....58...... .

3.5.4 Thermocouple. Probes. . . . . ... . . . . 59
j 3.6 Instrument Blockage . ... . . . . . . . . . . . 59

4. TEST PLAN AND PROCEDURES. . . . . . . . . . . . . 61. .. .

; 4.1 Test Conditions . . . . . . . . . . . . . 61. ..

; 4.2 Test Matrix . ....66. . . ..... . .. . .

4.3 Test Order. . . . . 72. . . . ......... .
4.4 Test Procedures . . . . . 72. ... .. .... .

4.5 Data Acquisition . . . . . 74. .... .....

4.6 Test Acceptance Criteria .. . . . 75.... . ..
; 4.6.1 Test Conditions Tolerances . . . 76. ...

| 4.6.2 Initial Equilibrium Condition. .....77
4.6.3 Test Duration Limits .

.

. . 77.......
L

4.6.4 Functioning Instrumentation. . . . . . . 78
4.6.5 Test Acceptance Ratings = ....80....

i'

I
i

lii

i

.
0

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



y

|

TABLE OF CONTENTS (CONTS.)

5. DATA REDUCTION AND DISPLAY PROCEDURES . . 81. . . . . . . . .

5.1 Data Reduction. . 81. . . . . . . . . . . . . . . .

5.1.1 Primary Data Reduction . . 81. . . . . . . .

5.1.2 Calculation of Derived Parameters. . 83. . .

5.2 Data Display. . 93. . . . . . . . . . . . . . . . .

5.2.1 Tabular Outputs. . 93. . . . . . . . . , . . .
5.2.2 Graphical Outputs. . 94. . . . . . . . . . .

5.3 Data Evaluation . . 97. . . . . . . . . . . . . . .

6. REFERENCES. . . 98... . . . . . . . . . . . . . . . . . . .

APPENDIX A UNCERTAINTY IN THE MEASUREMENT OF THE HEAT TRANSFER
COEFFICIENT . A-1.. . . . . . . . . . . . . . . . . .

.

.

iv



f

LIST OF TABLES

Table _Paj(e [

2-1 Downcomer Characteristic Dimensions. . 9. . . . . . . . . .

3-1 Support Facility Instrumentation . 28. . . . . . . . . . . .

3-2 Instruments For Principal Measurements In Cold Leg and
Downcomer 30. . . . . . . . . . . . . . . . . . . . . . . .

3-3 | Velocity Head Uncertainty Contributions. 47. . . . . . . . .

4-la Prototype Thermal and Hydraulic Parameters Comparison with
1/2-Scale and 1/5-Scale Test Conditions (S1 Units) . . . . 62

4-lb Prototype Thermal and Hydraulic Parameters Comparison with
1/2-Scale and 1/5-Scale Test Conditions (English Units) 63.

4-2a Properties of Water At Prototype and Model Conditions
(S1 Units)

~

64... . . . . . . . . . . . . . . . . . . - . . .
4-2b Properties of Water At Prototype'and Model Conditions

(English Units). 65. . . . . . . . .. . . . .

4-3 Series C Tests With Horizontal Cold Leg. .
. . . . . . . . ,

69. . . . . . . . .

4-4 Series B Tests With inclined Cold Leg. 70 '
. . . . . . . . . .

4-5 Thermal Mixing Steady-State Tests Geometry Variations. 71. .

,

W

; y
,

,

m --,, , - -w n,w r .--n--,r+< - r -s, a nn ----,- - . -- ~ --m .- - --e-- , ,



_ _ _ ._ -. . _ _ _ _ _ _ _ - . _ _ m.-- _ _ . . .

|
,

i

.

LIST OF FIGURES

Figure
. Pm

2-1 Downcomer Model Major Dimensions . 8. . . . . . . . . . . .'

2-2 Lower Plenum Simulator . . . . 11. . . . . . . . . . . . . .

.
2-3 Horizontal Cold Leg Assembly Number 1. . . . . . . . . . . 13

*

2-4 , Horizontal Cold Leg Assembly Number 2. . . . . . . . . 14. .

2-5 ' Inclined Cold' Leg Assembly . . 15. . . . . . . ... . . . . . .

| 2-6 Cold Leg Nozzles . 16. . ..... . . . . . . . . . . . . .

2-7 Pump Simulator - Horizontal Cold Leg Assembly Number 1 . . 18
2-8 Pump Simulator - Horizontal Cold Leg Number 2. . . . . . . 19

; 2-9 Test Facility Schematic.
.

20.................

. 2-10 Loop Pump Curve. 22. . . .....

j 2-II.HPI Pump Curve .
.

. . . . . . . . . . . . .

22. . . . ..... . . . . . . . . . . . .
1

2-12 Piping Arrangement Details at Lower Plenum and Hot Well. . 233

3-la Test Facility System Measurements. 26. . . . . . .. . . . .
I 3-lb System Measurements at Facility Boundary . 27. . . . . . . .

3-2 Instrument Locations in Horizontal Cold Leg Number 1 . . . 32
3-3 Instrument Locations in Horizontal Cold Leg Number 2 . 33...

3-4 Instrument Locations in Inclined Cold Leg. . . . 34. . . . .
1 3-5 Detailed Cold Leg Probe Radial Locations . . . . 35. . . .. .

3-6 Downcomer Instrumentation 37... . . . . . . . . . . . . .

3-7 Test Vessel Wall Instrumentation Details . 38, . . . . . . . .

3-8 Downcomer Gap Temperature Rakes Near Nozzle Elevation 39. .,

| -3-9 Lower Plenum Thermocouple Locations 41. . . . . . . . . . .

3-10 Kiel Static Velocity Probe . 43...............,

3-11 Velocity Probe Pressure Coefficient Calibration. 44. . . . .

3-12 Velocity Probe Measurement Uncertainty . . . . . . . . . . 48
j 3-13 Fluid Thermocouple Designs . . 50. . . . . . . . . . . . . .
; 3-14 Thermocouple Reference Junction System Configuration . 52. .

3-15 Wall Heat Flux Probe Design. 54.. . . . . . . . . . . . . .
3-16 Data Acquisition.and Processing Computer . 55. . . . . . . .

3-17 Signal Multiplexers for Data Acquisition System. 57. . . . .

4-1 Test Facility Flow Capability. .' . 67. . . . . . . . . . . .

5-1 Overview of Data Reduction and Display Process . 82
~

. . . . .

5-2 Heat Transfer Coefficient Uncertainty for Typical
Shakedown Data . 91. . . . ............ . . . . .

~

5-3 Heat Transfer Coefficient for Shakedown Test NOV162 92-. . .

A-1 Transient Data - Shakedown Test NOV162 Wall and Near-Wall
Fluid Temperatures . A-2. . ............... . .,

'

A-2 - Transient Data - Shakedown Test NOV162 Center-of-Gap Fluid
Temperature A-4'

*

.. . . . . ..... . . . . . . . . . . . .
| A-3 Vessel Wall Heat Flux Probe with Typical Fluid Temperature
i Probes . A-5. . . . . . . . .... . . . . . . . . . . . . .

A-4 Typical Wall-to-Fluid Temperature Difference . A-6.. . . . .
' A-5 Overall Uncertainty in Wall-to-Fluid Temperature

Difference.. ~ A-9. . . . . . ..... . . . . ._, . . . . . .

A-6 Heat Flux Measurement Uncertainty Contribution . A-13. . . . .

A-7 Heat Transfer Coefficient for Shakedown Test NOV162 A-15. . .

,

vi1

|

!
!

| . _ ., _ , - . _ , ,-a,-.c,- -- - , , - - , - - ~ ~ - v'' ' ' ' ' " '



I l

i

.

NOMENCLATURE

2A area, m
~

a coefficient in Eq. 5.1
D diameter, m
E error term
F HPI Froude number (dimensionless), Equation 4.1

2g acceleration due to gravity, m/s
2g dimensional proportionality constant, kg-m/N-s

H" head (pressure), m'
2h heat transfer coefficient W/m _.c or specific

enthalpy, J/kg
j superficial ~ velocity, m/s
k thermal conductivity W/m *c
K velocity probe pressure coefficient
L length, m
p -pressure, Pa
q" vall heat flux, W/m2

8Q volumetric flow rate, m /s
t time, s
T temperature. *c
V velocity, m/s or voltage, v
X distance, m
a thermal diffusivity, m /s
a differential
r sum of system component volumes, m8
ap/p dimensionless density ratio (p -D /E }

3 H L Hp density, kg/m
t mixing-time,' s

akinematic viscosity, m j,v
A eigen values,'Eq. 5.14

SUBSCRIPTS

a see Eq. 3.6
CL refers to cold leg
c see Eq. 3.6
DC refers to downcomer
f fluid or final (in context)
H HPI flow
i index
L loop flow
la see Eq. 3.6
m mixed-mean

.

o initial value
p see Eq. 3.6
pm see Eq. 3.6.
q quench front
r. see Eq. 3.6
s static, steady-state or surface (in context)
sp see Eq. 3.6
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V vent flow
w wall
AT temperature differential
AX wall thickness

d

4

.

O

|
t -

viii



SUMMARY

This report describes the test facility and program designed to
measure fluid and thermal 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
out 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 walls to provide data on vall 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 and 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.

|
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1. INTRODUCTION

This report describes a testing project which measures the thermal
mixing of HP1 water in a model of the cold leg, downcomer and lower
plenum of a pressurized water reactor. The data vill 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 ,PACKGROUND

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
j 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

1
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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 downcomer4

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 beinF 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 1/2-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
i 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.

i L
1.2 PROJECT OBJECTIVES

; The principal objectives of this testing project are to:

i 1. Provide experimental steady-state and transient data on
thermal mixing in cold leg and downcomer geometries due to
safety injection fir4

1

phenomenological understanding of thermal mixing 'e
development of heat transfer correlations and thermal' e

i mixing models
*

e computer code assessment

j 2. Provide scaling rationale to apply' data to reactor conditions
t

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
3 testing project has been undertaken. That test project is the only
'

subject of this report.

i

!

!
2
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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-
sients. A measurement system is available to record temperatures and
fluid velocities in the cold leg, loop seal, downcomer and lower
plenum, and wall-to-f3uid 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 baselin,e data for prototypical 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 HPI temperature, will be displayed
in tables.

3

;

__ _ .-
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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.

!

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

' a) cold legs of Combustion Engineering, Babcock & Wilcox and
; Westinghouse designs, including loop seals and pump
j simulators,

b) high pressure injection ports for the above cold legs,i

*
: c) a 90* planar sector of a reactor vessel downcocer,

including one cold leg from a plant having 4 cold legs,
and

; d) a lower plenum having a' correctly scaled volume and
internal flow baffles

,

,

a 2. Test vessel pressure limit of 1.38 MPa (200 psia)
i
| 3. Thermally thick walls to study heat transfer rates
!

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

1

5. Capability to add a thermal shield in the downcomer
,

;

j 6. Two different cold leg configurations (horizontal and
inclined),

7. Multiple injection loca' ions for each cold legt,

t8. Steady-state and transient testing capability
,

9. Extensive instrumentation summarized below:
a) 90 thermocouples in the cold leg and loop sealf

; (at least 10 with fast response)
b) 71 thermocouples in the downcomer centerline
c) 40 thermocouples in the downcomer, near the walls
d) 40 thermocouples on the downcomer wall surfaces,

1

: e) 40 heat flux sensors in the downcomer
f) 20 locations for velocity probes in the cold leg to

measure radial velocity distributions at several axial
locations

' 4

i
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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:

1. 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,

3. Dynamic similarity
a) Froude scaling will be emphasized
b) Froude number will be preserved
c) 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 ag y

factor of three range extending up to about 607 of
prototype

b) density ratio will be varied over a factor of tour range
extending up to about 50% of prototype

c) vessel wall thickness of at least 50.8 mm (2 in. will
provide applicable data for hest transfer coefficient h
and fluid temperature T for three periods

o h, T for early transient, t<100 s
h T for conduction-limited transient, 100s<t<400so

o T for steady adiabatic period, t>400s

2.2 TEST GEOMETRY DESIGN

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 downconer with

5
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; 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.
.

i

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 Group (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:

i
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.

'

i
2. The' cold leg nozzles are approximately 1/2-scale for each of

4 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.

5. 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.

7. 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 1/2-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.

6<
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In the following subsections, we discuss some of the features of these
components of the facility design.

2.2.1 Downcomer end Lower Plenum ,

Several views of the basic downcomer geonetry 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

downcomer above the cold leg nozzle centerline Z, provides a properly
scaled upper downcomer to accommodate the vent flow 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 alsoy
based on prototype geometry at a. scale factor of 1/2; the 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 Ecale factor of 1/2, and the width matches the full
internal width of the downcomer.

The location of the~ top of the thermal shield below the nozzle center-
line Z 1, selected as the higher of two prototype thermal shield *
elevatlc :c. This maximizes the effect of the thermal shield for
compario :n with tests not having the shield in place, and the
dimensionless location Z,/DCL is close to that in earlier 1/5-scale
tests (5).

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 CLscale models also tested at Creare
(2, 3, 5).

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.

| 2. Simulate and respond to the surface conditions during the
conduction limited period (i.e..' provide data for vall4

temperature, T and wall to fluid heat transfer coefficient,
h).

i
3. Cool fast enough to provide an adiabatic period in tests of

acceptable duration.

'7
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Table 2-1 DOWNCOwF1t CHARACTERISTIC DIMENSTONS

1/5-Scale 1/5-Scale
(No Thermal (Thermal

Parameter Nees 1/2-Scale Shield) Shield)
(Ref. 1.2.1.3) (Ref. 1.5)

D Cold Les Diameter 3b3.5 em 142.9 em 142.9 amg
(14.31 in.) ( 5.625 in.) ( 5.625 in.)

$ Cap 137.2 mm 50.8 mm 46.2 as
( 5.4 in.) ( 2.0 in.) ( 1.82 in.)

D,/D Ratio of Cold Les Norsle Diameter
to Cold Les Diameter
a) Horizontal 1.26 1.33 1.33
b) Inclined 1.31 1.31 -

D /D Ratio of vent valve Diameter to Cold 0.49 0.51y g -

Leg Diameter

LM atto o em $ to engt t .0 5.M-g CL
.to Cold Les Diameter

g/DgR Ratio of Hot Les Radius to cold Les 0.76 1.03 1.03
Diameter

S /5 Ratio of Boreeshoe Baffle Thickness 0.53b - -

to Cap
.

S /s Ratio of Thermal Shield 0.43 - 0.43t Specing to Cap

t /$ Ratio of Thermal Shield Thicknees 0.28 0.27-* to Gap

W/D Ratio of 90* Planar Sector Width to 4.45 4.44 4.36g
Cold Les Diameter

. _ .

k*g@cg Dimepionlm Cold Leg Mozzle 2.17 2.95 2.%
Location

k*2f Dimensionless Cold Leg Nossle 1.48 1.50 '1.45a Location
.

W /D * * * * ** * ** * *' '*3I'3 CL Leg Diameter

Wyg/Dg Dimensionless vent valve Location 1.63 1.63 -

W /D Dimensionlese Vent valve Location 2.81 3.48V2 g -

| Z/D Ratio of Downconer Length to Cold leg 12.21 10.40 10.31g
Diameter

2,/D Ratio of Downconer Length Above Cold 3.00 2.55 2.51g*
Les Centerline to Cold Les Diameter

2 /D Ratio of Downconer Length Below Cold 9.20 7.85 7.802 g
Les Centerline to Cold Leg Diameter

2 /D * ** **'" ' #*' * *3 CL *

thermal shield

Z /D Normalized elevation of vant valve 1.35 1.42 -y g
centerlinee

.

-9
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The rationale for the selection of a minimum wall thickness is
discussed in greater detail in the scaling analysis report (15).

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 1/3-
scale tests and to provide a realistic simulation of the volumes'and
volume distribution in a prototypical reactor.

.

The basic criteria used to design the lower plenum were:
~

,

1. A volume of-about 60 to 70% of the downcomer volume, typical3

'of the lower range of lower plenum volume in full-scale.
reactor geometries.

'
2. The radius of curvature and depth of the lower plenum

approximately 1/2-scale of prototype geometries.
.

j 3. A flow boundary at the exit of the lower plenum to produce
nominally uniform. vertical upflow, simulating the flow into

j 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 also supports the downcomer. The circular are
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 lover plenum is approximately 60% of the total downcomer fluid
volume and 70% of the downcomer fluid volume when the thermal shield

,

is in place.

Flov 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' lower
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 (50%) are based on the full scale design to provide

j 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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2.2.2 Cold Leg Assemblies

Three complete cold leg assemblies were designed for the test
facility. Each assembly consists of the following components:

1. loop seal piping at the pump inlet,
2. reactor coolant pump (RCP) simulator,
3. cold leg piping with injector nozzles,
4. cold log reactor vessel nozzle

Schematics of the assemblies are shown in Figures 2-3, 2-4 and 2-5,
representing designs at approximately 1/2-scale for each of the
pressurized water reactor vendors.

Two types of cold legs arc available for this test facility. One
simulates a cold leg which lies wholly in a horizontal plane between
the reactor coolant pump (RCP) discharge and the nozzle, typical of W
and CE geometries. The other cold leg simulates a typical lowered-loop
B&W design, having an inclined section (sloping down toward the
reactor) between the RCP and nozzle. The horizontal cold leg is
installed to have nominally zero slope between the pump and nozzle.

Both cold leg designs employ commercial steel pipe and fittings having
a nominal inside diameter of 363.5 mm (14.31 in). This is about
1/2-scale for the prototype W/CE and B&W cold legs. The cold leg
lengths are based on the diameter scale factors.

