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ABSTRACT *
.

Recircula, tion spray pumps withdraw water from the reactor containment sump
after a postulated loss of coolant accident for re-injection into the core and

containment building.;

A 1:3 scale hydraulic model of the reactor containment sump for the Beaver

valley Power Station-Unit No. 2 was used to evaluate flow conditions and to

develop methods which minimize swirl and vortex activity at the inl'ets to four
recirculation spray pumps. A principal objective of the study was minimizing

the reactor building water level for acceptable purp performance. To assure

acceptable operation of the pumps, the model was tested for a wide range of
.

possible approach flow distributions and water levels. The test program

included testing of two and four pump operation combinations, and evaluation

,;,.s of 50 percent blockage of the vertical screens and/or racks located around the

( sump. The tests were designed to assure that no air-entraining vortices would
' form, that head losses across the screens and in the inlet would be accept-.

.

able, and that swirl in the pump suction pipes would be minimal. The test
I data included vortex severity, swirl angle, and inlet losses.

Without rack or. screen blockage, testing with the original design indicated
air-drawing vortices occurred at the four pump inlets with the reactor build-

ing water level at EL 694' and lower. At inlets A, C, and D, increasing the
,,

containment water level to EL 695'-6" (695.5') eliminated the air entraining
vortices. However, undesirable flow patterns and vortices were not eliminated

'

at inlet B until the water level reached the solid roof over the pump inlets
at approximately EL 697'.

s

In order to eliminate the air entraining vortices and minimize the requiredt .

reactor building water level, modifications to the sump were tested. The
t ;

,. modifications found to be most effective included multiple layers of horizon-
tal gratings in the sump and lowering the inlets. For the final design, the, n ..m

.

6
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inlet elevation for pumps A, C, and D was lowered from EL 691'-11 1/2" 1*

(691.96') to 691'-2 1/2" (691.21'). Inlet B, because of its proximity to a

drainage trench outlet, was only lowered to EL 691'-6 1/2" (691.54') leaving !

it 5 1/2" (0.46') above the sump floor compared to the 1 1/2" (0.23') high lip

at the other inlets.
4

Test results with the horizontal gratings and lowered inlets indicated that

the minimum water level that permitted vortex free operation or no surface air

bubble entrainment varied with the number of pumps operating and the location
of blockage on the vertical screens or racks located around the sump. With
the racks and screens free of obstructions, a containment water elevation of

693'-2 3/8" (693.2') was the minimum acceptable level for four pump operation
with each inlet having a flow of 2570 gpm. Acceptable four pump operation

| with the worst case 50 percent screen blockage would require a containment
level of EL 693'-9 1/2" (693.8'). A c.ontainment level of EL 693.6' was.

,

O) required with four pumps operating and the most severe case of 50 percent rack,
<
\,_- blockage.

.

_

For two pump operation, with the flow per pump equaling 3480 gpm, the most
severe rack blockage produced a minimum acceptable containment water level of
EL 693.5'. The most severe screen blockage for the two pump condition
produced a minimum acceptable centainment level of EL 693.8 ft.

The maximum velocities on the containment floor with four pumps operating and
a containment level of EL 693.2' were generally less than 1.7 ft/sec.

,

J

O

f
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:. X INTRODUCTION '

,

,

i: 'The. reactor containment building of the Beaver Valley Unit No. 2 generating
'

station is provided with a containment depressurization system which includes,

t the Reactor Containment' Sump (RCS) and the recirculation spray pumps. The

Recirculation Spray System '(RSS) is designed to depressurize and cool the
,

reactor core and reactor containment building in the event of a Loss of
j Coolant Accident (LOCA).
/
4

The Alden Research Laboratory (ARL) of Worcester Polytechnic Institute (WPI)
.

was authorized by Stone & Webster Engineering Corporation to construct and
{- -test a model of the containment sump (ESSOW 2BVS-132) . The objective of the
!

study was to investigate any flow conditions in the sump that could adversely
j, affect the performance of the recirculation spray system pumps in accordance
1- , with NRC Reg. Guide 1.82 (16). It was desirable to eliminate any2

-

air-entraining vortices while minimizing the operational level of the sump.;

| T

i - Swirl in the approach to the pumps and inlet losses were evaluated since they
.

J can affect the a.vailable NPSH. During the study, various pump operating
conditions, approach flow distributions, water levels, and grating and screen:

; blockages, were tested in the model.
d

i

'
,

j- The model study included two test phases. During the first test phase, a i

minimum containment water level for a particular set of remedial- design
i

changes was determined based on a severe blockage condition at the racks and

specified pump flows. During the second phase of testing at lower pump flows,i

| a severe screen blockage condition was postulated and the sump design was, >

modified so that acceptable inlet performance would result at water levels
; 'near the minimum values previously determined.

,

i

i,

1
a

! .This report presents the major findings of both phases of this study and:
1

includes a description of the prototype, model, and recommended final design.
.

,

f the conditions investigated, similitude considerations, test procedures,
j instruImentation, and interpretation of results are also presented.
;. *

?

I

''
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DESCRIPTION OF PROTOTYPE

The Reactor Containment Sump (RCS), together with four recirculatica spray
pumps, are part of the recirculation spray subsystem of the containment

depressurization system. The reactor containment sump is located on the

periphery of the reactor containment building as shown in Figure 1. A roof at

approximately EL 697 ft (Figure 2) covers the pump sump, vertical racks, and
screens. Vertical racks are located around the periphery of the roof and

vertical double screens are located inside of the racks. The outside screen,

Figure 2, has a 3/4 inch square opening while the inside screen has a 3/32
inch square opening. The sump is divided by a pair of racks with two screens
between the racks, Figure 2. The screens have 3/32 inch square openings.

.

With the original design, the inlets for the recirculation spray pump::, four
12 inch diameter pipes, extended through the sump floor and terminated at EL

>

'691'-11 1/2" (691.96'). Figure 2 shows details of the sump, screens, and pump
inlets. After the inlet pipe passes through the sump floor it is embedded in
concrete and each pipe supplies one pump. Figure 3 shows the lay-out of the
RSS piping in the vicinity of the sump. As shown in Figure 1, in the vicinity
of the sump there are various equipment, piping, and steel and concrete
columns that would influence flow patterns approaching the sump. The floor of
the reactor building generally slopes to the sump and has two levels separated
by a 2 ft wide rectangular shaped trench, bottom approximately EL 691'-5"
(691.42'), which enters the sump in the vicinity of inlet B. On the north

side of the trench, Figure 1, the floor is approximately EL 692'-10"
(692.83'). On the south side.of the trench, the floor is approximately EL
691'9" (691.75'), and a vertical plate, designated the drainage dam, divides
the sump (Figure 2) . The transition between the two sump floor elevations
occurs ..n the vicinity of the trench.

