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ABSTRACT

Full scale tests of flow conditions in Containment Recirculation Sumps for
nuclear power stations were conducted at the Alden Research Laboratory ({(ARL)
of Worcester Polytechnic Institute (WPI) for the U.S. Department of Energy
(DOE) and the U.S. Nuclear Regulatory Commi:ision (NRC), on a contract from
Sandia National Laboratories (Sandia) to provide sump hydraulic design and
performance data for use in resolving the Unresclved Safety Issue, A-43,
"Containment Sump Performance".

This document is a report of the resuits of investigations conducted as a
part of Phase II of the test program, including: (a) vortex suppressor
tests to study in detail the hydraulic behavior of two commonly used sup-
pressors; namely, cubic cage and horizontal floor grating; (b) single out-
let sump tests to ascertain the hydraulic performance of single outlet sumps
compared to double outlet sumps; and (c) tests to study the effects on the
hydraulic performance of a solid partition wall in a double outlet sump,
pump overspeed (i.e., higher flow), outlet pipe diameter, and bellmouth
entrances.

The results mainly indicated that: (i) both cubic cage and horizontal gra-
ing suppressors were effective in reducing air-ingestion in the suction pipes
to zero or near zero, reduced the pipe swirl to some extent, and did not sig-
nificantly increase inlet losses; (ii) for Froude numbers less than 0.8, with
or without any perturbation to the approach flow, both of the single outlet
sumps tested indicated no significant air-withdrawals due to vortices, while
pipe swirl angles and inlet loss coefficients were found to be similar to
those obtained for the double horizontal outlet sumps previously tested;

(iii) no significant differences in average vortex types, air-withdrawals

and inlet loss coefficients were observed for double suction sumps with

solid partition walls (compared to sumps without partition walls), but sumps
with partition walls showed lower pipe swirl; (iv) pump overspeed tests (up
to 30% higher than normal operating flows) conducted at nearly uniform ap-
proach flows indicated no significant increases in any of the variables of
concern; (v) for sumps of the same size at tle same Froude numbers (not the
same flow and submergence), the outlet pipe diameter did not have any sig-
nificant influence on air-withdrawals, while pipe flow swirl angle and in-
let loss coefficient were found to be higher for larger pipe size, irres-
pective of Froude numbers; and (vi) bellmouth entrances helped reduce inlet
loss coefficients but not the average vortex types, air-withdrawals, and
pipe flow swirl.

Test data on single and double outlet sumps were used for an envelope analy-
sis so as to derive appropriate maximum bounding values for average vortex
types, air-withdrawals, pipe swirl, and inlet loss coefficients versus
Froude number. These pounding values are compared with the bounding values
of the Phase I tests [1]. In general, single outlet sumps indicated higher
air-withdrawals as shown by void fraction envelope lines. Common envelope
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lines for both single anc double outlet sumps were found appropriate for
average vortex types, swirl angles, and inlet loss coefficients. These en-
velope lines indicated higher bounding values compared to Phase I test en-
velopes. Results of the envelope analysis and an evaluation of other re-
sults reported on herein, would provide a data base for use in the prepara-
tion of sump design and in their evaluation, and thereby assists in the re-
solution of the Unresolved Safety Issue, A-43 "Containment Sump Performance"
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EXECUTIVE SUMMARY

As a part of the overall full scale tests of hydraulic performance of con-
tainment recirculation sumps for nuclear power stations, various special
items were investigated and are discussed in this report; namely, vortex
suppressors, single outlet sump configurations, double outlet sumps with
partition walls, sumps with different pipe diameters, and sump performance
at higher flows due to pump overspeed and bellmouth entrance effects. These
studies were conducted at the Alden Research Laboratory (ARL) of Worcester
Polytechnic Institute (WPI) for the U.S. Department of Energy (DOE) and the
U.S. Nuclear Regulatory Commission (NRC) on a contract from Sandia National
Laboratories (Sandia). The overall ARL program is designed to provide sump
hydraalic design and performance data for use in resolving the Unresolved
Safety Issue, Task A-43, "Containment Emergency Sump Performance".

The objectives of these particular investigations are: (a) to examine the
effectiveness and behavior of commonly used vortex suppression devices; (b)
to ascertain the hydraulic performance of single outlet sump configurations
in comparision with dcuble outlet sumps; (c) to assess any effects of solid
partition walls on the hydraulic performance of double outlet sumps; (d) to
examine any influence of outlet pipe diameter on sump performance; (e) to
ascertain sump performance at higher than normal design flows due to pump
overspeed; and (f) to verify any ffect of a bellmouth entrance towards im-
proving the hydraulic performance of a sump.

Test details and principal findings are summarized separately for each of
the above items in the following paragraphs.

Vortex Suppressors

Two types of commonly used vortex suppressors; namely, cubic cage shaped
suppressors made of floor grating and single layer horizontally laid floor
grating over the entire sump area, were tested in a selected sump configu-
ration with adverse screen blockages which produced strong vortexing and
air-entrainment without the suppressors.

Cages of cubes 3 ft and 4 ft on a side and the tested horizontal floor grat-~
ing were both found to be effective in suppressing vortices and reducing air-
ingestion to zero. Tests on a cage suppressor less than 3 ft on a side in-
dicated existence of air-core vortices for certain flows and submergences,
even though air-withdrawals were found reduced tc incignificant levels. Both
type of suppressors also reduced pipe swirl and did not cause any significant
increases in inlet losses.

Either properly sized cage shaped suppr>sscrs made of floor grating, or floor
grating over tlie entire sump area, may therefore be used to reduce air-inges-
tion to zero in cases where the sump design and o1 approach flow creates
otherwise undesirable vortexing ard air-ingestion.



Single Outlets

T™wo sump configurations (4 ft x 4 ft and 7 ft x 5 ft in plan, both 4.5 ft
deep; 12 inch outlets) were tested under unperturbed (uniform) and per-
turbed approach flows with screen blockages up to 75 percent of the screen
area.

For both the sump configurations, unperturbed flow tests indicated air-wiii-
drawals were always less than 1 percent by volume for the entire range of
tested flows and submergences (F = 0.3 to 1.6). Even with perturbed flows,
zero or near zerc air-withdrawals were measured in both sumps for Froude
numbers less than 0.8, suggesting insignificant vortexing problems. For
Froude numbers above 0.8, a few tests with perturbed approach flow indicat-
ed significantly high air-withdrawals, especially for the smaller sized sump.
Measured swirl values for the pipe flows were insignificant for both the
tasted sumps, being in the range of 2 to 3 degrees even with approach flow
perturbations. The inlet loss coefficients for both sump configurations
were in the expected ranges for such protruding outlet, 0.8 +0.2.

Double Outlet Sumps with Solid Partition Walls

Four double cutlet sump configurations (a 20 ft x 10 ft sump with 24 inch
diameter outlets and three 8 ft x 10 ft sumps with 24 inch, 12 inch and 6
inch outlets, respectively) were tested with solid partition walls in tho2
sumps between the pipe outlets and with only one outlet operational.

None of the tests indicated any larce increases in vortexing, air-withdraw-
als, swirl angle, or inlet losses compared to dual pipe operation without
partition walls. Thus, providing a partition wall in a sump should not cause
any additional hydraulic problems when only one outlet pipe is operating.

Pipe Diameter Effects

An 8 ft x 10 ft sump; 4.5 ft deep with horizontal double outlets, was tested
with 6 inch, 12 inch, and 24 inch outlet pipes over a range of flows and sub-
mergences. Higher flows were tested for larger pipe sizes to achieve a com-
mon range of Froude numbers.

The results indicated that at a given flow and submergence, with larger pipe
diameters, the pipe flow velocity and hence the Froude number were lowered.
This was found to reduce vortexing and air-withdrawals compared to the re-
sults with smaller outlet pipes. Even at the same Froude numbers (unequal
flow and submergence) larger pipe diameters showed no significant increase
in air-withdrawals.

Irrespective of Froude number, relatively higher pipe flow swirl angles were
measured for 24 inch outlets compared to 12 and 6 inch outlets, persumably
due to a varying influence from submerged vortices. Even though inlet loss



coefficients were higher for 24 inch diameter pipes, the actual values of
inlet losses (in feet) were smaller for a given flow and submergence because
of much lower velocities in the 24 inch pipe.

Pump Overspeed

In an 8 ft x 10 ft sump; 4.5 deep with 12 inch double outlets (both horizon-
tal and vertical orientations), tests with flows up to 8000 gpm per pipe were
conducted. No significant increases in air-withdrawals due to vortices, aver-
age vortex types, pipe flow swirl angles or inlet loss coefficients were ob-
served compared to tests with up to 6000 gpm (normal expected design flows)
conducted earlier under Phase I [1].

