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SECTION 1
BACKGROUND INFORMATION ON (NCREASED
TEMPERATURE OF VESSEL UPPER HEAD ' UID TEMPERATURE

During the design development of the Westinghouse 4-loop plant with upper head injection
(UHI), it became apparent that the percentage of flow directed into the vessel head to achieve
a head fluid temperature equal to vessel inlet temperature would have to be increased over
that of current standard 4-'oop plants. This assessment was due to the fact that upper internais
support columns in plants with UHI have flow paths which provide direct communication be-
tween the vessel head plenum and the upper core plate region. Using the best analytical techni-
ques available at the time, a dec'sion was made to divert 0.9 percent of the total coolant flow
into the vessel head plenum to achieve the vessel inlet temperature ‘Tcold’ in this zone.

Testing of a 1/7-scale UHI plant model was begun. This test was structured principally as a
reactor internals vibration test program to qualify the new design in that regard. During the

last phase of this testing, static pressure taps were installed in six RCC guide tubes to verify

that a nonuniform distribution of guide tube pressure existed with a magnitude capable of
sustaining the flow of hot fluid intc the head. With the limited UHI| pressure data obtained

from this test, some verification of the analytical techniques and guide tube pressure distributions
assumed for the flow analysis was achieved.

However, it was realized that other analytical models could aiso support the test data. At this
point, development of other anlalytical models was initiated to better predict the results of the
1/7 scale UHI tests. In addition, planning for further testing was begun to more accurately
assess upper head fluid temperature and flow conditions. It was decided to equip eleven RCC
guide tubes with static pressure taps in the 1/7-scale, 14-foot core, 4-loop flow model test.
{Essentially, one complete quadrant of guide tubes was instrumented.)

A new analytical mode! was subsequently developed for predicting the upper head fluid temp-
erature of all 2-, 3-, and 4-loop designs. When applied, the new hydraulic prediction mode!
indicated that more vessel head cooling flow was theoretically required, (in varying degrees,
depending on plant type), to achieve a Tcold condition in the vessel upper head. The need for
experimental and operating plant data became more important to verify these new findings.
However, no mechanical equipment problems had been experienced or were foreseen for normal

468 075
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operation, nor was any assessment made of the possible implications associated with SAR
accident analyses.

The availability of data on upper head fluid temperatures in operating plants was investigated,
Investigation showed that one plant (Connecticut Yankee) had one thermocouple installed in

the vessel upper head plenum which could yield the fluid temperature in this region. Data ob-
tained for this peint indicated that the fluid temperature in the vessel head at 100 percent power
was in the range of | €2 percent of the difference between vessel inlet and outlet temper-
ature, i.e., | ].BL2# Since this reading represented only one data point,
further verification and additional data were required. it was decided that further verification
would be obtained from the previously mentioned experimental confirmation of the guide tube
pressure distribution from the 14-foot, 4-loop, 1/7-scale model test. (Subsequent application of th
the analytical prediction model to the Connecticut Yankee plant configruation indicated that the
head fluid temperature would be [ ]%€® percent of the difference between vessel inlet and out-
let temperature, i.e., | Jbc.e

Data from the 1/7-scale, 14-foot core, 4-loop model test were obtained, reduced, and analyzed.
Test data supported the basic techniques in the analytical prediction model, verifying that the
pressure profile associated with the guide tubes is sufficient to cause a flow of water that exits
from the core up through RCC guide tubes in the central portion of the array with a return
path down through the peripheral RCC guide tubes. This influx of Thot water causes the vessel
head fluid temperature to become somewhat greater *han vessel inlet temperature. A more de-
tailed description of the flow paths, pressure gradients, and analytical model is given in section 2
of this report.

With the flow paths and static pressure distribution phenomena thus acceptably substantiated
and with minor modifications to the analytical prediction mode', investigation of other impli-
cations of possible effects on LOCA/ECCS and other accident analyses were begun using the
new predicted elevated vessel upper head fluid temperatures. The analysis revealed peak cladding
temperature penalties (in varying degree, dependent on plant type) and larger pressure gradients
across the reactor internals upper support plate. These results were brought to the attention of
the Westinghouse Water Reactor Division Safety Review Committee on August 4, 1976, and
resuited in the notification of customers and the NRC of an unreviewed safety question on
August 5, 1976.

An action plan was formulated to expand the data bases by: (1) obtaining more temperature
readings for fluid temperature in the vessel heads of operating plants; and (2) performing sub-
scale model testing. The remainder of this report presents the results obtained when the ex-
panded data base was used.

468 074
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SECTION 2

ANALYTICAL MODEL FOR UPPER HEAD
TEMPERATURE CALCULATION

2-1. INTRODUCTION

An analytical model for estimating upper head region fluid temperature during normal opera-
tion has been developed. To estimate the upper head region fluid temperature with the ana-
lytical model, numerous boundary conditions must be known. The boundary conditions used
are based on experimental data obtained from a series of three hydraulic tests conducted at
the Westinghouse Forest Hills facility.

This section contains a description of the anaiytical method and test programs, a summary of
the pertinent test results, and correlates the test data as a set of design curves. Discussion of
comparisons between the predicted and measured results are presented in this report under the
1/5-scale mode! and in-plant measurement program sections.

22, DESCRIPTION OF ANALYTICAL MODEL

To determine the mean temperature of the fluid in the upper head region of the reactor, the
temperature and flow rate of all fluid crossing the boundary of the region must be known.
Figure 2-1 depicts the various flow paths into or out of the upper head region. There are
three potential flow paths by which flow crosses the upper head region boundary in a reactor.
These paths are the head cooling spray nozzles, the support columns, and the guide tubes. In
plants equipped with upper head injection (UHI), all three flow paths are present. For plants
without UHI, the support columns are not a flow path. The following discussion is applicable
to the UHI plant. Therefore, for designs without UHI, reference to support columns should be

neglected.