In the event of a LOCA, water from the Refueling Water Storage Tank (RWST) is
.,

sprayed inside the containment by means of the quench spray pumps (injection
mode of the Emergency Core Cooling System (ECCS). The water is dispersed

,
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i \Q ,/
,- through the containment structure, collects on the floor, and drains into the

RCS. The recirculation spray pumps start after a time delay. In the recircu-

lation spray mode, two pumps supply each spraying header and the flow is

cooled by the recirculation coolers. When a low level is reac,,hed in the RWST,
the flow from two spray pumps is automatically diverted to the low head safety
injection pump discharge lines. The pumps can operate in various combinations
"before switch over from recirculation spray mode", BSO, and "after switch
over to injection mode", ASO. Figure 4 shows the various combinations and

flowrates for 2, 3, and 4 pump combinations. In order to satisfy the minimum

necessary heat removal requirements, the two pump combinations, either pumps A
and C or pumps B and D, are the most critical operating condition, with each
pump having a flow of 3480 gpm. With a low level in the containment building
"before switch over", the expected pump flows for the four pump combination
would be 2570 gpm/ pump. The maximum flood level in the reactor building is

I approximately EL 708'-6" (708.5').
,

Initially testing was conducted with ASO flows shown in Figure 4. Thereafter,

the ASO flow rates for pumps C and D were reduced approximately 450 gpm per
pump. Therefore, the test flows for the initial phase of testing should be
considered conservative.

,.

Y

s
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ADVERSE FLOW CONDITIONS TO BE INVESTIGATED
,

The following are some of the likely flow conditions in a containment recircu-
lation sump which could cause poor pump performance and, hence, were inves-
tigated during the model study.

1. Entrained Air - Air-entrainment in the suction pipes could be due to:
air-entraining vortices existing in the sump; suction of entrapped air
below top cover plates in a submerged sump; or other factors, such as
breakflow jet impingement. An air concentration in the suction pipe of 3
to 5 percent, could lower the efficiency of the pump considerably.
Hence, air-entrainment is recognized as a major flow condition in the
sump to be examined and eliminated.

2. Swirling Flow - The various possible approach flow patterns, together
with possible vortexing, could induce considerable swirl in the suction
pipes, and, depending on its duration and intensity, could be undesirable
for the pumps. Excessive swirl produces unsteady loading on the impel-
1er, and also affects the intake and pipe friction losses, thereby
affecting the available NPSH. The amount of allowable swirl varies with
pump design and has not been firmly established. However, to be conser-

vative, swirl should be minimized and 5 degrees or less is generally
considered acceptable for extended periods of operation.

.

3. Losses Leading to Insufficient NPSH - A poorly designed sump could result
in large intake losses. Intake losses caused by screens, poor entrance
conditions, vortex suppression devices, etc., may add up to a value such
that the required NPSH of the pump is not satisfied.

The most severe flow patterns, which can produce air-entrainment, swirling
flow, and the greatest head losses, result during operation with a large

.
.

portion of the racks or screen areas blocked. NRC criteria has established in
Be'g. Guide 1.82 that up to 50 percent of the racks or screen area could be

- -
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blocked by broken pieces of pipe insulation or other material. Therefore,

rack and screen blockage tests are conducted to confirm the adequacy of the
sump design for all expected conditions.

i

The model investigation of adverse flow conditions includes the measurement t

of swirl using a swirl meter located in the suction pipes; the measurement of,

f
. pressures and water levels to determine energy losses and loss coefficients:

'

and the observation of vortices or other flow abnormalities.
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SIMILITUDE
, ,

The study of dynamically similar fluid motions forms the basis for the design'

of models and the interpretation of experimental data. The basic concept of

dynamic similarity may be stated as the requirement that two systems with
geometrically similar boundaries have geometrically similar flow patterns at
corresponding instants of time (1). Thus, all individual forces acting on

corresponding fluid elements of mass must have the same ratios in the two

systems.

The condition required for complete similitude may be developed from Newton's
second law of motion:

F =F +F +F +F (1)i p g v t

where

F = inertia force, defined as mass, M, times the acceleration, a
F = pressure force connected with or resulting from the motion
F = gravitational force

F = viscous force

F = force due to surface tension

Additional forces may be relevant under special circumstances, such au fluid
compression, magnetic or Coriolis forces, but these had no influence on this
study and were, therefore, not considerad in the following development.

Two systems which are geometrically similar are dynamically similar if both
satisfy the dimensionless form of the equation of motion. Equation (1) can be
made dimensionless by dividing all the terms by F . Rewriting each of theg
forces of Equation (1) as:

.

F = net pressure x area = a op L
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3
. . . .F = specific w< dight x voluem = a' y Lg 2

F = shear stress x area = a W Au/Ay x area = a yuL
3 3

F = surface tension x length = 2 OLt 4

,

3 2 2 2Fg = density x volume x acceleration = a E "! " "5 pu L5

| where
1
'

a , a , etc. = proportionality factorsy 2
i L = representative linear dimension

p = net pressure

y = specific weight

p = dynamic viscosity
4

. e = surface tension
!^

p = density
i u = representative velocity.

E

Substituting the above terms in Equation (1) * and making it dimensionless by
i dividing by the inertial force, F , we obtain

;

3- E +b F +b R +b W =1 (2)2
5 "5 "5 "5 '

j where
!

Inertia Force
'

E= = Euler numbers Pressure Forceygpfp

r

ner a ForceF= = Froude numberj. qg Gravity Force-

.

; *

! R = "/p = Reynolds number; Viscous Force
"'# * ##*

'. W
.

1 1

|

i |
j I

i |

,
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" "* * # *W= = Weber number; Surface Tension Force
9

Since the proportionality factors, o , are the same in model and prototype,g

complete dynamic similarity is achieved if all the dimensionless groups, E, F,
R, and W, have the same values in model and prototype. In practice, this is

difficult to achieve. For example, to have the values of F and R the same

requires either a 1:1 "model" or a fluid of very low kinema *.ic viscosity in
the reduced scale model. Hence, the accepted approach is to select the

predominant forces and design the model according to the appropriate dimen-
sionless group. The influence of the other forces would be secondary and are
called scale effects (1, 2).

Froude Scaling

Models involving a free surface are constructed and operated using Froude
similarity since the flow process is controlled by gravity and inertia forces.
The Froude number, representing the ratio of inertia to gravitational force,

F=u/Vh (3)

where

u = average velocity in the pipe

g = gravitational acceleration

s = submergence, the representative linear dimension

was, therefore, made equal in model and prototype.

F = F /F =1 (4)r m p

'

In modeling of an intake sump to study the formation of vortices, it is '

important to select a reasonably large geometric scale to achieve large
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; Reynolds numbers and to reproduce the curved flow pattern in the vicinity of

the intake (3). At sufficiently high Reynolds number, an asymptotic behavior

of energy loss coefficients with Reynolds number is usually observed (2).