The safety injection locations are shown on the cold leg assembly
drawings. Five different injectors are provided (noted as B through
F), covering sizes, orientations and locations which are typical of
plant conditions. Several of the injectors shown are similar to those
used in earlier thermal mixing tests (2 and 3) and will provide data
for comparison between two scales. The HPI nozzle diameters
(indicated on the cold leg assembly figures) are based on the scale
factor for each cold leg and the vendor-specific HP1 line sizes, and
selecting the closest available-commercial steel' pipe or mechanical
tubing. Each injector has e minimum of 10 pipe diameters of straight
length (10 L/D) between the' isolation valve and its penetration in the
cold leg.

The cold leg nozzle geometries are shown in Figure 2-6. Note that
there are two nozzle configurations to match the characteristics of
the W/CE and B&W designs. The ?cngth of the nozzle expansion section
and the expansion angles are different, and the B&W nozzle has a
circular arc lip at the discharge into the downcomer whereas the W/CE
design has a' straight discharge. Each nozzle attaches directly to the
downcomer vessel wall through a bolting arrangement.

Earlier testing at 1/5-scale has shown the importance of the added
volume of the loop seal and' pump to decreasing the rate of cooling in
the downcomer (6). In the 1/2-scale test facility, loop seals and.

pump simulators are part of the cold leg assemblies.

|
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The loop seal designs shown in Figures 2-3, 2-4 and 2-5 are based on
prototypes for two of the reactor vendors, and represent a minor
compromise for the third vendor's cold leg design. Elevation changes
in the loop seal have been scaled by the cold leg diameter ratio,,

while loop seal volumes are in proportion to the cold leg volumes for
the two horizontal cold leg assemblies. The loop seal volume and
elevations are not modeled for the inclined cold leg assembly
(Figure 2-5).

The reactor coolant pump simulators (Figures 2-7 and 2-8) correspond
to the designs used with the cold leg loop seals being modeled and are
based on geometry data supplied by the vendors. . Pump internal volume
and general flow path orientatiog (vertical upflow at the pump inlet,
with tangential or radial dischhrge in the horizontal plane) dictate
the overall design of the models. Some internal-details of the pumps
are also modeled, such as minimum flow' area, numbers and angles of
impeller blades, total internal volume distribution above and below

elevation barriers and elevations of barriers with respect to cold leg
elevation, with the impeller in the " locked-rotor" condition.

2.3 SUPPORT FACILITY DESIGN

A test facility was built to support the thermal mixing experimental
proj ec t . The facility uses existing Creare equipment such as a 9100

3kg/hr (20,000 lbm/hr), 1.48 MPa (215 psia) steam generator, two 76 m
(20,000 galign) water st rage tanks, a cooling tower with a capacity5of 2.64 x 10 W (9x10 Btu /hr), coolant circulation pumps, piping and
control valves and a data acquisition system and computer. Some new
equipment was added to the existing facility to meet special needs for
this program. Figure 2-9 shows a schematic of the test facility, and
below are described the, capabilities of the facility for conducting
steady-state and transient thermal mixing tests.

The general capabilities of the test facility aret

1. Design pressure limit of 1.48 MPa (215 psia) corresponding
to a saturation temperature of about 198*C (388'F).

2. Loop gnd vent valve flow rate (singly or combined), to
2.2 m / min .(575 gpm) at 194*C (382*F).

3. Loop and vent valve fluid storage of 18.9 m3 (5,000
gallons) at 194*C (382*F).

34. Safety injection (HPI) flow to about 0.38 m 7,1,
(100 gpm) at 27*C (80*F).

5. HPI fluid storage of greater than 18.9 m (5,000 gallons).

6. Controls for conducting transient tests with either variable
loop flow rate or variable loop flow temperature.

7. Instrumentation for establishing and controlling the test
conditions of flow rates, pressure, temperatures and test
duration.

| 17
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l The loop and/or vent flow is from a 18.9 m3 (5.000 gallon) " primary"
storage tank with a pressure. rating of 1.48 MPa (215 psia) at 204*C
(400'F) . A submerged steam heater installed in.the tank is used to

,

heat the water to the desired operating temperature using steam from the
Creare steam generator. During the tests, tank pressure is maintained
by leaving open the steam supply valve connecting the heater to the
steam generator. The water in the feed tank is slightly subcooled+

(3*C to $*C) relative to the operating pressure at the top of the
downcomer.

,

Loop and vent flow vater is drawn from the primary tank using a
centrifugal pump having a characteristic curve approximately as shown

*

in Figure 2-10. Following the pump, the flow stream can be divided to
supply both the loop flow and the vent valve flow when tests with vent

f flow are required. Each of those flow lines has a parallel set of
I orifice flow meters, designed and installed in accordance with ASME i
j procedures (17). The flow meters are sized to provide a continuous
i turndown ratio of about 25 from the maximum for each flow line and
; with a flow measurement uncertainty ~of less than 5% at all flow rates.

| Flow control valves for the loop and vent flows are located upstream
from the flow meters. The loop flow enters the test section through
the reactor coolant pump simulator section. When provided, vent flow
splits downstream of the flow meter and control valve to enter the two

vent valve lines. These lines will be orificed to produce an equal3

1 flow split between the two vents.

2

3; Safety injection (HPI) flow is supplied from one of the two 76 m
'

(20,000 gallon) storage tanks. The Creare cooling tower is used to
cool the water to as low a temperature as possible, set by ambient4

} temperature and relative humidity conditions. Experience has shown
; that water can be provided at or less than 27'C (80*F), even in the
: summer months.
4

The HPI pump draws water from the storage tank and supplies it through
'

an orifice flow meter and control valve to the injector (s) located on1

the cold leg. The HPI pump installed in the test facility has the
capability shown in Figure 2-11.

.

I Additional details of the fluid exit boundary from the test facility
are shown in Figure 2-12. As described earlier, the cooled water'from,

the lower plenum exits through a standpipe at the top of the pressure
; vessel. That flow is circulated through an orifice meter and then
i into the hot well where it is distributed adjacent to the lower plenum

side walls and mixes with the water in the hot well. The water

i
.
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displaced from the hot well leaves through the annular connection at
the bottom of the hot well and then is finally discharged from the
. test facility through valve VI and is returned to one of the 76 m8
(20,000 gallon) storage tanks. This arrangement of external' lines
also serves to nearly equalize the pressure inside and outside the
lower plenum volume, ensuring that any leakage flow would be both very
small and, most importantly, would not affect the temperature and
temperature distribution inside the lower plenum.

Although the details of the types of transient boundary conditions
- tests.have not been established, the facility has been designed to
permit either loop flow rate transients (at constant loop temperature
and constant HPI flow rate and temperature) or loop flow temperature
transients.(at fixed loop flow rate and fixed HP1 flow and
temperature). Through the use of a valve controller and pneumatic
or motorized operators, the rate of loop flow valve closure can be set
to provide the desired flow rate vs. time transient.

For the loop flow temperature transients, cold. fluid can be mixed with
the loop flow at a predetermined rate with a corresponding reduction
in the loop flow rate to provide a constant total flow at reduced

temperature. These flow rates could be controlled using valves with
known characteristics as in the case of the variable loop flow
transients.

The maximum duration of steady-state and transient tests is set by
the loop plus vent valve flow rates and the stored volume of hot
water. For the transient tests, the duration depends on the rate of
change of the transient as well as the initial loop flow rate. More
will be said about test durations in Section 4.

All piping, pumps, valves, instrumentation, etc. have been designed
and selected for service at the operating pressures and temperatures
specified for this test program. The maximum pressure in the test
loop is expected to be about 1.55 MPa (225 psig), while the maximum
fluid temperature will be about 193*C (380*F).

The hot water supply. tank and lines are fully insulated, primarily
for personnel safety consideration. The model cold legs and downcomer
are also insulated to minimize the ambiguity in vessel wall or
near-wall fluid temperature measurements which result from heat
conduction through the boundaries. Standard commercial fiberglass
insylation is used to reduce the heat loss to ambient to less than 1582W/m (50 Btu /hr-ft ) at the maximum operating temperature in the cold
leg and downcomer.

.

I
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3. MEASURE SYSTEM DESIGN'

This section describes the measurements to be made during the course
of the thermal mixing experiments and gives some details of the
designs for the instruments and data acquisition system and provides
some estimates of measurement accuracy.

3.1 MEASUREMENT OBJECTIVES

j Tlie measurements to be made during the tests f all into two categories:
1

1. System measurements
2. Principal measurements.>

; The system measurements provide data for the operator, such as
pressures, pressure drops, temperatures and flow rates, to assist in
establishing and controlling the desired test conditions and test

a duration. These data are also used in the post-test data reduction to
correlate test results as a function of flow ~ rates, density,'

temperatures and non-dimensional groupings such as Froude and Reynolds,

numbers.

'
The principal measurements are those which provide detailed data on
temperature and velocity profiles in the cold leg and downcomer and
wall to fluid heat transfer. It is these data which may be used to2

assess and develop appropriate thermal mixing and heat transfer
correlations and models.

Each of these categories of measurements is discussed in detail in
following sections.

3.2 SYSTEM MEASUREMENTS

Figures 3-la and 3-lb show the locations and types of measurements,

) which are made in the support facility---external to the model cold
'

legs, downcomer and lower plenum. These measurements include the
l pressures and temperatures in the loop and HPI flow lines and supply
i tanks, flow rates for loop, vent and HPI flows and. supply tank level,
j Vent flow rate and temperature can be measured for tests.which require
; vent valve flow. Additional detailed temperatures and lower plenum
i discharge flowrate are measured in order to carryout test facility .|energy balance. Pressure drops in the cold leg and downcomer can he'

measured during special tests (at uniform temperature and at different
flow rates) to calibrate the pressure drop characteristics of the~ cold
legs and downcomer. These measurements are listed in Table 3-1 with

| cross-reference to the nomenclature used in Figure 3-1. That list
includes some specific information regarding the instrument type, the

! estimated instrument accuracy (based on anticipated calibration data
from the instrument vendors and re-calibration capability), and the
expected overall measurement accuracy which includes the instrument
accuracy and an estimated uncertainty contribution from instrument

: installation. effects and from the data acquisition system.

!
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Tanae 3 1 trPP0ef FAfit1TY 1ssirWENTA**O'

TOTAL
tr$tttNIXT [?JECTED

INSTR 3ttNTI MEA $tifD CAktlRAT*CM FfASURIPE%T thfTRi?f'T
LAptL COCE8 VARIAALE IN$7?tYINT TTFE CECERTA!KTY ISf1RTA1ETT R!$8 T!*t

71 Lo0PT Loop supply temperature Type t Thersecouple 1*C (1.8'F) 1.S*C (2.8'F) et sec.

T2 LocP!2 toop seal 1 stet tearstature Type t Thereocouple l'c (1.8'F) 1.5'C (2.8'F) el sec.

T3- NF15CFT1 NF1 supply temperature Type E Thereoccuple 1*C (1.8'F) 1.$*C f 2.8'F) et sec.

T4 NFisrPT2 MP1 temperature et injector Type t Thersecouple 1*C (1.8*t) 1.5'c (2.8'F) et sec.
inlet

TS $PWT Standpipe water temperature Type E Thersecouple l'c (1.8'F) 1.5*C (2.8'F) el sec.
T6 SFWTC2 Rectremiated standatpe water Type E Thermoccuple t'C (1.8'F) 1.5'c (2.8'F) el sec.

toeperature

T7 SFhTC) Recirculated standpipe water Type t Thereoceuple 1*C (1.8'F) 1.S*C (2.8'F) el sec.
toeperature

T8 HWTC cpper hetwell temperature Type t Therescouple 1'C (1.8'F) 1.$*C (2.8'F) el sec.
T9 HvtTC Bulk betwell temperature Type t Thereoceuple l'c (1.8'F) 1.$'C (2.8'F) et sec.

710 Whl.TC Lower herwell temperature Type t Thersecouple 1*C (1.8'F) 1.S'C (2.f'F) 41 sec.

Til NbTTC Herwell emit temperature Type t Thersecouple 1*C (1.8'F) 1.$*C (2.8'F) el sec.
T12 CY1TC Facility esit temperature Type t Thersecouple h 1*C (1.t*F) 1.5'c (2.8'F) et sec.

T13-715 C**YhTC' ' Core eutande well temperature Type E Thereocouple ' 1.7'c (3*F) 2.8'c fl'F) 41 see.

T16-T17 Y**YVTC Tessel estelde wall toeparature Type t Thersecouple 1.7'c (3'F) 2.8'C (5'F) N . A .''

T18-715 T ?*thTC prebe outside wa!! temperature Type t Thernecouple 1.7'r (3'F) 2.8'C ($'F) N.A.

F1 TvP Test veseet pressure pressure Treesducer 6.8kPa f tpstl 13.8kfa (2 pat) et sec.
AP1 HP1FLfw NP1 flev rate Orifice Peter it $1 K.A.

AF2 LOCFFLOW Leap flou rate Ortftco Meter 1: $1 N.A.

&PS CLDPS e Cold les pressure drop Pressure Transducer 1Pa 2.5Pa et sec.

476 CDP 6 Downconer pressure drop pressure Traendurer 1Fa 2.5Fe el sec.
AP7 SPFWFLO Standpipe te betwell flow rate Ortitco Peter 1 51 N.A.

AF8 NhilDF petwell to star.dpipe pressure pressure Transducer O JkPa C.$kPa el sec.
drop

s' The CCtt designation la this celusa refere to the assanclature used to label the data la the cesputer. generated plots
The last rument Laael corresponde to sychols used ta figures 3-te and 3*1b.

and tables. reee 8eference 4.1)
* The asteriska (**) refer to the row and celues en the dev3cesar (Fig. 3*%) where the isettbr.asts are located*

N.A. seene that the rise ties te not applicable because the sessuresent of laterest to essentially stesdF state.
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All of the instruments used for system measurements are conventional
and were selected for reliability and performance. Further, there are
redundant panel gauges and meters installed on the test facility for
use by the operator to assist in setting test conditions, and to
verify the operation of the instruments connected to the data
acquisition system.

3.3 PRINCIPAL MEASUREMENTS

The measurements of principal interest in the testing project are the
temperature and velocity distributions in the cold leg and downcomer
and the wall to fluid heat transfer in the downconer as a function of
input loop, vent and HP1 flow rates, fluid densities and geometric
parameters. Table 3-2 gives an overview of the number and types of
instruments and measurements which can be made in the scaled test
facility.

3.3.1 Instrument Locations

A systematic approach was taken in the selection of the number and
locations for the instruments to provide for grouping of certain
instrument types. These groupings are necessary in some instances to
facilitate data reduction while in other cases the pairings will
enhance the quality of the data. For example, fluid temperatures will
be measured adjacent to each velocity probe location in order to
convert the velocity probe differential pressure reading to a fluid

,

velocity using the correct fluid density. Another grouping concept is
the measurement of fluid velocity near the vessel wall heat flux
probes, to provide data to assist the analyst in understanding the
influence of fluid velocity on wall heat transfer.

COLD LEG INSTRUMENTATION

Instrumentation ports are provided in the cold legs to measure the
fluid temperature and velocity profiles at several specific axial
locations:

1. Upstream of the principal HP1 injector location for each
} cold leg, to characterize the inlet loop flow.
: 2. Several locations downstream from the injector, to
j characterize the fluid velocity and temperature in the

mixing zone.,

3. Just upstream of the cold leg nozzle penetration through the
; vessel wall, to characterize the fluid conditions entering
; the downcomer.
:

In addition to these specific locations, 15 thermocouples are
distributed along the length of the cold leg pipe on the upper and

| lower walls,10 fluid thermocouples are distributed through the loop
seal and pump simulator and there is a velocity rake which can be
installed at various points along the cold leg. In total there are 90
fluid temperature measurements and up to 20 fluid velocity measurements

; distributed throughout the cold leg. The number and locations of
,

i
i
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Table 3-2 INSTRUMENTS FOR PRINCIPAL MEASUREMENTS
IN COLD LEG AND DOWNCOMER

Thermocouples 261
Velocity (Pitot) Probes 40
Heat Flux Sensors 40

Instrument Type Number Measurement / Location

n-

Thermocouple 90 Cold leg, loop seal and pump
simulator fluid temperature,
radial and axial distribution
(10 with rapid response)

Thermocouple 15 Downcomer fluid temperature,
above thermal shield, gap-wise
temperature. distributions

Thermocouple 71 Downcoper fluid temperature
centerline of gap on both
sides of thermal shield,

Thermocouple 40 Downcomer fluid temperature
near wall, for use with heat

flux measurements to obtain
heat transfer coefficients

Thermocouple 40 Downcomer wall surface
temperature, for use with heat

flux measurement to obtain
heat transfer coefficients

Thermocouple 5 Lower plenum fluid tempersture
distribution

Heat Flux Sensor 40 Downcomer wall heat flow rate,
12 on core wall, 28 on vessel
wall

Velocity Probe 20 Cold leg radial velocity
Optional Locations distribution, several axial

locations

Velocity Probe 20 Downcomer fluid velocity,
Optional Locations centerline of gap on each side

of thermal shield, located,

with wall heat flux probe

i 30
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.these instruments are intended to be sufficient to determine the
extent of the mixing which occurs in the cold leg and also to provide
a detailed map of the fluid entering and exiting from the cold leg.