The geometry of a typical head cooling spray nozzle is shown in figure 2-2. The head cooling
spray nozzle is a flow path between the downcomer region and the upper head region. The
temperature of the flow which enters the head via this path corresponds to the ccld leg value

(i.e., TCOld)'

21
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The amount of flow entering the head region via this oath is accurately known. Fluid may
also be exciranged between the upper plenum region (i.e., the portion of the reactor betweer
the upper core plate and the uppor support plate) and the upper head region via the support
columns and guide tubes. It can be 2een from figure 2-1 that the support columns and guide
tubes are dispersed in the upper plenuin region from the center to the periphery. Because of
nonuniform pressure distribution at the upper core plate elevation, the pressure in the
suuport columns and guide tubes varies froin location to location. Based on experimental
data obtained from scale-model flow testing, which will be discussed in a later section, the
pressure (n any support column or guide tube is a function of the distance from the hot leg
outlet nozzi> to that column or tube. The support column or guide tube pressure increases
as the distance from the outlet nozzle increases. These support column and guide tube
pressure variations create the potential for flow to sither enter or exit the upper head region
via the support coluins or guide tubes. Any flow which enters the upper head region via
the support columns ar.i guide tubes is at a temp:2rature approximately equal to the hot leg
value (i.e., Thot)' Flow that exits the upper head region via the support columns or guide
tubes is assumed to have a t!uid temperature corresponding to the mixed mean temperatu:=
of the fluid entering the upper head region via *1e support columns, guide tubes, and head
cooling spray nozzles. This assumption is based on the following:

®  The upper head cooling flow exits from the nozzle as a high-momentum
jet (V=61 (t/sec) that produces subs‘antial entrainment and mixing.

®  The flows exiting the guide tubes znd support columns are also jets
(V<4.5 ft/sec and V<7.6 ft/sec, respectively) thus producing substantial
entrainment and mixing.

- Stratification due to density gradients should be minimal, as the directions
of the flows oppose the density gradient (i.e., the cold flow 's jetting
upward and the hot flow is jetting laterally or downward).

As a consequence of the above inlet fiow velocities and directions, the flow pattern in the
head is considered to resemble a toroidal vortex with flow upward near the surface of the
head ard downward near the centerline of the vessel. Thermal stratification is considered to
be vegligible and the head fluid is considered as a “mixed mean temperature.”

Due to the relatively large volume and low velocities in the upper head region, except for
variations due to the elevation at which the flow enters or exits the flow paths, the pressure
of the region is assumed to be uniform. A graphic summary of the bove discussion is
shown in figure 2-3.

463 078
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th ) (W )+ (h
t th
hot flow hot flow flow into head

spray nozzle "wspray nozzle
flow intc head

b . B
mixed (W *+ Weoray nozzle !
mean head thot flow 3 aY.
S Beat flow into head
‘mixed = f ‘hmixed , 2250 psia)
mean bead mean head
pm‘xed = f “mixed , 2250 psia)
mean head mean head
where

h = enthalpy, Btu/lbm

t = temperature

W = mass flow rate, Ib,,/sec
by ft

gc = gravitational constant, 32.174 — 5
|bf - sec

P = pressure, psi

p = fluid density, Ib,/ft3

K = hydraulic loss coefficient

A = flow area, ft2

and subscripts are as follows
head refers to head region
SC refers to support column
GT refers to guide tube

T refers to “total”

Determine the total amount of mixed mean head tempercture fluid exiting the upper

head region via the support columns and guide tubes by summing the flows of all the
support columns and guide tubes with a negative pressure differential. The flow rate
calculation is based on the experimentally determined support column and guide tube

~nD Yy
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hydraulic characteristics, the pressure differential calculated in Step (2), and the upper head
region mixed mean fluid temperature according to the following equation

(Phead = PSCi)(zgc,““) Pmixed

- mean head it
W = :
Tmixed mean temp. i§1 Ksc SC;
exiting head
< [Phead - PGr)(2gc)(144) Pmixed
mean_he
+ (AgT.
E%V Kat eTi

6. Determine if mass is conserved by adding the head cocling nozzle flow results from
Step (<) and subtract result of Step (5). If the result of this operation is zero, the
flow patterns and flow rates have been determined along with the corresponding
mixed mean temperature of the upper head region. The above operation expressed
arithmetically is

Flow Into Head Region = Flow Out of Head Region

0=W . + W - W
head coolm|g Thot flow Tmixed mean temp.
spray nozzie into head exiting head

7. If the result of Step (6) is not zero, assume a new value of the upper head region
pressure and repeat Steps (2) through (6).

2:3. DESCRIPTION OF EXPERIMENTAL TEST/«NG RELATED TO GUIDE
TUBE, SUPPORT COLUMN, AND UPPER PLENUM-UPPER HEAD
REGION HYDRAULIC CHARACTERISTICS

To assess the hydraulic characteristics of guide tubes, support column, and the interaction
between the upper plenum and upper head region of a UHI reactor, experimental data were
obtained from three independent tests. The three tests performed were:

®  UH! Flow Distribution Test.
L] 1/7-Scale UH| Upper Internals Test.
“ 1/7-Scale 414 Flow Test.

A brief description of each test and a discussion of the informatic , obtainer ‘= presented.

28
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24 UHI Flow Distribution Test

The test facility -nown in figure 2-4 was designed to facilitate isothermal hydraulic testing of
a fuli-scale 17 x 17 fuel assembly guide tube and UHI support column enclosed in a common
test vessel to demonstrate the compatibility of their hydraulic characteristics. The tests were
performed at low-pressure and low-temperature conditions, and at flow rates which bracketed
flow conditions experienced in actual plant and UHI| operation; 150-300 gpm/assembly for
UHI tests and 1000-2000 gpm/assembly for normal plant tests.

The facility was instrumented with pitot-static tubes for measuring dynamic pressure and, in
conjunction with static pressure wall taps, for measuring static pressure differentials. Several
differential pressure transdurer; were used to convert the pressure signal to a recordable
electronic signal, which was monitored by two 4-channel recorders. The instrumentation
locations are shown in figure 2-5, Pitot-static tubes were placed in the following strategic
locations:

- In the lower plenum baffle, approximately 12 inches below the upper
core plate at both the column and guide tube locations. These locations
provided a measurement of the respective assembly inlet flows.

®  |n the lower guide tube bottom plate and “‘cards’”’, to determine the
flow distribution of the lower guide tube.

The static pressure wall taps located in the upper plenum baffle provided a measurement of
the static pressure ditferential across the upper core plate. This measurement facilitated the
calculation of the core outlet unrecoverable pressure loss and the pressure loss coefficient.
The static pressure wall taps located inside the column and guide tube provided measurement
of the static pressure difference between each column and tube.

in addition to the instrumentation mentioned above, a Bourdon tube pressure gage and a
430-gallon water collection system were employed during some phases of the testing to
determine the overall hydraulic loss coefficients of the guide tube and support column.

