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4 TEST PURPOSE AND OBJECTIVE
The f owing test objectives are 1gentivied
/ a) Measure the critical vortexing water level at different pump flow
rates The critical vortexing water leve! is defined as that water
l eve n the mulated hot leg below which air wouid be drawn through
the simulated RHR pipe and intc the pump suction.
- Me b -~y $5ma Py ¥ ~n water at P "'.,e-- i + A
L eé € e ¢ ‘1Ca vorier C ale evel ¢ d € L PUmp Ow
rates, with 2 cruciform insta n the simulated RHR pipe, as shown
n FEmiv A -
- | 4 “ - -
Moacure the LTS ot ny water 2t Aiffarant numn fln
easure e C .1cal voriexing walie eve: at erentl pumg Ow
rates, with step nozz of different size and length installed, as
- ~ . - - -
SNoOw gure %o d "8
1) Measure and record the percentage of air drawn through the simuiated
RHR pipe (and into the pump) when the hot leg water ievel!l drops De!ow
the critical vortexing water leve for a three cases above.
f TECT MADE! DESCRIPTION
. E ODEL Dt IPTIC
£ - A P - - . - - . 1 T4 > .
Figure 4.2-1 shows the general assembly of the test mode!. 1L uses &
mulated hot leg, a simulated RHR pipe connected to the bottom of the hot
” p 5 The Aal 4 ~ - - -~ $ 2 p
eg, and 2 mulated reactor vesse he test mod s constructed of plastic
naterials for visua nspection of the vortex formatior The instrumentatior
sed to measure the parcentage of the air entrained in the iiguid also
reqguires that the test mode! be made of electrically non-conductive materials.
™ - . "+ ” 2 -~y s : - 4 "o % 4 . 4,
Cansecuently, clear acrylic is used to fabricate the test article
. i mak o .
-~ ’ 9 e 2 B P - - - . 4
L e used is 0.2265. his ear scale makes the inside diameter
- & " - . p . . -~ n 7 ~ - - B - o . Py
of the simuiated hot leg to be 7.0 inches, and the insice diameter of the
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connected to the bottom of the reservoir. Vortexing phenomenon was studied
experimentally and analytically, with the following parameters being
identified as important to understanding the vortex phenomena:

(a) Froude Number (Fr): The Froude number is the ratio of dynamic force to
weight. Mathematically, it can be expressed as

Fr s —
(ga)0+*
where
Fr = Froude number, dimensionless
fluid velocity at the intake pipe
gravitational acceleration

0 «© 2=
"oown

inside diameter of the intake pipe

(b) Viscosity Parameter (Nv): The viscosity parameter is the ratio of the
Reynolds number and the Froude number. Mathematically, it can be
expressed as

Nv = Re/Fr
1 3
e d
v
where

Re = Reynolds number
v = kinematic viscosity
g, d are as defined previously.

(c) Weber Number (We): The Weber number is the ratio of the inertia force to
the surface tension force. Mathematically, it can be expressed as

u.t«Lv.—q

o

B0S1e 1d/101888 13



where
p = fluid density
o = surface tension

The Weber number models the effect of surface tension on vortex formation.

(d) Relative Submergence (h/d): The relative submergence is the ratic of the
submergence depth to the intake pipe inside diameter.

Vortex formation is a sensitive and complicated phenomenon. It is highly
dependent on the circulation of the fluid, the flow rate, the water level at
the reservoir, and the intake pipe diameter. The above four major parameters
can be arranged with h/d as a function of the other three parameters, and
tteir relationship can be found experimentally. Reference 2 investigated
vortex formation phenomenon with a bottom mounted intake pipe of various sizes
and a seotup that could effectively control the circulation of the fluid. The
experiments revealed the following findings:

(a) There is no influence of surface tension on the critical vortexing
water level when the Weber number it greater than or egual to 120.
The critical vortexing water level is defined as the water level at
the reservoir below which vortex would be drawn through the intake

pipe.

(b) The critical vortexing water level generally decreases with increase
in viscosity of the fluid due to reduction in the strength of
circulation with increase in viscosity.

(c) The Reynolds number at which viscous effect become negligible is
dependent on the froude number; the higher the Froude number the
greater is the limit of Reynolds number for freedom from viscous
influences.

(d) It was suggested that for vortex studies a geometrically similar model
be constructed and operated at the same Froude number as in the

B0S1e 1d/101288 14
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The modeling criteria () above is automatically satisfied when the same
Froude number used in the test is also used in the plant.

The relations between RHR discharge flow rate, RHR pipe inside diameter, and
velocity in the plant and mode] situations are as follows, using a constant
Froude number.

(Frimodel = (Fr)plant

(Fr) = —Cps
(gd)™

40
(1) (g°°°) (d°*°)

By equating the test mode! Froude number to the plant Froude numoer, the
following egquations are derived.

d , 2.5

Q s { _ ) (Q. )

mode | plant clant

and

d

mode |

p—— 0.220 === = eecescrsncssccsrsssccnssressssnssresacssesnee (a)

plant
Therefore,

Qg * 00 Qo ~moormemmmmmermmmenbasmbhanetssanmsnsins (b)
Similarly,

Voode1 © 0475 S 7 S e (c)

80518 10/101888 16



test mode] simulate RHR pipe inside diameter

O
n

mode |

Stent = plant RHR pipe inside diameter

B test mode! simulate RHR pipe discharge flow rate

plant plant RHR pipe discharge flow rate

-
L

test mode] simulate RHR pipe or step nozzle flow
velocity

mode

vp]ant = plant RHR pipe or step nozzle flow velocity

For a selected Froude Number (fluid velocity), the resulting Weber number is
evaluated and compared against the value given in criterion (c). The minimum
flow velocity is dependent upon the test model configuration. The following
summarizes the minimum flow velocity for each test model configuration. It
should be pointed out that above the minimum flow velocity the flow surface
tension has negligible effect on the critical vortexing water level.