Hence, with F = 1, the basic Froudian scaling criterion, the Euler numbers,
r

E, will be equal in model and prototype. This implies that flow patterns and

loss coefficients are equal in model and prototype at sufficiently high

Reynolds numbers. A geometric scale of L = L /L = 1/3.0 was chosen for the
r m p

model, where L refers to length. From Equations (3) and (4), using s =L'r
I the velocity, discharge, and time (t) scales were

0.5u =L = 1/V3.0 = 1/1.73 (5)

* *

Qr"L "r * L = 1/(3.0) = 1/15.6 (6)r r

\ O*5'

( / t =L = 1/V3.0 = 1/l.73 (7)
'

.

q
Similarity of Vortex Motion

Fluid motions involving vortex formation in sumps of low head pump intakes
have been studied by several investigators (3, 4, 5, 6).

! Viscous and surface tension forces could influence the formation and strength
of vortices (4, 5). The relative magnitude of these forces on the fluid

inertia force is reflected in the Reynolds and Weber numbers, respectively,
which are defined as:

.

R = u d/v (8)

I

W" (9)(c/pr)1/2
!

O |s

I

i
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where r = characteristic radius of vortex and d = intake diameter. It was

important for this study to ascertain any deviations in similitude attribut-

able to viscous and surface tension forces in the interpretation of model
results. For large R and W, the effects of viscous and surface tension are

minimal, i.e., inertial forces predominate. Surface tension effects are

negligible when r is large, which will be true for weak vortices where the

free surface is essentially flat. Conversely, only strong air core vortices
are subject to surface tension scale effects. Moreover, an investigation

using liquids of the same viscosity but different surface tension coefficients
(o = 4.9 x 10 lb/f t to 1.6 x 10 lb/ft) showed practically no effect of
surface tension forces on the vortex flow (4). The vortex severity, S, is

therefore mainly a function of the Froude number, but could also be influenced
by the Reynolds number.

S=S (F, R) (10)

eAnwar (3) has shown by principles of dimensional analysis that the dynamic
similarity of fluid motion in an intake is governed by the dimensionless
parameters given by

1, and d_,"
, , vs 2su d /2gs

s

where

Q = discharge through the outlet

u = tangential velocity at a radius equal to thatg

of outlet pipe

d = diameter of the outlet pipe

Surface tension effects were neglected in his analysis, being negligible for
weak vortices. The influence of viscous effects was defined by the parameter *

Q/(v s), known as a radial Reynolds number, R .p

.

,

j
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.- For similarity between the dimensions of a vortex of strengths up to and

including a narrow air-core type, it has been shown that the influence of

viscous forces becomes very small if Q/(v s) is greater than 3 x 104 (3). As
strong air-core type vortices, if present in the model, would have to be

eliminated by modified sump design, the main concern for interpretation of
prototype performance based on the model performance would be on the similari-
ty of weaker vortices, such as surface dimples and dye-cores. In the model,

4
R wa8 aPProximately 5 x 10 for the range of conditions tested. Thus,R

viscous forces would have only a secondary role in the present study. This
conclusion is also supported by Padmanabhan and Hecker (17) where various

scale sumps were tested over a range of water levels and water temperatures.
2Dynamic similarity is obtained by equalizing the parameters 4Q/u d , /V2gs,g

and d/2s in model and prototype. A Froudian model would satisfy this condi-
tion.

.

g To compensate for any possible excessive viscous energy dissipation and
N consequently less intense model vortex, various investigators have proposed

increasing the model flow and, therefore, the approach and intake velocity,
since the submergence is maintained constant. Operating the model at the

prototype inlet velocity (pipe velocity) is believed by some researchers to
achieve the desired results (4). This is often referred to as the " Equal
velocity Rule", and is considered to give conservative predictions of proto-
type performance. The test program for this study included selective tests at
prototype pipe velocities to determine if the test results exhibited any
sensitivity to Reynolds number.

Since this study meets and exceeds the Peynolds number criteria, and all other
non-dimensional parameters are equal in the model and prototype, no scale
effects are expected in the final design.

At low water levels, the " Equal Velocity Rule" can produce excessive head loss,

,

and incorrect flow patterns. Areas of critical depth can occur in a model,
but not be representative of prototype conditions. Therefore, the depth ats
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.

which the " Equal Velocity Rule" is applicable depends on the geometry of each
.

model. This and other factors relevant to similitude of vortices are dis-
cussed in more detail by Hecker (14).

.

Dynamic Similarity of Flow Through Screens and Grates

In addition to providing protection from debris, screens and racks tend to

suppress non-uniformities of the approach flow. The aspects of flow through

screens and racks of concern in a model study ares (1) energy loss; (2)

modification of velocity profile and the deflection of streamliness and (3)
production of turbulence. As all these factors could affect vortex formation

in a sump, a proper modeling of screen and rack parameters is important.

In the prototype, sharp edged rectangular bars will be used to construct the
racks and the area blocked by the bars (solidity) will be approximately 16
percent. Similarly shaped bars were used in the model with a solidity of 29
per cent. Analysis indicated that under normal conditions the prototype head
lors would be a negligible 0.01 ft. In the model, with a somewhat lower

Reynolds number and greater solidity, the head losses would be slightly
higher, but still negligible. The model racks had more horizontal members,
and fewer vertical members than the prototype. This could, to small extent,

influence the flow distribution and swirl passing through the racks. However,
in any case, 50 percent blockage would produce the greatest change in velocity
distribution and head loss, far outweighing any small effects due to the
differences in rack details.

The loss of energy (pressure drop) across a screen dictates the effectiveness
of the screen in altering velocity profiles. The pressure drop across the
screen is analogous to the drag induced by a row of cylinders in a flow field
and could be expressed in terms of a pressure-drop coefficient K (or alter-
nately a drag coefficient), defined as (7),

.

O
1
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P AH* K= gyy). ,

1/2 p U U /2g .

+,
where

j# f;y/77 Ap = drop in pressure across the screen
.

'# ^

U .= mean velocity of approach flow

p = density of the fluid

4H = head across the screen
g = acceleration due to gravity,

From the available literature on the topic (7, 8, 9), it may be seen that

K = f (R,, S' , Pattern) (12).

..

where.

R, = screen Reynolds number, U d /v, d being the
,

\
| wire diameter*

'

S' = solidity ratio, equal to the ratio of closed area

to total area of screen
.

Pattern = geometry of the wire screen

:

If the solidity ratio and the wire mesh pattern are the same in the model and
j prototype screens, the corresponding values of K would only be a function of
j the screen Reynolds number. This is analogous to the coefficient of drag in

the case of the circular cylinder. It is known that K becomes practically
independent of R, at values of R, greater than about 150 (10, 11). However,

for models with low approach flow velocity and with fine wire screens, it is
'

necessary to ascertain the influence of R, on K for both the model and proto-
type screens before selecting screens for the model which are to scale changes
in. velocity distribution.

