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Abstract

Experimental studies were conducted on a 1/5.03 scale reactor flow model of the Yong-
gwang Nuclear Units 3 and 4. The purpose of the flow model test was to estimate the
hydraulic effect in the reactor vessel due to the relative size difference between the ABB-CE’s
System 80 and the YGN 3&4 reactors. The flow model was designed according to the
principle of similarity. Obtained from the test were the core inlet flow distribution, the core exit
pressure deviations, and the segmental and overall pressure losses across the flow path from
the reactor vessel inlet to outlet nozzle. These data will be used to provide input data for the

core thermal margin analysis and to verify the analytical hydraulic design method.
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1. Introduction

In the absence of a mathematical model for
predicting the hydraulic characteristics in complex
geometries, one must revert to experimental tech-
niques. At present, there exists no mathematical
model or at least some uncertainties in predicting
hydraulic characteristics of the reactor internals,
especially for the pressure drops across the com-
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plex reactor intemals and the flow distributions in
the core inlet and exit so that experimental techni-
que should be employed to obtain the hydraulic
characteristics and verify the analytical hydraulic
design method.

Small scale models are valuable for obtaining
quantitative data for use in prototype design
where design problems are so complex that analy-
tical method is not available. The selection of a
model scale factor is influenced by a number of
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requirements or restrictions, such as the necessity
for maintaining turbulent flow within the model,
the capacity of the water supply facility, the model
physical size and attendant cost, the effect of the
use of normal manufacturing tolerances on the
flow area variation, and the relative size of model
parts and model instrumentation.

The model should be designed based on the
laws of similitude ; strict compliance with the laws
of similitude is theoretically necessary to assure
that the model is a precise representation of the
reactor, Geometric similarity requires that the
model and the reactor be the same shape, and
that all linear dimensions of the model be related
to the corresponding dimensions of the reactor by
a constant scale factor. Dynamic similarity be-
tween reactor and model is attained when the
forces acting on similar volume elements have the
same ratio. An investigation into the equations of
fluid flow reveals that all requirements for dynamic
similarity are met if the reactor and model are
geometrically similar and their dimensionless force
ratios such as the Reynolds number, Euler num-
ber, Froud number and Prandtl number are equal.
While all these requirements must be met for strict
dynamic similarity on a theoretical basis, in prac-
tice, only in rare instances are all of the force
ratios significant and it is seldom feasible, econo-
mically and technically, to achieve exact geometric
and dynamic similarities. Consequently, comprom-
ises are necessary in areas where previous experi-
ence indicates that violation of the laws of simili-

tude will not seriously impair the value of the test.

It should be noted that every modeling effort is
inherently an approximation and should be tre-
ated as such, since assumptions for the model
may be proved invalid for the prototype and
many unexpected difficulties could arise in the
actual fabrication, assembling and testing of the
model. Therefore, proper interpretation of the
model test data is required when applying them to
the reactor. The model for the YGN 3&4 reactors

was designed to perform the test by maintaining
the geometric similitude between model and pro-
totype in the main coolant flow paths with a scale
ratio of 1/5.03, except for the core region. Water
at room temperature was used as test fluid, which
is considered the most feasible and reliable.
The objectives of Yonggwang Nuclear Units
3&4 reactor flow model test were;
(1) to measure the pressure distributions at the
core inlet and exit, and then to determine the core
inlet flow distribution to provide input for the ther-
mal margin analysis, and
(2) to measure the segmental and overall pressure
losses along the main coolant flow paths in the
model to verify the analytical hydraulic design
method.

I. Model Design

I -1. Theoretical Consideration
(the Principle of Similarity)

The Buckingham x theorem defines a model
as a physical system with characteristics uniquely
related to those of the model which accurately
predict the characteristics of the prototype. The
validity of scale model experiments is based on
the supposition that the same physical laws gov-
em the phenomena under consideration in the
prototype as in the model. Suppose that these
laws are described by a general relationship of the
form for the prototype :

‘I’(le XZ’ X3,"', Xn)zo (1)

If this equation is unique, then the need for
dimensional homogeneity 1eads to the require-
ment for an equivalent relation :

¢(7’:11 ”21 ”31 B ﬂ'n):O (2)

among a set of independent dimensionless groups
7 ; of the original parameters x;. It is always desir-
able to attain a model for which the dimensionless
groups T; are equal to those of the prototype.
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7 ,(Model)= 7 ,(Prototype)

For a reactor vessel hydraulic model, the para-
meters of principal importance are included in the
equation.