Figures 3-2, 3-3 and 3-4 show possible arrangements for these instru-
ment locations in the three 1/2-scale cold leg assemblies. There are
five measuring stations (C-1, C-2, C-3, C-4, C-5) which each have ten
temperature probes situated on a single rake in a vertical array along
the nominal centerline of the cold leg. At the nozzle station (C-5),
an additional 10 temperature probes are distributed between two more
rakes which, along with the main centerline rake, define a measuring
plane to characterize the flow at the inlet to the downcomer. Up to 5

1 velocity-probes can be installed on some of these rakes, each having
j an integral = fluid temperature thermocouple along with 5 separate
| temperature probes. A sixth instrument rake is available having five
j velocity probes and five integral temperature probes, and which can be
j placed at any of the unassigned measuring locations in the cold legs

that have more than 5 instrumentation ports. Figure 3-5 shows details
;j of the probe spacings at the measuring locations on the cold legs.

Because all of the instrumentation ports are identical, other
i arrangements of velocity and temperature rakes are possible.
!
"

Three of the centerline temperature rakes have miniature thermocouple
] probes which can provide rapid response temperature measurements. A
j total of 10 of these miniature thermocouples are available, distributed
j as follows:

1

1. two at measuring plane C-1, upstream of the injector
4 2. five at measuring plane C-5, at the entrance to the downcomer

3. three at measuring plane C-2, downstream of the injector..

j The miniature thermocouple junctions have a measured time constant of
about 35 milliseconds and therefore can follow fluctuations up to

i about 5Hz.
.

Ten thermoccuples are installed in the loop seal and pump simulator
{ region of the cold leg assemblies (see Figures 3-2, 3-3, 3-4). These

thermocouples will provide data on the extent of thermal mixing andi

'

stratification in the pump and loop seal, particularly for low and
zero loop flow situations.

!

{ D0'a'NCOMER AND LOWER PLENUM INSTRUMENTATION

i
The downcomer is instrumented to measure fluid and wall temperature
profiles, fluid velocity profiles, and wall heat transfer coeffi-

j cients. There are 40 heat flux probes, 40 vessel wall and core wall
y temperature probes, 126 downcomer fluid temperature probes, 20 fluid
| velocity probe locations in the downcomer and 5 fluid temperature

probes in the lower plenum.
!

| Previous small scale thermal mixing experiments have. demonstrated that
the mixing process in the downcomer is not instantaneous and that the
relatively cooler fluid emerging from the nozzle spreads as a two-,

] dimensional plume, gradually mixing with the fluid in the annulus and

!
i
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,

lower plenum. Thus, the instruments in the downcomer are arranged to
measure the horizontal and vertical temperature and velocity profilesi.

in the fluid below the cold leg (and below the vent valves when those
are used). Wall heat transfer measurements will be made in the,

; downcomer to provide data for correlation with heat transfer models.

j Approximately 140 instrumentation ports are provided in the downcomer
; walls, equally split between the vessel and core sides. Figure 3-6

- shows one possible arrangement of the downcomer instruments for a test
geometry without vent valve flow, with the thermal shield in place.
There are corresponding instrument locations on each wall, however the
majority of instruments are on the vessel wall side of the thermal e

shield. A systematic approach has been followed in grouping the
instrument types which is discussed in more detail below.

There are a total of 40 wall heat flux probes in the downcomer
! distributed between the vessel and core sides.- Associated with each! heat flux probe is a wall surface temperature probe, a near-wall fluid

temperature probe and a center-of-gap fluid thermocouple probe located
i as shown in Figure 3-7. The heat flux probes are installed with their

face flush to the inside wall surface and they are removable.

The center-of-gap and fluid " film" temperature probes are situated to
the side of and below the heat flux sensor so as not to affect the
heat flux measurement by locally disturbing the fluid film.i

1

; Twenty of the center-of-gap thermocouples are integral with downcomer
'

fluid velocity probes which can be mounted from the heat flux probe
bodies, and the other 20 center-of-gap measurements are made with
single element probes containing a grounded thermocouple junction.
Both of these configurations are shown in the section view in Figure
3-7.

There are 31 additional center-of-gap fluid temperature probes in the
'

downcomer besides those associated with the heat flux probes.-
! Twenty-three of these probes are distributed in the downcomer to

provide detailed " mapping" of the thermal mixing process in regions
) immediately below the cold leg nozzle and 8 are situated at the bottom
, of the downcomer where the flow enters the lower plenum.

~

'
,

Fluid temperature profiles across the downcomer gap are measured with
thermocouple rakes at three locations between the nozzle centerline
' elevation and the top of the thermal shield as shown in Figure 3-8.
Each rake contains-5 thermocouple junctions uniformly spaced acrossf

! the gap (S =-137.2 mm) and located below the nozzle centerline as
follows:

,

1. approximately D /3 above the bottom elevation of the cold
CL

| 1eg (73 mm below nozzle centerline)

2. approximately at the bottom elevation of the cold leg
i (203 mm below nozzle centerline)
i
1

j 3. approximately D /3 below the bottom elevation of the cold
CLleg (305 mm below nozzle centerline)'

i
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Finally, 5 fluid-temperature probes are installed in the lower plenum
to measure'the vertical and span-wise temperature distributions before
the fluid is discharged to the standpipe (see Figure 3-9).

The preceding discussion of instrument locations has concentrated on

the layouts for tests with combinations of HPI and loop flow and with
the thermal shield in place, which will constit.ute the majority of the

_

anticipated tests. .Thermocouples, velocity probes and wall heat flux
probes can also be installed near the vent valves to study the thermal
mixing and heat transfer in the region between the cold leg nozzle and
the vent valves in those tests with vent valve flows. Figure 3-6
shows a number of spare instrumentation ports, including locations
near the vent valves, and additional locations below the nozzle to

facilitate instrument changes and additions if they are required
later. Removal of the thermal shield will not require adjustment and
relocation of instruments, but that can be done if indicated by test
needs.

3.3.2 Instrument Design

As discussed earlier, the principal data from the testing are the
tempe*ratures and velocities of the fluid in the cold leg and downcomer
models, and the rate of heat transfer between the walls of the
downcomer and the fluid in the annulus. Following are descriptions of
the instruments that are used to make these measurements and a
discussion of the instrument measurement uncertainty.

VELOCITY PROBE

Several different fluid velocity measuring systems were considered for
this testing project, including hot wire / film sensors, laser
velocimetry, propeller and turbine probes and head probes. Hot
wire / film velocity measurements are very difficult te achieve in the
face of significant flui( emperature fluctuations and watere

impurities. Laser velociwetry is not easily applied and is quite
expensive for multiple measurement locations in a high pressure test
facility. Prior experience with insertable turbine probes showed that
the bearings are a frequent cause of probe failure, particularly when
low velocities must be measured. The major causes for bearing failure
are accelerated wear due to contaminants in the fluid entering the
bearings and overspeeding due to uncontrolled process variables. Of
the candidate methods considered, only the head-type probe meets the
requirement for being rugged and reliable and having a high
probability of success in achieving the desired velocity measurements.

A head probe functions by measuring the total fluid pressure pT and
the fluid static pressure p in a flowing stream. The equation
relating these pressures fo,r an incompressible fluid ist

8pV
pT " Ps 2g (3'I)

C

40

.



--

.

_

_ 965.2 mm _
~

- (38 0in.) ~
984.4 mm 5003**

= 36.0 in ) ~ ll4.5In) 482A.tm m=
(

'' vil9.0in)
y LOWER

* | bAAEmmil3.55in.)
PLENUM4inY I I

. . ,- . .

5 HERMGCOUPLES (5)
'

' l ,? i ~ ' *u ~- ' ' r'
N/ ~

~)hNh
f" -k '

-----'

N
I

iz ,-I h+
% ,

.t INERNO ' 'l10N \{ h
". I |HOT WELL

482g** n

h|/- .

~D f' ~~ ~5
i*

* *W b ~

COUPLESi31 BTC' " ' \ LTC '
.- u

'

\ <

50l.7mm \ .w
-

A
' --- -- I /( (1915ia.)- N

J 573.5 mmy y ,, .
,j

~ ' s ~', i22.58 in.)%

w@a.0ftk
~

s'

14._ _ ~'''iibV 'cx _T _- .7 -W ~~'~~~- w ---m -

.
- - - - -

|

Figure 3 9* r PI * De mocouple Location ,

- - - - - - -

_ _ _ _ _ _ _



.. _ _ _ _ ___ _ _ __ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ .__ _- __ .__

'

V = fluid velocity at the probe
pP = total pressure and static pressure

T 8 = fluid density at the probe
K = the probe pressure coefficient

g* = dimensional proportionality constant,

j (g = 1 in SI units, g = 32.174 lbm-ft/lb -s2 inc g
; conventional English units)

In the common application the total to static pressure difference is
measured directly using a differential pressure sensor, e.g. manometer
or-transducer, and when that difference is divided by the fluid

; density the velocity " head" H is obtained.

P -P*
)

g--C~H = (- (3.2)
! P g'
i
i

i Then the velocity of the fluid stream can be written as

i

V=(M) (3.3)K
I
<

j. For conventional pitot-static probes, the pressure coefficient K is
close to unity, whereas for the Kiel-static probe (Figure 3-10) being<

i used in this program a pressure coefficient greater than unity has
been measured. The pressure coefficient " gain" results from using the

i backfacing tap for measuring the static pressure where it is expected
j that the-static pressure in the wake of the probe is less than the

stream pressure.

Figure 3-11 displays the correlation obtained from calibration of a
Kiel-static probe over the range of probe Reynolds numbers expected in

I the 1/2-scale test program. The pressure coefficient is seen to vary
{ from K-2.0 at low Reynolds number to about K-1.7 at high Reynolds
[ number. The uncertainty in the K-factor calibration is shown by the
j dashed lines on the graph. At low Reynolds number the uncertainty

~

j in K is about 30% (AK/Ka0.3), and at higher Reynolds number
1 (corresponding to a velocity greater than 0.1 m/s for water at 193*C)
j the uncertainty is decreased to about 10%.
?.

Because of its symmetrical design, the Kiel-static probe can be used
j to measure fluid velocity in a bi-directional flow field, i.e. it can

| measure " reverse" flow. The pressure transducers that are used to
j measure the differential head are also bi-directional in order to
'

measure velocity in both directions.

4

The shroud used on the Kiel-static probe reduces the sensitivity of
1 the probe to flow angle deviations. We have found through our test

work that the pressure coefficient remains essentially constant for
flow angle deviations up to about 40' off-axis.

t

|
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The uncertainty in measured velocity can be calculated using the
standard definition of uncertainty for a process in which the
measurement errors are random and independent.(18):

( ): ,( )+( )2 (3,4)

i

Performing the indicated differentiations and simplifying:

( )2 =( )2 + ( ) (3.5)

AV
where p = uncertainty in the velocity V calculated frem Eq. 3.3

AH
p = uncertainty in the measured velocity head H :

AK
p = uncertainty in the probe pressure coefficient K.

The probe pressure coefficient calibration uncertainty was described
earlier and is shown in Figure 3-11. The uncertainty in the measured
differential head AH/H"is comprised of several components:

1. pressure transducer accuracy, including linearity,
hysteresis and repeatability, E

2. transducercalibrationaccuracy$E
.!

*3. probe manometer effect, E
linemanometereffect,E[*4.

5. transducer static pressure effect, E
6. transducerambienttemperatureeffecISE,

a7. transducer reading error, E,

i
Transducer accuracy refers to the ability of the transducer to

', correctly reproduce (via its voltage output) the value of the applied
pressure, in this case considering errors due to non-linearity,

{ hysteresis (up-scale vs. down-tcale offsets) and repeatability. .For
! the transducers used to measure velocities in this facility, the

manufacturer quotes this error to be 0.25% of the calibrated span.
Based on experience with use of these transducers a more likely error,

j estimate is 0.15% of the calibrated span, amounting to 0.3 mm H O for
2a span of 200 mm H,,0. On the other hand, the calibration. error E is3 '

c[ proportional to the uncertainty in the applied pressure used to set
[ the full-scale transducer span. This error is estimated to be less,

than 1.2 mm H O (0.05 in. H,0) for a full scale span of 200 mm (8 in.;
2

| H O) or about 0.6% of the 15dicated differential pressure,2
i

i

45

l

I ,

'
, . . - - , . - . . - . . - _ - --, - - - - . , - - . - - - -, , . . . , . . - . - - - , _ - . - ._



. . - - _ - _ -

~

|c.
, . ,

\ 4_,
J w

t

,~.

e

. '. Probe and line mane' meter errors (E ,E ) result from differences in
thefluiddensiiy'~betweenthetwohEessdEelinesextendingfromthe\

probe head to the pressure transducer. .Even with the large differences
'

in water temperature (AT-25*C) in the lines within the velocity probe'

i body, the probe manometer error E will be less than 0.25% of the
The potentia 1 Eor manometer errors caused byPdifferential head.

density differences in the lines from the probe to the transducer E I,

lmis essentially eliminated by' locating the transducers very close to
* the same elevation as the probes''and by insulation on the lines to

maintain them at uniform temperature.-

Transducer static pressure effects can cause a shift in the output at
* zero' differential pressure and an error in the calibrated span. In

i practice the zero shift is compensated by the testing and data
~ reduction procedures while the span error is very small (estimated to ).

' be 0.04% of calibrated range at-the nominal test pressure of 1.3 MPa).
3

Changes in the ambient operating temperature of the transducers can,

also cause an error in their reading. This error might be as large ass

T 0.15% of the calibrated span for an ambient change of about 5*C
.

T (20*F). -
,

,w
' #The last error contributing to the uncertainty in the measured head is

the accuruty with which the data acquisition system can read the,

transducer voltage. Regular and frequent calibrations of the data-

'

system reduce this uncertainty to less than 0.1% of the full-scale
transducer output.

s

These error terms and magnitude estimates are summarized in Table 3-3.

The individual error contributions can be combined as the sum of
squares to calculate the total uncertainty in measured hesd:

(AH)2 =E 2+E 2 2+E +E 2+E 2 2 2i +E +E (3.6)p c pm im sp a r

Notice in Table 3-3 that the calibration and probe manometer effect
errors (E and EP ) are proportional to the measured head. Because
these two errors gre relatively small compared with the others, Eq.
(3.6) can be simplified to:..

(AH)2 =E 2+E 2+E 2 2+E (3,7)
j p sp a. r

- Substituting the error magnitudes in Table.3-3, the estimated
uncertainty in measured head AH/H is 0.48 mm H 0~(0.019 in. H 0).

2 2

Figure 3-12 shows the estimated uncertainty in the measured velocity
for a range of velocities of. interest in the experimental project.4

This plot combines the effects of probe calibration uncertainty AK/K
1 and head uncertainty AH/H as expressed by Eq. 3.5. At low velocities

-

the uncertainties can be quite large, primarily due to the error in_
i

the head measurement. The expected situation is much tore favorable
since tests at 1/5-scale indicate that actual velocities in the cold

j leg'are 3 to 10 times higher than the superficial velocity, J ThisCL.

i s
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Table 3*3 VELOCITY HEAD UNCERTAINTY CONTRIBUTIONS

ESTIMATED
COMPONENT UNCERTAINTY SOURCE OF ESTlMATE

E 0.3 mm H,0 0.15% of calibrated span
P (0.012 in. F 0) of 200 mm H 0, based on

2 2
application experience

c 0.6% of head Based on estimated error
of 1.2 mm H 0 at full
scaleof20bamHO

2

E 0.25% of head Based on 25'C temperaturePm -

difference between lines,
error proportional to
transducer volumetric
displacement

E, O Controlled by installationy
design

E 0.08 mm H 0 Manufacturer estimate forsp 2(0.003 in H,0) span error; zero offset
'

compensated in data
reduction

E 0.3 mm H,0 Manufacturer estimate of*
(0.012 in. H O) ambient temperature effect2

for 5*C change

E 10.2 mm H O Based on application2(0.008 in. H,0) experience with data
t'

recording system -

_

|

t
-
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effect is illustrated by the upper scale in Figure 3-12 which shows I

the measured velocity V normalized by the HPI flow superficial.
velocity for a situation with zero loop flow and cold leg Froude
number F = 0.05. For V/j e uncertain y s less than.aboutCL CL30%.

TEMPERATURE PROBE

The test facility design includes 261 temperature probes in'the cold
legs, downcomer and lower plenum to measure fluid and metal surface
temperatures. Ten of the temperature measurements in the cold leg
will be made with probes having a " fast" response.

All temperature measurements in the. facility are made using grounded
junction, ANSI Type E (Chromel-Constantan) thermocouples. There are a
number of different configurations of thermocouple probes, some are
integral with the velocity probes, (see Figure 3-10), others are
installed on multi-probe rakes in the cold legs and downcomer or as
single probes inserted through the cold leg and downcomer walls to
measure fluid temperatures, and the metal wall thermocouples are
fabricated as part of the heat flux probes. -

A typical grounded junction probe tip design is shown schematically in
Figure 3-13. It is constructed from a 3.18 mm (1/8 inch) diameter
stainless steel sheath with 0.51 mm (0.02 inch) diameter thermocouple
wire protected with ceramic (usually Mgo) insulation. The thermo-,

couple wires extend to the end of the sheath and are welded or
silver-soldered together,-sealing the tip of the sheath and forming
the thermoelectric junction. This probe has a thermal time constant
(1/e response to rapid temperature change) of less than about 0.5
seconds.

Thermocouples installed on multi-probe rakes are similarly
constructed, except that they are fabricated from 1.59 mm (1/16 inch)
diameter sheath material with 0.25 mm (0.01 inch) thermocouple leads.
.The smaller sheath is more flexible and facilitates assembly of the,

rakes, and is adequately rugged to withstand the anticipated fluid
-forces.

.

The fast response thermocouple design is also shown in Figure 3-13.
'

It is fabricated from very small thermocouple wire (0.08 mm diameter)
which is formed into a twisted junction and then-silver-soldered,
closing off the end of the support stem. These thermocouples have a

_

measured rise time of 33 ms to a step change in temperature.