For a 2.0 inch ID straight through simulated RHR pipe mounted at the bottom of
the simulated hot Teg the minimum flow velocity is 1.363 ft/sec. The
eguivalent flow rate is 13.3%5 gpm.

a.b

For a{- -]1nch 1D step nozzle mountod at the bottom of the simulated hot leg Cz-b
the ninimum flow velocity 1: ;] t/sec. The eguivalent flow rate 1:{; -7
-

gpm. }

For u[~ :]1nch ID step nozzle nountfg at the bottom of the simulated hot leg a, l,
the minimum flow velocity 13[: :] sec. The eguivalent flow rate is

gpm.

BOS1e 1d/101888 17
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TABLE 4-1

EQUIPMENT PARAMETER SUMMARY

Holdup Tank
Dimensions
Height 48"
Width 24"
Length 38"
Material Polypror-lene
Other Baffles aivide into three sections

Mzin Loop Piping (Segments Pipe P2)

Dimensions
Inside Diameter o
Qutside Diameter 1.5"
Length 76"

Spool Piece (Segment P3 and PS)
Dimensions

Main Loop Piping Section (P3)
Inside Diameter
Qutside Diameter 1.9
Length 6"

RHR Suction Piping (PS)
Inside Diameter 3.00"

Recirculation Pump

ype Horizontal Centrifugal
Design Flow 103

Design Head 30 feet
Manufacturer Grander-Tee)
Mode| Number 1pP8S7

Valves (V1 through V5)
Type Ball Valves
No of Valves 5
Sizes of Valves
Four Valves o
One Valve 1®

8051e:14/101286 23



5,0 DESCRIPTION OF TEST OPERATIONS

Descriptions of the various hot leg/RHR line interfacing geometries tested are
given in Section 4.2, Test Mode] Description. Testing was performed over a
range of simulated RHR intake flow rates to both bound possible operating
conditions for the APS00 and allow for comparison of the data base developed
from the current test program to other experimental data.

The general sequence of events that occurred in process of testing were:

(1) Perform the calibration of the void meter; set outputs of electronics
with meter empty (totally voided) and full of water (no voids).

(2) Perform strip chart recorder calibration.
(3) Fi11 tank and hot leg simulation to desired initial level.
(4) Start pump; set desired fiow rate through RHR line simulation.
(5) Record the following data:
(a) Intake flow rate.
(b) Tank water level,
(¢) Water level in hot leg simulation {threz locations).
(d) Pump suction Pressure.
(e) Pump discharge pressure.
(f) Void fraction as measured in RHR line simulation.
The void fraction was continuously recorded for 2 given test run using

the strip chart recorder. Duration of a test run was at least one (1)
minute, up to as much as fifteen (15) minutes.

B0S1e 14/101288 24



(6) Water level in the simulated hot leg was then decreased by draining
through the pump until the desired level for the next test run was
achieved.

(7) Step 5 and 6 were repeated for a given flow rate until either
excessive voids were being ingested into the RHR line simulation, or

the vortex at the hot leg/RHR line junction was broken.

(8) Steps 3,4,5, and 6 were then repeated ¢~ .ther flow rates to be
tested.

The test program was also recorded on video tapes.

805 e 14/101288 25



6.0 DISCUSSION OF TEST RESULTS

The hardware configurations tested can be grouped as follows:

(a) Simulated RHR pipe is connected directly to the bottom of the
simulated hot leg.

(b) Simulated RHR pipe is connected to the bottom of the simulated hot
leg, and a2 cruciform is installed inside the simulated RHR pipe.

(c) Simulated RHR pipe is connected to the bottom of an intermediate pipe,
which is cc=nrcted to the bottom of the simulated hot leg.

The test results obtained using these hardware configurations are discussed in
this section. Table 6.1 sumnarizes the critical vortexing water level for all
flow rates and piping arrangements.

The following sections discuss the test results in detail.
6.1 SIMULATED RHR PIPE CONNECTED TO BOTTOM OF SIMULATED HOT LEG

The first series of tests were run with a 2.0" ID pipe connected to the
simulated hot leg of 7.0" ID. The 2.0 * ID pipe corresponds to AP600 10"
schedule 140 RHR pipe, and the 7.0" ID simulated hot leg corresponds to APB00
hot leg of 31" ID. The equivalent AP600 RHR flow rate of 200N gpm is 49 gpm in
the test. these test results are used as baseline information and will be
used to compare with other test results.

Figure 6.1 plots these test results on a log-log scale. The Froude number, a
dimensionless parameter, is defined as

Fr-—u—s
(gd)™"

where Fr = Froude number
v = flow velocity at the intake pipe, ie the RHR pipe

BOS1e 14/101888 26



g = gravitational acceleration
d = inside diameter of the intake pipe, ie the RHR pipe

Another dimensionless parameter, h/d, is plotted in Figure 6.1 as 2 function
of Fr, where h is the water level with respect to the bottom of the inside
diameter cof the simulated hot leg.

Two h/d vs. Fr lines are plotted in Figure 6.1. The one on the top represents
the water level, with respect to the bottom of the hot leg ID, at which a
dimple begins to form at the hot leg water surface. The bottom line
represents the critical vortexing water level below which air would be drawn
through the simulated RHR pipe to the pump. It should be pointed out that at
this critical vortexing water level, vortex has already formed at the hot leg
water surface. However, its momentum is not strong enough to enable it to
pass down to the simulated RHR pipe.