¥Y(P,V, ¢, v, L De, £)=0 3)

where

P : system pressure

V: flow velocity

P : density of test fluid

v : dynamic viscosity of test fluid

L : characteristic length of flow path

De : hydraulic diameter of flow path

€ :roughness of flow path surface
These seven parameters can be reduced to four
dimensionless groups, i.e.,

®(L/De, €/De, VDe/ v, AP/(PV?/2)=0 (4)

These dimensionless groups are related to the
geometry, the relative roughness, the Reynolds
number and the Euler number respectively.

Achieving complete similarity between the
dimensionless groups of the model and prototype
is sometimes impractical. It is seldom feasible to
satisfy exact geometric and dynamic similarities,
and all the dimensionless groups are important
only in rare instances. For example, as long as
flow in both the model and reactor is well into the
turbulent flow regime where Reynolds number is
larger than 5,000 except within the boundary
layer, the error resulted from the Reynolds num-
ber difference is very small and not significant,
regardless of the working fluid being used. The
Reynolds number in the outlet nozzle of the YGN
3&4 model is in the order of 10°, which is lower
by the ratio of 1/37 than the corresponding
Reynolds number for the actual reactor. But flow
in the reactor and model, being well into the
turbulent regime, assures satisfactory agreement
between the model and the reactor. The relative
roughness was considered of importance in the
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downcomer region. But the pressure loss in this.
region is very small compared with the total press-
ure loss in the reactor vessel and so its effect is
negligible. Therefore, the Euler number should be
similar in the model and the prototype to satisfy
the principle of the similarity.

In the investigations reported in references 1
and 2, geometrical similarity between the model
and prototype was maintained wherever possible,
and a careful attention was given to the effect of
scale factors. Large scale factors led to compact
models, which were relatively inexpensive to fabri-
cate and test ; small flow passages, however, were
likely to produce a flow field which has the char-
acteristics different from the one encountered in
the prototype. Large models were expensive and
required extensive testing facilities. Reactor flow
tests with 1/7 scale model' and ABB-CE’s 1/5
scale model flow tests for 3410 MWt and 3800
MWt class reactors had been successful. Those
scaling ratios are generally accepted preferable.
Thus it was decided to adopt 1/5 as the scaling
factor for the characteristic length for the YGN
3&4, and 1/5.03 was finally settled. The scale
factor was the ratio of the cross section dimension

Table 1. Design Data for Prototype and Mdel Reac-

tors

Parameters Prototype Model
Folw Rate, Kg/sec| 15309 659.9
Water Density, 701.0 996.2

Kg/m3

Inlet Region

Refat inlet nozzle) | 6.866x107 | 1.719x 108
E 1.67 1.67

Core
 Re 5.028X10° | 1.268X10°
E 231 244
Outlet Region

Refat outlet nozzle)| 1.120x 108 | 2.455%10°
E 3.58 3.58

* Note : Re-Reynolds Number E-Euler Number
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of one model core tube (1.625 inch) to that of the E-2. Model Description
YGN fuel bundle (8.18 inch). Design parameters
for the prototype and model reactor are provided The YGN flow model consisted of a vessel with
in Table 1. inlet and outlet nozzles, a core support barrel, a
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Fig. 1 Reactor Flow Model for YGN 3 and 4
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hemispherical bottom head, a flow skirt, a lower
support structure, a core simulation and an upper
guide structure:see Figure 1. The model was de-
signed with the primary objective of maintaining
geometric similitude. All components within the
model vessel were scaled geometrically except for
the core region. A simplified geometry was used
for the model core because the simulation of the
fuel rods and spacer grids on the reduced scale is
impractical. There was one square tube for each
reactor fuel bundle position and each core square
tube contained six resistor (orifice) plates to dupli-
cate the axial hydraulic resistance of the reactor
fuel assembly. The orifices were used to simulate
the reactor core axial flow resistance and to mea-
sure the flow rate. Shown in Figure 2 is a com-
parison between the reactor fuel assembly and the
model core tube. The Euler number for axial
pressure drop was equal in both the model core
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Fig. 2 Reactor and Model Fuel Assembly Layout
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and the fuel assembly. The axial resistance of
model core was predicted based on the reactor
core average pressure loss at full power condi-
tions. Thus, core heating effects were included in
the model core design on the core wide average
basis. The lateral flow resistance was simulated by
a series of holes in the walls of the model core
tubes. The resistance to cross flow was ex-
perimentally determined, which is created by the
narrow gaps between fuel rods. The area of the
holes at the walls of the model core tubes was
determined based on the requirement that the
transverse pressure loss coefficient in the model
equal to that in the prototype. Thus dynamic simi-
larity was assumed between the model and pro-
totype.