The results of this experimental work, as related to the upper head region calculations, can
be summarized as follow::

®  The overall h' draulic resistance of the guide tube and support column from
the upper core plate elevation to the upper head region were determined.

®  The differerce petween the internal pressure of the support column and the
equivalent value within the guide tube was [ |b.c.e psi at typical reactor
conditions. This value is applicable in the central core locations where the
upper plenum flow patterns were simulated in the test v.esel

2k 468 063






R S

£993-7

Figure 2-5. 17 x 17 Upflow Test Instrumentation
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®  The pressure in the support column was found to he equal to the total
pressure of the flow at the exit of the support column, i.e., at the core
plate fuel assembly interface.

25, 1/7-Scale UHI Upper Internals Test

The primary purpose of the 1/7-scale, UHI upper internals test was to verify the mechanical
integrity of the UHI upper internals hardware (i.e, flow loadings on the critical guide tubes
and support columns). In addition to the acquisition of mechanical data, hydraulic data were
obtained relating to the upper core plate flow and static pressure distribution and the
variation in pressure in the guide tubes.

The test apparatus consisted of 4 1/7-scale simulation of the reactor vessal, lower reator
internals structures, and UH| upper reactor internals structures. The test facility provided
flow rates up to 140 percent of the prototype vaiues at fluid temperatures in the range
of 170°F.

-

The hydraulic instrumentation in this 1/7-scale model consisted of the following:

®  Static pressure taps located in the guide tubes along an imayinary line
from the center of the core to the center of the vessel outlet nozzle
(see figure 2-6). The static pressure taps were located in the vicinity
of the top side of the upper support plate (refer to figure 2-1). This
instrumentation provided data regarding the variation of pressure in the
upper section of the guide tube as a function of the distance of a
particular core location away from the vessel outlet nozzle.

®  Static pressure taps located at various locations on the upper side of the
upper core plate at the radial positions, shown in figure 2-7. This
instrumentation provided data regarding the variation in static pressure
at the upper core plate as a function of the distance from the vessel
outlet nozzle.

®  Pitot-static tubes located in the upper core plate assembly along an
imaginary line from the center of the core to the center of the vessel
outlet nozzle as shown in figure 2-7. The data obtained from this
instrumentation provided information regarding the variation in dynamic
pressure at the upper core plate as a function of distance from the
vessel outlet nozzle.

Data were obtained from the above-mentioned instrumentation for flow rates ranging from
50 to 140 percent of the prototype value. The data were normalized to a value correspond-
ing to the core outlet conditions of a plant. The normalized results are shown graphically
in figures 2-8 through 2-10.

2-12
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Figure 2-8 depicts the variation in upper guide tube pressure relative to the guide tube
closest to the vessel outlet nozzle. The abscissa of the figure corresponds to the prototype
rather than the mcdel and, in addition, the distance from the vessel outlet nozzle reference
point corresponas to the straight-line length from the center of a particular core location to
a point along the centerline of the vessel outlet nozzle at the inside diametor of the barrel.

The normalized results reflect the definite relationship between the upper guide tube pressure
as a function of the distance away from the vessel outlet nozzle. This variation in upper
guide tube pressure corresponds to the skew which will exist in the plant.

Figure 2-9 depicts the variation in the static pressure at the upper core plate normalized to
prototype conditions. The variation in static pressure has been referenced to the tap location
closest to the vessel outlet nozzle. This information reflects the relationship between the
upper core plate static pressure as a function of the distance away from the vessel outlet
nozzle and corresponds to the skew which will exist in the UH! plant.

Figure 2-10 depicts the variation in upper core plate dynamic head at a support column
location as a function: of distance from the vessel outlet nozzle. This variation corresponds
to the skew in support column dynamic head which will exist in the UHI plant.

2-6. 1/7-Scale 414 Flow Test

The primary purpose of the 1/7-scale 414 flow test was to verify that the core inlet flow
distribution associated with a single lower core support plate ccacept was as uniform as the
previous lower core plate and lower support plate configuration which had been tested
previcusly.

The test apparatus consisted of a complete 1/7-simulation of the reactor vessel, lower reactor
internals structures, and @ UHI-style upper reactor internals structures. The test faciiity
provided flow rates ranging from 70 to 140 percent of the prototype values at fluid
temperatures in the range of 170°F.

The hydraulic instrumentation used in this model and related to evaluation of the vessel upper
head region is as follows:

®  Static pressure taps located in the upper section ot various guide tubes
(as shown in figure 2-6) at an elevation in the upper support plate. As
can be seen from the figure, the instrumented guide tubes were dispersed
throughout the entire quadrant of the core to further verify the
relationship between guide tube pressure and distance away from the
vessel outlet nozzle. These data nrovided further verification of the guide
tube pressure variation measured in the 1/7-scale UHI flow test.
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®  Flow venturi devices located at the outlet of each fuel assembly
location in the instrumented quadrant. These data provided additional
verification ot the upper core plate dynamic head at the support
column locations.

Data were obtained from the above-mentioned instrumentation for flow rates ranging from

70 to 100 percent of the prototype value. The data were normalized to a value corresponding
to the core ouilet conditions of a plant. The normalized results are shown graphically in
figures 2-8 and 2-10. It can be seen from the figures that the 1/7-scale 414 hydraulic data
agree very well with the 1/7-scale UHI hydraulic data and thus further substantiate informa-
tion employed in the evaluation of the plant upper head region fluid temperature.

2-7. Test Data Correlation and Design Curves

To determine the pressures in the support columns and guide tubes fcr each location in a
UHI plant, it was necessary to combine the information from the three tests. In this process,
the data from the UHI flow distribution test were used to establish the absolute pressure
difference between the two components in the center of the core. The variation in guide
tube pressure and support column pressure across the core was taken from the scale

model data.