All thermocouples in the test facility'are fabricated from wire having
special limits-of-error calibration equivalent to'a maximum
temperature error of 1*C for the Type E material. Other contributing

-factors in evaluating the overall temperature measurement accuracy
include:

1. stem conduction effects
2. reference temperature' uniformity
3. reference temperature accuracy
4. amplifier gain 'tability and accuracys

:
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Stem conduction errors arise from heat conduction between the thermo-
couple measuring junction and a warmer or colder boundary through
which the probe is inserted. This error can be approximated by using
standard " fin-tube" heat transfer correlations, and these same
correlations can be.used to design an installation configuration which
minimizes the conduction error. The maximum stem conduction error'

occurs with the 1.6 mm diameter probe used to measure the near-vall
fluid temperature'in the downcomer. That error is approximately 0.3*C,

for a wall to fluid temperature difference of 15'C.,

The stability and accuracy of the reference temperature is described
with the aid of Figure 3-14. Th'e lead wires from all thermocouples,

are terminated in an isothermal " zone block" from which copper leads
are used to connect the signal to the input of the instrumentation
amplifiers. The zone blocks consist of thick (25 mm) plates of

i aluminum to which are mounted screw terminals for making the thermo-
'

couple connections. The zone blocks are insulated from the ambient to

minimize the rate of drift with changes in the ambient, thereby
ensuring overall temperature uniformity. The manufacturer's estimate
for zone block non-uniformity is less than 0.1*C for a 10*C step
change in the ambient.

The temperatures of the zone blocks (there are a total of 5 zone
blocks in the facility) are measured with ANSI Type T
(copper-constantant) thermocouples with reference junctions immersedr

; in an ice-water bath at 0*C, The estimated error of this reference
temperature system is about 1.0*C.

Inaccuracies due to amplifier gain stability are expected to be quite;

small because of the scheme used to record amplifier gain each time a
temperature measurement is made. Using a worst-case assumption of
stability, the maximum error (including errors in the analog to
digital converter) is expected to be less than 0.6*C.

Combining all of these known error sources as the sum-of-squares..

the total uncertainty in measured temperatures is expected to be less,

than about 1.6*C.

HEAT FLUX PROBES

The wall-to-fluid heat transfer in the downcomer is the most'

challenging measurement in the test program. Although the fluid
temperature field has dominant importance to the analysis of thermal
mixing, an adequate knowledge of heat transfer rates is also desirable

i to the: assessment of pressurized thermal shock. Unlike the velocity
field, which is supportive data, the measured heat transfer ,

coefficients are useful directly to develop and support heat. transfer
models.

~The instantaneous wall-to-fluid heat transfer coefficient h can be
| determined by:

.

| 4"
| h -(T -T ) (3.8)
I w f
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where q" = wall heat flux
T = wall surface temperature
T" = fluid temperature

Various means will be employed in the testing to measure each of these
parameters and to determine h. These approaches are outlined here and
will be specified more fully in Section 5 on Data Reduction
Procedures.

The instantaneous wall temperature T will be determined directly from
the thermocouple measurements.

The fluid temperature T can be determined from either the " center-
fof-gap" or near-wall thermocouple probes adjacent to the heat flux

probe. We expect to show that the temperatures are well mixed locally
so that data from either probe may be used with equal results. This
approach will confirm that hypothesis generally and provide local
redundancy.

The heat flux q" will be determined by two main means:

1. the instantaneous reading of the wall surface temperature
probe will be inverted using the principles of one-dimensional
conduction

2. heat flux probes (Figure 3-15) will measure differential
temperatures very near the wall surface.

In addition to comparison of these independent and redundant approaches,
the heat flux can be integrated over time and compared with the energy
change of the wall.

The approach outlined above includes ample redundancy and some methods
of assured performance. Following an evaluation of shakedown data,
the method based on the inversion of the wall surface temperature
measurement was selected. This procedure is described more completely
in Section 5. In a typical test the estimated uncertainty in heat
transfer coefficient ranges from 20% early in the cooldown period to
about 30% later in the test. A detailed ex' amination of heat transfer
coefficient uncertainty is found in Appendix A.

3.4 DATA ACQUISITION SYSTEM

1All test measurements are recorded using the computerized data
acquisition system (DAS) shown schematically in Figure 3-16. The DAS
is structured around the use of a Digital Equipment Corporation PDP
11/70 minicomputer with a LPAll microcomputer, analog-to-digital (A/D)
converter and multiplexer for acquiring analog data. That computer
facility is configured to acquire data from 64 analog channels from
the laboratory area where the thermal mixing tests are conducted.

|

I |
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Because of the increased number of measurements being recorded in this
experimental project (approximately 350) a new multiplexer front-end
to the A/D converter was built. Figure 3-17 is a schematic of the
multiplexer concept including the control method and the input to the
A/D converter of the computer. Outputs from the measurement
transducers are connected to 16 channel, differential input multi-
plexers, each having a fixed gain instrumentation amplifier on its
output. There are 28 multiplexer blocks in the system set up to
handle the different types of instruments with various signal levels
and conditioning requirements. The output from each block is
connected through a switching system to the input of the A/D converter
in the LFA.

External clocks controlled from a single oscillator are used to
control the rate and sequence of switching among the instrunent
multiplexers and the inputs to the A/D converter, and also to enable

~

the microcomputer to sample the input signal at the appropriate time.
The rate of input channel switching is 448 Hz, providing one reading
per second from each input channel (28 blocks x 16 channels / block =
448). Readings of one time per second are sufficient because basic
instrument responses are not much greater than.that, except for the
few fast response thermocouples. Those data can be processed at
higher rates by independent means, if required.

The first two inputs of each multiplexer block are used to provide
calibration voltages for measuring the offset voltage and voltage gain
factors of each amplifier. These inputs are sampled in sequence with
the transducer outputa so that amplifier offsets and gains are -

available for each cycle through the 28 blocks. The use of two
channels for calibration voltages reduces the useful capacity of each
multiplexer to 14 signal inputs or a total of 28 x 14 = 392 signals.
This is more than adequate for the present facility instrument design
and provides room for future growth in the number of instruments if
that is found to be desirable or necessary.

.

The data acquisition computer is used to acquire, store and reduce the
test data and to prepare graphical and tabular data displays for quick
look reports. In addition, during the pre-test period of~ setting test
conditions and during the actual test sequence, some critical test
parameters.such as loop and HPI flow rates and temperatures, lower
plenum exit temperature and others are monitored and displayed to the
test operators to assist the setup and to alert the operators to
out-of-tolerance conditions.

3.5 INSTRUMENT CALIBRATIONS

Measuring instruments are calibrated either prior to installation in
the test facility or while in-place during the pre-test heatup period.
The basic procedures for calibrating specific instrument types and
calibration uncertainties are reviewed here.

i
l

l
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3.5.1 Pressure Transducers

Pressure transducers are ca'librated over their full range of expected
operation, using water,and mercury manometers and precision pressure
gauges maintained by Creare's instrumentation laboratory. The output
voltage from the transducers is measured with a precision digital
voltmeter (DVM) which is also maintained by Creare's instrumentation
laboratory. The voltages and applied pressures are fitted to a
first-order polynomial using a least-squares regression method. The

_

resulting coefficients are used directly in data reduction programs to
convert measured transducer outputs to pressures or differential
pressures.

3.5.2 Velocity Probes

Calibration of the velocity probes involved determining the pressure
coefficient K over the range of Reynolds number expected to be
encountered in the experimental project. This was accomplished by
measuring the differential pressure between the forward-facing and
reward-facing ports on a velocity probe with the probe inserted in a
flow tunnel at a known total flowrate. By measuring the fluid
properties (pressure and temperature) to determine Bensity and with a
known flow area the velocity at the probe was calculated.

Calibrations were performed using both air and water in order to
. provide viscosity variations which covered the full range of Reynolds
number (Vd/v). Also, several probes were calibrated and some of the
probes were reversed in the flow tunnel to check for sensitivity of
flow direction on the computed K-factor. Flowrates were measured using
orifice meters and rotameters having a maximum uncertainty of 5% of
the indicated flow. Differential pressures were recorded from water
manometers and pressure transducers. The uncertainty in measured head
ranged from 12% at the lowest calibration velocity to less than 1% at
the highest velocities used. The calibration data were used to
calculate a pressure coefficient as defined by Eq. 3.1, producing the
calibration curve shown in Figure 3-11.

3.5.3 Heat Flux Probes

Wall heat flux probes (Figure 3-15) were calibrated in a special
facility constructed for this project. In that facility the probes
were subjected to a steady heat flux (two levels were used, approxi-

2 2mately 25 kW/m and 50 kW/m ) from an electrical heater mounted on the
exterior face of the probe body. The face of the probe was in contact
with a copper rod that was immersed in a circulating water bath that
served as a heat sink. To ensure one-dimensional heat flow and to
minimize heat losses, the heater, flux probe and water bath were
thoroughly insulated.

After thermal equilibrium was achieved, the electrical power input to
the heater, flux probe output voltage, fits probe surface temperature,
heat sink water flow rate and inlet and outlet water temperatures were
recorded. These data were then used to compute a heat flux probe

! sensitivity factor defined as the ratio of measured thermoelectric
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voltage from the differential thermocouples in the flux probe to the
measured input heat flux. The sensitivity factors at the two calibra-
tion fluxes compared within about 1% for any given flux probe, demon-
strating the linear bebavior of the probe design. Also, the data were
used to compare the energy increase in the heat sink water to the

input power of the electric heater. This energy balance always
compared within 5% of the power input providing a good check on the
insulation effectiveness and the overall quality of the procedure.

Based on an evaluation of the calibration facility and procedures, the
uncertainty in calculating the ilux probe sensitivity factor is less
than 10%. However, during shakedown testing it was determined that
the probe output was as much as 50% higher than that corresponding to
the heat flux determined from an overall energy balance on the
downcomer walls. It is believed that this discrepancy is due to the
transient response of the probes. While the probe calibration was
conducted under steady-state conditions, the actual measurement
conditions have rapid heat flux and temperature transients resulting
from the plume meandering in the downcomer gap. Because the transient
fluctuations vary from location to location in the 'downcomer, it is
not possible to obtain a meaningful transient calibration of the
probes. Hence it was decided to reduce the data using the more
laborious, but still accurate, method of inverting the wall surface
temperature measurement. As described in Section 5, the estimated
uncertainty in the heat flux measurement is in the range from 10%
early in the test to 25% after three characteristic mixing times.

3.5.4 Thermocouple Probes

Because of the large number of temperature probes used in the test
facility and due to the bulky configuration of some of the multiprobe
rakes, individual thermocouples were not calibrated for this project.
Instead, the thermocouple output voltage is assumed to match that in
the standard thermocouple tables, within the uncertainty (1*C) of the
special grade wire used in the fabrication of the thermocouple. The *

validity of this assumption is substantiated by the observed
uniformity of the measured temperatures in the fluid and in the wall
surface during the pre-test period prior to injection of HPI.

3.6 INSTRUMENT BLOCKAGE

The test facility design includes large numbers of fluid temperature
, and velocity measurements in the cold leg and downcomer, and

concentration of these measurements at specific locations to provide
detailed temperature and velocity profiles to aid in the modeling of
fluid mixing during HPI injection. Individual instruments have been
designed to be as small as reasonably practical, but the presence of
probes and rakes (groups of probes arrayed on a single support) in the
fluid passages will cause some perturbations in local velocity
producing mixing which might not otherwise occur.

The extent to which spurious mixing does occur is expected-to be small
because the blocked flow areas are small. For example, the maximum
blocked area in the cold leg is only about 8% of the total area in the,
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horizontal cold leg configurations (Figures 3-2 and 3-3) and about 9%.,

;

in the inclined cold-leg design (Figure 3-4).. The maximim blockage
.| - occurs at the C5 location near the exit of the cold-leg. At other

cold leg measurement locations the blockage is only 5%. .In the
downcomer, the maximum area blocked by probes at any horizontal
measurement plane is only 1% of the flow area between the thermal
shield and downcomer walls.
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4. TEST PLAN AND PROCEDURES

This section describes an overall plan for the thermal mixing tests,
including selection of the test conditions and a possible full matrix
of tests. The procedures for conducting steady-state and transient
tests are also outlined.

The actual number and conditions of tests to be performed will depend
on such factors as strategic and technical needs for these data, and
the results of the initial tests. To provide a larger context for
evaluation of initial results we have outlined a possible multigeome-
try project of 75 tests based on information presently available. The
reader should expect many changes to this matrix as comments on this
test plan continue to be provided and as' data are obtained.

The testing is carried out in accordance with Creare Quality Assurance
procedures that meet the requirements of ANSI N45.2. Details of the
procedures specific to this project and documentation for the as-built
facility and instrumentation are incorporated in the project Design
Record File (DRF).

,

.

4.1 TEST CONDITIONS

Mixing of HPI in the cold leg and downcomer is buoyancy driven and the'
results of the scaling analysis (1_5_) suggest that preserving HPI,5
Froude number will be necessary in the test program. The Froude-
number for the HPI flow is defined as:

/ !# l (4*I)H [gDCL(# ~#L H
F -j

H

where

J HCL,H (4.2)=

A
CL

pH "" # = densities of the HPI and loop flow at their inletL-
conditions,-respectively.

D = diameter of the model cold leg.
= volume flow rate of safety injection water.
= area of the cold leg.

' g = gravity constant.
J = superficial velocity of HPI in the cold leg.CL,H

For the purposes or sizing the support. facility and for selecting test
conditions, the approximate ranges of hydraulic parameters and HPI

: characteristics of interest to the pressurized thermal shock situation
are shown in Tables 4-la and 4-lb. For comparison, the range of test

. conditions for the 1/2-scale program and-those used in the 1/5-scale
tests (2_ - 8) are also given in Tables 4-la and 4-lb.. Typical water
property data are shown in Tables 4-2a and 4-2b over the temperature

! range of interest to the prototype and testing situations.

A Froude number of 0.05 was selected as the baseline for designing a!

[ test matrix at 1/2-scale. That Froude number represents the center of
| the range of F used in the 1/5-scale test'ing and is the Froude
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Table 4-la PROTOTYPE THERMAL AND HYDRAULIC PARAMETERS
COMPARISON WITH 1/2-SCALE AND 1/5-SCALE TEST CONDITIONS

| (SI Units)

-Range or Value
)
' Parameter Prototype 1/2-Scale 1/5-Scale
7

Loop pressura (MPa) 2.07 <p <6.89 0.10 <p <l . 38 0.1
'.

'

Loop temperature (*C) 205 <r <290 90 <T <l95 65
'

HPI temperature (*C) 5-27 27 16-

4

Maximum HPI Flow Rate
8 -2 -3 4(m /s) (at Fg = 0.05. 2.83x10 3.40x10 3.68x10

;. and maximum density ratio
selected for tests)s

1

Cold leg diameter (usa) 711.2 363.5 142.9
4

Main HPI line diameters 38.1 18.8 -,

j. (mm) (vendor specific) 222.3 114.3 44.5
254.0 120.7 50.8

Other HPI line diameters 42.9 20.8
| (mm)(vendor specific) 34.0 17.8 6.9
i

'

~ Density ratios (Ap/p) 0.215 0.034, 0.124 0.018, 0.16*
selected for tests

! Cold leg Froude number 0.05 0.05 0.05

i Loop to HPI flow ratio 0 and range 0 and range 0 and range'

(Q /Q ) t 200 to 5 to 50H

| Vent to HPI flow ratio 0 and range 0 and range 0 and range I

] (Qyy/Q ) t 10 to 5 - to 20H

* Density ratio 40/o = 0.16 achieved using salt in HPI flow
1-

I '

*

.

f

!,

0
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4

i 62-
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Table 4-lb PROTOTYPE THERFAL AND HYDRAULIC PARAMETERS
COMPARISON k'ITH 1/2-SCALE AND 1/5-SCALE TEST CONDITIONS

(English Units)

Range or Value

Parameter Prototype 1/2-Scale 1/5-Scale

Loop pressure (psia) 300 <p <1000 15 <p <200 14.7

Loop temperature (*F) 400 <T <550 200 <T <380 150

HPI temperature (*F) 40-80 80 60

Maximum HPI Flow Rate 1 0.12 0.013
(ft8/s) (at F - 0.05

CLand maximum density ratio
selected for tests)

cold leg diameter (in.) 28 14.31 5.625

Main EPI line diameters 1.5 0.74 -

(in.) (vendor specific) 8.75 4.5 1.75
10.0 4.75 2.0

Other HPI line diameters 1.69 0.82
0.27(in.) (vendor specific) 1.34 0.7

Density ratios (ap/p) 0.215 0.034, 0.124 0.018, 0.16*
selected for tests

Cold leg Froude number 0.05 0.05 0.05

Loop to EPI flow ratio 0 and range 0 and range 0 and range
(Q /Q t 00 to 5 to 50g H

Vent to HPI flow ratio 0 and range 0 and range 0 and range
(Qyy/Q ) t 10 to 5 to 20H

* Density ratio ap/p = 0.16 achieved using salt in HPI flow
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Table 4-2a PROPERTIES OF WATER AT PROTOTYPE AND MODEL CONDITIONS
, (SI units)

,

Parameter Symbol Temperatures (*C)

4.5 26.7 93.3 193 260

Saturation Pressure p 0.83 3.45 82.7 1351 4695
(kPa) .