*
.

| Velocity modification equations relating the upstream velocity profile and
'

downstream velocity profile have been derived based on different theories (7).
"\.I
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Most of these indicate a linear relationship between upstream velocity pro-
,

file, and downstream velocity profile, shape and solidity ratio of screen, and

value of K. If the wire shape and solidity ratios are the same in the model

and prototype screens, it is possible to select a suitable wire diameter to

keep the values of K approximately the same for the model and prototype
screens at the corresponding Reynolds number ranges. Identical velocity

modifications would be produced by the re.=pective screens if the loss coeffi-

cients were identical.

For the prototype screens, no. 6 wire cloth d = 0.063 inches, and no. I wire

mesh d, = 0.192 inches will be used and R exceeded 150. In the model using

the same screens as the prototype and no blockage, the minimum velocity occurs
with the sump level at EL 697 ft. For this condition, R > 150 at the no. 1

mesh and was approximately 50 at the no. 6 wire cloth. With R, of 50, the
model would have approximately 25 percent greater head loss that the proto-

.

type. Since the vast majority of all tests were conducted at near minimum

levels that reduced the effective screen area to 50 percent or less of the
area at EL 697 ft, and many tests were conducted with only half of that area
with simulated blockage, it was concluded that R was sufficiently great in
the model to meet similitude criteria.

O
1
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MODEL DESCRIPTION- *(,

The model was constructed to a geometric scale of 1:3.0 with boundaries, as

indicated in Figure 1.

The model was constructed within an existing elevated tank that provided a

maximum containment level of EL 701 ft. This maximum level in the model was
selected, _ compared to the maximum prototype level of EL 708'-6" (708. 5 ' ) ,

because the strength of vortex activity diminishes with increasing depth, and
a sufficient depth would be available over the inlets to show this trend by EL
701 ft.

Model boundaries were chosen at locations where flow pattern control in the

prototype would be sufficiently removed from the sumps to avoid boundary
? effects, especially once screen blockage is considered. The flow distributor-

f along the model boundary could be easily modified so that the farfield flow

b''' distribution could be a variable during testing. Figure 5 shows an overall
.

view of the model with the flow distributor along the right border. The

cooling coils, Figure 5, are in the middle of the figure, and the associated

head loss was approximated with wire mesh. Since screen blockage has consis-

tently generated the most severe vortices and swirl in the numerous past sump

studies at ARL, it' was unnecessary to precisely model the details of the

cooling coils.

The roof over the sump was modeled with acrylic for viewing purposes, and the
depths of the roof beams were scaled since they inhibit swirling motion when

they contact the water surface. Racks, columns, screer.1, major piping, and

equipment were simulated, and Figure 6 shows details of columns in the vicini-

ty of the sump, and figure 7 shows the original pump inlets.

i

The pump inlet piping was modeled with 4 inch smooth acrylic pipe. A length
,

of approximately 20 diameters downstream of the inlets was provided in pump

J
lines A and D, which had ten dual pressure taps at I diameter intervals for

s_ -
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measuring pressure gradients. The pipe elbows were modeled with smooth radius
steel elbows. Pump lines B and C each had one set of pressure taps for
comparison of data with lines A and D. Pumps B and C had an access port

(Figure 8) for installing the vortimeter, and Figure 9 shows the vortimeter.
Figure 3 shows the limit of prototype piping that was modeled, and Figure 10
shows the presaure taps located on pump line D.

|
A centrifugal pump recirculated water from the Laboratory sump to upstream of
the flow distributor. Valves in each pump line controlled the flow and the
maximum flow capability of each line exceeded that required to simulate the

j

maximum prototype inlet velocity of 10.9 ft/sec. ASME orifice flow meters
{

(12) were provided in each line to measure the flow, and it is estimated they
had an accuracy of approximately i 3-5 percent.

The equipment and pipes in the vicinity of the sump were constructed basically
,

of wood in accordance with the simulated overall dimensions. Model screens
were the same as the prototype screens. The coarse screen was no. I wire mesh
with 0.192 inch wire diameter, and the fine mesh was no. 6 with 0.063 inch
wire diameter.

.

9
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INSTRijMENTATION AND OBSERVATION TECHNIQUES.

Flow Measurement

I Flowrates were measured by ASME standard orifice meters and air-water manome-

|
ters for differential pressure measurement.

!

Pressure Gradelines

The pressure gradelines in inlet lines A and D were measured by pairs of
piezometers at ten locations (Figure 10) using a 1 psi differential pressure

| (DP) cell, using the reactor building water level as the reference pressure.
Figure 2 shows the location of the floor tap for the containment building,

|

water level. It should be noted that the building water level was measured
upstream of the screens and grates around the sump area, Figure 2. The, .

pressure gradeline for the straight pipe was extrapolated to the inlet en-
! trance, and the area average velocity was used to calculate the pipe velocity.

'

head which was added to the extrapolated pressure gradeline. The extrapolated
total head at the pipe entrance was subtracted from the reactor building water
elevation to determine the total inlet loss. Since the screens, gratings, and
one elbow in pump line A and two elbows in pump line B, produce energy losses,
the difference between the extrapolated total head and the reactor building
level includes these losses. Pipe friction losses must be added to determine
prototype head loss. An entrance losa coefficient was calculated by

AH
T

E9 2 I13I=

.

where

j K = total loss coefficient = Kg + K, + Kg+T
AH = total head loss, ft. T
K = grating loss coe Micientgp K = ..r..n 1o.. co. m .1.nts

-

,
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K = inlet loss coefficientg

K =e w s) loss coefficientE

Figure 11 shows the procedure for determining K . In the final design where
T

horizontal gratings were used to minimize vortex activity, the loss produced

has been included in K *T

The differential pressure cell was calibrated in place using two variable

height columns of water (stilling wells) and a vernier point gage that could

be read to 0.001 ft. Tubes from the stilling wells connected to the DP cell.

For a difference in water level between the wells, a voltage was observed on a
voltmeter. With this data, a straight line calibration curve of differential

pressure versus volts could be plotted. For each head loss test the cali-

bration curve was checked and a least square fit of the data was obtained.
All of the pressure taps on the pipes were manifolded to the DP cell for rapid
data acquisition. As an overall check, a limited amount of pressure head data
in the pump lines and across the screens was recorded using the point gage and
stilling wells.

Pipe Swirl

Average swirl in the suction pipes was measured by a cross vaned swirl (vorti-
meter) meter shown in Figure 9. Studies at ARL (13) have shown that a swirl
meter with vane diameter 75 percent that of the the pipe diameter best approx-
imates the solid body rotation of the flow. The rate of totation of the

vortimeter was determined by counting the number of blades passing a fixed
point over a time interval of two minutes.