The flow model was installed in the ABB-CE’s
large scale hydraulic test facility. The facility had
the capacity to circulate up to 15,000 GPM of
room temperature water. The facility had a heat
exchanger to remove pump heat and to maintain
stable temperature. The pressure head for the test
loop was maintained by a large diameter tank
connected to the pump suction. Flow to the mod-
el was confrolled and monitored at each inlet by a
valve and a flow meter. The flow exiting the mod-
el was retumed to the suction header through two
return lines, each connected to a model outlet.
Each retum line had a gate valve that was used to
adjust the return line resistance and to balance the
outlet nozzle flow splits.

H-3. Instrument and Calibration

The model instruments included the installed
pressure taps and the associated pressure transmit-
ters to indicate the pressures. Pressure taps were
installed at the model inlet nozzles, the downcom-
er annulus, the core inlet, the core exit and the
model outlet nozzles. All the pressure taps were
configured as holes in a solid boundary of pipe or
core tube. All the model core tubes were in-
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strumented for measurement of flow rates. The
orifice plates in the model core tubes were cali-
brated prior to installing the flow model in the test
loop. The calibration loop and procedure were
well described in reference 3.

flow meters, the flow meter pressure transmitters
and the temperature recording thermocouples.
The flow meters were “Gentile” meters that had a
venturi type of throat. The flow meters were pre-
viously calibrated by an independent laboratory.

The instruments on the test facility were used to The thermocouple in the loop was calibration
determine if the basic test parameteres were prop-

erly set for the test. The instruments included the

checked prior to testing.
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Fig. 3 Schematic Outline of the Data Logger
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I-4. Data Acquisition System

The test data logger system consisted of analog-
—to—digital input channels, digital input channels,
digital pulsed output channels, CPU (personal
computer), a CRT display and printers. The CPU
was a personal computer that had been expanded

with a data acquisition board. The data acquisition

board added the ability to communicate with in-
struments and controls. Figure 3 is schematic out-
line of the data logger.

The software directed the actuation of the sole-
noid valve system and performed the functions of
obtaining transmitter performance data, of analyz-
ing the performance data {to generate equations
to convert input instrument voltages into engineer-
ing units), of controlling the selection of solenoid
valves to open, of logging the identification of
valves that were instructed to open, of recording
instrumentation voltages to disk storage, and of
printing a temporary record of the data.

K. Test Requirements and Procedures

The requirements of this test were to measure
the pressure field at the core inlet and exit, seg-
mental and overall pressure losses from the reac-
tor vessel inlet to outlet, and to determine the
core inlet flow distribution. As per the test require-
ments, three series of tests were conducted. The
first series was for the 4—pump balanced operation
; the second series for the 4—pump unbalanced
operation and the third series for the 3-pump
operation. The term, “balanced”, here refers to
equal flow rates in each of the cold leg pipes. The
criterion for determining the acceptability of the
test data was the degree of the test data scatter for
key measured parameters. The maximum allow-
able bands on data scatter for the various mea-
sured parameters are given in Table 2.

The prerequisites for making the formal test
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runs consisted of the following activities. The reac-

Table 2. Maximum Allowable Data Scatter

Measured Parameter | Allowable Scatter{l o)

C inlet

ore inl . §=2.0% *
pressure distribution
C it

ore et $=2.0% *
pressure distribution
Flow path §=4.0% * *

pressure loss
Flow rate balance

€, =120% ***

1 N
* §= l(x) [W i=21 (E”~El)2] 12

— 1 2 KK,
* %k S‘IOO[N_I Ex( K ) ]
4 2 4
Kk ok e =(u§1wk_1glwl) /kglwk

where i: Core Tube Number
j: Sequential Number of Test Run
E : Euler Number
K: Pressure Loss Coefficient
N : Total Number of Tset Run
W : Flow Rate
k : Inlet Nozzle Number
1: Outlet Nozzle Number