It was observed during testing that once the water level drops below the
critical vortexing water level, the system became very unstable with erratic
and high percentage of air entrainment at the pump. Figure 6.2 and Figure 6.3
are some examples of this phenomenon.

The vortex formation process was cbserved to be the same for all tests. A
dimple formed at a certain water level. As the water leve! in the simulated
hot leg continued to drop, at a constant flow rate at the pump, more and more
dimples formed. Eventually, these dimples were repiaced by a vortex. The
vortex circulated counter-clockwisely and its momentum got stronger as the
water level dropped lower. When the water leve! was dropped to below the
critical level, the vortex rushed down to the pump rapidly, resulting erratic
pump operation and unstable system.

The critical vortexing water level is important because it is the threshold
for an unstable system. Figure 6.1 shows two straight lines for the critical
vortexing water level. The knee between these two straight lines is
approximately at Fr=1.2. The existence of the knee is unexpected, since all
available literature predicts only one straight line. However, the
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test data clearly show the existence of the knee. Furthermore, other
engineers at the System Engineering Department conducted similar tests, using
the same test setup and different simulated RHR pipe sizes at different
orientations. Their test results show the existence of the knee also. These
test results will be compared with the result of this test program in a later
Section 6.4.

The data of Figure 6.1 suggests the following equations for the prediction of
critical vortexing water at different flow rates for the AP600 plant.

h/d = 1.44 (Fr)0-28 1.2<Fr<5.0
h/d = 1.33 (Fr)0-78 0.5¢<Fre<l.2

It should be pointed out that a test with a Froude number of 0.44 (10 gpm in
the test or 410 gpm in the plant) was also conducted. No air entrainment at
the pump was recorded even when the water level was drained to the bottom of
the simulated hot leg. The corresponding Weber number is 67.2. Section 4.4.1
states that the surface tension has no influence on the critical vortexing
water level when the Weber number is greater than 120. The result of this
particular test supports this statement indirectly.

Presently, the RHR flow rate for AP600 is 2000 gpm for this particular
configuration; and the equivalent Froude number is 2.2. The predicted
critical vortexing water level, using the first equation above, is 15.89
inches. This predicted water leve! is only C.39 inches higher than the
mid-loop of the hot leg (15.5 inches) in the plant. Therefore, it is not
acceptable to locate the RHR pipe at the bottom of the hot leg if the RHR flow
rate is 2000 gpm or higher for mid-loop operation.

6.2 SIMULATED RHR PIPE CONNECTED TO BOTTOM OF HOT LEG WITH CRUCIFORM
INSTALLED INSIDE SIMULATED RHR PIPE

Prior to the design of this test program, a study was conducted to investigate
the parameters that would affect the vortexing pheromenon. (Reference 4) Two
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parameters were found to be very important, namely, the circulation effect and
the water level of the inventory. (ie, the RCS hot leg water level in the
plant)

The circulation effect can be reduced or minimized by locating the RHR pipe at
an angle of 45 degrees above the bottom of the hot leg. There have been tests
conducted addressing this 45 degree RHR pipe configuration before. The test
results will be compared later in Section 6.4.

The second series of this test program used a cruciform installed inside the
simulated RHR pipe which was located at the bottom of the simulated hot leg.
The cruciform was thought to be an effective vortex breaker by minimizing or
breaking up the circulation effect.

The results of this test series are compared witn those of the first series of
tests. Figures 6.4 and 6.5 compare the test results. It should be pointed
out that 49 gpm in the test is equivalent to 2000 gpm in the plant. Figure
6.4 shows that at 49 gpm the percentage of air entrainment in the pump is
worse with the cruciform than without the cruciform at the same water level.
Also the cruciform configuration is more unstable with more frequent high
percentage of air entrainment. Figure 6.5 shows similar results at a higher
flow rate.

These test results were unexpected as it was presumed that the cruciform would
breakup the vortex. However, it was observed during testing that the
cruciform did not breakup the vortex; instead, it channeled the vortex.
Moreover, the cruciform decreased the flow area in the RHR nozzle simulation
resulting a higher flow velocity in that region and a more rapid vortexing
rate.

The corresponding Froude number at the cruciformed area is actually higher
than that without the cruciform. Section 6.1 points out that the critical
vortexing water level is directly proportional to the Froude number raised to
2 power of[_ }%crcforo. the critical vortexing water level for the
cruciformed configuration is actually higher than that without the cruciform.
The data given in the following table supports this conclusion.
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pipe. As the water level drops to & certain level, a dimple forms. More and
more dimples form until they combine together 2s a vortex circulating
counter-clockwisely. When the water leve! drops below the critical vortexing
water level, the vortex gains enough momentum to pass through the simulated
RHR pipe and cavitates the pump. This vortexing process is very much the same
as that of the straight through simulated RHR pipe case. The differences
between them are:

a) The intermediate pipe lowers the critical vortexing water level

b) The intermediate pipe arrangement is a much more stable and
predictable system from the vortexing point of view. Comparison of
Figure 6.3 and Figure 6.7 shows that when the water level drops below
the critical vortexing weter level, the air fraction by volume
entrained in the pump for the intermediate pipe arrangement is far
less than that of the straight through simulated RHR pipe arrangement.

c) An interesting phenomenon occurred when the water level dropped below
the critical vortexing water level. Figure 6.7 shows that the
vortexing operation changed into pure spill and fill mode of operation
once the water levels dropped to approximately 2.23 inches in the test
(or 9.87 inches in the plant). The air entrainment at the pump is
significantly reduced and the system becomes much more stable. This
change did not occurred in the first two series of tests.