The variation in guide tube internal pressure across the upper plenum was measured directly
on both the 1/7-scale tests and correlates well with distance of the guide tube from the
vessel outlet nozz! (figure 2 8). The pressure within the support column was not measured
directly on the 1//-scale tests. It has therefore been established from the variations of static
pressure and core outlet dynamic pressure measured in these tests. This was done by
combining the two pressures to obtain the total pressure a* the core plate. The basis for this
comes from the UHI flow distribution test in which the support column pressures were
measured and found to be equal to the total pressure at the elevation of the upper core
plate. Thus, the support column pressure variation across the core can be established b
adding the curves in figures 2-9 and 2-10. The absolute variation between tiie suppo:t
column pressure variation and the guide tube pressure variation was established from the UHi
flow distribution test data in which a pressure differential of [ ]2S® psi was recorded. This
is applicable in flow regimes similar to those near the center of the core so that the [ |P.c®
differential may be observed on the desigr curves (figure 2-11) at 60 inches from the outlet
nozzle.
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SECTION 3
1/5-SCALE MODEL UPPER HEAD TEMPERATURE TEST

31 TEST OBJECTIVES

The overa!l objective of the test is to experimentally determine the relationship between normal
operation fi.e., steady-state) temperatures in the reactor vessel upper head region and the "head
cooling” flow rate. Within this general objective it is necessary to

. Determine the upper head region fluid temperature distribution in a 4-loop
plant with UHI for the nominal head cooling fiow rate of 0.92 percent of
total vessel flow.

®  Determire the upper head region fluid temperature distributios in a 4-loop
plant with UHI for head cooling flows ranging from 0.92 percent of total
vessel flow to the amount required to maintain the upper head region
fluid temperature at the reactor vessel inlet value (i.e., Teold!-

- Dete mine the upper head region fluid temperature distribution in a 4-loop
plant without UHI for head cooling flows ranging from 0.34 percent of total
vessel fiow to the amount required to maintain the upper head region fluid
temperature at the reactor vessel inlet value (i.e., Tcold)-

32 GENERAL MODEL DESCRIPTION

The 1/5-scale upper head region fluid temperature test model consisted of a half-hemisphere
geometry with a diameter of approximately 36 inches (1/4.67 scale). The upper head region
of the 4-loop UHI style plant was modeled with simulation of the reactor vessel head radius
and the reactor internals components including the upper guide tubes, stub ends of the sup-
port columns, thermal sleeves, drive rads, UHI injection ports, and head cooling spray nozzle
jets. Figures 3-1 and 3-2 present the elevation and plan views of the section modeled. The
McGuire Unit 2 plant (DBP) was considered the reference plant for the 4-lors UHI design
and flow via the support columns for the 4-loop plant without UHI was eliminated.

The model was designed to accommodate variable head cooling flow rates (ranging from zero
to 4 percent of total vessel flow) without significant changes in head cooling spray nozzle

jet velocity. The model was capable of accommodating water temperature of 140°F to allow

the necessary temperature differential (~70°) for mixing measurements, and a salt solution
g

was employed to duplicate the in-plant density gradients. The front section of the model was
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constructed of Lexan and dye injection ports were incorporated to facilitate viewing of the
flow patterns,

A known flow rate was directed into the upper head region via the head cooling spray noz-
zles. The guide tube and support column pressure distributions were based on the results of
e 414 1/7-scale model, UHI 1/7scale model, and UHI flow distribution tests. The support
column and guide tube pressure distributions were maintained by using standpipes of a speci-
fied height. Pressure measurements were obtained for each standpipe to verify the pressure
distribution. In addition, the standpipes were designed to maintain a constant density over
the entire length of the standpipe (i e., prevent sait solution from entering the standpipe).

The upper head recion of the model contained 60 thermocouples to monitor temperatures in
the region. Aadit onal thermocouples indicated the temperature of the head cooling spray flow
“nd the standpipe flow prior to entering the model. The thermocouples were connected to a

u © sition system which sampled two thermocouples a second. To obtain the desired
density iriation it was necessary to use a salt solution. Also, to better control the salt solu-
tion and the temperature of the “hot” fluid, it was decided to inject “hot'’ salt water into the
head cooling jets and employ “cold” pure water for the guide tubes and support columns. The
resulting density gradients in the model are the same as in a plant; however, the temperatures
will be exactly the opposite of thase in the plant (i.e., in the model the “hottest” temperature
corresponds to the “coldest” temperature in plant),

33 DISCUSSION OF MODELING

Modeling is discussed in the following paragraphs from the standpoint of similarity, boundary
conditions, the standpipe system, and placement of thermocouples.

34 Model Similarity

The following is a list of parameters considered to be sigmificant in the determination of flow
and temperature patterns in the upper head region:

®  Momentum and direction of flow entering and exiting the region.

®  Density buoyancy effects associated with temperature differences between
flow entering the region via the head :ooling nozzle and via the guide
tubes/support columns.

®  Viscous drag associated with hardware components in the upper head region.

L] Variations in specific heat between the head cooling and guide tube/support
column flow,

3 4eg 098
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By considering the above parameters, it is possible to preserve thermal and hydraulic similarity
between the model and the plant. The above parameters are therefore modeled accurately
where feasible, and conservatively where precise scaling could not be achieved. Model/plant
similarity was accomplished through use of geometric scaling, the Richardson number, the
Euler number, the Reynolds number, the Peclet number, and the ratio of specific heats and
densities.

The geometric similartiy of the upper head region has been preserved by use of a linear scale
factor (1/4.67) on all dimensions, with particular attention to inlet and outlet flow path geo-

metrie:  fhe numerical value of the scale factor was selected to provide a practically sized
mode. «nd facilitate the use of a standard size hemispherical head.

The Richardson number is a ratio of gravity force/inertial force and, as shown in the following
discussion, the model value will exactly simulate the plant value. The Richardson number is
defined as follows:

_ (~a/p) (8p/5L)
Ng| = e, e
Ve,
sL !
where

gravitation constant 32.2 ft/s 1c2.