Bellmouths at Pipe Entrance

Limited tests on a sump configur.tion were conducted with and without a bell-
mouth attached to the 12 inch outlet pipes. Adding bellmouths at the pipe
entrances did not produce any significant changes in the vortex types, air-
withdrawals, and pipe swirl compared to those which otherwise existed under
the same hydraulic conditions. A reduction in inlet losses of up to about
40% was measured with the addition of a bellmouth.

Application to Unresolved Safety Issue A-43

The data gathered from these investigations are used: (a) to obtain maximum
bounding envelopes on air-withdrawals, pipe flow swirl, and inlet loss coef-
ficients, and to thereby prescribe limits on the intake Froude number, (or
pipe velocity and submergence) for both single and double outlet sumps; (b)
to develop guidelines on the use and design of vortex suppressors; (c) to
judge any effects of outlet pipe diameter on hydraulic sump performance; and
(d) to evaluate the limited benefits due to bellmouth entrances. All these
factors contribute to the resolution of the Unresolved Safety Issue, A-43,
"Containment Emergency Sump Performance".



1.0 INTRODUCTION

In the event of a loss of coolant accident (LOCA) in a nuclear power station,
the emergency core cooling system (ECCS) and containment spray systems (CSS)
would be activated to supply coolant to the reactor core and vessel to dissi-
pate the decay heat and to the CSS to reduce containment pressure. At first,
these systems draw water from a large supply tank. Later, they are switched
to a recirculating mode drawing water that has accumulated in the containment
through a sump designated herein as ECCS sump or containment sump. The sys-
tems are expected to operate for extended periods of time in this mode. ECCS
sumps are provided in the containment to collect water and supply it to the
ECCS pumps, to screen out debris, and to provide sufficient suction head for
pumps. Hence, they form a key flow link in providing coolant to the reactor
and in providing control of the containment environment during recirculation
mode.

A few years ago, the hydraulic performance of the ECCS sumps started to re-
ceive renewed attention as an important component of the residual heat re-
moval system in nuclear power stations. Ingestion of air from free surface
vortices or break jets impinging near the sump, swirling flow in the pump
suction lines and excessive pressure losses leading to insufficient net posi-
tive section head can result in degraded recirculation system performance.
Considering these aspects, the hydraulic performance of ECCS sumps was des-
ignated by the U.S. Nuclear Regulatory Commission (NRC) as an unresolved
safety issue, A-43.

The Alden Research Laboratory (ARL) of Worcester Polytechnic Institute (WPI)
was contracted by the Sandia National Laboratcries (Sandia) on behalf of
the U.S. Department of Energy (DOE) and the U.S. Nuclear Regulatory Commis-
sion (NRC) to conduct full scale experimental research investigations for
the Resolution of Unresolved Safety Issues, Generic Task A-43, ECCS Sump
Reliability. The investigations were conducted in two phases and this re-
port covers a major portion of the second phase (Phase II). The results

of Phase I and other portions of Phase II are available in other reports,
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The test program covered in this report can be divided into six items as
described in the following paragraphs:

a. Vortex Suppressor Tests

Cages made up of standard floor gratings fitted to the pipe inlets
and one or more layers of horizontal floor gratings laid over the
whole sump area below the operating water levels are the two com-
monly used vortex suppression devices installed in many existing
ECCS sumps and proved to be effective through model studies [4, 5,
6] . Vortex suppressor tests were designed to investigate these two
types of devices in detail to ascertain the effects of cage size
or horizontal grating locatior with respect to water surface on
the suppressing action and any need of multi-layer cages or grat-
ings.



Single Outlet Sump Tests

Separate sumps for the decay heat removal and coolant spray sys-
tems are provided in some plants [7, 8] and in order to ascertain
their performance, two configurations (4 ft x 4 ft x 4.5 ft and

7 ft x 5 £t x 4.5 ft sumps; 12 inch horizontal outlet) of single
outlet sumps were tested. Such sumps are designed in practice so
that each sump will be a separate floor depression with a single
outlet, but the sumps may have a common screen and grating. The
two configurations were tested with approximately uniform approach
flows and also with two selected scree: blockages (up to 75% block-
ed) with the idea of obtaining vortex type, swirl, air-withdrawal
and loss coefficient data over the test flows and submergences, and
to compare these with data from other sumps with two outlet pipes.

Tests in Double Outlet Sumps with Partition Walls

In some existing or planned ECCS sumps, the two outlet pipes in a

sump are separated by a solid partition wall [9], and a few tests

were included to obtain data on a few such sumps for a single pipe
operation.

Tests at Higher Flows (Pump Overspeed)

Due to pump overspeed or other reasons, a containmert sump may be
subjected to operation at higher than normal flows. One sump con-
figuration with horizontal outlets and the other with vertical out-
lets were tested at higher flows, up to about 8000 gpm.

Tests to Ascertain Pipe Diameter Effects

As a continuation of sensitivity tests undertaken under the Phase

I test program [1], tests were conducted to ascertain whether pipe
diameter itself has any influence on sump performance at the same

Froude number. The three pipe diameters, 24 inches, 12 inches, and
6 inches were tested in the same sump configurations.

Tests with Bellmouth Entrance

In practice, suction pipe entrances inside the sumps are sometimes
provided with a bellmouth or an expansion piece which is expected
to improve the flow patterns at the entrance. Tests on a selected
sump configuration were repeated with a bellmouth attached at the
pipe entrance to examine the effects of the bell on the hydraulic
performance of the sump.




The test plan is described in Chapter 2; Chapter 3 provides a key findings
summary. Test facility description, measurement techniques, and data acqui-~-
sition methods have been detailed in earlier reports [1, 2, 10]; however,
Appendix A, which briefly covers these items, is provided for reader con-
venience. The detailed data and discussion thereof is contained in Chap-
ter 4.



2.0 TEST PLAN
The test program covered in this report can be divided into six items:

Vortex suppressor tests,

Single outlet sump tests,

Tests on double outlet sumps with solid partition walls,
Pump overspeed tests,

- Sensitivity tests to ascertain effect of pipe diameter on
sump performance, and

Sensitivity tests to ascertain effect of bellmouth entrance
on sump performance.

UV W -

N
.

Table 1 shows the details of the sump geometries used for each of the above
items, with Figure 1 indicating the definition of the geometric variables.
Table 2 shows test details including flows and subunergences used. It may
be noted that all tests were of 30 minute duration (data acquisition time).
Details of the tests for each item listed in the above paragraph are includ-
ed in the following sections. Appendix B gives the total test plan of the
entire program of Containment Sump Reliability Studies conducted at ARL.

2.1 Vortex Suppressor Tests

Cages made up of standard floor gratings fitted to the pipe inlets and one
or more layers of horizontal floor gratings laid over the whole sump area be-
low the operating water levels are the two tested vortex suppression devices.

Each of the suppressors was tested in an 8 ft x 10 ft x 14.5 ft sump with
horizontal 12 inch diameter outlet pipes and in an 8 ft x 10 ft x 4.5 ft sump
with vertical 12 inch diameter outlet sumps with both pipes operating and also
with single pipe operating for a case with solid partition walls in the depres-
sed sump. The sump screens were partially blocked (about 75%) per scheme 5 or
8 (Figure 2), selected based on earlier test results [1] so that strong vor-
texing and/or swirl existed before the suppressor was installed. The sizes
and orientations of the suppressors are discussed below.

a. Cage Type Suppressors

Figure 3 shows the details of the three single cage arrangements (Cl, C2,
and C3) involving different cage sizes. The cages were made of 1.5 inch
standard floor gratings (1.5 inch deep bars at 1 inch c/c). Two more cage
arrangements involving two-layer cages (one above the other) were also test-
ed for one selected screen blockage to evaluate any added improvement, and
their arrangements (C4 and C5) are explained in the table included in Fig-
ure 3.