a.b
Although the( i]wnch intermediate pipe arrangement is acceptable for the
mid-1oop oporatwon. there are two drawbacks that make this design
undesirable. The first drawback is that the margin for the mid-loop operation
is approximate1y[ :]af? is desirable to have a larger safety margin - as
large as practicably achievable. The second drawback is that the intermediate
pipe is relatively too long in the plant (53.1 inches). It is desirable to
use as short an intermediate pipe as possible. Conseguently, intermediate
pipe of larger size and different lengths were studied.
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Figure €.9 provides the percentage of air entrainment in the simulated RHR
flow as the water level drops and the pump runs at 45 gpm (2000 gpm in the
plant). The vortex formation process was observed in the test to be similar
to the first two test series, but at a lower water level. Figure 6.9 shows a
major benefit of this particular arrangement. The system is extremely stabie
and predictable even when the water level drops below the critical vortexing
water level; and the vortexing phenomenon is replaced by pure spill and fill
type of operation. The curresponding air entrainment at the pump was measured
to be 1 to 2 percents, and the average value being 1.5 % air by volume.

In summary, this geometrical arrangement is desirable Tor the following
reasons:

(a) It has a low critical vortexing water level, much lower than the
mid-loop level.

(b) Even when the water level drops below the critical vortexing water
level, the system is stil] very stable and predictable, with
negligible pump cavitation.

wih

Arrangement 3 -I' _~]Inch Step Nozzle By 5.56 Inch Length
Secgper

Arrangement 2 was shown to be a desirable configuration. However, it is more
desirable to shorten the step nozzle without sacrificing the benefits. This
arrangement cuts the step nozzle length almost in halves.

Figure 6.10 plots the h/d ratio as a function of the Froude number. The water
leve! at which the dimple begins to form is governed by the fcllowing equation:

ool j(l‘\]

-

The critical vortexing water level is governed by the following equation:

i, b

h/d '[; N
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These two equations are basically the same as those of the 12 inch long step
nozzle.

This arrangement predicts the critical vortexing water ]QVQI(; the plant to
be [; _:]%ﬁ%hes from the bottom of the hot leg. It is[:j t]in&hes below tq;
mid-loop level in the plant, and it represents an improvement of jf}&"
the mig-locp level.

from

Figure 6.11 studies the percentage of air entrainment in the pump as the water
level drops and the pump runs at 49 gpm (2000 gpm in the plant). Similar to
arrangement 2, the system response for this arrangement is extremely stable
and predictable even when the water level drops below the critical vortexing
water level. The step nozzle prevents the vortex from being drawn down to the
pump successfully. When the water level drops below the already low critical
vortexing water level, the vortex is changed into pure spill and fill type
cperation - the water simply spills over from the simulated hot leg into and
£i11s the step nozzle. The step nozzle acts as a holdup tank. As the water
spills over into this holdup tank, it brings with it some air. The average
percentage of this air that is drawn through the simulated RHR pipe, as shown
in Figure 6.11, was measured to be approximately 5%. ‘b

&

In summary, this arrangement with 2 step nozzle of[; ‘—]inch ID by 5.56 inch
length seems to be an optimal and acceptable design.

Arrangement 4 - 3.86 Inch Step Nozzle By 4.3 Inch Length

This arrangement used a shorter step nozzle than that of the previous
arrangement. The goal was to find out the shortest step nozzle without
changing the critical vortexing water level.

Figure 6.12 plots the h/d ratic as & function of the Froude number. It shows
that all the data points are very linear on the log-log scale. The critical
vortexing water level is governed by the following equation:

g (Ku!)
h/d =

p—
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This equation is clearly different from that of the twgitinger step nozzles.
1t predicts a critical vortexing water level of ::}inh es in the plant at
2000 gpm RHR flow rate. It is about ;:]:;ches below the mid-loop level of
the hot leg, or an improvement of[; “i]#%ég the mid-loop level. This
improvement is even less than that of arrangement 1.

Figure 6.13 studies the percentage of air entrainment in the simulated RHR
flow as the water level drops and the pump runs at 49 gpm (2000 gpm in the
plant). Once the water level drops below the critical vortexing water level,
the vortex gains enough momentum and passes down to the pump rapidly with
relatively large amount of air. The pump becomes cavitated and the flow rate
becomes unstable. However, the degree of pump cavitation is still far less
severe than the 2 inch straight through simulated RHR pipe case.

Although this design is acceptable for mid-loop operation, it is not the most

desirable design.
b

—

Arrangement 5 -{ | Inch Step Nozzle 8y 2.876 Inch Length
| —_

A few tests were run with this arrangement to further verify that the optimal
step nozzle length is approximately 5.56 inches, ie., arrangement 3.

The critical vortexing water level ‘E 43 2000 gpm in the plant) was

Q, £y
measured to be approximately[j :]inchos inéﬁos in the plant). This
critical level is practically the same as that of arrangement 4.

Figure 6.14 studies the percentage of air entrainment in the pump as the water
level! drops and the pump runs at 49 gpm (2000 gpm in the plant). It can be
seen from the data that the pump is highly cavitated and the system becomes
very unstable, once the water level in tQ’ simulated hot leg drops below the
critical vortexing water level of[: inches. \In fact, when the water level
was dropped to[:b‘:]HBg%os in the test ’:];;Ehcs in the plant) the flow
was observed to highly unstable. The pump was stopped tc prevent any damage
due to erratic operations.
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In summary, the third series of the test program studied parametrically the
behavior of the vortex and the system performance at various water levels and
flow rates with different geometrical arrangements. Based on the preceeding
test data, it is concluded that the optimal arrangement is the arrangement . B
a step nozz1g‘ofT; ::]?HEE ID by 5.56 inch length, equivalent to a piant
dimension ofl\_ ;:]f%éh ID by 24.6 inch length.