]

9

£ = density, !bm/’fts.
V = velocity, ft/sec
L = length, ft
The Richardson number can also be expressed as,

_ -glaw/AL)
Ngy = T=52 -

_g(prpz)&l..
; Y
In this form it is easier to visualize the physical significance of the Richardson number. To

assure similarity between the plant and the model Richardson number, the following evaluation
was performed:

9 (p1-P2)piant (Bllplant _ -9 (P1-22)model (AL)model

e
Pplant 2Vpiant Pmodel szmodel
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then

Almodel = AL%l%ﬂt
and

ey “ig)model _ 122 piant
Pmodel Pplant

Therefore, after substitution,

0 1\ [#122)model
plant 2 - sz
(pmodel)(4-67) (W1 “P21plant AVpiant model

At this point, the only parameter which has not been specified is szmodei' which can be

determined as follows:

Water in the plan* at 568.1°F and 2250 psi: p = 46.36 Ibm/“3
Water in the plant a« 627.1°F and 2250 psi: p = 40.58 !bm/ft3
22% by weight salt water in model at 140°F and 14.7 psi: p = 71.24 lb,, /f3
Water in model at 60°F and 14.7 psi: p = 6235 Ibm/ft3

and for the guide tube and support column flow,

4058\ f 1)(e 2 =l AV2 = Av2
(62.35)(4.67) (5.78)‘“’ plant _ * 767 AVplant = AV model
lll c

GT/sC GT/SC

Similarly, for the head cooling flow:

46.36\ [ 1 8. 2 = 1o Ay2 = Ay2
(‘7‘_‘1.24)(4.—67) ("5.%’) EV%lant = 767 AV plant * AVEmodel
s N SN

The preceding evaluation indicates that the Richardson number of the head cooling and guide
tube/support column flows can be exactly simulated by scaling such that the szmodel B
1/4.67 '*w2plant' To obtain the appropriate a2 scaling in the model, the plant pressures
must be scaled by a factor of 1/3.04, as per the following discussion:

APmodel (Ko Vz)model

36
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where
AP = pressure differential
K = hydraulic loss coefficient
g = density

V = velocity

Since the hydraulic loss coefficients in the model are assumed to be the same as the plant values:

2
?Pmode! - Pmodel” VY “model
plant

2
Pplant?V “plant

For the guide tube and support column locations:

2 - o 2
Vimodel = 467 Viplant
GT/SC } GT/SC
_623
Pmodel ~ 4058 “plant
GT/SC GT/SC
And by substitution:
6235 _1 1
APrmodel = “Pplant 2058 467 ~ 304 “Pplant
GT/SC GT/SC : . GT/SC

In the same manner, it can be shown that:
AP model = '3‘163 APhiant
SN } SN

The Euler number corresponds to one-half the hydraulic loss coefficient, as shown below, with
the appropriate unit corrections, and is a ratio of pressure force/inertial torce.

(4P) (_23@ (144) = K = hydraulic loss coefficient
pV?
gc(AP) (144) ol -
——-2—-— - uler number
pV
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For the Euler number in the model and the plant to be the same, the following must be true:

A':’model . AP lant
BV model  (V )plant

or

2
5 Pmodel Y[V mode!
AP model = A"'pl«:mt( )( K )
v plant

Pplant
- op ("s‘n'am”vzplmt ). MPoiant 50
=4 n
plant Polant 467 Vzplant plant 3 04

By simulating the Richardson number of the plant in the model it was necessary to reduce the
plant pressures by a factor of 3.04. This reduction in pressure compensates for the dynamic head
(i.e., pV2) differences in the plant and the model. The simulation of the Richardson number was
based on the plant and model hydraulic loss coefficients being identical, which impiies that the
Euler number in the model and plant are identical. The above algebraic manipulations merely
verify that if the pressures in the model are equal to 1/3.04 of the plant value, the Euler number
in the model and plant will be identicul.

The Reynolds number is a ratio of inertial force/viscous force. The following calculation indicates
that the Reynolds number in the model will be approximately 1/100 of the plant Reynolds num-
ber. This indicates that Reynolds number similarity between the plant and model cannot be pre-
served. However, with respect to the test, a lower than in-plant Reynolds number implies that
the turbulence intensity in the model will be lower than in plant. Decreased turbulence levels
infer a greater potential for flow stratification in the model than in the plant. If stratified flow
exists, large temperature gradients could exist in the upper head region; the latter is undesirable.
Since the model has greater potential for flow stratification than the plant, the model test results
will be conservative relative to the plant.

The Reynolds number is a ratio of inertial forces/viscous forces and can be expressed as:

_ DVp
Npe = ==
where

= hydraulic diameter, ft
velocity, ft/sec

= density, lbm/ft3

= viscosity, Ib,,/ft-sec

TS <0
1]
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Now, assuming exact simulation between the plant and model Reynolds number:

NRe = (pjvﬂ)modei : (‘D':“Iﬂ)plant = NRe

model plant
or
D v ;
Nre = NRe (_ model)( moden\(pmodellﬁ‘plam \
model plant Yplant Volant /\ Pplant /U Emodel /

From previous discussion:

Omodel = Dplant Vmodel = Yplant
%.%T \"357

Pmodel = 62.35 Ib /ft3 Umodel = 271

Pplant = 40.58 1o /f13 bplant = 0.23

Therefore

NRe = Npe fagy) (&7.)(3323)(2313% Nge (1.3 x 1072

model plant v plant

It should be noted that the decreased Reynolds numbers in the model could lead to nonconser-
vative results because variations in hydraulic loss coefficients of the model guide tubes and sup
port columns are greater than the in-plant values. Idel’chik '!' indicates that for “low’ Reynolds
numbers, contraction and exnansion hydraulic loss coefficients tend to increase. To determine
the relationship between the model guide tube and support column hydraulic loss coefficients
and the Reynolds number, a flow test was performed for flow rates ranging from 0.3 to 3.75 gpm
with 65°F water. The results of the test are shown in figure 3-3. It can be seen from the figure
that the loss coefficients for upflow and downflow in the guide tube and support column vary
with Reynolds number. However, in the range of interest for the guide tube (i.e., NRe >5000)
and support column (i.e. Ngpe 10,000) the variation is less than 10 percent, which has a small
impact on the upper head region fluid temperature.