Configuration Pipe*#* Type of
Number Orientation Test

34 H Solidé par-
tition wall

35 H 24" outlet
tests

36 H Solid par-
tition wall

37 H Solid par-
tition wall

38 H Solid par-
tition wall

39 H Single
outlet

40 H Single
outlet

41 H Vortex sup-
pressor

42 V' Vortex sup-
pressor

43 H Pump over-
speed

44 v Pump over-
speed

45 H Vortex sup-
pressor

46 \' Vortex sup-
pressor

*See Figure 1; a = 6 ft

**H = horizontal; V = vertical

TABLE 1
Details of Sump Geometry

Geometric Variable, ft*

L B 4 b gf e x %y
20 10 2 3 2 1 16 3 T 3

8 10 2 3 2 1 4 3 V5 2

8 10 2 3 2 1 4 3 75 2

8 10 1 2 2 i1 ‘4 1.8 785 3

& 10-8:5 3 2 1 % 0.5 7.5 0.5

4 4 1 3 2 31 = 1.5 %5 X

T 0% 3 3 35 1 = A8 T8 1

8 10 1 3 2 I % 1.5 1.3 1

g A0 A 3 2 P 4 2.5 3.5 8

8 10 1 3 2 1 4 15 7.5 1

8 10 1 3 2 i 4 1.5 -8 9

8 10 1 3 2 I 4 385 15 %

8 10 1 g 2 I 885 BS5-3

Remarks

One pipe operation

Both pipes operating

One pipe operation

Cne pipe operation

One pipe operation

Cage type and horizontal
grate type suppressors

Horizontal grate type
Suppressors

Higher than normal flows

Higher than normal flows

One pipe operating with
solid partition

One pipe operating with
solid partition



Configuration
Number

34

35

35

37

38

39

TABLE 2
Test Details *

Details

20 ft x 10 ft sump; b = 3 ft; 24 inch Outlets
Single pipe operating (solid partition wall)

a. Unperturbed flow tests
b. Limited perturbed tests

8 ft x 10 ft sump; b = 3 ft; 24 inch Outlets
Both pipes operating

a. Unperturbed flow tests
b. Limited perturbed flow tests

8 ft x 10 ft sump; b = 3 ft; 24 inch Outlets
Single pipe operating (solid partition wall)

a. Unperturbed flow tests
b. Limited flow perturbed tests

8 ft x 10 ft sump; b = 3 ft; 24 inch Outlets
Single pipe operating (solid partition wall)

a. Unperturbed flow tests
b. Limited flow perturbed tests

8 ft x 10 ft sump; b = 3 ft; 6 inch Outlets
Single pipe operating (solid partition wall)

a. Unperturbed flow tests
b. Limited perturbed flow tests

4 ft x 4 ft sump; b = 3 ft; 12 inch Outlet
Single outlet sump

a. Unperturbed flow tests
b. Limited perturbed flow tests

* See note at the end for flows and submergences.



Configuration
Number
40
41 and 42
A.
(i)
(ii)
(1ii)
(iv)
B
(i)
(ii)
(iii)
(iv)

10

TABLE 2
(Continued)

Details

7 ft x 5 ft sump; b = 3 ft; 12 inch Outlet
Single outlet sump

a. Unperturbed flow tests
b. Limited perturbed flow tests

Vortex Suppressor tests*

Horizontal Grid Suppressors: 8 ft x 10 ft sump;
b =3 ft; 12 inch outlets;
Horizontal and Vertical
Number of Arrangements
Vertical Ho.'izontal
Outlet** Outlet
Combination: a b a b
Elevation of Grid (gratings) 3 1 3 1
Layer Arrangements 2 1 2
Submergences+ 2 2 2 2
Test/Submergences++ - 4 4 N

Cage Suppressors: 8 ft x 10 ft sump; b = 3 ft;
12 inch outlets; Horizontal
and Vertical

Number of Arrangements

Vertical Horizontal
Outlet Outlet
Combination: a b a b
Cage Sizes*** 3 1 3 1
Layer Arrangements 1.2 1 2
Submergences+ 2 2 2 2
Test/Submergences++ 4 4 4 4

* Screen blockages to generate a strong air-drawing vortex will be set

up prior to tests.

** Outlets at sump center.
M e xdfexd B, 3t I fEx)fe,ad ]St 1.5t 1.5t
cages made of gratings.

+ S =28 ft and 5 ft.

++ Q = 3000, 4000, 5300, and 6600 gpm/pipe.
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TABLE 2

(Continued)

Configuration
Number Details

43 and 44 Pump Over-Speed Tests
8 ft x 10 £t sump; b = 3 ft; 12 inch outlet;
Horizontal and Vertical

Flow will be increased from 6000 gpm to about
9000 gpm (or the maximum attainable flow) with
only one outlet operating. Two submergences will
be tested with 3 tests/submerqences (6600, 8000,
and 9000 gpm/pipe): No perturbations.

45 and 46 Single Pipe Suppression Tests
8 ft x 10 ft sump; b = 3 ft; 12 inch outlet;
Horizontal and Vertical (zenter)

Based on the single pipe tests (solid partition
wall) with and without perturbations, the flow
conditions will be set so that a strong air-core
vortex is generated. The best horizontal and cage
arrangements as per tests on vortex suppressors
conducted earlier, will then be tested for the
single pipe operating (2 submergences and 4 test/
submergences) .

Note: Flows and Submergences

A. Unperturbed Tests

(i) 4 Submergences corresponding to 1, 2, 3, and 5 ft of water above
containment floor

(ii) 5 Full Tests/Submergence

say 4000, 5300, 6600, 8000, and 9000 gpm/pipe for 24 inch pipes
2000, 3000, 4000, 5300, and 6600 gpm/pipe for 12 inch pipes
750, 1000, 1325, 1650, and 2000 gpm/pipe for 6 inch pipes

B. Limited Perturbation Tests

(i) 1 Submergence correspnding to 2 ft of water above containment floor.
(ii) Flows as in item A (ii) above.

(1ii) 2 Screen Blockage schemes to be selected from Phase I test results
or by trial.
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b. Horizontal Grating Suppressors

Horizontal ¢rating suppressors are known to perform better in suppressing

a free-surface vortex the closer they are to the water surface. However,

in an ECCS sump with a wide range of water levels, it may be important to
know whether a single grating will suffice or layers of gratings at differ-
ent elevations would be required. Hence, a single grating was first tested
at different elevations followed by two gratings, each at different eleva-
tions. The three single grating arrangements and the two double grating
arrangements are shown (numbered Hl to H5) in Figure 4. The gratings were
also of 1.5 inch standard floor gratings. The double grating arrangement
was tested for only one screen blockage which gave relatively poor (adverse)
performance in terms of pipe swirl with a single gratinoc at the lowest test-
ed elevation.

2.2 Single Outlet Sump Tests

Two configurations (configurations 39 and 40 in Table 1) of single outlet
sumps were tested with unperturbed approach flows and also with two selected
screen blockages (up to 75% blocked). Data on vortex type, swirl, air-with-
drawal and loss ccefficient were obtained over the test flows and submerg-
ences. Figure 5 shows the screen blockage schemes used for the single outlet
tests, derived by trial so as to get the worst vortexing conditions.

2.3 Tests on Double Outlet Sumps with Solid Partition walls

Four sump configurations; namely, configurations 34 and 36 with horizontal
24 inch outlets, configuration 37 with horizontal 12 inch outlets, and con-
figuration 38 with horizontal 6 inch outlet (Table 1) were tested with a
solid partition wall along the center of the sump length, extending from
the sump floor to the containment floor elevation. Figure 6 shows a typi-
cal arrangement. The sumps were tested with single pipe operating and for
unperturbed approach flows as well as for perturbed approach flows with the
screen blockage schemes shown ia Figure 7.

2.4 Pump Overspeed Tests

These tests were conducted so as to test a sump at higher than normal oper-
ating flows which would be the case with pump overspeed. The tested config-
urations were 8 ft x 10 ft in size, 4.5 ft deep with two 12 inch diameter
outlets at 4 ft centers, one configuration with horizontal outlets and the
other with vertical outlets (configurations 43 and 44 in Table 1). These
configurations are the same as configurations 2 or 64 and 58, respectively,
of the earlier tests (Appendix B). The tests were conducted with single
pipe operation and at the maximum flow attainable in the facility, which
was about 7000 to 8000 gpm, for the range of submergences of 4 to 8 ft.
These tests were conducted with unperturbed approach flow to the screens.
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2.5 Sensitivity Tests - Effect of Pipe Diameters

The three pipe diameters tested were 24 inches, 12 inches, and 6 inches and
the sump configurations (8 ft x 10 ft sumps; 3 ft to pipe center from con-
tainment floor) correspond to configuration 35 (Table 1) and configurations
64 and 61 (see pages B4 and B5), respectively. Details on flows and sub-
mergences are given in Table 2.

2.6 Sensitivity Tests - Effect of Bellmouth Entrance

Tests on configuration 64 (see Appendix B) tested under Phase I tests [1],
an 8 £t x 10 ft sump 4.5 ft deep, were repeated with a bellmouth attached
at the pipe entrance (Figure 8) for submergence of 5 ft only.
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3.0 KEY FINDINGS SUMMARY
From the test results presented and discussed in Chapter 4.0, certain key
findings are obtained and summarized in this section. A listing of the most
significant findings is also given in Table 3.