6.4 COMPARISON WITH OTHER TESTS

This section compares the test results with similar tests performed by others
in the industry or within Westinghouse.

§.4.1 Comparison With Mitsubishi Heavy Industries Test

Takasage Research Laboratory of Mitsubishi Heavy Industries has performed
tests to mode! RHR partial-loop operations. The MHI test model was developed
using the first two criteria of this test program, ie., the geometric
similarity was preserved and the Froude number was modeled. Tests were
performed with (1) the RHR nozzle connected to the bottom of the hot leg, and
(2) the RHR nozzle connected to the hot leg at 45 degrees from the bottom of
the hot leg. The following general conclusions were made :

(a) Virtually all air contained in the vortex would flow along with water
rapidly when the Froude number is greater than 1.0.

(b) Only a small portion of the air in the vortex would flow along with
water when the Froude number is less than 1.0

(c) In the case where the RHR nozzle is connected to the hot leg at a 45
degree angle from the bottom of the hot leg, the critical vortexing

water level can be predicted by

hd = 1.55 (Fr)0+9

B0S1e 14/101288 37



(d) When the RHR nozzle is connected to the bottom of the hot leg, the
critical vortexing water level can be predicted by

h/d = 2.5 (Fr)0+636

The MHI's conclusions (a) and (b) are supported by this test program.

However, This test program further indicates that no air would travel with the
water when the Froude number is much less than 1.0. je, when the Weber is less
than 120.

No comparison can be made between this test program and conclusion (c) above
due to differences in test model geometry.

The data of the current test prog-am Joes not support MHI's conclusion (d)
above. It seems that MHI has missed the knee point that separates the
equation into two straight lines of different slopes. Figure 6.15 compares
the test results. Al] data points for MH] tests are read directly from the
MHI's test report; and they are actual test data points. W's interpretation
of the data are plotted as two solid lines; and the MHI's is the broken line.
Perhaps the main reason for this difference in data interpretation is the data
point where Fr is 0.41 and h/d is 1.41. If this data point is disregarded,
the existence of the knee point becomes clear.

Figure 6.15 also shows that MHI predicts a higher critical vortexing water
level at a2 given flow rate than the W's prediction. Twe major factors
contribute to this difference:

(a) For air volume measurement MHI used a hot wire anemometer, whereas W
used an air fraction void meter. Hot wire anemometer measures air
velocity directly, which then must then be used to calculate the
corresponding air volume. The air fraction void meter used by W
measures directly the air volume and it can be calibrated in place.
Consequently the measurement using the void meter is more accurate.
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(b) There is a slight difference in the definition of critical vortexing
water level used by MHI and W. MHI defines the critical vortexing
water level as the hot leg water level at which the vortex begins to
pass down to the RHR nozzle. W defines the critical vortexing water
level as the hot leg water level at which the air fraction void meter
actually records 0 to 0.5 percent of air by volume passing down to the
pump. The air fraction void meter was located just upstream of the
pump .

6.4.2 Comparison With Other Westinghouse Test

Westinghouse Owners Group (WOG) sponsored a test program using the same test
facility with different hot leg and RHR nozzle combinations. RHR nozzles of
different sizes and orientations were tested. WOG's test used the same air
fraction void meter at the same elevation as that of this test program. Some
of the tests used (1) RHR nozzles of different sizes each located at the
bottom of the hot leg, and, (2) RHR nozzles of different sizes each Tocated at
45 degrees above the bottom of the hot leg. The results are summarized as
follows:

(a) Air contained in the vortex flows along with water rapidly when the
Froude number is greater than 1.0

(b) Only a small portion of the air in the vortex flows along with water
when the Froude number is less than 1.0

(¢) In the case where the RHR nozzle is connected to the hot leg at a 45
degree angle, the critical vortexing water level can be predicted by

ab
h/d =
h/d =
(d) When the RHR nozzle is connected to the bottom of the hot leg, the

critical vortexing water level can be predicted by using the same
equation from this test program.
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Figure 6.16 show the WOG's test results with 45 degree RHR nozzle
configuration. It should be noted that the reference zero water level is at
the bottom of the hot leg inside diameter. It clearly snows the knee point at
the proximity of a Froude number of 1.0. The exact location of the knee point
is not known.

Figure 6.17 compares the data obtained from the WOG's test with this test
program. The broken straight line is the line obtained from this test

program (see section 6.1). The figure clearly indicates the existence of the
knee point at approximately Fr = 1.2. The test results of this test program
and that of the WOG's program agree very well.

6.4.3 Comparison of Results With RHR Nozzle of Different Configuration

The test results of this test program and that of the WOG's program provide
enough information to select the most desirable design.

For 45 degree RHR nozzle configuration, the critical vortexing water level can
be predicted by
ab

h/d [: N
-

If the RHR nozzle in APE00 is located at 45 degrees above the hot leg, the
corresponding critical vortexing water level is (Froude number is 2.2 and the
RHR nozzle ID is B8.85 inches) 13.78 inches above the bottom of the inside
diameter of the hot leg.