I Density (kg/m ) p 1000 996 963
'

873 785
|

Absolute Viscosity y 5.57 3.10 1.10 0.52 0.391

(kg/m hr)

g80 fy fij,3.C) 1.46x108 3.56x109 7.06x1010 4.81x10ll 9.73x10ll
2

-

'! Thermal Conductivity k 0.562 0.611 0.682 0.666 0.604
(W/m*C)

Heat Capacity c 4187 4178 4187 4471 4982
(J/kg*C) P

Prandt1 Number Pr 11.6 5.89 1.88 0.964 0.87

0 -## IO# # - - - - 0.2154.5'c 4.5*C 4.5'c

P - P/0
{ 26.7'C 26.7'C (AP/P)26.7'C 0.034 0.124 -- -

:

,
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Table 4-2b PROPERTIES OF WATER AT PROTOTYPE AND MODEL CONDITIONS
(English units)

Parameter Symbol Temperatures (*F)

40 80- 200 380 500

Saturation Pressure p 0.12 0.5 12 196 681
(psia)

Density (1bm/ft') p 62.4 62.2 60.1 54.5 49,

Absolute Viscosity u 3.74 2.08 0.74 0.35 0.26
(1bm/f t br)

gSp:/p (1/ft *F)3 2.3x106 56x106 1.11x109 7.56x109 15.3x109-

Thermal Conductivity k 0.325 0.353 0.394 0.385 0.349
(Btu /hrft*F)

Heat Capacity c 1.00 0.998 1.00 1.068 1.19
(Btu /lbm*F) E

Prandt1 Number Pr 11.6 5.89 1.88 0.964 0.87

40*F 40*F AD 0)40*F
- - - -P ~8 0 0.215

80*F 00 00 80*F-D # 0.124- -

80*F -.

.
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number.where the. majority of those tests were conducted. Thus, there ;

|' should be similar data at 1/2-scale for purposes of scaling
j comparisons.

Other F values (higher and. lower) are included in the test matrix
CLbased on specific-vendor recommendations and for providing additional.,

i data for model development as well as to extend the range of HPI flows
j. to match injector Reynolds number for some test conditions.
i

|~ Although.the range of prototypical loop flow ratio Q /Q in Table 4-1
H

,
is large, experience'from previous studies (3 and 4) shows that little '

1 of this range is significant. At high loop flow ratio, nearly ideal:
.'

I mixing occurs and mixed-sean temperatures are near that of the primary
I fluid.. Thus, the matrix emphasizes tests at Q /Q = 0 (stagnant loop)

and in the range 0.5<Q /Q <5,wherethecoldestYluidtemperaturesg H
are achieved.

>

The maximum density ratio (Ap/p) for the test facility is about 0.124
based'on a loop temperature of about 193*C (380'F) and HPI temperature

] of 26.7*C (80*F). That is about' 60% of the density ratio (0.215) at a
j' loop temperature of 260*C .(500*F) and with 4.5'C (40*F) HPI water.
3 Other (lower) density ratios can also be accommodated in the test !
i -facility. One other that has been selected is Ap/p = 0.034 which is

achieved at a loop. temperature of about 93*C (200*F) and HPI tempera-;

1 -ture of 26.7'Cf(80*F).
.

.! ,

! The preliminary test matrix has been designed to provide simulation of
i . loop flow ratio Q /Q ' ""'III '" 1 Ap/p and cold leg Froude numberg H

F in the ranges of conditions discussed above. . Figure 4-1CL -

; summarizes the capability of'the test facility-in terms of those
i dimensionless parameters and shows a comparison with.the conditions in

|! .the primary simulation range. As seen, the facility can supply '

j significantly higher loop and HPI flows if evaluation of early test
i ~ data indicates that is required.
)

j 4.2 TEST MATRIX
r
i

{ The principal features of the 1/2-scale thermal mixing test outline
are:

.

j. 1. shakedown tests.(Series A) to check out' test and data' .
; reduction procedures and-for directing emphasis in i
F ' subsequent matrix tests

,

t

[ 2. 75 matrix' tests
66 tests with steady inlet boundary conditionse

4

(Series Bfand C)
9 tests-with transient inlet boundary conditions.e;

3. * one downcomer geometry

4. three cold leg / loop' seal geometries'i

,

S' multiple HPI injectors for some cold legs.

" 6. . vent flow when required by simulation
'
; 66-
|

|

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



.

HPI FROUDE NUMBER F

( AT Ap/p 0.034 )
0 0.05 0.1 0.15 0.2 0.25

10
' ' ' '

TEST
FACILITY

/ RANGE
O /Qu 5t -

.

PRIMARY

SIMULATION
RANGE

0
0 0.05 0.1

HPI FROUDE NUMBER F
( AT ap/p 0.124)

,

Figure 4-1. Test Facility Flow Capability
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7. thermal shield when required by-simulation
4

8. lower plenum flow skirt when required by simulation

Steady-state tests are defined as having steady input flow rates
(including tests with zero loop flow) and temperatures starting from a,

tuniform fluid and wall temperature, and proceeding until the exit '

water flow has reached an equilibrium temperature. Transient tests
can be run by changing either the loop flow rate or temperature, again

; starting from a uniform loop and vessel temperature and proceeding *
'

along a prescribed transient. A sample steady-state test matrix is
' shown in Tables 4-3 and 4-4 for the horizontal and. inclined cold legs,

respectively. For the Series C tests (horizontal cold leg), the
parameters in the matrix are the Froude number, density ratio, loop to
HPI flow ratio, and injector type and location. There are fewer tests

! in the Series B matrix (inclined cold leg) with the inclusion of the
vent flow rate as a test variable.

,

Additional test parameters, relating to the facility geomet y, are the
cold leg / loop seal / pump configuration, thermal shield.vs. no thermal
shield, and lower plenum flow skirt. For one vendor, several tests
are plann'ed with the pump / loop seal isolated from the cold leg (Q =

; 0). Table 4-5 organizes the steady state test matrix by these
i geometry parameters. .The injector descriptors (B, C D, E, F) are

[

,

'

referenced on the drawings of the cold leg assemblies'in Figures 2-3,. ~

; 2-4 and 2-5.
:

The majority of.the steady-state tests will be performed at the
' ~

maximum density ratio possible in the test facility, 40/0 = 0.124.
| ' Tests will also be performed at a lower density ratio, approximately
* 0.034, so that thermal scaling can be established.
I A total of 9 transient boundary conditions tests are included in this

test outline, 3 for each vendor reactor type. The transient test,

i conditions can be selected to represent cases of greatest concern
i relative to PTS for each vendor. The capability of the test facility

in performing, transient tests is described below.

I The loop flow rate and temperature can be controlled to provide
approximate exponential or linear ramp transients, and not to match
calculated transients. We will accurately measure the actual

4 transient conditions and will avoid erratic fluctuations in the ,

conditions.
!

For tests with loop flow rate as the transient. parameter, the durations

'

of the tests is set by the initial flow rate, the time constant of the
exponential decrease in flow rate and the volume of stored loop flow3

. fluid (19 m , 5000 gallons). Even with high initial loop flow
! (F = 0.05, ap/p = 0.124 and Q /Q = 5) the transient test capabilityCL t His greater than 1000 seconds. By comparison, for the same initial,

conditions, a steady-state flow test is expected to reach equilibrium'

temperature in the fluid in less than 500 seconds. In the cases where
the initial loop flow is low, the test duration capability will be set

, by the supply of HPl. Assuming the HPI flow at F = 0.05 is held
|

CL

r
9
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Table 4-3 SERIES C TESTS WITH HORIZONTAL COLD LEG

DENSITY FROUDE
INJECTOR RATIO NUMBER LOOP TO HPI FLOW RATIO NO. OF

TYPE * (Ap/p) (F ) Q /Q
H0 0.5 1 2 5 15

D 0.124 0.0125 X X 2- - - -

0.025 X X X - X 4-

0.0375 X - - - - - 1
0.05 X X X X X 5-

0.075 X - - - - - 1

0.034 0.0125 X X 2- - - -

0.025 X X - - - 2-

0.0375 - - - - - - 0
0.05 X X X X 4- -

0.075 0- - - - - -

D 0.124 0.0125 X 1- - - - -

(Isolated 0.025 X - - - - - 1
Loop) 0.05 X 1- - - - -

D 0.124 0.05 X X - X 3- -

(Without Thermal
Shield)

F 0.124 0.0125 X 1- - - - -

0.025 X 1- - - - -

0.05 X X X 3- - -

C 0.0124 0.025 X X 2- - - -

0.0375' X X X 3- - -

0.05 'X X X X 4- -

0.034 0.025 0- - - - - -

0.0375 - - - - - - 0
0.05 X X X 3- - -

E 0.124 0.025 X 1- - - - -

0.0375 X X X 3- - -

0.05 X 1- - - - -

TOTAL NUMBER OF TESTS WITH HORIZONTAL COLD LEGS 49

* Injector Type refers to letter designations used on cold leg drawings.
Figures 2*3 and 2-4.

;

l
.
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Table 4-4 SERIES B TESTS WITH INCLINED COLD LEG

DENSITY FROUDE LOOP
INJECTOR RATIO NUMBER FLOW VENT TO HPI FLOW RATIO NO. OF

TYPE (Ap/p) (F ECL L V !.5 5 7.5 150 0.5 1 2

A 0.124 0.025 0 - - - X - - - - 1
0.05 X X X X - X - - 5

0.034 0.025 - - - X - - - - 1
0.05 X - - X - - - - 2

0.124 0.025 2Q - - - - - - - - 0H0.05 X X - - - - - - 2

0.034 0.025 - - - - - - - - 0
0.05 - - - - - - - - 0

0.124 0.025 Q X - - - - - 1- -
y

0.05 X X X - - - 3- -

0.034 0.025 - - - - - - - - 0
0.05 X X - 2- - - - -

TOTAL NUMBER OF TESTS WITH INCLINED COLD LEG 17

.

! 70
|



-. _ - -. -

Table 4-5 THERMAL MIXING STEADY-STATE TESTS GFMtETRY VARIATIONS

GEONETRY PARMIETERS NUMBER OF TEST AT FLOW CONDITIONS

DENSITY RATIO Ap/p=0.124 DENSITY RATIO Ap/p=0.034

LOWER SUBTOTAL

BER (FTEST CO I INJECTOR THERMAL ISOLATED CL CL 0 FIC-
SERIES URATION TYPE SHIELD SKIRT LOOP 0.0125 0.025 0.0375 0.05 0.075 0.0125 0.025 0.0375 0.05 0.075 URATION

4

C Horizontal D Yes No No 2 4 1 5 1 2 2 0 ~ 4 0 21
P2

Horizontal D Yes No Yes 1 1 0 1 0 0 0 0 0 0 3
F2

d Horizontal D No No No 0 0 0 3 0 0 0 0 0 0 3
f2

Horizontal F Yes No No 1 1 0 3 0 0 0 0 0 0 5
f2

Norizontal C Yes Yes No 0 2 3 4 0 0 0 0 0 0 12
#1

.

Horizontal E Yes Yes No 0 1 3 1 0 0 0 0 0 0 5
#1

B Inclined 8 No No No 0 2 0 10 0 0 1 0 4 0 17

TOTAL NUMBER OF STEADY STATE TESTS 66

.
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constant, the test duration could be in excess of 6 hours

3 (Theseestimates of test duration are based on the use of a 19 m 5,000
gallon) tank for loop flow storage and 76 m3 (20,000 gallon)
capability for HPI, and assuming use of the water on a "once-through"
basis.

4.3 TEST ORDER

In the absence of any other program priorities the sequence of tests
in the 1/2-scale thermal mixing program will be dictated by the logic
of minimizing the number of times the hardware needs to be changed to ,

accommodate the several test configurations. Table 4-5 shows the
variations of geometry and lists the tests in their probable sequence
if the present full test matrix were followed. The priority of tests
within any test geometry set will probably be based on minimizing.
flow meter range chan.ges, or other operational. considerations.

.'
Although the tests will be carried out in a systematic way to minimize
hardware modificaticus, any of the major geometries can be assembled.

* ~

at any time if required for data verification or if test priorities
change.

4.4 TEST PROCEDURES

'

This section outlines and discusses procedures for conducting tests
in the thermal mixing facility. More detailed procedures with
step-by-step instructions for the operators are documented in the

. project DRF. These procedures were developed from experience gained
*

during shakedown in 1983 and were used for the initial tests reported
in Reference 19. Specific procedures are necessary to ensure that -

; the desired. test conditions are efficiently established and maintained
j throughout the test duration, and to ensure system integrity and

operator safety.

The first step involves filling the test facility and loop supply tank
3from the large (76m ) supply tanks using the HPI pump. During this

process, vents located at high points in the supply piping and in the
test model are opened to discharge air in order to completely fill the
facility with water.

1

After filling is completed and adequate water is transferred to the
loop supply tank, the heating process is initiated. Water is
circulated through the test facility using the loop flow pump and back
to the loop supply tank. At the same time, steam at controlled.

'

pressure is introduced to the heating spargers located in the supply
tank, raising the water temperature there and subsequently through-
out the rest of the facility. During the early part of the heatup
the loop tank is open to ambient in order to discharge non-condensible
gases which evolve from the water as it is heated. Later, this vent
is closed so that heating above 100*C can proceed. Other high point
vents are briefly cycled open during heatup to remove any additional
air which might not have been purged at filling. The hotwell
surrounding the lower plenum is heated by circulating water from the
lower plenum, through the external pressure balance lines to the
hotwell, and then back out to the discharge pipe.

72.
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Heatup continues until the desired system temperature is reached, and
fluid and vessel wall thermocouple readings are uniform and steady.
The heatup process can take up to about 4 hours to achieve thermal
equilibrium - less time is required if the loop supply tank is already
filled with hot water, for instance following a test in which little
or no loop flow was used.

The desired system pressure is adjusted at the end of heatup to be
slightly above the saturation pressure corresponding to the loap
temperature. Usually this pressure difference amounts to an

equivalent 2*C to 4*C subcooling of the water relative to the system
pressure. In this way the possibility of flashing and two-phase
operation are avoided. A pressure control valve on the facility
discharge line automatically maintains system pressure at the desired
value during the heatup and transient cooldewn periods.

The warming period prior to introduction of HPI is used to check the
operation of instruments in the cold leg and downcomer and to monitor
numerous thermocouples_throughout the facility to verify that thermal
equilibrium has been achieved at the desired test temperature.
Differential pressure transducers on flow meters and velocity probes
are checked for zero offset which is recorded for use in the data
reduction. Adjacent pairs of vessel wall and fluid thermocouples are
examined as a further check on thermal equilibrium. Exterior wall
thermocouples also provide data for assessing overall temperature
uniformity and stability. Othe'r instrumentation and data system
checks are performed at this time, including verification and
adjustment if necessary, of the clock frequency in the DAS multiplexer
and the instrumentation amplifier calibration voltages.

After all pre-test checks are completed, the loop and HPI flows are
adjusted to meet the specified Froude number F and loop-to-HPI flow
ratio Q /Q for the test to be performed. Botkflowshaveparallelg

sets of orifice meters to cover the possible range of flow rates in
the test outline discussed earlier. L e operator selects the
appropriate meter to be used to maximize measurement accuracy (higher
differential pressure) and isolates the unused meters by closing their
control valves. The HPI flow is adjusted in a bypass loop that is
isolated from the model cold leg with quick-acting ball valves. A
test is initiated by opening the ,HPI injection valve while
simultaneously closing the isolation valve. For a stagnant loop test
(Q /Q = 0) the loop flow rate is reduced to zero before HP1 injectionH
is started. A position switch on the HPI valve sends a signal to the

[ data acquisition system marking the beginning of injection.

During the cooldown transient the test operator monitors the injection
and loop flow rates on the DAS computer display and makes adjustments
as needed to maintain the flow rates within an acceptable tolerance,

band around the nominal.

.

73



1
Y
:- #

A test proceeds until temperatures have reached a steady condition and
are uniform throughout the cold leg and downcomer. Experience from

. 1/5-scale testing and evaluation of shakedown data at 1/2-scale are
~

instructive in this regard.- It has been observed that the temperature
of the water in the standpipe exiting the lower plenum provides an
adequate reference measurement for assessing the approach to thermal
equilibrium in the fluid. The standpipe temperature displays an
essentially exponential transient for steady inlet flows and
temperat' res:u

.

' T -T
i- f m

-t/t=e; f e (4.3)T -T,
, where T = standpipe water temperature

f'T = mixed-sean temperature which would be achieved by' " perfect, adiabatic mixing of the inlet loop and'HPI flows

.T = loop flow temperature
t = time since start of'HPI
t = experimentally determined time constantg

For tests of duration ta3t the fluid temperature profiles in the cold
fleg and downcomer are well established and near to final equilibrium

condition. -Based on evaluation of data at.1/5-scale the time constant
T can be approximated byg

T

f:S- (4.4)T

T

where r '= sum of system component volumes
Q = sum of loop (and vent) plus HPI volume flow ratesT

Thus, the operators can estimate the minimum expected test duration
using:a 3t criterion and Eq. 4.4 for purposes of setting up the data-

f
sy' stem and for judging whether stored water volumes will be adequate
for a test. Operator awareness of a minimum expected test duration
assists-in scheduling tests to make-most efficient use of the facility
and.~ resources. Actual test duration is under control of the operator,
and a decision to extend beyond 3t can be made if indicated by the

f
test measurements.

Following completion of a mixing test, the HPI flow is secured and the,

; system is either shutdown or re-filled and reheated in preparation for
a new test.

4.5 DATA ACQUISITION
:

The DAS is,used.to acquire and store data from the test facility
during two periods. .The first period is just= prior to the introduc-

~

tion of the HPI flow, when the' loop hasLreached its equilibrium state.
L LThis data is used to define test initial conditions'and to check for
3 malfunction in instrument readings. This period will have.a duration'

.

-

,
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of at least 60 seconds prior to the introduction of HPI or the
.beginning of a temperature or flow transient. As noted earlier, the
start of HPI is marked by a signal from a position indicator on the
injection valve.