3.1 Vortex Suppressors

a. Cage shaped vortex suppressors made of floor grating to form cubes
3 and 4 ft on a side, and single layer horizontal floor grating over
the entire sump area, were both found to be effective in suppressing
vortices and reducing air-ingestion to zero. These suppressors were
tested using 12 inch outlet pipes, and with the water levels ranging
from 0.5 to 6.5 ft above the top of the suppressors. Both the cage
shaped grating suppressors as well as the horizontal floor grates
were made of standard 1.5 inch floor grates. Adverse sump screen
blockages were used in conjunction with sump configurations which
producea considerable air-ingestion and strong vortexing without the
suppressors; thus, the suppressors effectiveness was tested when hy-
draulic conditions were most undesirable. The suppressors also re-
duced pipe swirl and did not cause any significant increase in inlet
losses.

b. Tests on a cage shaped suppressor less than 3 ft on a side indicat-
ed the existence of air-core vortices on the water surface for cer-
tain ranges of flows and submergences, even though air-withdrawals
were found reduced to insignificant levels. Visual observations in-
dicated that the air-core on reaching the cage, broke into bubbles
which were drawn into the suction pipe.

c. When a single grating is used, it is advantageous to have it about
6 inches below the minimum water level since in this case, any air-
core vortices were found to be suppressed to surface dimples. More
than one layer of horizontal grating was found to be unnecessary for
vortex suppression, but the second layer did produce some additional
reduction in pipe flow swirl.

d. Either properiy sized cage shaped suppressors made of floor grat-
ing, or horizontal floor grating over the entire sump area may,
therefore, be used to reduce air-ingestion to zero in cases where
the sump design and or approach flow creates otherwise undesirabie
vortexing and air-ingestion.

3.2 8Single Outlet Sumps

a. Two sump configurations (4 ft x 4 ft and 7 ft x 5 ft in plan, both
4.5 ft deep; 12 inch outlets) were tested under unperturbed (uni-
form) and perturbed approach flows with screen blockages up to 75
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percent of the screen area. For both the configurations, unper-
turbed flow tests indicated air-withdrawals were always less than
1 percent by volume for the entire range of tested flows and sub-
mergences (F = 0.3 to 1.6). With perturbed flows, zero or near
zero air-withdrawals were measured in both sumps for Froude num-
bers less than 0.8, but for Froude numbers above 0.8, a few tests
with screen blockages indicated significantly high air-withdrawals
(up to 17.4 percent air by volume; 1 minute average), especially
for the smaller sized sump (see Figure 32).

Swirl of the pipe flows was insignificant for both the tested sumps,
being in the range of from 2 to 3 degrees (at 14.5 pipe diameters
from the entrance) even with approach flow perturbations.

The inlet loss coefficients for both sump configuratons were in the
expected ranges for such protruding inlets; namely, 0.8 +0.2.

For Froude numbers above 0.8 and with approach flow perturbations,
single outlet sumps were found to generate stronger vortices with
greater air-withdrawals compared to double outlet sumps (both out-
lets operating) of comparable geometry (see Figures 31 and 32).
This is presumably due to higher magnitudes of circulation which
can be generated by screen blockage in a single outlet sump.

Double Outlet Sumps With a Solid Partition Wall

Four double outlet sump configurations (one 20 ft x 10 ft sump with
24 inch diameter outlets and three 8 ft x 10 ft sumps with 24 inch,
12 inch and 6 inch outlets, respectively) were tested with a solid
partition wall in the sumps between the pipe outlets. For these
tests to evaluate the effect of a partition wall, only cne outlet
was operated as the partition wall would have little effect with
both outlets running. With or without approach flow perturbations
(screen blockage), all measured air-withdrawals were less than 1
percent (1 minute or 30 minute average void fraction), swirl angles
were always less than 7 degrees (at about 14.5 pipe diameters from
the entrance) and inlet loss coefficients ranged from 0.7 to 1.2.

None of the tests indicated any large increases in vortexing, air-
withdrawals, swirl, or inlet losses compared to similar dual inlet
pipe operation in sumps without partition walls. Thus, providing
a partition wall in a sump should not cause any additional problems,
and guidelines developed from double suction sumps may be applied
to sumps with partition walls.
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3.4 Pipe Diameter Effects

In assessing the impact of pipe diameter on the sump performance at the same
flow and water level, it should be noted that the Froude number for a 24 inch
diameter pipe will be 1/4 of that for 12 inch and 1/16 of that for 6 inch dia-
meter pipes. The major findings are listed below.

a. At the same flow and water level in a given sump, the use of larger
pipe diameters lowered the pipe flow velocity and hence the Froude
number, and helped reducing average vortex types and air-withdrawals
due to vortices. Hence, in this regard, using a larger pipe dia-
meter is advantageuus (see Figures 46 and 47 and compare the data at
corresponding Froude numbers, eg., F = 0.3 for 24 inch to F = 1.2
for 12 inch).

b. At the varying Froude numbers corresponding to the same flow and sub-
mergence, higher flow swirl angles were recorded (up to 9 degrees at
15 pipe diameters from the inlet) for 24 inch diameter outlet config-
urations compared to 12 and 6 inch diameter outlet configurations
(see Figure 50). The reason for higher swirl angles may be due to
an increased level of submerged vortices relative to a reduced mag-
nitude of axial momentum for the larger pipe size. For a given flow
and submergence, the approach flow velocities and the angular momen-
tum associated with submerged vortices generated by the flow separa-
tion at the sump floor depression remain the same irrespective of pipe
size. But the axial momentum in the pipe is reduced as the diameter
is increased, resulting in higher ratios of angular to axial momentum
and hence higher swirl angles. Swirl decays with distance [14, 20],
and the swirl angles at the pump location contributed by the sump geo-
metry may be negligible compared to the swirl angles indicated by
bends.

¢c. For the tested sump, the inlet loss coefficients were found to be
higher with the 24 inch outlets (generally 1.2 +0.2) compared to
those with 12 inch and 6 inch outlets (generally 0.8 +0.2 and 0.65
+0.2, respectively) as shown in F .aure 52. The higher loss coeffi-
cients may be due to higher swir. angles indicated for the larger
pipe diameters. However, it ray be noted that for a given flow and
submergence, the actual inlet losses (in ft) would be considerably
less for 24 inch pipes (even though loss coefficients are higher)
because of lower velocity heads.

3.5 Bellmouths at Pipe Entrance

a. Limited tests on a sump configuration were conducted with and with-
out a bellmouth (Figure 8) attached to the 12 inch outlets. Adding
bellmouths at the pipe entrances did not show any significant changes
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in the vortex types, air-withdrawals, and pipe swirl, compared to

those which otherwise existed under the same hydraulic conditions.

A reduction of up to about 40% in inlet losses was measured with the
addition of a bellmouth, which more or less agrees with handbook values,
[121.

3.6 Fump Overspeed Test

a. Tests with flows up to 8000 gpm (to F = 1.6) were conducted with
nearly uniform approach flows for two 8 ft x 10 ft x 4.5 ft sumps,
one with 12 inch horizontal outlets and the other with 12 inch ver-
tical outlets. These tests, at increased flows to simulate pump
overspeed or runout, showed no air-withdrawals greater than 1% {1
minute or 30 minute averages). The pipe swirl angles were less
than 1 degree at the measured location (11.5 pipe diameters from
entrance) and the loss coefficients were in the range of 0.8 40.2.

b. Based on these results for unperturbed approach flows, no signifi-
cant increases in air-withdrawals or loss coefficients were observ-
ed with flow increases up to 30% (Froude rumbers to 1.6) above nor-
mal pump flows.

3.7 Envelope Analysis

Using the data of all horizontal single outlet and double outlet tests pre-
sented in this report, an envelope analysis was made to obtain maximum bound-
ing lines for the variable of interest (see Figures 54 to 57 in Section 4.0).
These envelope lines are compared with those obtained using Phase I data on
horizontal 12 inch double outlet sumps [1]. The major findings are as follows.

a. The void fraction envelope line for single outlet sumps was found
to be above the envelope line for doublet outlet sumps (Phase 1
envelope line valid for all doublet outlet sumps), indicating high-
er maximum values of void fractions for a given Froude number.