Yor model was installed in the test loop and all instr-
umentations were hooked up. The flow model, pip-
ing and instrumentation were leak checked. All
instrumentation lines were checked to verify cor-
rect hookup and identification. The data acquisi-
tion system was also verified as being operational.
Pretest calibrations of all instrumentation were
made and shown to be acceptable. Each formal
test run was performed according to the deter-
mined test steps. The 4-pump balanced flow tests
were performed first and the unbalanced 4-pump
tests next. Then the test loop was modified to
perform the 3-pump simulation tests. Modifica-
tions to the loop piping arrangement were re-
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quired to simulate the reverse flow in the inlet
pipe with the non-operating pump.

. Data Reduction and Results

The test data, recorded during each test run,
were the flow rates of 4 individual inlet nozzes,
flow rates of 2 individual outlet nozzles, loop
temperature, pressures at the selected vessel posi-
tions along the vessel intemal flow path, and the
core inlet and exit pressures of the 177 core
tubes. During the YGN 3&4 reactor flow model
test, 19 test runs were done for 4-pump, with 13
balanced and 6 unbalanced flow conditions.

To determine the impact of inlet nozzle flow
imbalance on the core inlet pressure distribution, a
statistical t—test was employed. The purpose of the
t-test was to determine if the null hypothesis
could be supported which says that the ba-
lanced and the unbalanced 4-pump data come
from the same population (i.e.. the core tubes
have the same mean flow rate value for the ba-
lanced and unbalanced inlet flow rates). It was
concluded that all 19 runs could be combined
together to determine a final 4-pump inlet press-
ure distribution. The same conclusion was reached
with the outlet pressure data. Next, a statistical
gross error analysis was used to determine if any
data which appeared too large or too small could
be rejected fronr the data sample on a statistical
basis. Data points were rejected if the probability
is less than 5% that data from the same normal,
population would include a reading so remote
from the rest of data.

To check the acceptability of the test data, the
uncertainty analysis of the test data was per-
formed. The instrumentation error analysis was
based on Kline and McClintock method® The un-
certainty was calculated by the following equation

Y=Y/ dxs)? (6 :P+(BY/ Bxa? (0 x5
e (BY/ 3xP (0%, )2 )12 )

where Y : measured variable

X1, X2, ***, X, :independent variables

An another approach in estimating the uncertainty
was to calculate the standard deviation based
upon the measured variable. We compared these
two uncertainty values and chose conservative
one as the final uncertainty value.

The measured core inlet and exit pressure dis-
tributions were expressed in dimensionless Euler
number form giving local deviations from the
average planar field pressure as a fraction of the
average core pressure loss.

E e Pn'~Pm ave @
B Py ave—Pourave
- Pour-Pourave
Eour= (N

P lN,AVG_P OUT AVG

Provided in Figure 4, as an example, is the press-
ure distribution at core exit, expressed in Euler
nuber, for the 4—pump operation. Using the press-
ure distributions at core inlet and exit, core inlet
flow distribution was calculated and normalized.
Figures 5 and 6 show the normalized reactor core
inlet flow distribution and its uncertainty map for
4-pump operation. The measured pressures at
several locations along the flow path from reactor
vessel inlet to outlet were converted to the non-
dimensional coefficients which represent the noz-
zle-to-nozzle pressure losses for reactor stations.
The pressure loss coefficients for the 4-pump
operating condition is provided in Table 3. A de-
tailed design feedback process by the flow model
test is well depicted in Figure 7

¥ .Conclusions

The purposes of the YGN reactor flow model
test are ;
(1) to provide the input data for the thermal mar-
gin analysis in the core, and
(2) to verify the analytical hydraulic design
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( Top view )
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tions were fairly uniform over the entire core re-

Design Requirements gion, similar to those for ABB—CE’s System 80
1N reactors. The measured data used in producing
T the finally reduced data met the acceptance
Hydmu"c AnOIYSiS criteria and, therefore, test results are suitable for
l'= intended use in performance and safety analyses.

Flow Hole Pattern Design values from the analytical hydraulic

Stress Analysis

Yes:

method were proved to be practically the same as
the model test results.
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Core inlet flow and core exit pressure distribu-