The second period of data acquisition encompasses the full duration
.of the test itself. That duration will be set by one of several
, criteria:

1. Supply of loop and vent. flow is exhausted.

2. Temperatures in the cold leg and downcomer have reached a
steady condition.

3. Test duration has achieved minimum specified value, e.g.
approximately 3 time constants, where the time constant is
determined from the test facility volumes and the loop and
vent plus HPI fIcw.

The worst case situation for limiting test duration is exhaustion of
the loop flow supply. Based on estimates using the present facility
design and test matrix, the minimum test duration will be at least

about 8 times the facility mixing time t fer. tests with steady inlet
fboundary conditions (flow rates and temperatures). Recall that times

of 3T, are expected to produce an equilibrium gondition in the
facility. Thus, the supply of loop flow (19 m , 5000 gallons) will
be adequate for all test conditions in the present matrix. Priority
tests at zero or low loop flow rate can be run almost indefinitely
(many hours).

Data acquisition rates were discussed previously. Data from all
instruments will be recorded once per second during each of the test
periods. If required, the fast thermocouples can be recorded by
parallel, independent means at rates up to 10 times per second.

In addition to the computer data records, the test operators record
readings from panel gauges and meters and valve position settings
prior to the introduction of HPI flow. These manual records serve
only as backup, they do not contain any information that is not also
available from the data acquisition system. During the tests, the
operators note and describe any unusual events and any other actions
taken to adjust or correct flow rates, pressures, etc.

4.6 TEST ACCEPTANCE CRITERIA

This section describes several criteria for assessing the
acceptability of tests from the 1/2-scale thermal mixing experimental
project. The basic purpose for specifying any acceptance criteria is
to ensure that data from the tests will permit adequate analysis of
the results for comparison with other tests and for phenomenological
understanding of the mixing. behavior, and for developing and
validating mixing models and code calculations.

|

|
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Criteria presented below spec ~ify tolerances on measured inlet boundary
conditions, initial equilibrium conditions, teet duration limits and

.

; types and numbers of functioning instruments, insofar as possible,
all criteria vill be satisfied for each test, although some deviations
may be permissible in the interest of testing efficlency and schedule.'

On the other hand, certain criteria, e.g. tolerances on inlet flow
: ' rates and temperatures, must be satisfied to provide even a minimum

.

data set'for a test and those will be specified as basic requirements
for all tests.

i
~

t The criteria described here are aimed at the initial steady-stete
tests in the facility. Similar criteria will be established for other

; tests in the outlined project (Section 4.2) with configuration (e.g.
'

vent flow, isoisted loop) or procedures (e.g. transient loop flow)
significantly different than the present arrangement.

4.6.1 Test Conditions Tolerances

The test matrix describe; the steady state boundary conditions in.

terms of the HPI Froude number. F the loop to HPI volumetric flow
rateQ/Q,andthelooptoHP1 hen,sitydifferenceAp/p,- Each of
thesekes$parametersisaderived. quantity,i.e.notdirectly '

measured. Therefore, any tolerance on setting the test parameters-
will be subject to the estimated uncertainties in the measured,

quantities used to calculate the parameters. While it is possible to
" fine-tune" the flow rates and temperatures such that the calculated
parameters are precisely at the target test condition, in fact.the

_ actual values of the parameters will not be known to an uncertainty
less than the measurement uncertainties. Therefore, acceptance.

2

criteria on inlet conditions are derived from the single-sample '

experimental uncertainty in the calculated parameters, based on the
expected errors in the measurements. For tests with small flow rates,

i additional criteria will be used which consider data system
quantization error and. control system stability,a

i ..

Flow ratio: Q /QH

Q /Q = 0, no measurable loop flow permittede

Q /Q > 1, acceptance tolerance i 10% of target flowe

ratio

0 < Q /Q < 1, acceptance. tolerance larger of i 10% ofe
H

target ratio or loop and HPI flow variations
of 10% of nominal.

Density difference: Ap/p

! e ap/p = 0.124, acceptable range 0.117 < Ap/p < 0.129
considering temperature measurement accuracy and

~

system control

Ap/p = 0.034 acceptable range 0.031 < Ap/p < 0.039e

!

.
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.Froude number: F
CL

l

at ap/p = 0.124 (nominal), acceptable tolerance for Fe
CL

to be 18% of target. values for F 0.025
CL ,

and ! 15% for F < 0.025
CL

at A'/p'= 0.034 (nominal), acceptable tolerance forpe
F t e target values of F

CL CL-

These criteria will be applied to the average values of the computed
test parameters over the duration of.the test.

,

4.6.2 Initial Equilibrium Condition

In the pre-test heacup period, the test-operator will examine the
readings from certain instruments in order to judge that the fluid and
test vessel have reached thermal equilibrium.

Fluid temperature:

~1oop inlet and standpipe water temperature to agreeo

within measurement error (14*C) for several minutes
prior to injection of HPI.-

.

e lower plenum and hot well to be within 1 4*C of
standpipe. temperature prior to HPI injection.

e. HPI flow temperature equilibrated prior-to injection.

Metal temperature:

e temperature difference through metal wall thickness
at-celected-locations (up to 6) to be less than 14*C
and inside wall temperature to be substantially in
agreement with standpipe fluid temperature.

4.6.3 Test Duration Limits

The. duration of a test is defined as that time period following ini-
tiation of HP1 flow during which the inlet boundary conditions are

- within the acceptable tolerance limits and data 'are being acquired
by the DAS. An acceptable test is one in which the fluid and metal

~

temperatures in the downcomer vessel have reached a uniform distri-
bution near the mixed mean temperature for the inlet flows and'
temperatures, within the test duration time.

As discussed in an earlier section, this condition is expected to be
reached in a time equivalent to 3 times the characteristic mixing time-
as determined from the standpipe water temperature transient.

-The downcomer wall ~ temperatures also follow an exponential decay that
is a function of thermal diffusion in the wall and the wall-to-fluid

I heat transfer coefficient. Although there is not sufficient-
experimental evidence available to develop an acceptance criterion

,

:

f
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based on wall temperature only, the thermal penetration time for the
, wall can be used to provide a guide for establishing a minimum test
i duration. For the 70 mm (2.75 inch) thick wall in the facility, the
j~

coefficient is 120 seconds. A test duration of 3 times the penetra-
2thermal penetration time (Ax /wa) with infinite heat transfer

-tion time or 6 minutes seems'to be a reasonable lower limit on
! duration and is consistent with.the minimum test duration capability

,

based on storage volume and flow rate for loop fluid.

A two-part test duration acceptance criterion results. The acceptable
j test duration will be the greater of:

1) 360 seconds, or

2) 3 times the characteristic mixing time based on stand pipe
temperature .unless the operator terminates the test based
on observations of thermal equilibrium in the fluid and
walls.

< ,

! 4.6.4' Functioning Instrumentation
d
<

! The test facility has over 300. instruments available in its present
j configuration. These include. instruments for measuring the process
'

parameters of flow rates, pressure, levels and fluid inlet
i temperatures, and instruments for detailed temperature and velocities

in the cold leg and downcomer and downcomer wall temperatures and heat
; flux.

} An acceptance criterion based on the test. instruments should be in two
j- parts. The first part requires that as a minimum the following
j measurements must'be available for the duration of each test: .|
,

1. loop and HPI flow rates t

1

i

: 2. loop and HPI temperatures at test facility inlet boundary
1

i
j 3.. standpipe water temperature
I

,

j These parameters are monitored by the test operators during the
pre-test period in order to set test conditions within the specified
tolerances.- If any of the instruments are not functioning, that is
cause for a " hold" on the test to take appropriate, corrective action.

' In the post-test data reduction, other instrument integrity checks are
; made by examining the average,' minimum, maximum and fluctuations of

.the instrument readings over the' test duration. A final judgement of
: test acceptance is made at that time.

!
'

! The second p' art of the instrumentation criterion concerns the. detailed
measurements made throughout the test facility. The instruments used i;

i in this. project were selected to be reasonably rugged and reliable..
! However, as a practical matter some random failures of instruments or
f data system components are expected, which may result in the loss of
| specific measurements for any test. In general, these losses may not

be recognized until a test has been completed and the data reduction-I

78
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is underway. Therefore, a practical instrumentation criterion has the
objective of maximizing the number of detailed measurements available
for each test and requires that certain minimum measurements must be
available for all tests.

A minimum set of detailed. measurements used for judging acceptability
of the early tests from the 1/2-scale facility consists of the
following:

Temperatures

Cold leg: temperature profile at the nozzle (C5
location) comprised of at least five
temperature measurements in any vertical
array, with no more than two consecutive
probes failed.

Downcomer: 2 fluid temperatures in first row of
instruments below nozzle in plane of nozzle
vertical centerline, 1 each from core and

vessel sides; either center of gap or near-
vall probes. Alternatively, equivalent
locations on lower most thermocouple rake
spanning width of downcomer below nozzle.

Standpipe: 1 temperature measurement either in the exit
pipe from the lower plenum, or the central
location within the lower plenum simulator
volume.

Heat Flux 2 vessel wall heat flux locations, corres-
pending to the downcomer fluid temperature
measurements cited above.

There are a larger set of detailed measurements that are desirable to
maintain, and which can be accommodated by repair to or changing of
instruments, albeit at the expense of test productivity. Indications
of the desirability (but not necessity) for changing or fixing
specific instruments are:

Cold Leg

If temperature rakes at locations C1 or C2 develop gapse

of 3 or more contiguous points (or 2 contiguous points
at the top or bottom boundaries) the probes should be
repaired or replaced with rakes from locations C3, C4
or C6.

Downcomer

If fluid temperature profiles in first two rows ofe

instruments below nozzle (vessel and core sides)
experience g'aps of 3 or more contiguous probes, repair
or replace with similar instruments from less critical
locations.

79
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e if heat transfer coefficient data on vessel wall has
gaps of 3 or more contiguous probes, or 2 or more near
the vessel edges, repair or replace with similar
instruments,from less critical locations.

Standpipe"

The standpipe th'ermocouple should be repaired ore
replaced following any test in which it has failed.

4.6.5 Test Acceptance Ratings.

The acceptance' criteria outlined here establish quantitative
guidelines which are used to rate the acceptability of a te-t for data
analysis _ purposes. We use three different-ratings depending on the
overall success of meeting the general and specific criteria:

Rejected - This test was not good (major leak, failed to measure
critical inlet condition, major error in procedure,
etc.)

Accepted - Test meets all the tolerances and accept'ance criteria
described in Sections 4.6.1 through 4.6.4.

.

Accepted with Recommendation -

The test data-are valid and we.have published data,e
but actual flows (or temperatures) were'not within
nominal tolerances established for that test - could
include recommendation for a repeat, or not, depending
on range of out-of-tolerance.

More than usual instrument failures - we publish data-e
but alert to deficiencies,

Nominal test conditions are in tolerance, but largee

deviations.- we publish data but alert to deficiencies.~

i
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S. DATA REDUCTION AND DISPLAY PROCEDURES

The principal outputs from the testing project are displays of the
temperature, velocity and heat flux data for known test conditions and

test geometry. That data will be made available in the form of Quick
Look Reports-(QLR) for each test that meets the acceptance criteria
described in Section 4.6.

~

Details of the procedures used for data reduction and documentation of
the analytical and numerical ~ techniques are provided in the Design
Record File.

Figure 5-1 provides a general overview of the data reduction process
and the application of the test data to produce a QLR. The major
steps in that process and the format of the Quick Look Reports are
described in this section.

5.1 DATA REDUCTION

The voltage outputs from all the measuring instruments are recorded
by the data acquisition computer for the full duration of a test-
including a test period of about 60 seconds prior to HP1 injection.
The data channel amplifier gain and offset voltages are also recorded
by the computer and are stored in a calibration file for.each test
along with the file of. transducer. calibration and conversion
ccustants. The process of data reduction involves two. steps: first,
conversion of these raw data to engineering units corresponding to the
primary measurements of-pressure and temperature, and second,
calculation of derived parameters such as flow rates, velocities, and
heat transfer data.

5.1.1 Primary Data Reduction

Temperature data are reduced from the raw voltages by the procedure
outlined below: *

1. The recorded voltages are converted to thermocouple emf
using the amplifier offset voltages and gain factors.

2. 'The zone block temperature is converted to equivalent
thermocouple emf for Type E'(Chromel-Constantan)-
thermocouple and is added to the emf obtained in Step.l.,

i
'

3. The thermocouple junction temperature is calculated from
a 4th order polynomial:

4

T(V) = E (a V') (5.1)f
\ i=0
:

where T(V) = temperature for the computed thermoelectric
| voltage V
t - coefficient of each term in'the polynomial,a

obtained from Reference 20
| V = thermocouple voltage determined in Step 2.
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Figure 5-1. Overview of Data Reduction
and Display Process
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j 4. Temperatures are processed and used in other steps of data
I. reduction in the English system of units (*F). Conversion to
'

SI units is done only in the data printouts according to:

T(*C) = (5/9) [T(*F) - 32*F) (5.2)

Reduction of the pressure data from raw voltages is also accomplished
in several stages:

1. The raw voltage recorded by the DAS is converted to
transducer output by correcting for amplifier offset voltage
and gain factor.

2. The transducer offset voltage recorded prior to the
beginning of the test is calculated and is subtracted from
the reading obtained in Step 1. This correction for offset
voltage accounts for transducer zero shift due to factors
such as ambient temperature changes and static pressure
level effects.

3. The pressure or differential pressure is then calculated-

from the transducer calibration constants which consist of
first order (linear) correlations of the calibration data.

.

The raw data from the direct-reading heat flux probes can also be
reduced following similar procedures of correction for amplifier
offsets and gains, and then conversion of the voltages thus obtained

ato units of heat flux (W/m ) using the heat flux probe sensitivity
factors. Following evaluations of the shakedown data, less emphasis
is placed on the measurements from the direct-reading heat flux
probes, and data from them is reduced only in special situations.
The procedure for calculating heat flux from the wall temperature
measurement is described in the next section.

5.1.2 Calculation of Derived Parameters

The primary measurements of pressure and temperature are used to
calculate certain derived quantities that more completely describe the
test conditione and that are used in preparation of the graphical and
tabular displays of the Quick Look Reports.

FLUID PROPERTIES

Fluid properties that are used in. data reduction are obtained from

tables and curve fits based on data in Reference 21. The properties
are determined at the average value of the fluid temperature measured
over the test duration.

FLOW RATES

Inlet loop, HPI and vent flow rates (Q , Q ' 9 } *#* ## #" # * '# *t H Vthe measured differential pressures and temperatures at the orifice
meters using the standard orifice equations (17). Flow rates are
computed for each one second reading of the transducers and are
averaged over the test duration.

! .83
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TEMPERATURES
[

Loop, HPI and vent temperatures (T , T T ) are direct measurements.
ReportedvaluesareaveragedoverkheNe,stduration.y

The mixed mean temperature T is defined as the fluid temperature
resulting from perfect, adiaEatic mixing of the inlet flows. T is
obtained from the correlation of fluid enthalpy as a function of
temperature:

T,= T(h,) (5.3)

where h ,= mixed mean enthalpy calculated from:

(pQh) + (pQh)H + (pQh)y
m "(pQ)g + (pQ + (E0H V

3where p = density (kg/m ) at the average temperature
8Q = average volumetric flow rate (m /s)

h = enthalpy (kJ/kg) at the average temperature

DIMENSIONLESS PARAMETERS

Several dimensionless parameters were defined to develop a possible
test matrix based on scaling considerations. Those same dimensionless
parameters are used to describe the nominal conditions of the tests.
The cold leg Froude number is defined as:

F " (OH ^CL) gDCL ( H ~E)#H] (5.5)CL L

where Q = HPl volume flow rate
A =c eg f w areaCL
g = acceleration due to gravity
D = c Id leg diameter

CLp = density of HPl fluid
H

p = density of initial loop fluid

The density ratio Ap/p appears in the Froude number, but is also an
independent test variable:

# ~PAp/p = H L (5.6)
o

.g

Dimensionless flow ratios are also used to describe the test condi-
tions:

Q /Q I O !O I N !O
*

L H V H L V H

where Q = HPI flow rateg
Q = loop flow rateg
Q = vent flow ratey

|

|
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CHARACTERISTIC MIXING TIME

.It is customary to evaluate the overall mixing characteristic of a
flow system by analyzing the transient temperature (or composition)

} response at the system outlet - the standpipe temperature in our case.
1 The results from the 1/5-scale experiments showed that the standpipe

temperature follows closely an exponential decay, implying that the
overall system response is similar tc that of a " perfectly mixed"
vessel:

T-T,= (T, - T,) exp (-t/T) .(5.7)

where: T = initial temperature
T = final temperature
t = time
T = characteristic mixing time

The characteristic mixing time T is a measure of how rapidly the
system approaches equilibrium. For the thermal mixing facility we can
define the characteristic mixing time by analogy to a " perfectly
mixed" system.

The characteristic mixing time of a first-order system (perfectly
mixed vessel) can be expressed in scveral ways:

(a) Initial Slope:

- T,)/( ST = (T
d (5.8)

(b) 1/e crossing:

T (T) - T, = (1/e) (T, - T,) (5.9)

= time at which T = [T, - (1/e) (T, - T,)]t

(c) Three point Fit:

T = At/in([T(At)-T(24t)]/[T(0) - T(At)]) (5.10)

(d) Integral

T= (T - T )dt + t /[exp(t /T)-1] (5.11)(T T) g g yy

Methods (a), (b), and (c) involve data at specific instants of time
and hence are not suitable for this application, since'the standpipe
temperature transient has higher frequency oscillations superimposed
on it. Methods (a) and (b) also require experiments which reach
steady state. The integral method (d) requires more computation but
can deal with both higher frequency oscillations and finite length-
tests.
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The integral method is used in the computation of characteristic
mixing times. Since t appears on both sides of Equation 5.11 the
computation involves iteration, but convergence is very fast; less
than 5 iterations are required for 1% convergence if test duration is
greater than 31 The integral in Equation 5.11 was evaluated from the
measured data using Simpson's rule.