An average swirl angle, 0, was defined as the arc tangent of the maximum
tangential velocity divided by the axial velocity. It is generally conserva-

tively considered that 0 should be less than 5 degrees. The maximum tangen- -

tial velocity is the rotational speed times the circumference of the pipe,-

n d N, and the average swirl angle is defined by:

.
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9 - are tan (" y ") (14)-

where
i

N = revolutions per second

d = pipe diameter, ft

U = mean axial velocity, it/sec

vortex Activity

Vortex activity was recorded by observing vortex strength on a scale from 1 to
6 (see Figure 12) . Vortex strength was identified by using dye injection or
addition of small floating " trash" consisting of wood chips. Generally,' with
consideration given to the model Reynolds number and other factors, vortex ;

severity at a pump inlet should not continuously e,cceed type 3, but brief
periods of type 4 may be considered acceptable. Since, as discussed herein_s

fs under Adverse riow Conditions to be Investigated, air ingestion due to any
\
i phenomena is of concern, the flow in the transparent pipe downstream of the '

inlets was observed. Flow conditions at an inlet were considered acceptable
when the flow in the line was virtually free of air bubbles.

|

Observations of Flow Patterns

Visual aids, such as dye, were used to observe flow patterns. Photographic
documentation was taken whenever appropriate. Velocities along the floor of I

the reactor building and at the gratings were measured with a miniature !
velocity meter calibrated at ARL in a towing tank.

Head Loss Across Screens and Containment Level !

Head losses across the vertical racks and screens were measured using a point
gage and stilling well system. Depending on the blockage arrangement at the.

,

racks or screens, the water level downstream of the vertical screens could

-[v} vary because of the head loss that occurred at the double screen that divided

s

I
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the sump. Figure 2 shows the loca'. ion of sump floor taps, designated S1 and -

S2, that were used to measure the water icvel in the sump on each side"of the
double screens dividing the sump.

During the first phase of testing, a staff gage located on the north face of

the column adjacent to the accumulator tank, rigure 1, was used to determine
reactor floor water levels. During the second phase of testing, it was

detemined that at approximately EL 693'-6" (693.5') the staff gage located on
the column indicated a containment level approximately 0.1' lower than was
generally present in the containment due to the gage's location in an eddy
produced by the column. At containment levels Icwor than EL 693'6" (693.5')
the difference in reading between the staff gage and the general reactor water
level increased because of increasing velocities. At higher water levels, the
difference rapidly diminished. A staff gage located on the accumulator tank

and the point gage system connected to a piezometric opening, shown in Figures
1 and 2, were used to measure levels during the 2nd phase of testing.

O

_
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TEST PROCEDURE.
,

.

Tests were conducted at the normal laboratory water temperature of approxi-

mately 55'F. The model was filled to the level specified for the test, and

all pierometer and manometer lines were purged of air and zero flow differen-

tials checked. During the first phase of ttating, tests were conducted over

the range of levels between EL 701 and approximately EL 693'6" (693.5'). As

the study progressed, testing was predominantly conducted at levels below EL
695-694 ft. The required flowrates, in accordance with rigure 4, were then

,

set and allowed to stabilize. The water level was checked and adjustments
made if required, and flowrates were rechecked and readjusted, if necessary.
With the majority of the tests conducted at levels below the elevation of the

roof over the sump, the roof was removed in order to better observe vortices,

inject dye, or insert small wood chips. Calibration curves for the differen-

,- tial pressure cell were performed as necessary as discussed under Pressure
P~ Gradelines. Vortex activity, swirl, or head loss data were recorded in

(a/ accordance with the test order. The procedures used during data acquisition
are discussed under Instrumentation and Observation Techniques. Swirl was ob-
served in pump lines B and C, and pressure gradients were measured in pump
lines A and D. A set of pressure taps were installed in pump lines B and D so
that the pressure change (drop) to these taps could be corpared with data
recorded in the other two pipelines. Blockage tests were conducted using
pieces of plywood to block portions of the gratings and/or screens and the
personnel barrier indicated in rigure 1.

.

;
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TEST PESULTS .

Original Design

Effect of Farfield Flow Distribution

The purpose of this phase of testing was to determine the farfield flow

distribution (Figure 13) that produced the strongest vortex activity at the

inlets. Since the strongest vortices occur at relatively low levels, the

apprcach flow pattern tests were conducted with the level in the containment

at or above EL 694'. Above EL 694', the flow patterns did not change substan-

tially. As discussed later, at lower levels the flow pattern on the floor

varied because of the difference in floor elevations in the containment

building.

.

In the model, the open area of the flow distributor was divided into thirds

and the inflow proportioned to each area. Table 1 shows the three dis-

tributions evaluated.

TABLE 1

Farfield Flow Distributions

Percent of Total Flow

Distribution Left Center Right

1 50 25 25

2 25 50 25

3 25 25 50

As found in other studies at ARL, testing indicated that the flow pattern and
vortex severity at the..i.nlets were not greatly affected by varying the far-

.

field flow distribution. The overall flow pattern in the containment building
and sump produced by distribution 2 is shown in Figure 13, and Figure 14 shows

;

~^

\

.
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the mean and maximum vortices observed at the four inlets with distributions 1 i

..

and 2. Test results with distribution 3 were similar to those observed with

distributions 1 and 2. Thd data in F5gure 14 indicates that the mean vortex
activity, i.e., the average vortex observed over the test, did not differ

substantially with farfield flow distribution, but the maximum observed

vortices were somewhat greater with distribution 1. Therefore, during the

remainder of the test program, flow distribution I was used. It should be

noted in Figure 14 that air drawing vortices to the inlet, type 6, Figure 12,

occurred continuously at pump B, and the maximum vortices at pump D were type

4, trash pulling. The type 4 vortex strength is defined using small pieces of
,

floating trash as an indicator in the model. The actual presence of trash in

the prototype inlet. area is not really a concern because of the screens.

The effect of the farfield flow distribution on vortices was generally de-

termined at water level EL 695'-6" because, as discussed later, at lower viter.

' ~~'
levels the vortices with the original design were continuously so severe that

no differentiation with distribution could be determined.

Effect of Flow Rate

y

As discussed under Similitude, the " Equal Velocity Rule" is proposed by some
as a conservative technique for overcoming scale effects in modeling vortex
formation. However, studies have indicated that a minimum inlet Reynolds
number is a more fundamental basis for judging scale effects (see Similitude

section). In " Equal Velocity" tests, the same flow patterns as in the proto-
type, will occur as long as head losses are small and relatively the same over

,

the model area. If head losses become significant, such as could occur during
i blockage tests and low level tests, false data and conclusions can result. In

the extreme, critical depth can occur in a model, with resulting flow re-
striction and re-distribution which would not occur in the prototype. Such

!

was the case when levels in the reactor building were less than approximately.