An envelope line of maximum 1 minute average void fraction (a) re-
lated to Froude number (F) is given by a = -4_75 + 18.04F for single
outlet (horizontal) sumps, and @ = -2,47 + 9.38F for double outlet
(horizontal) sumps, valid for 0.26 < ¥ < 1.6 (see Figure 55). For
a given permissible value of air ingestion, the envelope for the
single sumps yield a lower maximum Froude number than for the

double cutlet sumps.
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Bounding values of swirl angles and inlet loss coefficients were
found to be dependent on the outlet pipe diameter. The maximum
values of swirl angle were about 2 to 9 degrees at about 15 pipe
diameters from the entrance (both single and double outlets) de-
pending on the pipe diameter, while the average inlet loss coef~
ficients were about 0.7 +40.2 to 1.2 +0.2 depending on the outlet
pipe diameter. The higher values of both these parameters were
for sumps with larger outlet pipe diameters (see Figures 56 and
57). Even though the loss coefficients are higher for larger
pipe diameters, the actual inlet losses will be substantially
lower for larger pipe diameters for a given flow, since pipe
flow velocities would be lower for larger pipe diameters.

The envelope curves derived herein (Figures 55 to 57) can be used
in prescribing guidelines for satisfactory sump performance for
single outlet sumps as well as double outlet sumps (also using
Phase I test data) with or without partition walls.



Category

TABLE 3
Summary of Significant Findings

Findings

Reference
Figures

Vortex Suppressors

Single Outlet Sumps

Double Outlet Sumps With
a Solid Partition Wall

Both cubic cage grating and horizontal floor grating vor-
tex suppressors were effective in suppressing air-core
vortices and reducing air-ingestion to zero. Cage type
suppressors less than 3 ft on a side were found to be
somewhat less effective.

Both types of vortex suppressors reduced pipe flow swirl
and did not cause any significant increases in inlet
losses.

For Froude numbers less than 0.8, no significant vortex-
ing problems were observed and air-withdrawals were less
than 1% void fraction, even with partial screen block-
ages. For Froude numbers higher than 0.8 and with par-
tial screen blockages, strong vortices, with air-with-
drawals up to 17.4% void fraction, were observed for a
few tests.

Measured pipe flow swirl angles were 2 to 3 degrees and
inlet loss coefficients were mostly in the range of 0.8
+0.2.

Single pipe operation in double outlet sumps with a
solid partition wall between the outlets indicated air-
withdrawals of less than 1% void fraction, pipe flow
swirl less than 7 degrees, and inlet loss coefficients
in the range of from 0.7 to 1.2.

These results are similar to those obtained with dual
pipe operation without a partition wall, such that the
guidelines developed for the latter sumps also apply
to sumps with partition walls.

9, 10, 13, 14,
20, 21, 24, 25

11, 12, 15, 16,
22, 23, 26, 27

31, 32

33, 34

37 to 39

Lz



Category

Inlet Pipe Diameter

Higher Flows (due to
to Pump Overspeed)

Bellmouth Entrance

Envelope Analysis

TABLE 3
(continued)

Findings

Referencc
Figures

At the same flow and submergences, the larger the pipe
diameter, the better the sump performance in terms of
air-withdrawals.

Irrespective of Froude number, larger pipe diameters gave
higher pipe flow swirl and inlet loss coefficients for
the tested sump. But, the actual inlet losses (head of
water) would be considerably smaller for larger pipe dia-
meter sumps.

Tests with uniform approach flow showed no significant
vortexing, air-withdrawals, swirl or inlet loss coeffi-
ciants for flows giving Froude numbers up tc 1.6. The
measured values are comparable to those obtained for
normal pump flows at Froude numbers about 1.0 to 1.2.

No effect on vortexing, air-withdrawals, or swirl; but
the inlet loss coefficient was reduced by as much as 40%.

An envelope line of maximum 1 minute average void frac-
tion {a) to Froude number (F) is given by a = -4.75 +
18.04F for single outlet (horizontal) sumps while a =
-2.47 + 9.38F for double outlet (horizontal) sumps.
These equations are valid for 0.26 < F < 1.6.

A maximum value of swirl angle would be about 2 to 9 de-
grees at abcut 15 pipe diameters from the entrance, de-
pending on pipe diameter (both single and double outlets)
while the corresponding inlet loss coefficients would be
about 0.7 +0.2 to 1.2 +0.2, depending on pipe diameter.
Higher values were obtained with a 24 inch outlet pipe.

46 to 49

50 to 52

45

53

55

56 and 57
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4.0 RESULTS

In the presentation of results, the performance variables of interest (in-
dicative of sump hydraulic performance); namely, test average values of vor-
tex types, 1 minute or test average void fractions indicating air-withdrawals,
test average swirl angles, and test average inlet loss coefficients, are plot-
ted against the Froude number, u/vgs, where u is the velocity of flow in the
suction pipe, g is the acceleration due to gravity and, s is the submergence
of the pipe centerline from the water surface. The inlet losses include
screen and entrance losses and also bend losses when applicable. For cases
where both pipes were operating such as the vortex suppressor tests, the high-
est value of the performance variable, irrespective of which pipe it occurred,
is used in the plots of results. Wherever a direct comparison of two cases
(such as sumps with and without partition walls) are desired, the variables
for each case are plotted to one another considering test points at the same
flows and submergences. In this way, the deviations of plotted points from

a 45 degree line through the origin would indicate any noticeable differences
in performance. Any maximum values of void fractions, swirl angles, or inlet
loss coefficients compared to the corresponding values of tests conducted for
horizontal and vertical outlet sumps conducted earlier [1, 2] would be men-
tioned separately. The notations used for pipe flow velocity, flow per pipe,
submergence, void fraction and Froude number are u, Q, s, &, and F, respec-
tively.

4.1 Vortex Suppressor Tests

4.1.1 Cage Type Suppressors

Figures 9 to 12 show the maximum vortex type, average void fraction, aver-
age swirl angle, aud inlet loss coefficients with and without cage suppres-
sors for the horizontal outlet configuration (configuration 41) under screen
blockage (Scheme 5). Similar results for vertical outlet configuration (con-
figuration 42) are shown in Figures 13 to 16. Void fraction data indicated
zero air-withdrawals for all the vortex suppressor tests.

Two of the three single cages tested; namely, 4 ft x 4 ft x 4 ft and 3 ft x
3 ft x 3 ft, and the larger double layer cage (cages 1, 2, and 5 in Figure
3), were found effective to suppress completely an air-core vortex to a non-
air-core vortex (mostly to a dimple). But the smallest single cage, 1.5 ft
x 1.5 ft x 1.5 ft, and the smallest double layer cage (cages 3 and 4 in Fig-
ure 3) occasionally gave stronger vortices at higher flows, trash pulling
vortex (type 4) to weak air-core (type 6). However, all of the five cages
tested reduced the test average vortex types to less than 3.0. None of the
tests with vortex suppressors (all of the tested ones) indicated any measur-
able air-withdrawals since void fraction readings were zero. This again
stresses the point that any reasonable size cage of floor gratings was found
to work well in suppressing air-core vortices. Figures 17 to 19 are photo-
graphs showing typical free-surface vortexing with suppressors of cage type.
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FIGURE 17 AIR-CORE VORTICES SUPPRESSED BY CAGE SUPPRESSORS C1;
CONFIGURATION 42; Q = 6600 gpm; s = 5, F = 15;a = 00

FIGURE 18 AIR-CORE VORTICES SUPPRESSED BY CAGE SUPPRESSORS C2;
CONFIGURATION 41; Q = 6600 gpm; s = 5'; F = 15, a = 00

FIGURE 19 WEAK AIR-CORE VORTEX IN SPITE OF A CAGE SUPPRESSOR C3;
CONFIGURATION 41; Q = 6600 gpm; s = 5'; F = 15; a = 0.01
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As regards to swirl, all of the cage type suppressors reduced, but did not
eliminate, pipe swirl. The double cage (3 ft cube over 1.5 ft cube) ar-
rangement #5 performed the best in sigrificantly reducing the pipe swirl.

The double cage arrangement presumably reduced the strength of any submerged
vortices, which might have had a major contribution to swirl as indicated in
earlier test results [1, 2]. It may be noted, however, that the swirl angles,
even without suppressors, were small and were not of any major concern (less
than 10 degrees over a 30 minute period).

The inlet loss coefficients were mostly in the range of 0.7 to 0.9 for all
tests in horizontal outlet configuration and 0.9 to 1.1 for vertical outlet
configurations including bend losses, which show that the addition of any
of the cages tested did not cause any significant head loss increases.