Up to this point in the discussion, all similarity comparisions have been based on hydraulic para-
meters. With respect to thermal similarity, the dimensionless group of interest is the Peclet number,
The Peclet number is a ratio of bulk heat transfer/conductive heat transfer. As shown in the
following, in both the plant and the model, bulk heat transfer completely overshadows any

1. 1. E idel’chik, Handbook of Kydraulic Resistance, pp. 99 and 128, Israel Program for Scientific Translation. Jerusalem 1966
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conductive heat transfer. Since this is the case, the fact that the model Peclet number is only
0.078 of the plant Peclet number is insignificant. The Peclet number is expressed as,

/LVoCp
Npe ‘(‘1;‘"

L = length, ft
V = vyelocity, ft/sec
p = density, Ib/ft3
Cp = specific heat Btu/lb, -"F
k = thermal conductivity Btu/hr-ft-F°

For exact simualtion:

‘:L'V'R'p'c' _)p mode! ~ (_R__LVpCp_) plant

- Np (Lmodel )( Vmodet\ (“model\ | CPmodel \(kpnam \)

~Lplant Volant / \Pplant ) \ “Ppiant / \Kmodel

Npe e
model plant

Substituting the following values:

L
. .plant Vplant
Lmodel 4§67 Vinodel ~ \/‘,":‘6'—7‘-
= 3
Pmodel R B Kmodel = 0.34 Btu/hrft-°F
Pplant = 4068 Iby/ft? Kplant 0.28 Btu/hr-ft °F

Cpmodd = 1,00 Btu/lbm-°F

CPylant = 1.61 Btu/lb, -°F

With L in inches and V in ft/sec

Npe =514 x 10% (L) (V) Npe = 3.24 x 10% (L) (V;

plant moael

an

——
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Nee = Mo (u;.,) \/{#%2:35 (.}-g?—)(-gg%-)= Npe (7.8 x 10°2)

plant plant

Another thermal characteristic of interest is the ratio of {Cp) (p) of the two fluids in the plant
and the model. The term (Cp) (p) has units of Btu/ft3-°F and is an indication of how many
Btu's wou'd be required to make 1 ft3 of fluid experience a 1°F temperature change.

In the plant:

(0)(Cp) GT/SC  (40.58 Ib/ft3) (1.61 Btu/lb,,-°F)

=11
ToTTCol SN (46.36 1b,,/ft3) (1.27 Bru/ib,,°F)

where SN refers to spray nozzle.

And in the model assuming 22 percent by weight salt solution at 140°F.

(0)(Cp) GT/SC _ (6235 ib/ft3) (1.00 Btu/Ib,-*F)

- = 1.07
To)1Cp] SN (71.24 ib /ft%) (0.81 Btu/Ib,,-*F)

The above indicates that the ratio is not the same in the plant and model. This implies that the
normalized AT in the plant and the model will not be the same. (The normalized AT is (Tpoint'TSN”':
‘TGT/SC‘TSN) . However, the error introduced due to this variation is relatively small. Based on the
assumption that the specific heat is a linear function it can be shown that:

%plant N 1 “-A!

where,
i ToT
- (100)
i (TGT/SC - TSN)""""'

T-T
% ~(——=3N (100)
model (TGT/sc-Ts ks

(Cols CrlgT/sC
= [ —_ImModel lant
2 (‘CP’GT/scN)M e(‘Epism )pan
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The maximum error would oust. if %model = 90 and upon substitution,

_ [171.24) (0.81)) ((40.58) (161)) _
5 (mm)(mHﬁ#) o

1.039

E = 50.97

*plant = T (1 -1.039) s
50 100

whict. results in an error of less than one percent between the model and the plant. Since this
correction is relatively minor, it will not be applied to the measured data.

35. Specification of Boundary Conditions for UHI Configuration

Figure 3-4 shows the distribution of har.  “re in the plant for McGuire Unit 2. It should be
noted that the plant has half-core symm | This symmetry can be seen in figure 34 by ro-
tating the figure 180°. In the plant, there are six types of hardware (support column, 15 x 15
guide tube, 17 x 17 Pu recycle guide tube, removable flow column, no hardware, and 17 x 17
guide tube). Figure 3-5 shows the plant pressure distribution based on the results of the 1/7-
scale model testing.

Figure 3-6 presents the distribution of hardware employed in the model. The half modeled was
0°-5J°-180°. This half was chosen since this plane, 0°-180°, exhibits the largest variation in
pressure (refer to figure 3-5) and therefore when employing dye injection, it provides better
viewing characteristics through the Lexan boundary plate. It can be seen from figure 3-6

that only 17 x 17 guide tubes and support columns will be employed in the model. This was
done to standardize hardware.

The following discussion explains how the model pressure distribution for the guide tubes
and support columns was determined. Figure 3-5 presented the measured pressure distribution
from the 1/7-sca'e mode's. Table 3-1 summarizes the various measured pressures. There are 49
distinct pressures in the guide tubes and support columns. If one examines the magnitude of
the pressure variations it can be seen tt :1 many of the values can be lumped without signifi-
cantly changing the pressure. By lumping the pressures, the number of standpipe assemblies
required to establish the pressure distribution will be reduced. The average weighted pressure
for a model standpipe was determined according to

n
average weighted pressure = 2 Pi/n
i=1
where
n = number of guide tubes or support columns

Pi = pressure of each guide tube or support column
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Pressure (psi)

Type

TABLE 31

Average
Weighed
Pressure

SUMMARY OF PLANT AND MODEL PRESSURES

S

Elevation
Head

Correction
(psi)

Pressure
Accounting

Eievation
Head

r 1 be.e

i

NNMNNNQM—'N-‘-‘—D-‘MMMJNNN—'NN&NNg

s.c.lel
S.C.
S.C.
S.C.
ScC.
S.C.
5.C.
S.C.
s.C.
S.C.
S.C.
S.C.
S.C.
S.C.
S.C.
S.C.
S.C.
S.C.
SC.
S.C.
G.T.
G.T.
S.C.
s.C.
S.C.
S.C.
S.C.

bc.e

0.88

0.88

0.88

0.0

0.88

0.88

bec.e

RSO e ¢ )

a Elevation Head Correction for Support Column =

137.35) (40.5757)

1728

317

0.88 P
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TABLE 3-1 (cont)
SUMMARY OF PLANT AND MODEL PRESSURES

Pressure
Elevation Accounting
Average Head for
Weighed Correction Elevation
Pressure (psi) No. Type Pressure (psi) Head
- 7| beel 3 G.T. I et B Y ' T’""
2 G.T.
2 S.C. 0.88
2 =L 0.88
4 5C
2 S.C. 0.88
2 8.C.
1 G.T. 0.0
2 G.T.
2 $C. | 0.88
2 SC. 088
2 . 1. 0.0
2 G.T.
2 G.T. 0.0
2 S.C. 0.88
2 GT. 0.0
2 G.T1.
2 G.T. 0.0
2 G.T.
2 G.T. 0.0 l
2 - Ra. J 00 L]
L J 2 G.T h
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By determining the standpipe pressure according to th2 above formula, the individual pressures
are not preserved; however, the overall effect of employing the weighted pressure will pe the
same as if the individual pressures had been used. It should be noted that no situations exist
in which guide tubes and support columns are connected t. the same standpipe. This was done
to avoid the potential for fluw to be entering and exiting the same standpip<. By employiig
the above technique the number of pressures was reduced from 49 to 20 (see table 31).