EL 694 ft. Therefore, prototype velocity tests were not conducted below EL

d ]/j 694 ft.| .

v
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In the prototype with a flow of 3480 gpm at inlets A and B, the corresponding ,

inlet velocity would be 9.87 ft/sec. At inlets C and D with a flow of 3160

gpm, the prototype inlet velocity would be 8.96 ft/sec. The corresponding
(Froude scaled) model flows which produced these inlet velocities in the

model, as shown in Figure 15, would be 6029 and 5474 gpm. Dividing the equal

velocity flow by the normal Froude scaled flow indicates there was a 73

percent increase in model flow for the equal velocity tests.

An indicated in Figure 15, with the water level EL 695'-6" (695.5'), the in-

creased flowrate typically increased the mean vortex activity to some extent,
but there was no fundamental change in test results. For type 4 vortices or
lower, the vortices observed increased by approximately one increment. It was

concluded that above EL 694, selected prototype velocity tests would be
conducted to evaluate any alternative designs. Below EL 694, because of areas
of critical depth on the reactor building floor, only Froude scaled tests
would be conducted. For the data in Figure 15, as indicated by Figure 4 for
four pumps operating, a flow of 3480 gpm at inlets A and B, and 3160 gpm at

inlets C and D would occur "after switch over".

Effect of Water Level

Test results with the original inlet design, Figure 2, indicated that without

blockage the angle of swirl was usually 5 degrees or less, and never exceeded
approximately 6 degrees. The ingestion of air was a much more significant
problem than the swirl angle. The original inlets could not be operated at

steady state with a level of EL 693 in the reactor building because of large
entrainment of air. At EL 694, all four inlets had continuous type 6 vortices
and the air entrainment was visually quite large, Figure 10. As the water

level increased, the vortex activity decreased, and Figure 16 shows the effect
of water level on the maximum vortices at the pumps with the original inlet
design. Inlets A, C, and D could operate without air entraining vortices with
the containment water level EL 695'-6" (695.5') or greater. At EL 697, just
prior to the water level touching the roof, the maximum vortices at all inlets
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.- without any screen blockage were type 3 or less. Not considering blockage,

but requiring that no air entrainment occur at any of the inlets, the minimum
level for operation was approximately EL 697'. Because the objective was to

minimize the water level for vortex free operation, blockage tests were not

conducted since the level for vortex free operation was too great and blockage
would normally further increase the required water level with the original

design.

Figure 17 shows a summary of mean vortex severity with the original design.

After the water level touched or exceeded the roof over the inlets, vortex

activity was eliminated and the swirl was less than 5 degrees. Therefore, no

further testing was conducted at levels exceeding the roof elevation.

Modified Design

Effect of Water LevelS ,

', N,~)
Generally, the greater the submergence of an inlet, the less susceptible it is

to surface vortex formation. As a means of increasing submergence, the top

elevation of inlets A, C, and D was reduced approximately 9 inches to EL 691

ft 2 1/2 inches, leaving approximately 1 1/2 inch between the inlet elevation

and the sump floor. At this time in the test program, inlet B was not lowered

because of its proximity to the drainage trench which would cause the inlet to

be routinely filled with water.

At containment water levels below approximately EL 694'-6" (694.5'), as

indicated in Figure 18, the lowered inlets operated with the time averaged

mean vortex activity lower than with the original inlets. The lowered inlets

could operate to approximately water EL 693'-6" (693.5') without experiencing
air entraining vortices. At levels exceeding approximately EL 694'6"

,- (694.5'), the mean vortex activity was somewhat increased with the lowered

inlets. The increase in the mean vortex activity was due to vortices increas-

ing at inlet C from type 1 to type 3 when the inlet was lowered; thereby the
.-f'''T
b

,

.
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combined average of the three inlets (Figure 18) was increased. Presumably, .

the flow pattern changed sufficiently around inlet C to increase the mean ,

vortex strength, but the maximum vortex did not exceed type 3, as shown in
Figure 19 where the maximum observed vortices are shown as a function of water

level. At inlets A and D, the vortex activity was reduced to some extent with
the lowered inlets. A comparison of Figures 16 and 19 indicates the benefi-
cial effect of lowering the A and C inlets. With the lowered inlets, pumps A
and C could be operated without entraining air to EL 694. At inlet D, the

maximum vortices were not reduced, but on the mean vortex severity was
reduced.

In summary, without blockage, the lowering of inlats A, C, and D was benefi-

cial and permitted the operation of pumps A and C to EL 694 without entraining
air, and the mean vortex activity was reduced at inlet D. Inlet D would

require a minimum containment level of approximately EL 695; and inlet B, -

which was not lowered, would require a minimum level of approximately 695.5'.
It was concluded that the desired minimum operating level would be obtained .

with the inlets lowered.

Gratings Over Inlets

In order to minimize air entrainment at inlets B and D, and minimize the
operational water level allowing for blockage, horizontal gratings were
installed in the sump over the inlets. Initially, small areas of gratings

over the inlets were considered, but observations indicated that the vortex
core could enter the inlet without passing through the grating as the flow
patterns changed with blockage. A substantial reduction of vortex severity
and lower water levels was obtained with the grating cage shown in Figure 20.
Placing the cage over an inlet eliminated vortex activity and minimized the
water level at which vortices occurred. .However, the covering of the entire
sump area with grating has the advantage of dissipating angular momentum
wherever it may try to form. Therefore, gratings over the entire sump area

O
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were evaluated, and Figure 21 shows horizontal gratings located over the sump..

area.

I

The horizontal gratings were effective in minimizing vortex activity. Testing

indicated that one level of grating was insufficient at higher water levels

and with blockage. With two levels of gratings, the mean vortex activity at

Froude scaled velocity was approximately type 2 with the water level at EL 694

ft and 693 ft 6 inches (Figure 22) . As the sump level increased, the vortex

activity increased as the larger mass of water over the inlets started rotat-

ing. The vortex activity was type 3 or less except at inlet B which had

vortex activity greater than type 3 for 3 percent of the time for levels

between EL 696 ft and EL 693 ft 6 inches. Because of the somewhat stronger

vortices at inlet B, a third level of grating over this inlet was evaluated.

Figure 23 shows details of the three levels of gratings shown in Figure 21.

As discussed later, blockage tests required modifications to the intermediate.

design shown in Figure 23.

With prototype inlet velocities, Figure 22, the mean vortex activity was'

.

approximately type 3 or less and the swirl angle at all inlets was 3 degrees

or less with two levels of gratings. The maximum vortex at all inlets did not

exceed type 4. As was observed with the original design (Figure 15), the

large increase in velocity (flow) did not produce greatly different vortex

severity.