For the Quick Look Reports the mixing time is computed from
temperature probes at two locations:

1. In the downcomer, 406 mm (16 in.) below the cold leg nozzle
centerline elevation using a fluid thermocouple approxi-

'

mately 29 mm (1.16 in.) from the vessel wall.

2. In the standpipe, measuring fluid temperature exiting from
the lower plenum.

LOCAL VELOCITY

Local fluid velocity is calculated from the differential pressure and
temperature measured at the velocity probes in the facility., Velocity
head H is calculated by Eq. 3.2 using the measured differential
pressure (p -P ) and fluid density p which.is obtained from the local

T
tempera tre. Then velocity V is calculated by Eq. 3.3, using an
iteration procedure to find the pressure coefficient K at the computed
value of V/v (see Section 3.3.2).;

The sign convention of the voltage from the velocity probe
differential pressure transducers is used to assign positive (+) and"

negative (-) values to the computed velocity. In the convention
adopted for this project, velocity is positive in the " normal" flow
direction, i.e., flow in the cold leg toward the downcomer is positive
and downward flow in the downcomer is positive.

.

SL'PERFICIAL VELOCITIES

!
' Superficial velocity is defined as the ratio of the total volumetric
; flow rate in a duct to the cross-sectional flow area of the duct.

Superficial velocities are calculated at three locations in the
facility:

1. Cold leg

(5.19J * I9L+9)ACLCL 11

,

2. Downcomer above thermal shield

(5.13)j L " (9L*9H + 9 )/ADCC V

3. Downcomer in region of thermal shield

11 * N } ! ( ADC ~ ^TS.}jCL,TS " (9L*9 *
V

!
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COLD LEC QUENCll FRONT VELOCITY

Quench front velocity is defined as:

V =L /t (5.15)g

where the length L is the distance between two thermocouple probes,CLone located in the cold leg near the HPI injector and the second at
the cold leg nozzle and t is the cold leg transit time. (The cold
legtransittimeisdetermknedfromthearrivaltimesofthequenchc

front at both locations.)

The procedure for determining quench front arrival time at a probe
location is illustrated in the sketch below.

I I

T, ^v / W ^y^va

n 0
AT

T U'
i

2AT
- - - - -

U

T, e

m

0 t t, t,
~

q

Determination of Quench Front Time

The quench arrival time at a probe location is given by:

t =t - (t -ty)(T,-T )/(T -T ) (5.16)1 y 1 1 2
where t = time after ilPI injection of the last temperatureg

measurement higher than T -AT
t = time after llP1 injection of first temperature2

measurement lower than T -2AT
T = average temperature between test initiation and

HPI injection
T = temperature at time tg g .

T
Ak=temperatureattimettemperaturechangelahgerthanrandomfluctuations

=

(1*C).

The difference between quench arrival times is then the transit time
t The distance L separating the two probe locations is 2.31 m.

(N59ft)forthecokdlegandinstrumentconfigurationusedforthe
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tests reported in the companion Data Report (19). Data sampling rate
introduces a maximum uncertainty of /2' seconds in measuring t

-

CL*

WALL HEAT FLUX

Heat flux values can be determined in three ways:

1. Performing an energy balance on the downcomer wall over the
duration of the test, based on inner and outer surface
temperature measurements.

2. Using the heat flux probe measurement of the temperature
gradient near the wall surface.

3. Solving the one-dimensional heat conduction equation using
the wall surface temperature measurement.

The energy balance method is quite precise (probably within 5%
considering departure from equilibrium, measurement uncertainty and
heat loss to ambient) when averaged over the full test duration, but
contains little transient information. The energy balance is used
primarily as a check on the average accuracy of the' transient methods.
The heat flux meters follow the high frequency fluctuations closely
and are most representative of the true transient. However, when the
fluctuations are averaged they show a significant bias such that the
average heat flux is greater than that computed from the wall energy
balance. Therefore, the output of the heat flux probes is plotted
selectively to illustrate the level of fluctuations and their

correlation to the local temperature a'nd velocity fluctuations. The
one-dimensional conduction approach follows the main transient well
and has uncertainty of the order of 10% to 25%. This is the primary
means for heat flux data reduction.

Three assumptions were made in developing the data reduction procedure
for wall heat flux:

1. one-dimensional heat conduction;
2. adiabatic boundary on the outside surface of the

downcomer wall;
3. constant metal wall properties.

Under these assumptions the transient heat conduction equation for
the downcomer wall can be solved in closed form using Duhamel's
superposition integral (22). The heat flux is given by:

BTt =
.' -2 k y

q,(t) = / (I exp (-a A (t-s))) 3, ds (5.17)2

o n=0

where k w wall thermal conductivity
L = wall thickness

= wall thermal diffusivitya

A = eigen values = w(2n+1)/(2L)
t" = time after HP1 injection
T = vall surface temperaturey
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Equation 5.17 is evaluated numerically to obtain the heat flux from
the wall temperature transient.

The extent to which the actual situation deviates from the assumptions
made in developing this data reduction procedure results in some
uncertainty in the calculated heat flux. Additional contributions to
heat flux uncertainty come from the reduced wall thickness at the
probe locations and from errors in measuring the wall temperature. A
detailed analysis of heat flux uncertainty was carried out using data
from shakedown tests (Appendix A). Based on that analysis, the
uncertainty in heat flux is estimated to fue less than 20% at early
times in a test (within one characteristic mixing time), increasing to
about 25% late in the test when heat flux is much lower.

HEAT TRANSFER COEFFICIENT

The heat transfer coefficient is obtained from the wall surface heat
flux and the wall to fluid temperature differential:

h = q"/(I -T) (5.18)g f

where q" surface flux determined from Eq. 5.17.

T = wall. temperatureg

T = temperature of the.downcomer fluid at a locationg
adjacent to the wall temperature mehsurement

Wall surface temperature is obtained directly from the thermocouple
probes located in the heat flux probes (Figure 3-15). Fluid
temperature T can be taken from either the~ center of gap or thef
near-wall thermocouple probes. Both temperatures are nearly identical
and result in essentially the same calculated heat transfer
coefficient. This measurement redundancy provides some assurance
against lost heat transfer data due to probe failures. In the normal
data reduction the near-wall probe is used to form the differential
with the wall temperature.

Prior to reducing the data to heat transfer coefficients, the wall and
fluid temperatures are filtered to remove high frequency components
which may introduce phase lag errors into the computation of h. A
low-pass, zero phase shift digital filter is used for this purpose
(23). The filter cutoff frequency was chosen as 0.05 Hz,
corresponding to a cutoff period of 20 seconds. This time period is
short relative to the characteristic mixing time, so the principal
transient features of the heat transfer coefficient are retained.
Yet, the period is long relative to the sampling and random noise
frequencies and thus effectively reduces phase lag errors.

Errors in measuring T and T contribute some additional uncertaintyg
| to the calculation of h. The error sources we have identified are:|

1. Thermocouple offset associated with the estimated random
uncertainty ir measuring temperatures. This error is
approximately l'C.

!

!
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2. Stem conduction error in the fluid thermocouple measurement
which results from heat conduction along the metal probe
between the warmer wall and the somewhat cooler fluid. This
error is maximum for the near-wall thermocouple on the core,

side and is of the order of 2% of the wall to fluid
temperature difference.

3. Wall temperature gradient error that is produced because the
wall surface probe is located approximately 0.64 mm below
the metal surfac'e (see Figure 3-15). For a situation with
high heat flux early in the transient cooldown this
introduces an error of only about 0.4*C, becoming even less
as the wall heat flux io reduced later in the cooldown.

4. Phase lag error which arises from the finite time interval

between measurements of the wall and adjacent fluid temper-
atures. As mentioned earlier, the temperature data are
filtered before computing (T -T ) which greatly reduces theg f

:possible error. For example, data passed through a zero
phase shift filter having a cutoff period equal to 1/10 of
the characteristic mixing time will have a phase lag error
of less than 0.35'C.

Figure 5-2 summarizes the uncertainty in calculating heat transfer
coefficient from the heat flux and temperature measurements. The ,

calculation in that plot is made for a probe location nearly on the
vertical centerline of the nozzle and approximately addway between
the nozzle elevation and the bottom of the downconer.

Very early in the transient (t/t<<1) the uncertainty in h is approxi-
mately equally due to errors in determining q,'' and (T -T ) . As theu ftransient proceeds and (I -T ) increases the contribuEion of theg g
relatively fixed errors in T and T become less significant, and heaty g
transfer coefficient uncertainty is comprised mainly of uncertainty in
the heat flux. Again, later in the transient as the wall cools and
approaches equilibrium with the fluid the contribution of (T -T )g gbegins to. increase. However, at that time the heat transfer
coefficient is lower and uncertainty in its computation is less
important. This last point is illustrated in Figure 5-3 which shows
'the range of heat transfer coefficient over the period of the
-transient and the magnitude of the uncertainty. By the time the
uncertainty has increased to 20% of h (t/t>1) the heat transfer
coefficient has reduced to less than about half the peak value early
in the test.

The uncertainty in heat transfer' coefficient may vary somewhat with4

measurement location and flow condition. However, the differences are
,

small since the major-contribution to uncertainty is the probe,

geometry and that remains fixed.

;

'
.
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MEAN AND STANDARD DEVIATION

| The mean value and standard _ deviation of primary and derived
.

parameters are calculated for presentation in the Quick Look ReportI

[ data displays. These are calculated from the conventional

j definitions:
,

| N

MEAN = 1/N I (X ) (5.19)
n=1

N
N ( I X )2

I (X )2- n=1

STD. DEV. = n=1 N (5.20)
N-1

where X = individual data measurement
N" = total number of measurements included in the

averaging period.
.

5.2 DATA DISPLAY ,

The results from each test are presented in a QLR following a standard
format for data reduction and display. This section describes the
types of data outputs in the QLR and how they are prepared, as a guide
to users of the data provided with Peference 19,

5.2.1 Tabular outputs

Five major tables are included in each QLR as a means of communicating
some overall test conditions and test results. These tables are

Table 1 Geometric Configuration: This table describes the
specific geometry for which the QLR data apply. Actual, as-built
dimensions and major volumes are listed in the tables along with
notes regarding other hardware configurations, e.g. status of
thermal shields, vent lines, flow skirt, etc. In addition,
several figures are included in the QLR which provide a schematic
view of the geometry and instrument locations.

Table 2 Test Conditions: This table lists the nominal and actual
values of dimensional test parameters (flows and temperatures)
and the dimensionless parameters (F , Ap/p, flow ratios). The -

meanvalueofthemeasuredandredubhdparametersarereported
along with the standard deviations which provide some measure of
the steadiness of the process.

Table 3 Fluid Properties: This table lists the density,
viscosity, enthalpy and thermal cenductivity of water at the
average values of the HPl loop, vent and mixed mean
temperatures.

93

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



. i,

Table 4 Global Results: Included in this table are the mixing
times at the downcomer (below nozzle) and at the standpipe, cold
leg quench front and superficial velocities, and downcomer
superficial velocities above and within the thermal shield
region.

Table 5 Initial and Final Values: This table lists each
instrument in the test facility giving the operational status,
initial and final values (means and standard deviations over a
period equal to 0.1 of the standpipe time constant), minimum and
maximum values recorded during the test, and number of times (if
any) that the transducer output exceeded the measuring range of
the DAS.

5.2.2 Graphical Outputs

Graphical data displays in the QLR take two forms: transient plots
and profile plots. The transient plots are used for displaying the
time history of primary and reduced data at key selected locations in
the cold leg and downcomer, wherean profile plots provide a compact
means for directly comparing data at a ny locations over the duration
of the experiment. Each type of plot serves a special purpose, but
because the profile plots are a much more efficient means for
communicating the large amount of data produced from a test, the QLR
emphasizes profile plots. Detailed data analysis is more readily
accomplished using computer tapes of the reduced data, rather than
point-by-point survey of transient plots.

NORMALIZING FACTORS

The local parameters to be plotted are temperature, velocity, heat
flux, and heat transfer coefficient. All transient and profile plots
are made dimensionless by use of normalizing factors which relate the
plotted data to characteristic test facility dimensions or test
conditions. The dimensionless groups thus formed simplify comparisons
of data between tests, and may be of use in developing empirical
correlations from a large body of experimental d6ta. The normalizing
factors used for the data displays are

a. Time: t* = t/T, (5.21)

where T, is the standpipe mixing time,

b. Temp'erature: T* = (T - T )/(T -T) (5.22)H g

where T and T are the HP1 and loop flow mean teeperatures.g g

c. Cold Leg Velocity: V * i V/j (5.23)g

where J is the cold leg superficial velocity (based on
totalcokdlegflow): Q * (OH + O )*

C

T L

d. Downcomer Velocity: V ** (5.24)DC DC

94

L



. . -

I !

where j is the downcomer superficial velocity (based on
DC

total dodncomer fl'ow): QT " (9H+9L * 9 )*V

e. Heat Flux: q* = q/[k,(T - T )/W) (5.25)H

where k is the metal wall thermal conductivity (50.1
W/m *C)"and W is the nominal metal wall thickness (50.8 mm).

f. Heat transfer coefficient: Nu = h(2 S)/k (5.26)g

where k, is the water thermal conductivity at the local film
temperature, and S is the downcomer gap spacing: 0.059 m
(0.192 ft) for probes on the vessel wall and 0.041 m
(0.133 ft) for probes on the core barrel wall.

g. Distances - all distances are normalized with respect to
cold leg diameter, except for the case of gap-wise
temperature profiles where the downcomer gap width above the
thermal shield, S = 0.137 m (0.45 ft), is used.

TRANSIENT PLOTS

Transient plots at key locations are made in pairs (a and b) which
show the data in two time scales. Plot "a" covers the whole test
duration and the time scale is normalized to the standpipe time
constant. Plot "b" expands the time scale in the first 200 seconds
after initiation of HPI, with the time axis plotted directly in
seconds. All plots are made dimensionless by the normalizing factors
described above.

The types of transient data.and corresponding QLR figure numbers are
described below:

Figures 3-1(a), 3-1(b) Cold Leg Temperature t Temperatures at
the nozzle, injector, pump model and bottom of loop seal. Two
thermocouples at each location to show quench f ront arrival.

Figures 3-2(a), 3-2(b) Cold Leg and Downcomer Velocities:
Velocities in the cold leg, downstream of the injectos at the top
and bottom of the cold leg and at two locations in the downcomer,
one on each side of the thermal shield below the nozzle.

Figures 3-3(a), 3-3(b) through 3-7(a), 3-7(b) Downcomer Datat
These plots include center-of-gap temperature, dimensionless heat
flux and Nusselt number for the vessel and core cido measurements
at the following downcomer wall locations.

Distance From
Nozzle Centerline (m)

Figure Vertical Horizontal

3-3a,b -0.406 0
; 3-4a,b -0.762 0

3-$a,b -0.762 0.249 -

3-6a,b -0.762 -0.374
3-7a,b -1.12 0
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! PROFILE PLOTS

Plot Intervals - Profiles of test data are shown at five different
times after itPI injection on a single plot. The time intervals
selected include the initial and final profiles and three other
profiles in between. The intermediate times are selected so that a
well mixed transient having the standpipe time constant i vould show

sequal increments between data sets, as illustrated in the sketch
below,

n
PROFILE t /rT, - 8

.

3. T.

.

l 0--

*
i 2 0.2&8

1 J._ 3 0.6932 y8
4 1.386

{ y, - _l -- _ .- - 5 FINAL

|' ! N> -

00.30.7 1.4 t/r,
Profile Plot Time Intervals

Data Smoothing - Local data can have random fluetentions of the same
order of magnitude as the gradients (differences) .hich are displayed.
Therefore, instantaneous profiles at the selected time increments
would be meaningless. For the profile plots, the data are averaged
ever a period short enough to preserve the main transient behavior yet
sufficiently long to smooth out random fluctuations. The initial
values (t=0) are obtained from all the data recorded prior to llPI
injection (when the process is nominally steady), the intermediate
values (t/t =0.3, 0.7, 1.4) are averaged over a period 20.05 t , and

the final vllues are obtained over the last 0.1 t, of the test"

The specific profile plots which are included in the QLR are described
below.

Figure 4-1 Cold Leg Vertical Temperature Profiles: Temperature
profiles at the cold leg instrument rakes, locations C1 through
C6.

Figure 4-2 Norrie Vertical Temperature Distribution: Vertical
and horizontal temperature variations in the cold leg nozzle,
measurement location C5.

Figure 4-3 Cold Leg Vertical Velocity Profilet Velocity profile
in the cold leg at measurement location C2, downstream of
injector.

Figu *. 4-4 Downcomer Cap Temperature Distribution: Temperature
variations across gap width Irom vessel wall to core wall at
three elevations in the vicinity of the nozzle.
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Figures 4-5 through 4-10 Downcomer Horizontal Profiles: Plots of
temperature (a), dimensionless heat flux (b) and Nusselt number
(c) for both vessel side and core side data, at the 6 vertical
locations listed below.

Vertical Distance Below Instrument
Figure Nozzle Centerline (m) Row

4-5a,b,c 0.41 5
4-6a,b.c 0.77 6
4-7a,b.c 1.13 7
4-8a,b,e 1.50 8
4-9a,b,c 2.22 9
4-10a 3.05 10

Figures 4-11 Downcomer Vertical Profile: Plots of temperature
(a), heat flux (b) and Nusselt number (c) in vertical row below
nozzle centerline, vessel side and core side data.