For the bottom mounted RHR nozzle configuration, the critical vortexing water
leve!l is predicted by
(. b

of ;

The corresponding APB00 critical vortexing water level is (Froude number is
2.2 and the RHR nozzle ID is 8.85 inches) 15.89 inches above the bottom of the
ID of the hot leg.
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For the bottom mounted RHR nozzle of B.85 inches in inside diameter with 2
step nozzle of[: _T]%ﬁches inside diameter by 24.6 inches long, the critical
vortexing water level can be predicted by

o 7"

The corresponding APB00 critical vortexing water level is (Froude number is
a, >
0.44 in this case)[l j]inchos above the botlom of the hot leg.

Based on this comparison of data from the current test program and that
collected from the WOG-sponsored test, it is concluded that the step nozzle
configuration is the optimal design for mitigating vorticies during mid-loop
operation.

6.5 SUMMARY
The test results are summarized as follows:

(a) In the AP600 plant design, the bott ' mounted RHR configuration is
viable but undesirable due to extremely low margin, from the mid-loop
operation point of view.

(b) Installation of a cruciform inside the RHR pipe is unacceptable.

(¢) Installation of a step nozzle of larger size than the RHR pipe is
highly desirable since it results with the lowest critical vortexing
water level and a much more stable system.

(d) The most optimal step nozzle configuration for the rPGOO design is
found to be a step nozile of approximato!y[; Eﬁos inside
diameter and a length of approximately 24.6 inches. This step nozzle
is mounted at the bottom of the hot leg with the RHR pipe mounted to
its bottom.

Q.
in
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Figure 6.1 Vr wxing Water Leve! vs. Froude Ko.
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Figure £.2 Comparison of Test Results
o 2.00° Simulated RHR Pipe at Bottom of Hot Leg)
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Figure 6.3 Comparison of Test Results
(o 2.00" Simulated RMR Pipe at Bottom of Hot Le
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Figure 6.4 Comparison of Test Results
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Figure 6.5 Comparison of Test Results




Figure 6.6 Comparison of Test Results -
3" Intermediste Pipe vs Simulated RHR Pipe
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- Figure 6.7 Air Entrainment vs Water Level ]
(3" 1D Step Nozzle by 12" Length at Bottom of Simulated H.L.)

8051 10/C8) 088 €l



L

B0% e 10/08 1080

Figure 6.8 Vortexing Water Leve! vs. Froude Ne.
(o 3.86" Intermediate Pipe x 12° Length)
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Figure 6.9 Comparison of Test Results
(o 3.B6" Intermediate Pipe x 12" Length)
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Figure 6.10 Vortexing Water Level vs Froude Number
(o 3.86" ID Intermecdiate Pipe x 5.56" Length)




Figure 6.11 Comparison of Test Results
(o 3.86" Step Nozzle x 5.56" Length)
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Figure 6.12 Vortexing Water Level vs. Froude Number
(o 3.86" ID Intermediate Pipe x 4.3" Length)




Figure 6.13 Comparison of Test Results
(o 3.86" Step Nozzle x 4.3" Length)

805 1¢ 16/DAT088




Figure 6.14 Comparison of Test Results
(0 3.86" Step Nozzle 1 2.876" Length)
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(RNR Nozzle Located at Bottom of Mot Leg Case
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Figure 6.16 VYortexing Water Level vs Froude Number
Simulated RHR Pipe at 45" (WOG's Test)




Figure €.17 Comparison of Data with Different Simulated RHR Pipe
(Simulated RHR Pipe is Connected to Bottom of H.L.
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8.0 APPENDIX
Appendix A - Calculation

Appendix B - Void Meter Calibration Program
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APPENDIX A

SAMPLE CALCULATIONS
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A-1.0  TEST MODELING CALCULATIONS

APE00 he. leg ID = 31"

s 24 7

S, linear scale i 0.226
Test Mode! hot leg 1D = 7"

(1) Froude Number Modeling, Fr

Mode! criteria: (Fr) plant = (Fr) model

Flo2
T (gd)™
Q 40
V = 2 H
N R
Fp® =g * S
r (gd)¥" . dZ - §0.5 dv-
F = v s ‘Q
r _U"S(gd) v e 90.5 d!TS

V = intake flow velocity

d = intake ID

g * gravitational acceleration
Q= flow rate

A= intake flow area

(2) Test Mode] Flow Rate Estimate, Qlodoi

g ® (Fr)

o« (Fr)pode plant
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40 ) ) < 9 5)
0.5 2.5 .
"9 T € /nodel T8 olant

or
Q, Q
ode . plant
TN T
mode plant
o9
/dmodel Q
o Q I F oy plant
mode | kphnt
dmode]
= linear scale = 0.226
plant
N €9
Qmcn:lﬂ (0.226) Qplant

@modﬂ * 0.0243 qunt‘

APE0O0 Q

plant l 4403 gpm | 3498 gpm ‘ 3004 gpm ‘ 2016 gpml 1193 gpm ‘ 617 gpm

Test Mode! deﬂ‘ 107gpm| BSW‘ 73gpm| 499m‘ ZQgpm‘ 15 gpm

(3) Test Mode! Intake Flow Velocity Estimate, Vmodﬂ

Equating (Fr)mﬂ = (Fr)plant again

v y
(gU.S dU.S)nodﬂ ! (OU.S dU.S)phn’..
or

0.5

o (‘uom) Vs
mode a;hnt pien

. 0.5 .
Vm] = (0.226) vphnt \vml (°°‘75)(vp1lnt;}
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A-2.0 TEST DATA REDUCTION AND CALCULATIONS