With the horizontal gratings in place, the benefit of lowering the inlets

below their original elevations was confirmed at Froude scale velocities with

the test results shown in Figure 24. With the level in the reactor contain-

ment building at EL 694 ft, the data in Figure 24 indicates that vortex

activity was less severe with the lowered inlets, for which the mean vortex

was approximately type 2. At inlets A, C, and D with the original inlets and

horizontal gratings, the vortices were approximately type 3 or greater. The,.

lower graph in Figure 24 indicates that at original inlet D, type 4 vortices

' " ' ' occurred approximately 60 percent of the time, while at inlets A and C, type 4

x

_ _ -
. ._ -_ , . ___ - , . . . _ . . _ , _ . . _ - - , , ______.,m . , . . , , _ _



|

|
I

28

G
vortices occurred approximately 25 percent of the time with the gratings.

.

These data indicate that the lowered inlets are preferred even with the
multiple layers of gratings. ,

Initial Blockage Tests

Using the modified sump design, blockage tests were conducted to determine the
effect en vortex activity. Experience has shown that the most severe vortex

activity occurs when up to 50 percent of the area of the vertical racks or
screens is blocked. The more severe vortex activity with blockage is due to
adverse flow patterns that increase the strength of rotational flows; and at
low levels, the increased head loss across the screens reduces the submergence
on the inlets. Figure 25 shows some of the blockages that were evaluated with
various combinations of pumps and the water level EL 694 ft in the reactor
building. The effect of blockage was generally evaluated over a range of

,

containment levels, but the most severe cases were found to be at EL 694 and
lower. In all cases, the trench screen was assumed blocked because of its low

,

elevation.

For each case in Figure 25, the pumps operating are indicated along with the
maximum observed vortex. No air entrainment, type 5 or 6 vortices, was
observed during the testing and generally the maximum observed vortex was type
2 with occasional type 3 or 4 vortices. For the "after switch over flows"
(ASO) and cases shown in Figure 25, the rack blockage shown in Figure 25(f)
was initially determined to be the most severe case. The vortex data in

Figure 26 indicates that the vortices were typically type 2 between EL 696.0
to approximately EL 693.5'. Air entrainment began when the containment
building water level dropped below approximately EL 693.5'.

.

Additional testing at approximately EL 693.6' indicated that the level within
the sump with the ASO flows was sensitive to leakage through the blockage, and
that the initial staff gage, because of its location in an eddy, indicated a
containment level approximately 0.1 ft lower than a more representative level

>
,
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indicated by a gage in a revised location. Furthermore, somewhat greater head.

losses could be generated by another arrangement of screen blockage compared
to the rack blockage of Figure 25f. hor the ASO flows, Figure 26 shows the
mean vortices recorded. Tests with the worst screen blockage are discussed

under " Final Design."

Final Design

Tests with "Before Switch Over" Flows

Since a worse screen blockage compared to rack blockage case was determined,

and at the-lowest containment water level the "before switch over" (BSO)
flows (Figure 4) would occur, additional testing was conducted to determine
the minimum containment water building level for no blockage and the worst

. blockage cases.For four pump operation, the "before switch over" (BSO) flow.

O
per inlet would be 2570 gpm.

For the two pump combination, the BSO flow per inlet would be 3480 gpm and
either pumps B and D or A and C would operate. Since the minimum flow
required to effect the necessary heat removal would occur with the two pump
case, two pump operation was the most critical.

Because head losses were predominantly at the screens, the water level within
the sump varies with the number of pumps operating, their flows, the percent-
age of blocked screen or rack area, the distribution of blockage, and the con-
tainment water level. Since the location of blockage for either the two or
four pump combinations may force the operating pumps to be supplied through
the double screen that divides the sumps, a significant head loss can occur
across this set of screens. In order to determine the effect of the reduction
of inlet flows (four pump operation) to the BSO flow, vortex and head loss

1

tests were conducted initially without blockage.
|

.

l
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Head loss data from the reactor to the sump with four pump operation and no -

blockage is shown in Figure 27 for the. sump with grating details shown in

Figure 23. For inlet flows of 2570 gpm, the pumps could operate te a contain-

ment water level of approximately EL 693.1 ft with occasional air bubbles seen

in the inlet B pipe. The small amount of air observed at inlet B was not due

to vortex entrainment, but attributed to a "nappe" forming at the screen due

to the relatively large head loss at the screen and the low water level in the

sump. This nappe entrained some air, which was then pulled into inlet B.

n order to minimize air entrainment, inlet B was lowered 5 inches to EL

591'-6 1/2" (691.54'). An additional level of grating was attached to the

level 1 grating over inlet B, Figure 28, and air entrainment was eliminated.

It was determined that without blockage and a flow of 2570 gpm per pump, the
minimum acceptable containment water level for four pumps was EL 693.2 ft. By

comparison, as seen in Figure 27, with a flow of 3480 gpm, inlet B had a
continuous large air inflow at EL 693.1 ft. Lowering inlet B 5 inches,

reducing the flow, and adding a double grating over inlet B permitted the sump
to operate to a containment water level of EL 693.2 ft. The additional level

of grating over inlet B was attached below the previous grating and the bars
were aligned. In order to obtain the best performance of the horizontal

grating, the direction of the level 2 grating should be parallel to the front
screens, while the bars at level 1 and 3 are perpendicular to the direction of
the level 2 bars. Figure 29 shows the final gratings over inlets B and D.

Generally, at low containment and, therefore, sump water levels, the swirl
angle increased as the sump level dropped. Figure 30 indicates that a swirl

angle of approximately 9 degrees was measured at inlet B when the sump level
was approximately EL 692.9 ft, which is the approximate elevation of the

bottom of the level 2 grating. From the head loss data in Figure 27, this

sump. level would correspond to approximately EL 693.2 ft in the containment.

The data in Figure 30 indicates the swirl angle decreased as the sump level *

increased above the level 2 grating. This was also true at the other inlet

with a swirl meter. Except at extreme low levels when the sump water level

.
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was close to the grating 2 level, the swirl angle was 5 degrees or less..

Since the ame t of allowable swirl at a pump impeller is not well defined,
~

brief periods of swirl above 5 degrees would not be detrimental to pump

performance and this was agreed to by Stone and Webster.

Final Blockage Tests

Testing indicated that the minimum acceptable containment level varied with

two or four pump operation and the location of blockage. For four pump

operation with an inlet flow per pump of 2570 gpm, Figure 31 shows the most

severe blockage at the rack, Figure 31(b), and at the screen, Figure 31(c) .