The 1/7-scale model measured support column pressures did not account for the elevation head
from the upper core plate to the beginning of the solid section of the guide tube enclosure.

In the plant, the distance from the upper core plate to the beginning of the solid section of
the guide tube is 37.35 inches. The density assoc:ated with the fluid is 40.5757 1bm;'ft3

(P = 2250 psi, T = 627 F). The resulting elevation head correction to be applied to the support
column pressures is:

Elevation Head Correction for Support Column = (37'35)1.(,;%—5757) = 0.88 psi

The recult of increasing the support column pressure by 0.88 psi is shown in table 3-1. No
corrections are necessary for guide tube locations.

The 1/7 scale mode! test data presented in figures 2-8 and 2.9 of section 2 indicate that

there is approximately a 0.5 psi variation of guide tube and support column pressure about

the least squares regression analysis of the measured data This pressure uncertainty was incor-
porated into the 1/5-scale model test by increasing all support column pressures by 0.5 psi and
decreasing all guide tube pressures by 0.5 psi. By adjusting the pressures as indicated, the amount
of flow entering the upper head region via the sunport columns and guide tubes is maximized.
Table 3-2 presents the in-plant pressures accounting for the sunport column elevation head
correction and the pressure uncertainty.

At this point, the only correction remaining ‘0 determine the model pressure distribution is
to scale the pressures such that the Richardscn number is preserved. As discussed previously,
to preserve the Richardson number the pressures must be reduced by a factor of 3.04. This
operation was performed and the result is showr in table 3-2, which presents the mode!
pressure to be employed at each core location

In the plant, the besi-estimate head cooling flow rate based on the thermal design flow rate
is 3471.41 gpm. Tre corresponding head couoling flow for the model was determined accord-
ing to the foflowing:

71.41 gal 1 Nozzie Area in Plant 1\. o Modsl Mead. Coolin
_E___._Ba_i H.;ad(4 . JIBT 36.82 gpm odel Hea ing

min - bead 672 Nozzle Area in Plan
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TABLE 32

SUMMARY OF PLANT AND MODEL PRESSURE FOR
EACH CORE LOCATION IN 0°90°-180° HALF

Plant Pressure
Pressure Measured Accounting for
in 1/7-Scale Model Support Col.

0z €

897

Adjusted to Reduce| Elevation Head and No. of
No. of Standpipes | 0.5 psi Uncertainty | Pressure in| and Hard-
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Head cooling flows in the test ranged from 36.8 gpm to 133.4 gpm.

The uncertainty associated with the head cooling flow is * 7 percent. This uncertainty is based
on the sqare root sum of squares of a 10 percent uncertainty on spray nozzle loss coefficient
and a 10 percent uncertainty on the pressure loss. The tests were performed using 7 percent
less than the best estimate head cooling flow rate and all presentations of the measured data
will reflect flow 7 percent greater than the best estimate value.

36. Specification of Boundary Conditions for Standard Plant Configuration

The pressure boundary conditions described for the UHI plant were applied to the standard
plant, with one exception. For the standard plant, the support columns are not a flow path.
Therefore, flow was not permitted to enter or exit the head region via the support columns.

With respect to head cooling flow, the standard plant spray nozzle dimensions were scaled in
the same manner as for the UHI nozzle (i.e., diameter model = 1/4.67 plant diameter). In the
plant, the best estimate head cooling flow is 1290.73 gpm, based on the thermal design flow.
The corresponding head cooling flow for the mode' was determined according to the following:

1290.73 gal 1 Nozzle Area in Plant L 13.69 -
: == = 13. m = Model Head Coolin
min ~ head 2\4 672 Nozzle Area in Piant ) NEXY w v

Head cooling flow in the test ranged from 13.7 gpm to 59.6 gnm.
37. Discussion of Standpipe System

As mentioned previously, a series of standpipes were employed to establish the guide tube/support
column pressure distribution. The design of the standpipe system was such that

® A constant elevation head was maintained.

® The salt solution was prevented from entering the region of the standpipe
above the drain level.

®  Pressure losses associated with the system were minimal.

®  Pressure monitoring devices were provided to determine the pressure at the
entrance to the quide tube or support column.

Figure 3-7 is an outline of the standpipe system. The standpipes were made of 4.inch ID PVC
piping and 1 1/4-inch 1D tubing was used to connect the guide tubes and support columns to
the standpipes. Pure water was fed into the top of each standpipe. To obtain the desired guide
tube/support column pressure distribution, the elevation for each standpipe must be equal to the

distance from the bottom of the model guide tube or support column to the top of the inside
of the head plus whatever distance is required to obtain the pressures presented in table 3.2
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[ ] be® To assure that the elevation head for a standpipe remains
constant, a constant water level was maintained by a slot at the top of the standpipe which
serves as an overflow drain and no salt solution was permitted in the standpipe above the

standpipe drain level.

A clear section of tubing equipped with a dye injection port was employed to indicate flow
direction in the standpipe. The clear tubi~a section wus located just above the standpipe drain.
For all standpipes, the standpipe drain hose clamp was opened to a point which indicated flow
was downward. By assuring that the standpipe flow was downward, the possibility of salt solutien
affecting the pressure distribution was eliminated, The centerline of the drain hose was located

at an elevation corresponding to the bottom end of the support column, and for guide tubes at
an elevation corresponding to the point where the solid section of the guide tube enclosure be-
gins. By locating the hose clamp at these locations, the elevation head variation in the model,
accounting for scaling, will be the same as in a plant. If this variation in the model had not been
maintained, the effect of elevation head on the pressure distribution would not be properly
modeled.