4.1.2 Horizontal Type Suppressors

Figures 20 to 23 show the maximum vortex type, average void fractions, aver-
age swirl angles, and inlet loss coefficients with and without cage suppres-
sors for horizontal outlet configuration (configuration 41) under screen
blockage (Scheme 5). Similar results for vertical outlet configuration (con-
figvraticn 42) are shown in Figures 24 to 27. All of the five horizontal
grating setups tested (Figure 4); namely, three single layer arrangements
and two double layer arrangements, were found effective in suppressing an
air-core vortex completely to a non-air-drawing one. In comparison to cags
type suppressors, the horizontal grates covering the entire sump were per-
forming better in that not even occasional stronger vortices (Type 4 and
greater) were observed with horizontal gratings. When a single grating is
used, it is advantageous to have the grating closer to the minimum water
level since the average vortex types were 2 or less for this case (arrange-
ment H3 in Figure 4). With no air-withdr. "ing vortices present, all the
tests with suppressors showed zero air-withdrawal. Photographs of typical
cases of vortex suppression with horizontal suppressors are given in Fig-
ures 28 to 30. All of the horizontal suppressors reduced but did not elim-
inate swirl in the suction pipes. The two-layer arrangements (H5) with each
layer at different levels, performed the best in swirl reduction. The inlet
loss coefficients for all of the suppressors fell mostly in the range of 0.7
to 0.9 for horizontal outlet sump and 0.9 to 1.1 for vertical outlet sump
including bend losses indicating no appreciable increases in head losses due
to suppressors themselves.

4.2 Single Outlet Sumps

Figures 31 to 34 show plots of average vortex types, void fractions (1 minute
average), swirl angles, and inlet loss coefficients for cases of approximate-
ly uniform approach flow and for cases of screen blockages (up to 75% blocked)
for both the sumps tested, plotted against Froude number. Without any screen
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FIGURE 28 AN AIR-CORE VORTEX SUPPRESSED TO SURFACE DiMPLE;
CONFIGURATION 41; HORIZONTAL GRATING SUPPEESSOR H3,
Q=6600gpm;s =5, F=15;a =00

FIGURE 29
CCNFIGURATION 41; HORIZONTAL GR/.TING SUPPRESSOR H4;

Q=6600gom;s =5; F =15:a =00

FIGURE 30 AN AIR-CORE VORTEX SUPPRESSED BY HORIZONTAL
CONFIGURATION 41; GRATING SUPPRESSOR H5; Q = 6600 gpm;
s =5:F=15;a =00



SdANS L3T7LNO 3TONIS ‘'S3dAL X3LHOA IOVHIAVY 1S3L

s6 /Y0 ‘43EGWNN 3ANOY4

8@

L€ 3HNOIS

"
Q

® SIOVHI0TE N3I3IHOS HIM
O SIOVHI018 N33HOS ON
oy 6€
NOILVHNOI4INOO

>
m
0
=4
..”J
m

F180A

-

3dAL X




VOID FRACTION® (1 MINUTE AVERAGE)

20.

i8.

16.

14.

12.

la‘

6.

2
CONFIGURATION 39  CONFIGURATION 40 ﬁl
NO SCREEN BLOCKAGE 0 0 |
Bl. WITH SCREEN BLO_KAGE ® = \
- |
‘@ APPROXIMATELY 15 PSI ®
;
l
- |
|
“f- * !
*®
oL
1 a »
a9 . |
*
o . |
" 2 |
§
ol ' JI - gl ol oot !
0.e 8.2 8.4 0.6 8.8 1.0 1.2 1.4 1.6 1.8 2.0 &2

FROUDE NUMBER, uA/gs

FIGURE 32 AVERAGE AIR-WITHDRAWALS FOR VARIOUS FROUDE NUMBERS; SINGLE OUTLET SUMPS

01



DEGREES (30 MINUTES AVERAGE)

SWIRL ANGLE®,

18. 2

8. d— " AT ABOUT 15 PIPE DIAMETER
FROM PIPE ENTRANCE
CONFIGURATION

8.8 39 40

NO SCREEN BLOCKAGES o o
d % WITH SCREEN BLOCKAGES @ E
6.9}
5. BL

)
.8
3.0,
-
-
2.0 . B .
1. Zﬁ.
2.8 ! ] 1 |
2.9 B.2 1.8 2.0

FROUDE NUMBER, uA/gs

FIGURE 33 AVERAGE SWIRL ANGLES FOR VARIOUS FROUDE NUMBERS:
SINGLE OUTLET SUMPS

3



SIOVID0T1E NIIHIS LNOHLIM ANV HLIM ‘SdWNS 1371N0 3TONIS
‘SHIGWNN 3AN0H4 SNOIYVA HO4 SIN3ID144300 SSOT L137NI P€ 3HNOIS

6 /\yn ‘43BWNN 30NOY4

N.ﬁ &; m.a
! 1 T

-
%
O
o
m
i
m
0
m
<
—

f @ SIOVNI0TE NIFHOS HLIM
0 o S39VM2018 N3I3IHIS ON

ov 6€
NOLLVYHNDI4NOO




53

blockages weak air-core vortices were observed only for submergences less
than 6 ft at flows above 4000 gpm (F greater than 0.8). With screen block-
ages, both the sumps had air-core vortices at the tested submergences of 5
ft for all of the tested flows (F = 0.4 to 1.4). However, the measured
void fractions (indicating air-withdrawals) were less than 1% (both 1 mia-
ute and 30 minute average) for F greater than 0.8. The highest air-with-
drawals measured (for F = 1.4) were 17.4% void fraction for 4 ft x 4 ft
sump and 12.6% void fraction for 7 ft x 5 ft sump over a 1 minute period
(see Figure 32). The corresponding 30 minute averages were 13.7% and 7.6%,
respectively. It may be pointed out that these values are higher than the
maximums observed for two-outlet horizontal sumps, with both pipes operat-
ing [1]. Figure 35 shows photographs of air-core vortices for both the
tested sump configurations.

The pipe swirl angles (average over 30 minutes) measured at about 14.5 pipe
diameters from the entrance were less than 1 degree (30 minute average) for
tests with no screen blockages, but were as high as 2.7 degrees for 4 f. x

4 ft sump and 2.1 degrees for 7 ft x 5 ft sump (the corresponding 1 minute

values are 4.8 and 4.3 degrees, respectively) for tests with screen block-

ages.

The inlet loss coefficients for both sumps were mostly in the range of 0.6
to 0.8, giving an average of about 0.7, agreeing with published values [12].

4.3 Tests on Double Outlet Sumps with Solid Partition Walls

For all of the tested sumps; namely, configurations 34 and 36 (24 inch dia-
meter sumps) and configurations 37 and 38 (12 inch and 6 inch diameter out-
let pipes), the average vortex types, swirl angles, void fractions, and in-
let loss coefficients are all shown in Figures 36 to 39, for the tested
ranges of Froude numbers and for cases with and without screen blockages.

For configurations 34 and 36, only weak air-core vortices were observed even
with screen blockages and the air-withdrawals were less than 0.2% (1 minute
or 30 minute average void fractions) for all the tests. These two configura-
tions, being 24 inch outlet pipe sumps, were tested for Froude numbers up to
about 0.6 only due to facility flow limitation. Also, for configurations 37
and 38 even with screen blockages, only weak air-core vortices were observed
with air-withdrawals less than 1% (30 minute average void fraction) and less
than 3% (1 minute average void fraction).

As regards to swirl, configurations 34 and 36 showed test average swirl an-
gles as high as 6.7 degrees and 9.9 degrees, respectively, (under screen
blockages for the latter). The swirl angles were measured for these two
configurations at about 8 pipe diameters from inlet. For comparison pur-
poses, the above swirl angles were converted to values at 14.5 pipe dia-
meters from entrance using an exponential swirl decay with decay parameter



A AN AIR-CORE VORTEX IN CONFIGURATION 39 WITH
SCREEN BLOCKAGE; F = 1.4; Q = 6200 gpm; s = 5';
a (1 MINUTE AVERAGE) 17.4%

B8 AN AIR-CORE VORTEX IN CONFIGURATION 40 WITH
SCREEN BLOCKAGE; F 14; Q 6370 gpm, s 5
a il MINUTE AVEKAGE) 5.3%

FIGURE 35 AIR-CORE VORTICES IN SINGLE QUTLET SUMPS
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FIGURE 45 RESULTS OF PUMP OVERSPEED TESTS; HORIZONTAL OUTLET AND
VERTICAL OUTLET CONFIGURATIONS (43 AND 44)
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In general, irrespective of Froude number (for any given flow and submerg-
ence), the 24 inch outlet sump indicated higher swirl angles, up to 9 de-
grees (Figure 50) than did the smaller outlet pipes. The reason for the
higher swirl angles may be attributed to submerged vortices due to eddies
at the shear layer formed as the flow entered the depressed portion at the
sump from the containment floor (Figure 51). For a given flow, the angular
momentum associated with these submerged vortices is dependent on the ap~-
proach flow velocity, which is independent of pipe diameter. But, the axial
momentum in the pipe is dependent on pipe diameter (for a given flow), being
lesser for larger pipe diameters. Hence, higher swirl levels (angular momen-
tum to axial momentum ratio) may be expected at the same flows and submerg-
ences for larger pipe diameters for sumps of a given size.