5.3 DATA EVALUATION

As a final step in the data reduction process and before release of
the final Quick Look Reports, the data are examined for overall
consistency and for acceptability according to the acceptance criteria
described in Section 4.6. Any instruments which have failed are noted
and they are removed from the graphical and tabular outputs. If data
from key locations are not available, alternate instrument locations
may be used to complete certain data reductions, e.g. substitution of
center-of-gap for near-vall temperature in calculation of h, or use of
alternate nearby thermocouples for calculation of cold leg transit
time.

Finally, test conditions which do not meet specified tolerances are
noted and a decision made as to overall tent acceptance.

.
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APPENDIX A

UNCERTAINTY IN THE MEASUREMENT OF THE HEAT TRANSFER COEFFICIENT

A.1 SUMMARY

This Appendix reviews the uncertainty in the calculation of the heat
transfer coefficient h in the 1/2-scale thermal mixing facility. This
uncertainty evaluation is based on the results of the tests NOV162 and

NOV111 performed in November of 1983. Because of an unexpected energy
addition to the lower plenum during those tests, the values of h given
in this Appendix are preliminary. The uncertainty bounds on h
developed here are expected to be representative for a test with
similar inlet conditions but without the lower plenum energy addition.

The heat transfer coefficient is calculated from the ratio of the
local heat flux to the fluid-to-wall temperature difference. As
described in Section A.3, heat flux values can be determined with an
uncertainty of the order 20% and temperature differences with an
uncertainty of the order 10%. The total uncertainty in the heat
transfer coefficient ranges from less than 20% early in the test (less
than one characteristic mixing time) to 25% towards the end of the
test (later than three characteristic mixing times).

In Section A.2 the definition of the heat transfer coefficient is
discussed in the light of the available data on temperature
distribution across the downcomer gap and high frequency fluctuations
in the fluid and wall temperature transients. The uncertainty in the
heat transfer coefficient measurement is evaluated in Section A.3.

A.2 DEFINITION OF "h"

The heat trr.nsfer coefficient is defined as:

h =q"/AT (A1)yg

AT =T -T (A2)yf y g

where T - wall surface temperature
'T{ = fluid temperature

= heat flux at the wall surfaceqg

While q" is a uniquely defined quantity, AT is somewhat arbitrary.
NotonlydoesthefluidtemperaturevarywiYfidistancefromthewall,
but also at a given location it changes rapidly with time. Because of
the incomplete mixing between the warmer fluid in the downcomer and

.

the partially mixed HP1 plume, the fluid temperature in the downcomer
exhibits higher frequency fluctuations superimposed on the slower
overall transient, as shown in Figure A-1.

The value of h measured in these tests will probably be used to
compute the boundary conditions for some computer simulation of the
flow in the downcomer. IIence one is interested in the temperature

A-1
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difference averaged over a period of time that is short when' compared
to the mixing time of the facility, but long when compared to the
turbulent fluctuations and the measuring instrument rise time.
Fortunately, the characteristic mixing times are at least an order of
magnitude longer than the period of the fluctuations and a meaningful
time averaged temperature difference can be easily obtained by
filtering the data through a zero phase shift, low-pass filter.

The flow in the downcomer is highly turbulent and the gap-wise
temperature profile is. expected to be flat. Indeed, temperature
measurements made at the center of the gap (CTC) are practically
indistinguishable from those made about one quarter of the gap width
away from the wall (FTC). As shown in Figures A-1 and A-2, even the
detailed structure of the transient is the same at both locations.
Therefore, either temperature measurement can be used to compute the
heat transfer coefficient. (The redundant temperature measurement
reduces the probability of lost data due to instrument malfunction.)

A.3 MEASUREMENT UNCERTAINTIES

Since h is not a directly measured quantity, its uncertainty must be

computed from the measurement uncertainties of q$d from 5 set N of
" and AT In.

general, the uncertainty in a parameter Y comput
independent measurements X is given by:g

f)( {( b) ( '

( ) ) ) (A3)
-

.

i=1 i i

Hence, the uncettainty in the heat transfer coefficient can be
expressed as:

Aq"s )2 + (OIO wh )2 ]1/2Ah
7=[(q (A4)n

ATs wf

where Aq"/q and A(AT are the fractional uncertainties in theheat flux and temperaYur)e/ATdYfferencemeasurements.g f

A.3.1 Wall-to-Fluid' Temperature Difference

Figure A-3 shows a sketch of the heat flux probe and the fluid and
wall temperature measurement locations. The metal and fluid
temperatures are neasured independently and then subtracted in the
data reduction process to obtain the temperature difference. Typical
temperature differences ranbe from 5 to 15'C, as shown in Figure A-4.

There are four sources of error in the temperature difference
measurement:

i

(
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metal and fluid thermocouple offset,e

stem conduction in fluid thermocouple,e

I
wall temperature gradient, ande -

phase lag between fluid and metal temperature measurements.e

The contribution of each type. of error to the overall uncertainty in
the temperature difference measurement is discussed in turn below.

Thermocouple Offset. Before starting each test, warm water is
circulated through the facility until thermal equilibrium is reached.
Data are recorded for approximately 60 seconds before HPI injection
commences. During that pretest period, the facility is practically
isothermal (within 1*C) and that provides an in-situ calibration point
for the fluid and wall thermocouples'. The observed 1*C deviation from
equilibrium is in line with the estimated random uncertainty of the
thermocouples.

In the data reduction, the wall-to-fluid temperature difference is
set to zero at the beginning of the test. That introduces a small
positive bias since the wall temperature should be slightly lower than
the fluid temperature because of heat loss through the outer
insulation. That bias, however, must be less than the observed
initial scatter of 1*C.

Later in the test, the temperature level decreases and the random
uncertainty associated with the thermocouple measurements decreases as
well. Therefore an uncertainty of 1*C bounds the possible systematic
bias as well as the random uncertainties in the thermocouple
measurements.

Stem Conduction. The data reduction programs currently use the near
wall thermocouple (FTC) to compute the temperature difference. That
thermocouple is housed in a 1.6 mm (1/16 inch) stainless steel sheath
which protrudes into the fluid 16.5 mm (0.65 inch) on the vessel side
and 11.4 mm (0.45 inch) on the core side. Heat conduction through the
stem introduces a systematic negative error on the temperature differ-
ence. This bias is small, of the order of 2% of the fluid-to-wall
temperature difference.

Wall Gradient. As shown in Figure A-3, the metal thermocouple is
0.63 mm (0.025 inch) below the wall surface. On average, the
thermocouple temperature will be slightly higher than the surface
temperature since heat is flowing from the wall to the fluid. The
magnitude of this systematic error can be computed (and a correction
made if necessary) from the measured transient heat flux:

AT = q" 6/k (AS)g s

where 6 is the distance to the surface (0.63 mm) and k is the wall
thermal conductivity (53 W/m *C).

A-7
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Peak heat30,000W/m{luxesnearthebeginningofthetestareoftheorderofgiving a peak error of about 0.4*C, while near the end of
a test the wall gradient error will be less than 0.1*C.

Phase Lag-Error. Measurements are recorded sequentially by the DAS
with each channel being recorded once in each one second period.
Therefore, for a given data scan the fluid and metal temperatures
could be measured up to one second apart.

Since both the fluid and the metal temperatures are changing with
time, this phase lag introduces a measurement error. The magnitude of
the error is proportional to the rate of change of the temperatures.

The high frequency fluctuations shown in Figure A-1 have rates of
change of about 10N/s. The measurement lag can therefore introduce
large errors into the temperature difference measurement. These errors
are random and will not change the average value of the temperature
difference. They will only introduce artificial scatter into the
data.

However, as mentioned earlier, for the computation of h one is
interested in the temperature difference averaged over a longer period
of time. Therefore, if the temperature data are filtered with a zero
phase shift filter having a cutoff period equal to a tenth of the

' characteristic mixing time, the phase lag error is reduced to less
that 0.35'C.

Overall Measurement Uncertainty. The overall uncertainty in the
temperature difference depends on the magnitude and sign of the errors
and on the magnitude of the temperature difference. The fractional.
uncertainty is given by:

A(ATyg) 1
- AT,)2 + (AT )2]1/2 (A6)AT " AT [(AT + AT g

wf wf

where: AT = offset error
AT = wall t.emperature gradient error
ATE = stem conduction errors
AT = phase lag errorg

Typical wall-to-fluid temperature differences-from tests NOV162 and
NOV111 are shown in Figure A-4. They range between 5 and 15'C. The
measurement uncertainty computed from Equation (A6) ranges between 10
and 20 percent thro 6ghout most of the test duration, as shown in
Figure A-5. The key uncertainty source is the offset error, which is
less significant than the heat flux uncertainty. discussed below.

A. 3. 2. Heat Flux Measurement

Heat flux values can be determined in three ways:

1) performing an energy balance on the downcomer wall over the
duration of the test, (based on inner and outer temperature
measurements),

- A- 8 '
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2) solving the one-dimensional heat conduction equatinn using
the wall surface temperature measurement, and

3) using the heat flux probe measurement of the temperature
gradient near the wall surface.

The energy balance is quite precise ( 5%) when averaged over the term
of the test, but contains little transient information. It is used
primarily as a check on the average accuracy of the other, transient
methods. The one-dimensional conduction approach follows the main
transient well and has-uncertainty of the order of 20 to 30%. This
method is the primary basis for the data reduction and display. The
heat flux meters follow the high frequency fluctuations closely and
are most characteristic of the true transient. However, when the
fluctuations are averaged, they show a significant bias (average
values greater than computed from the energy balance'on the wall).

A.3.2.1 Heat Flux Data Reduction

The heat flux probes were developed to provide a more direct measure
of the heat fluxes, without requiring elaborate data reduction
procedures. It was recognized at the time that, if necessary, the
heat flux could also be obtained by solving the transient heat
conduction equation for the metal vall, using the measured wall sur-
face temperature as a boundary condition. As described below, a
relatively simple algorithm was developed to obtain the heat flux

.

values from the wall temperature measurements with an overall
uncertainty of about 25 percent.

Three assumptions were made in developing this data reduction
procedure:

e one-dimensional heat conduction,

adiabatic boundary condition on the outside surface of thee

downcomer wall, and

constant metal properties.e

As explained below, and detailed in later calculations, these
assumptions do not introduce large uncertainties in the computed heat
fluxes.

Under these assumptions, the transient heat conduction equation for
the downcomer wall can be solved in closed form using Duhamel's
superposition integral (A.1). Formally, the heat flux can be
expressed in terms of the measured wall surface temperature es:

BT (s)t a
-2k "g (t)' - f g g ,xp [_,x2 (t-s)]] ds. (A7)q

3,
O n=0

A-10
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where: k = wall thermal conductivity
L = vall thickness
a- = wall thermal diffusivity
A = v(2n+1)/2L eigen values
t" = time after HPI. injection
T = wall surface temperature

Equation A7 is evaluated'by conventional numerical methods to obtain
the wall _ surface heat flux q". The heat transfer coefficient is
obtained from the earlier' definition

q.
h=T

f
(A8)

w

Prior to reducing the data, the wall and fluid temperature data are
filtered to remove high frequency components which may introduce phase
lag errors into the computation of h. A low pass, zero-phase-shift
filter is used for this purpose (A.2). The filter selected for the
data processing has a cutoff frequency of 0.05 Hz which corresponds to
an averaging period of 20 seconds. This period is short relative to
characteristic mixing times so the behavior of the main transient will
be preserved..but phase lag errors will be greatly reduced.

A.3.2.2 Heat Flux Uncertainty

There are five main sources of uncertainty in the' calculation of the
heat flux:

probe geometry'(effective wall thickness),e
surface t.emperature measurement,e

.two-dimensional heat conduction along the wall,e
e energy loss from outer surface, and
e variations in metal properties.

In order to evaluate the relative magnitude of each source of
uncertainty, we have analyzed in some detail the data from one

' location for.the shakedown test NOV162. That test was.a transient
cooldown (Q = 0) with F = 0.0785 and ap/p = 0.12. We chose the
measuringpbsitionV86,kocatedontheversel' side,nearthecenterof
the downcomer. Because the temperature transients in the downcomer
are fairly uniform, these results are believed to be representative of
the conditions throughout most of the downcomer.

The heat flux at this location, computed from the surface temperature
transient, was used in the evaluation of the five sources of uncer-

tainty in the heat flux calculation. Each source of uncertainty is
discussed in turn below.

.

Probe Geometry. Figure A-3 shows a sketch of the heat flux probe
. installed in the downcomer wall. There is a 19 mm difference in
thickness between the heat flux probe and the surrounding downcomer
wall. The probes were machined to the nominal wall thickness of 51
mm, while the downcomer walls were made from 76 mm plate and for

|
I A-ll

I
r

.



~. - . _ , - . . - .

structural reasons had only enough metal removed to make them flat.
Because of the local difference in wall thickness, the heat flux vill
be somewhat lower at the probe location then in the main body of the
wall.

The effective wall thickness at the probe location will be somewhere
between the two extremes of the probe thickness (51 mm) and the wall
thickness (70 mm). By using the average value of 60 mm the

'

uncertainty in the wall thickr.ess is 16 percent. The resulting
uncertainty in'the heat flux calculation was computed by using the-
three thickness values (51, 60, and 70 mm) in Equation A7, and is
shown in Figure A-6. Initially the uncertainty contribution is small
since it takes some time for the transient to propagate to the outside
wall.. At times greater than one mixing time, the uncertainty in the
heat flux calculation attributable to the probe geometry is of .he
order of 20 percent.

Surface Temperature Measurement. There are two errors associated with
the surface temperature data. One is related to uncertainty in the
measurement of the temperature itself.(i.e. thermocouple calibration
uncertainty and DAS measurement uncertainty) and the other is related
to the position of the thermocouple bead relative to the wall surface ~.
Both errors are small; the measurement uncertainty is less than 1*C
and the error due to probe position (wall gradient) was shown earlier
to be less than 0.4*C.

j The~ average heat flux is proportional to the total temperature
*

decrease of the wal1 over the test duration. Hence, the average
| uncertainty in heat flux calculation due to the error in the surface

temperature measurement will be equal to the uncertainty in the
measurement of the total temperature drop. That~ uncertainty is less
than 1% for transient cooldown tests where the total temperature drop
is about 150*C, and 1% to 3% for tests with loop flow (smaller total

{.
temperature drop). Since the wall temperature data is filtered to
remove random fluctuations, the uncertainty in the instantaneous heat.
flux measurement associated with the surface temperature measurement
error will be comparable to the average uncertainty. Two-Dimensional
Effects. The instantaneous temperature distribution in the downcomer
is not completely uniform ~. There is a somewhat colder region in the
vicinity of the cold leg nozzle. Heat will be conducted into this
region from the warmer surrounding regions. Therefore, near the
nozzle heat conduction is not truly one-dimensional.

The magnitude of these two-dimensional effects can be estimated from

the wall temperatures measured in the previous tests. Temperature
nonuniformities are greatest during the early part of transient,

cooldown tests. Even in that situation 2the net effect of conductionin the plane of the wall is only 700 W/m , less than 5%'of the average
heat flux during the test, and relevant mainly near the cold leg

,

nozzle.
'

Heat Loss from Outer Surface. The energy loss through the insulation
can be estimated as:

';- A-12
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q"d -(T, - T,) (A9).

where k, and L are the insulation thermal conductivity and thicknessg
respectively, and T, is the ambient temperature.

The maximum heat loss ~(at the beginning of the test) is less than
2200 W/m . This loss is two orders of magnitude lower than the average

heat flux on the inside wall and can be neglected.

Metal Properties. . The data reduction algorithm assumes that the metal
properties are uniform across the wall and do not change with
temperature. This is a reasonable assumption for carbon steels. In

the range of temperatures experienced by the facility (25 to 200*C),<

the thermal conductivity remains within 3.2 % of its average value and
the specific heat within 4.8%. In order to estimate the uncertainty
associated with the change in properties, the heat flux at-location
V86 was reduced three times using the properties at 25*C, 200*C, and
the average properties. As shown in Figure A-6, the combined changes
in properties introduce an uncertainty in the heat flux calculation of
about 5 percent. This uncertainty is much smaller than that.

. associated with the probe geometry and'therefore it does not
3 contribute significantly to the overall. uncertainty.

] Overall Measurement Uncertainty. The various. sources of uncertainty
in the heat flux calculation are independent and therefore the total
' uncertainty is given by:4

1/2[=- Aqa + 3q2+A922-d + Aq (A10)
2

g t p
-q q
s Sa

where Aq = heat ~ flux uncertainty.due to probe geometry
AqE = heat flux uncertainty due to surface temperature

measurement

Aq2-d - heat flux uncertainty due to two-dimensional heat4

Aq =heaE"YYExuEcertaintyduetovariablemetalpropertiesi
i

P4

,

The overall uncertainty in the heat flux measurement is also shown in!

' Figure A-6. The total uncertainty is less than 20 percent during the;

early part of the test (t/t<1) and approaches 26 percent late in the
test.

A.3.3 Heat Transfer' Coefficient Uncertainty
i
' Figure A-7 shows the estimated heat transfer coefficient uncertainty

obtained from Equation A4. The uncertainty ranges from 16% early in
the test to about 30% towards the end of the test (3.5 mixing times).,

These results were obtained from the data at one location (V86) in a
transient cooldown test (NOV162) ~. The uncertainty may vary somewhat

i
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with location and flow conditions. However, the difference will be
' small. The major contributor to the uncertainty is the probe geometry

and.that remains fixed.
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