The 1 1/4-inch ID tubing employed to connect the guide tubes and support columns was
chosen to minimize pressure losses between the standpipes and the model. By employing the
1 1/4-inch ID tubing, the hydraulic resistance associated with the connecting tubing was in
the range of 8.2 in.™4 compared with hydraulic resistances (K/A2) of approximately 200 in."4
for a guide tube and 479.7 in.‘4 for the support column. Based on the above, the |'ne losses
associated with the connecting tubing are relatively small. To assure uniformity in lire losses
for each location attached to a given standpipe, the length of tubing to make the .onnection
will be the same.

To monitor the pressure distribution at the entrance to the guide tubes and support columns,
at least one individual tube per standpipe 'vas monitored for pressure. The pressure-monitoring
device consisted of a tube running from the model hardware (at an elevation corresponding to
the centerline of the standpipe drain hose) and was attached to the side of the standpipe. The
pressure-sensing tube protruded approximately 2 feet "~ve the standpipe weir to accommo
date conditions where the guide tube or support colum:: pressure was greater than the stand-
pipe pressure. This tube sensed the static pressure into the guide tube or support column. Due

the small dynamic heads anticipated in the guide tubes and support columns at the sensing

* li.e,, ~ 0.003 psi), the pressure indicated will be considered as the total pressure. These

pressure sensors provided: a. an estimate of line losses between the standpipe and model; b. an
indication of elevation head variations on the pressure distribution: and ¢. an indication of flow
direction (i.e., if the elevation in the sensing tube is lower than the standpipe weir flow entering
the model, or vice versa.
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As was the case with the standpipe, it was essential that only pure water be in the sensing tube.
This was assured by providing a sufficiently long (~ 5 ft) run of tubing horizontally before run
ning vertically on the standpipe. It should be noted that before testing, the entire system was
purged with pure water.

38 Placement of Thermocouples

There were 60 thermocouples dispersed throughout the 1/5-scale upper head mode:. In addition
to the thermocouples in the mod~' the temperatures of the hot brine solution (head cooling
flow) and guide tube/suppert column flow were measured.

The thermocouples in the upper head model were positioned using the UHI configuration as a
base, such that regions of significantly different temperatures would be detected, if they exist.
Three possible types of upper head flow patterns were postulated, as shown in figure 3-8.

If the assumption is made that the upper head flow pattern is controlled by density gradients,
one would anticipate the temperature distribution depicted as Type A of figure 3-8.

If this flow pattern exists in the p.ant the majority of low density core exit flow will enter

the upper head via the support columns at a location just above the support plate and a
“chimney’’ of relatively unmixed core exit flow will be created. This will result in the presence
of a region with a temperature substantially greater than the mixed mean temperature. Since
the density gradient is assumed to control the flow pattern, the relatively dense head cooling
flow will enter the region and will gradually alter direction from vertically upward to downward,
In addition, the initial momentum of the head cooling flow will create a vortex as it entrains
the surrounding fluid. The fluid in this region would have a temperature significantly lower than
the average. For this type of flow pattern, the maximum in-plant temperature would exist just
above the upper support plate between the two cold leg nozzles.

Based on the assumption that the upper head flow pattern is controlled by form/viscous drag,
the temperature distribution depicted as Type B of figure 3-8 would exist. The majority of
low-density core exit flew will enter the upper head region via the support columns at a location
just above the support plate. The presence of guide tubes and support columns in the lower
portion of the upper head creates form/viscous drag. The density gradient and kinetic energy

of the support column flow is not sufficient to overcome the form/viscous drag. Therefore, the
majority of core exit flow will remain in the lower cylindrical portion of the upper head region.
The head cooling flow entering the upper head region will establish a vortex in the upper section
of the region. The upper section fluid will contain essentially all the head cooling flow and
therefore will have a (emperature substantially lower than the mixed mean temperature. The
maximum in-plant temperature for this flow pattern would be found just above the support
plate petween the two cold leg nozzles.
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The 1nost probable upper head region flow paitern is presented as Type C of figure 3-8. This
flow pattern is based on the assumption that the momentum of the head cooling flow is suf-
ficient to create a toroidal vortex in the entire region. For this particular flow pattern, the
upper head region will have a relatively uniform temperature. When the majority of the core
exit fluld enters the region via the support column, the maximum in-plant temperature for
this fiow pattern exists just above the support plate between the two cold leg nozzies.

The axial and radial placement of the 60 thermocouples in the upper head region is presented
in figures 3-9 through 3-20. From the figures it can be seen that 13 of the 60 thermocouples
located in the model represent positions at which in-plant measurements might be obtained. These
13 locations are not considered w 1en determining the mean upper head region temperature of the
model, but could be employed to relate inplant measurement to the model measurements.

Based on the postulated flow patterns, if a “hot”’ region existed it would be in the area between
the upper st .. -t plate and upper support plate flange. Approximately 25 percent of the vessel
upper head region fluid volume is in the above region. Twentysix of the 47 mode! thermocouples
are located in this region (i.e., thermocouple levels 1 and 2). Therefore, each thermocouple
measurement represents approximately or.e percent of the volume. At the remaining levels of
instrumentation each of the 21 thermocouples represents approximately 3.5 percent of the vessel
upper head region volume,

39. TEST FACILITY

Figures 3-27, 3-22, and 3-23 are pictorial views of the test facility which was primarily designed,
built, and operated by Westinghouse Research and Development Center personnel. The primary
components of the system are labeled to aid the reader in understanding the system. The prin-
cipal elements are described in the following paragraphs.

3-10. Reactor Head Scale Model

Closeup views of the 0.214-to-1 upper head scale model prior to instrumentation are shown

in figures 3-24, 3-25, and 3-26. Figures 3-27, 3-28, and 3-29 are closeup views of the model
after the addition of 60 thermocouples. The selected model scale was based on the availability
of a 35.8-inch ID hemispherical spinning and judgment as to the necessary supply of hot brine
for a reasonable test duration. The hemisphere was cut near the cente; to include all the guide
tubes and support columns in one half plus the center row. The open face of the model was
closed with a transparent 0.5-inch-thick Lexan plate.

Regions where water either entered or exited the upper head were modeled in detail. These
included the head cooling holes or spray nozzles shown in figure 3-29, the region around the
holes in the support columns (figure 3-27, and the region around the top of the guide tubes
including the orifice, RCC drive rod, and thermal sleeve (figure 3-24).
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Figure 3-9. Number of Thermocouples in 1/5 Scale UHI Upper Head
Region Model at Levels 2, 5, 6, 7, and 9 (T/C’s in Both
Plant and Model)
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