Figure 52 shows inlet loss coefficients plotted against Froude number. The
measureient uncertainty bands are marked on the plotted points. Because of
lower velocities and flatter friction gradients, the data for 24 inch pipes
had higher uncertainties. As shown in Figure 52, the 24 inch outlet sump in-
dicated higher average inlet loss coefficients 1.2 +0.2), compared to 12 inch
and 6 inch outlet sumps (average of 0.8 +0.2 and 0.65 40.2, respectively),
presumably due to the higher swirl shown in Figure 50. No pipe Reynolds
number effects are associated with thg higher loss coefficients since the
pipe Reynolds number was above 1 x 10~ for all tests and in these ranges,

no Reynolds number effect on loss coefficients were indicated by the scale
tests previously conducted [2]. It should be noted that the actual inlet
losses would be much lower at a given flow and submergence for the 24 inch
outlets (even though the loss coefficients are higher) compared to 12 inch
or 6 inch outlets because of much lower pipe velocity heads in the 24 inch
outlets. For example, for a flow of 6000 gpm, the velocity head in 24 and
12 inch diameter pipes would be 0.28 and 4.5 ft, respectively, giving a head
loss of 0.34 ft in a 24 inch pipe outlet configuration compared to 3.6 ft in
a 12 inch pipe outlet configuration. Hence, the higher loss coefficient
should not prevent the use of larger diameter pipes.

4.€¢ Tests with Bellmouth Entrance

Configuration 64 (see Appendix A), an 8 ft x 10 ft x 4.5 ft sump with 12 inch
horizontal outlets, was tested with a bellmouth entrance (Figure 8) for a sub-
merger~e of 5 ft over a flow range of 1500 to 6000 gpm per pipe. Comparison of
vortex types, void fractions, swirl angles, and inlet loss coefficients are
shown in Figure 53. The bellmouth did not help in reducing vortexing, air-
withdrawals due to vortices or pipe swirl to any significant extent but helped
to reduce inlet loss coefficients from an average value of about 0.7 to about
0.4. This reduction is more or less in agreement with handbook values [12].
With a bellmouth, the average air-withdrawals were lower in a few tests mainly
due to higher unsteadiness of air-core vortices compared to the case without a
bellmouth.
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The test average swirl angle data and associated maximum envelope curves

are shown in Figure 56 for the various outlet pipe sizes tested. A limit-
ing value of swirl angle of about 9 degrees (at about 15 pipe diameters

from inlet) is indicated for 24 inch pipe configurations irrespective of

the value of Froude number and irrespective of whether the sump is single
or double outlet (with or without partition wall). The corresponding values
for 12 and 6 inch pipe outlets are ¢ and 2 degrees, respectively. The values
for any other intermediate pipe diameter may be obtained by interpolation.
For the tested 12 inch diameter single outlet sumps, the highest swirl an-
gle recorded was about 2.7 degrees and hence no increase in bounding values
of pipe swirl was evident for single outlet sumps compared to double outlet
sumps.

The loss coefficient data are included in Figure 57, and it may be seen that
a loss coefficient of about 1.2 +0.2 for 24 inch outlet sumps, 0.8 +0.2 for
12 inch outlet sumps, including the tested single outlet sumps, and 0.7 +0.2
for 6 inch outlet sumps are indicated for both sumps, irrespective of the
Froude number. The loss coefficient includes screen and grating losses in
addition to entrance losses. For any other intermediate pipe diameters, the
loss coefficients could be estimated by interpolation from the above values
or by using Figure 58, which is a plot of the range of loss coefficient to
pipe diameter. The higher values of loss coefficients should not discourage
the use of larger pipes, sinc+ for a given flow, the actual inlet losses (in
feet) would be substantially reduced as the pipe diameter is increased due
to much lower pipe flow velocities.
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APPENDIX A

FACILITY, MEASUREMENT TECHNIQUES, AND DATA ACQUISITION



metri sketch, plan, and
Al and A2. The test facility was
metric parameters of the sump could be varied over

least time and effort by simple alterations of floors, walls

>y
tings. The facility consists of a concrete main tank, 70 ft
ft, and a concrete sump tank, 20 ft x 15 ft x 10 ft situated within
Inflow was distributed along three sides of the main tank, and
was made to } “oduce non-uniform approach flow 1sing blockage.
ls and tank floors were provided such that sump geometries could be
Four rows of outlet holes in the front wall were provided with each row
five holes of 24 inch diameter at 4 ft centers. ets of two holes in a
were used to attach the suction pipes which could be of anv diameter in
range of 8 inches to 24 inches.
The suction pipes extend from the sump tank to a suction chambey
and are long enough to facilitate swirl, pressure gradient, and dis
measurements. Each of t Suction pipes accommodates a vortimeter for swirl
measurement and ten pressure taps, one pipe diameter apart for pressure gra-
dient measurements. Flow in the suction pipes can be remotely regulated and
measured. The flow capacity was 20,000 gpm and up to 60% of the total flow
ould be delivered as breakflow and/or drain flow simulations.
Details of the test facility including the design and const:

were included in a separate ARL report [10] submitted to Sa

st facility was verified for its functional capability and thorough

i

instruments and check-out of the data acquisition system was also a part of

}

hecks on the operation of its components were conducted. Calibration of

the check-out phase. Details of the verification program are contained in
a separate ARL report [19] submitted to Sandia.
Measurement 7\nﬁ1n11uns
'he observed free surface vortices are an indication
a numerical scale is used which is indicative of the t

nwen

jraduations run from for no visible activity to "¢ or a vortex with
fined air core entering the inlet. Intermediate numerical value were assign-
ed to discernible sfégos of development (see Figure A3). An observer entered
the vortex type on a keypad at preselected intervals of 30 seconds. These
data were then available for time series analysis in the acquisition system.
Further documentation of the observations was achieved u ing photographs

i ’

movies, and video recordings.




ALITIOVE 3HL 40 M3IA 3AILD3dSH3d LV 34NO4




& PLAN OF FACILITY

FIGURE A2 DETAILS OF THE FACILITY
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VORTEX PULLING AIR
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FULL AIR CORE
TO INTAKE

FIGURE A3 VORTEX TYPE CLASSIFICATION
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Pipeline swirl was indicated by crossed-vane swirl meters commonly called vor-
timeters. These devices rotate about the pipe central axis and the vanes span
about 75% of the cross-section. Under most circumstances, the angular rotation

speed is indicative of the average swirl angle of the rotational core region of
flow [20].

The inlet loss coefficients (including screen and grating losses) were estab-
lished by measuring the hydraulic gradeline at 1 minute intervals in the dis-
charge lines and extrapolating the average hydraulic gradeline over a test
back to the entrance (21]. Ten piezometers were provided in each line and in-
dividual locations were selected via a multiport scanning valve under control
of the data acquisition system. The water depth outside the sump screens and
gratings was also measured with the scanning valve. Figure A4 explains the
method of inlet loss coefficient determination.

The void fraction due to air transported in each discharge line was determin-
ed using a conductivity meter of the rotating electric field type [27, 23].
The cross-sectional average conductivity was measured and was proportional

to the volume of conductive component of the two-phase flow. The calibra-
tion data reported in references [22, 23] for a range of void fractions of

0 to 20 percent indicated a standard deviation of about 1 percent void
fraction.

A.3 Data Acquisition

A mini-computer based data acquisition system was used to reccvé measurements
and observations for each test, as shown in Figure AS. At intervals of 30
seconds, an observer entered the vortex type and location using a small ter-
minal. For the same interval, the system counted the number and direction of
vortimeter revolutions in each test line. The pressure gradient in each pipe
was measured using duplicate systems consisting of ten gradeline taps, a scan-
ning valve, and differential pressure cells. The taps were monitored for five
seconds each including some allowance for settling and averacing of the signal.
Since there were two auxiliary pressure measurements for each syctem, the grade-
line for each pipe was established every 60 seconds. A similar pressure scanning
system was used to monitor seven differential flowmeters on a 30 second cycle.
The analog output from the void fraction meters was sampled every 5 seconds and
the water temperature sampled every 30 seconds.