(1) Simulated RHR (2.0"ID) at Bottom of Simulated Hot Leg

(i) Froude no Estimate

al
Fv o ¢ c’modﬂ ; 4 (Qmodﬂ %ﬁ)
;U.S d 2.9 f1 0.5 ta - 5
mode (n) (32.2 's'é'c'?') (dmodd )
4.Q 92-1— . 1 min . ft3 ﬁ
ge & mode) min B0 sec 7.4BI gal sec
L9
0.5 0.5 28 14 ft 0.5+ 2.5
(n) (32.2) ft ¢ d (in ) ft
S mode 12 in v 7y

¢ . (0.248¢) (%nogel)
r (d )73
mode |

where deﬂ = test mode! flow rate, gpm
dmodcl = test mode]l intake ID, in

Ex. Qm‘, = 49 gpm and RHR pipe ID = 2.0" (no step nozzle case)

0.2494 (4%
F o= ——}-51 : 2.16
4 (2.0)¢"

Q-odﬂ 10 gpm 49 gpm 73 gpm 107 gpm

Corresponding Qtﬂ it 411 gpm 2016 gpm 3004 gpm 4403 gpm

Froude No. | 0.44 2.16 3.22 4.72
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(i1) Weber Number Estimate, W

2 p = fluid density
- 8 o = surface tension

V = flow intake velocity

At room temperature and atmospheric pressure

1bm
e ~ 62.4
1bg
d =2 in =§-2ft
( m)(lmn)( 11’t3 )
M a9 goo, ve §. 20 8i0 BUsec T.WIgal ,fL
plp o
2 ( )(—z)
W = (82.4) (S) (12) 33 sec” (ft)
© 0.005 o) (32.2 ftlbm
L 1bf - sec
We = 1614.9]
Qmoge) | 10 gpm | 15 gpm |49 gpm| 73 gpm | 61 gpm | 107 gpm | 13.35 gpm
1
ft ft ft ft |
Voode? | 1:02 5ez | 153 5ozl S 5ac | 7-456 5| 6-23 ,.c‘ 10.98 j 1.363
we 67.2 151.2 [1614.9 | 3591 2507 7788 120
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ab

(2) Step Nozzh\v at Bottom of Simulated Hot Leg
L

(i) Froude No Estimate

Q
Fr = (0.2494) ( "‘°d°‘)2_5
dnode]

where deﬂ = test mode! flow rate, gpm

dmd'] = test mode! intake ID (step nozzle ID), in

" a.b
Ex. Qmode] = 49 gpm and dmodcl =
¢ . (0.2494) (43
r .
a.b

- Fr -Eja.})

| —

(i1) Weber Number Estimate, H'

thﬁ

a

1bm
p * 62.4
PR
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of tests conclude that 2 low Froude numbers results in a low

vortexing water level. Therefore, it is desirable to keep the . uce

member as low as possible. The test results (first series) alsc suggest that
the Froude number can be as low as approximately 0.4 and the surface tension

5

is still negligible.

L g}

LR 5-!_". Fr = \z
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APPENDIX B

VOID FRACTION METER
DESCRIPTION/CALIBRATION

8051 16/0B0788



The objective of the current test program was to evaluate the effect of
various geometr designs of the cold leg RHR Tine junction on the entrainment
of air in the RHR flow during operation of the RMR system with the coolant
evel at or near mid-loop. The design judged to be optimal, that is,
resulting in minimum ingestion of air, will be recommended for inciusion into
the AP-60C desigr
The accurate measurement of entrained air, or void, in the simulated RHR line
flow was required to accomplish the test objective. Direct measurements of
oca oid fraction were made in the hot leg/RHR line simulation using a void
meter manufactured by Auburn International. The meter actually measured the
quid fraction in the flow channel; the void fraction was taken as the
compiiment of the liguid fraction
The cylindrica)] cross-section of the RHR line simulaticon suggested the use of
2 Mode! 1081 void meter. This meter ut zed four electrodes, connected in
pairs that faced each other across a flow channel, with a rotating two-phase
electrical current applied to the electrodes. A schematic planar layout of
the Mode! 1081 void fractior probes as installed in the RHR line simulation
used in the test program is shown in Figure B-1.
The 1iquid fraction at the location of the probes is determined by taking the
ratio of the electrical resistance across the flow channel being monitored tc
the electrical resistance across a reference set of electrodes maintained in 2
solution with no voids. Typically, the meter is calibrated prior to testing
by means of setting two points on the calibration curve. The two points used
are void meter readings with the flow channe! empty (totally voided or
¢ = 1.0) and with the flow channe] filled with the working fluid (no voids

The response of the meter to voids between the two limit
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) . + 4
hardware ang the Auburn internationa

Determine the performance of the Mode! ‘ . betweer
i

- " - % -
n extremes (¢ = U.VU ang . ) (M ne

‘
testeaq.

. - L 4
ope the appropriatie

s measured void fra

void meter readings to the positioning
the flow channe! boun the inside
line simulation; evaluate uncertainty 1. measurec
ion of void in flow channel, if warranted.
By accomplishing the preceding objectives, the capabilities and limitations of
the Auburn International void meters and associated probes as installed and
used in the cold Jeg/RHR Tine simulation used in the current test program was

determined.