The data were displayed on a video terminal in suitable formats to aid the op~-
erators in setting up test runs. During a test, various data summaries were
presented to monitor the test progress. At the end of each test run, all
data were transferred to disc files for storage and further processing and
display.
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APPENDIX B
CONTAINMENT SUMP RELIABILITY STUDIES
TEST PLAN

st plen described herein corresponds to the jointly agreed-upon
gram worked out by ARL and Sandia in consultation with the DOE and
various stages of the study.

several geometric configurations of the sump as listed in Table Bl are in-
luded in the test program so as to cover a range of je« parameters

nd other desired variables such as pipe orientation The € plan con-

tains the following test series and the tests are t¢
phases involving one or more of the test series ir
ribed in the following pages:
ries 1 Factorial Te
ries < Sensitivity Tests
'ries 3 Perturbed Flow Tests and Limited Vortex Suppre
ries 4 Detailed Vortex Suppressor Tests
ries 5 Scale Model Tests
ries 6 Debris and Fiberous Insulation Blockage Tests
eries 7 BWR Sump Tests

ctorial Tests

Two full (30 minute) Tests/Submergence
8 Survey (5 minutes) Tests/Submergences
4 Submergences

Flow setting:
Sensitivity

of Investigation Configuration

Top Cover Plate Elevation

Changes

Pipe Projection, e_ 12,
to Pipe Cleatance, C

Insymhetrical Sumps

variable f, e

full (30 minute

urvey (5 minutes
ubmergences

Flow settir

rLOW 1g €

f test flows and submergenc




TABLE Bl
Details of Sump Geometry

Ceometric Jariables**

. Sump Size z X
Configuration Pipe (ft) a B x 9 f c a X =
Number Orientation* (L x B) {(fr) (ft) ¢fe) (fe) {(£r) (ft) (£fE) (fe) (fE) Remarks

: i H 8 x 10 1 3 2 1 G 1.5 3 7.5 1

2 H 8 x 10 1 3 2 1 4 1.5 6 T8 1

3 H 16 x 4 1 3 2 1 12 1.5 B 7.5 1

4 H 16 x 10 1 3 2 1 12 1.5 6 T3 1

5 d 16 x 10 1 3 6 3 B 1.5 - & 7,8 1

6 H 16 x 15 1 3 6 1 “ y B R 1.5 1

7 H 16 x 15 1 3 2 3 12 . S R |

8 H 20 x 10 X 3 6 1 8 1.5 & Ted 1

9 H 20 x 10 1 3 2 3 16 1.5 .6 . 1
10 H 20 x 15 1 3 2 1 16 1.5 8 7.5 1
11 H 20 x 15 1 3 6 3 8 1.5 & 7.5 1
12 H 20 x 15 1 3 6 3 8 3.5 6 9.5 3
13 H 20 x 15 1 3 6 3 8 1.5 & 5 B
14 H 20 x 15 1 3 6 3 8 1.5 6 785 10

15 H 20 x 15 1 3 6 3 B 0.5 & 1.5 1

16 H 20 x 15 1 3 6 3 8 2.5 8B | 75  §

17 H 20 x 15 1 3 6 3 12 « TR TR 1
18 H 20 % 15 1 3 1C 3 8 1.5 % 7.5 1
19 H 20 x 15 1 3 14 3 4 1.5 6 1.8 1
20 H 8 x 4 1 6 2 1 4 I gl 1
21 H B x 15 1 € 2 1 - 1.9 ' & 7.5 1
22 H 16 x 15 1 6 2 1 12 1.9 6- 755 1

23 H 20 x 10 1 6 2 1 16 2.5 6. N5 1
23A H 8 x 10 1 6 2 1 4 1.5 6  T.5 1
238 H 8 x 10 1 10 2 1 4 3.5 & 7.5 i |
24 H 16 x 10 1 1 2 1 12 1.5 6 TS 1

25 H 20 x 4 1 1 2 1 16 325 ®& 7.5 1

33 H 20 x 10 2 3 2 ' 3 16 3.0 6 7.5 2 Prototype of models
34 H 20 x 10 2 3 2 1 16 3.0 6 T3 2 With solid partition

wall
35 H 8 x10 2 3 2 1 B 3.0 & TS 2
36 H 8 x 10 2 3 = 1 4 3.0 6 79 2 With solid partition

wall

- (4






TABLE B2

Test Flows and Submergences
For Phase I Tests

Full Tests (30 minutes) Survey Tests (5 minutes)

Flows Water Depths* Flows Water Depths*
Test Classification {gpm/pipe) (ft) (gpm/pipe) (ft)

1. Factorial (F) and Sensitivity (S) 3000, 5300 1, 2, 3, 5 1500, 2000 1, 2, 3, 5
2500, 3500
4000, 4500
5000, 6000

2. Drain Flow (with Factorial/Sensi-
tivity Tests) None None 5300 1

3. Perturbed Flow Tests and Limited
Vortex Suppressor Tests (X)

a. Screen Blockage and 3000, 5300 2 5 1500, 2500 2, 5
Obstructions 3500, 4500

ap

b. Non-Uniform Approach 3000, 5300 i 3 1500, 2500 3y 3
Flow/Streaming 3500, 4500

Cs Break Flows

(i) Config. 24 (tested 3000, 5300 2, 3, 4 None None
at flows of 20%,
40%, and 60% of
total flow)

(ii) Other config. (test- 5300 2 None None
ed at break flows of
40% and 60% of total

flow)
d. Transients varied from 1, 2, 3, None None
0 to 6000 & 5
e. Vortex Suppressors 3000, 5300 2 1500, 2500 2

3500, 4500

*Above containment floor.




Test Series 3 (Part)

Tested on Co' .gurations 2, 9, 22, 24, and 25.

The following items are

covered. These configurations have been selected based on results of

test series 1 (moderate to strong vortex action).

Item Description

Non-Uniform Approach/Streaming

(i) Number of Schemes
(ii) Submergences

(iii) Full Test/Submergence
(iv) Survey Test/Submergence

Break Flow

(1) Impact Location
(ii) Heights
(iii) Jet Momentum
(iv) Submergences
(v) Full Test/Subrergence
(vi) Survey Test/Submergence

Condenser Flow
Obstructions
(i) Position Trials
(ii) Submergences
(iii) Full Test/Submergence
(iv) Survey Test/Submergence
Transients
(i) Submergences
Screen Blockages
(i) Schemes
(ii) Full Tests
(iii) Survey Tests
Vortex Suppressor Cages
(i) Cage Design
(ii) Submergence

(iii) Full/Tests/Submergence
(iv) Survey Tests/Submergence

F

Subm.

& o @

Quantity

4

2

2

4
Only for
Config. 24

1 1

1 1

2 3

1 3

1 2

0 0

One survey test at 5,300 gpm flow and at
lowest submergence.

BN

!E 4
N

- ’



PHASE 2

A, Test Series 2 (Remainder) - Sensitivity Tests

Item of Investigation Configuration
(i) Vertical Outlets 58, 59, 60
(ii) Variable C for Vertical Outlets 58B, 60B
(iii) Variable e_ for Vertical Outlets 58A, 59A, 60A
(iv) Pipe Diameter 35, 6}
(v) Solid Partition - Single Pipe
Operation 34, 36, 37, 38
(vi) Single Outlet Sumps 38, 40
(vii) Pump Over Speed Tests with Config. 2
(viii) Bellmouth Tests with Config. 2

See Section 2.0 for details on flows and submergences to be tested for items
with configurations 34 to 40 and item (vii). The flows and submergences for
other itmes or configurations are the same as for Phase I tests (Table B2),
except that for itme (viii), tests are limited to one submergence.

B. Test Series 3 (Remainder)
Vertical pipe outlet configurations 58 and 60A are chosen for perturbed
flow tests, the test details being the same as that for Phase I, Test
Series 3. Limited perturbed flow tests (screen blockage onliy) are in-
cluded for configurations 34 to 40, the details of which are in Section
2.0,

C. Test Series 4

Vortex suppressors, both horizontal and cage type, are included and the
tests are to be performed for two configurations (configurations 2 and
58). For cases of single pipe operation, the suppressor will be tested
for configuration 58. Details are included in Section 2.0.

D. Test Series 5
Scale model tests are performed for configuration 33 with a 1:2 scale
model (configuration 56) and 1:4 scale model (configuraticn 57). See
Reference 3 for details.

E. Test Series 6
The details on debris pull-down and fiberous material blockage tests

are not available at this time.

F. Test Series 7

Two BWR sump configurations are to be tested. Details are included in
Reference 1.
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