As described it on B-4.1, the test mode] was constructed from sections of

plastic pipe that were bolted together to form the desired hot leg/RHR line

on simulation. The void meter probes were located in a vertical run of
%

RHR simulation line below the hot leg/RHR line junction simulation. This

cross section of the void meter installation is shown in the schematic diagram




ematic diagram of the hardware arrangement empioyed for the calibration

tests is also given in Figure B-3. The instrumented section of tubing was
filled with water from a holding tank. The holding tank also served to

I nrovide a reference measurement of liguid conductivity. The instrument
channels connected to both the reference probes and the RHR Tine simulatior
were calibrated prior tc ng by setting the zero and full-scale readings

with the flow channels between the probes empty and full, respectively, per

manutacturer's procedure.
In general, the test procedure consisted of the following steps
C ' the test section with water from the holding tank to the bottom
v
f the top flange of the RHR 1ine simulatior
‘ nsert a simulated void from the top of the mode! section downward tc
the bottom plate elevation.
C kRecord void meter reading directly from p digital vol!t meter (DVM
anla
> 3
~ . " X, § 3 1 . + + + - N +
void simulation, and re the test section with water
1 s ~ + ¢ 2 e * & 4+ ~ % " & - ™ 3
ding tank, required, such that the void meter probes
are covered with water,
The mrarodins ctarne o roanaatar far s 2 W ~ 3 Yatinn toctard
e preceding steps were repeated for each void simulation tested.

B-4.0 Calibration Data
The data collected from the calibration testing is presented in the following

v
O

£

Eleven void simulations of differing sizes were used to define the performance

1 void meter and its associated electrodes as installed in the

53]

of the Mode!

£

1 [« TN T - - % 5 -- ", b
hot ieg/kKMK 1ine s Tmuiations tested. he void simulations were cylindrics

o
'
.
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¢« made of plexiglass, 2 non-conductive materia tach void simulation was

nserted into the scaied KNk ne such that the centers of the mode! cross
section and the void simulation cross section coincided, resultiing 1n a
uniform thick water-f ed annular space between the RHE ne and void
simulations. the output of the void meter was recorded, and the voiG
simulation was then withdrawn from the model. This process was repeated three
times for each of the eleven void simulations used he dimensions of the
void simulation used. the calculated void fraction for the void simulation,
and the corresponding three outputs for the Model 1081 void meter for eact
void simulation tested are listed in Tables B-1 for the 2.25 inch RHR line
simulation used in the current test program
From the data of Table B-1, it is noted that the largest void simulation used

n the calibration tests resulted in a calculated void fraction of 44.¢€
percent. Of particular interest in the actual test program were the
measurement of void fractions less than about 10 percent. Thus, the
calibration test data provided for the accurate definition of void meter
response over the range of operation of interest in the test program

B-4.2 Regions of Sensitivity
The sensitivity of the Mode!
leg/RHR line model to a knowr
cylindrical void simulation of

‘-

1081

3

void meter as utilized in the scale hot

-~

'y

-
N

simulation was defined by positioni ¢

vO1

known diameter at discrete locations within the

instrumented RHR 1ine section and recording the rasulting void meter

-

readings. Two different sizes

this series of calibration tes

described in Section 4.1, the
rods. The positioning of the

the void simulat
™"
iV

RMR

nch

80519 1a/0B0O7HE

ions and the data from the tests are given i

of

v

cylindrical void simulations were used for

ts. As was the case wi*h the calibration test

void simulations were lungths of plexiglass
void simulations is shown in Figure B-3. The

n Table

line simulation used in the current test program.

B-4




A brief discussion of the calibration data presented in the preceding section

O
L |
¢

he data of Table B-]1 are plotted in Figure B~4: Note that, however, the

measured guid fractions are expressed as voiC Tractior he pict InCludes

3 e - -
that the Mode 081 void meter as ut zed in the scale mode! KHk ne
simulation generally does provides 2 near response to increasing void

- S Am '3 v men ~et ~
fraction over the range of void simulations tested. Over the range o7 voiC
fractions of 0.0 < ¢ <0.45, the calibration data could be reasonably
P - . - & 114 S 1s v - N
approximated by the following near eguations.
3:_.0 N 2t R~
ct 1.3 B-1
Meas
where
- - 3 . £ . - - s
6,., = the actual void fraction in the ow
channe
G : the void fraction in the flow ¢. anne

as measured by the Model 1081 void

meter.

The preceding equations was found to be a good fit to the calibration data for

the RHR line simulation over the void fraction range of 0

- -
« 4+
Ve ~

-

0 < o

- Meas

R-
<

wun
~o

Regions of Sensitivity

The data of Tables B-2 show that, for the void meter/probe design used in the
the

O

test program, the indicated liguid fraction is somewhat sensitive t
static positioning of a void simulation in the field of measurement. During

the actual testing, it was observed that the ingested void either tended to

80%10 14/080788 B-5




flow
tended to
the voids
flow do n intaj ion as they pass througt
meter probes. herefore, ( that the observed
void fracts sitioning of a void simulatio

ot appi? o the dynamic flow process obtain

the calibration ) i1, judged to be

he test gata.

were performed for the Mode! 1081 void meter/probe design

pic scale model hot leg/RHR line test hardware. The
the response of the void meter/probe design
simulation tested. The sensitivity of
tic positioning of a void simulation
t was subseguently determined
data due to the dynamic character

hey passed through the void meter probe
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I
INSIDE DIAMETER OF
FLOW CHAMNEL

SO*

176 INCH TYP YOID METER PROBE

Figure B-]1 Schematic of Typical Auburn
Void Probe Installation
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DATA
—————— Y
$IGRAL }“" g

MODEL 1081
70 I neremence
= o | PROBE

PROBES FOR PDDEL 1081
AUBURN METER (TYPICAL)

INSTRUMETED

TeST SECTON
w
|
.

Ty
11
= g ¥

|

RO FLANGE

Figure B-2 Schematic of Auburn Void Meter Electrical
Hook-up for Calibration Testing
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TYPICAL VOID METER PROBE
INSTALLATJON

Figure B-3 Schematic of Void Simulation Locations
Yoid Meter Sensitivity Tests
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