For comparison purposes, the levels in the containment building and on both

sides of the divider ccreens are given along with data for the no blockage

case, Figure 31(a) . No leakage was present at the screens or rack, and the

.
containment water level was measured at the revised staff gage, Figure 1, and.

with the point gage system.s

t
\

Figure 31 indicates that the minimum acceptable containment level would be EL
693.8 ft and EL 693.6 ft for the most severe screen and rack blockages,
respectively. Vortices were type 3 or,less, and for both blockage cases, the
minimum containment level was determined by the nappe at the screen adjacent

-~ to inlet B entraining air bubbles and the occasional withdrawal of an air

bubble from the water surface in the sump. The levels on both sides of the

sump, indicated by S1 and S2, were equal in the rack blockage case. With

screen blockage, Figure 31 (c), the level at inlets B and D was approximately
0.4 ft lower than at inlets A and C due to the head loss across the double
divider screen. In general, somewhat lower acceptable containment water
levels would result if the screen losses were reduced. Figure 32 shows the

rapid change in head loss that occurred with the worst rack blockage, Figure
31(b), as the containment level decreased. With the containment at EL 693.6

ft, the effect of blockage is indicated by the head loss increasing from 0.1.

ft to approximately O.7 ft. Figure 33 shows the variation of head loss during-

four-pump operation with the worst screen blockage case, Figure 31(c), as the.

.-Q
i (s ,

1

)

!

(
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cc:.tainment level varies. Above a containment water level of EL 694, the

losses become relatively small. Below this level, the losses rapidly in-
.

creased for inlets B and D with more loss occurring at the double divider

screen that at the blocked screen.

The likelihood of screen blockage versus rack blockage depends on the type of
insulation used in-the reactor containment building. If a major portion of

the insulation is of the reflective metallic type, studies indicate (15) that

the material will settle on the reactor floor and not be carried to the racks
unless velocities on the floor exceed 2 ft/sec. If carried to the racks, it

could not reach or block the screens. Figure 34 shows velocities measured on
the containment floor with four pump operation and a containment water level
of EL 693.2. The data indicates that floor velocities are generally less than
1.7 ft/sec. As the containment level increases, these velocities diminish.

.

With only two pumps operating and a flow of 3480 gpm per pump, the minimum
acceptable containment level was also determined by the blockage that produced -

a nappe at the screen adjacent to inlet B. The nappe would entrain air and

inlet B would, on occasion, withdraw an air bubble from the water surface.
However, no significant vortices were observed at inlet B. For two pump

operation with 50 percent blockage, the vortices were type 2 or less for all
cases. Figure 35(a) shows that the minimum acceptable operating level in the
containment building was EL 693.8 ft with the screen blockage arranged so that
considerable flow to pumps B and D was supplied through the double divider
screen. As indicated in Figure 35(a), the head loss across the blocked screen

was only 0.1 ft while the loss across the divider screen was 0.7 ft, producing
a sump level of EL 693.0 ft at inlets B and D. Figure 36 indicates the large

.

reduction of head loss that occurs with the worst blockage as the containment
level increases. With the containment at approximately EL 694 ft, the total
loss has dropped to approximately 0.3 ft. When pumps A and C operated with
the worst screen blockage condition at the same containment water level, no -

vortices were observed. No worse screen blockage condition could be de-

termined for inlets A and C.
,

,
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The worst grating blockage for inlets B and D is shown in Figure 35(c), and,.

the minimum containment level was EL 693.5' . Figure 35(d) indicates that

inlets A and C would operate at this' level without air drawing vortices for
the worst grating blockage, and no worse blockage arrangement could be de-

termined for these inlets.

In using the above described minimum acceptable reactor w'ater levels, it

should be realized that the exact acceptable level varies with the percent

blockage and whether or not some water may leak through the blocked area. As

shown by the data on Figures 32 and 33, the head loss across the rack and

screens varies dramatically with the reactor water level, and similarly, data

not shown indicates that the head loss at a given minimum water level varied

considerably with the percent and manner of placement of the model boards

simulating the insulation debris.

.

.

fw Inlet Loss Coeff(cients
(

Inlet loss coefficients were determined with the modified design as shown in
Figure 23 in accordance with procedures discussed under Instrumentation and

Observation Techniques.
.

Inlet loss coefficients were determined from pressure gradients measured along
inlet pipes A and D without screen or rack blockage and the containment level
EL 695.0 and greater. The data from these lines were compared with data from
a single tap located on each of lines C and D and indicated that loss coeffi-

cients for.all inlets were approximately equal. The inlet loss coefficients

exclude friction but include all upstream gratings and screens, horizontal and

vertical, the inlet loss, and one or two elbows, depending on the inlet pipe.
In order to calculate hydraulic gradelines for the worst blockage cases, the

sump level on the appropriat,e side of the divider screens should be used.
This calculation would be slightly conservative since K in ludes the small.

T
screen loss that occurred without blockage. For inlet D with two elbows

7s included, the original inlet loss coefficient was approximately 0.83. With
-f
b

t -
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the additional horizontal gratings and the lowering of the inlet, g increased -

to approximately 0.97. At inlet A with one elbow included, g with the
original inlet was approximately 0.63 and increased to 0.77 with the final
gratings and lowered inlet. With the assumption that flow patiterns and inlet
losses were approximately equal at inlets A and D, the difference between y
at inlets D and A, 0.83 and 0.63, respectively, would be the loss coefficient
for one elbow. On this basis, the loss coefficient for each elbow is approxi-
mately 0.20, which agrees with literature values of approximately 0.15.

O.-
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CONCLUSIONS
.

Original Design

Testing with the original design indicated continuous air entraining. vortices

at all of the inlets at low water levels in the reactor containment building.

Without consideration of blockage, the original inlet design required that the
.

water level in the reactor containment building exceed EL 695.5 ft for no air

entrainment to occur at inlets A, C, and D. At inlet B a containment water

level of approximately EL 697.0 ft was required.
.

Modified Design

.

The following modifications were made to the sump in order to improve perfor-

.

mance and achieve a lower minimum acceptable water level..

1. The top elevations of inlets A, C, and D were lowered 9 inches.
'%

2. Two levels of 1-1/2 inch horizontal grating were placed over inlets A, C,
and D while three levels were placed over inlet B (Figure 23). The third

upper level grating was required to minimize swirl at higher water
' levels.-

These modifications were sufficient to eliminate vortex activity over inlets
A, C, and D. Inlet B, however, still produced vortices at lower sump water
elevations.

Final Design

.

In addition to the previous sump modifications, the final design modifications |

(Figure 28) consisted of lowering inlet B 5 inches and installing an addition- 1.

1.

al grating above inlet B at the lowest level resulting in a double thickness
(3 inches) at that level.

.
This arrangement proved satisfactory in suppressing.

|
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vortices at all containment water levels above the minimum determined, *as

discussed below.

At containment levels below approximately EL 693.75 ft, the head losses across
the> vertical screens and sump divider doubled screens became relatively large
with blockage of the vertical screens or racks. A loss of 0.5' or greater

could occur depending on the blockage location. Operation with blockage of 50
percent of the racks or screens established the minimum acceptable water level
in the reactor containment building.

For four pump operation with the flow per pump equalling 2570 gpm, the minimum
acceptable containment level was EL 693.2 ft without any blockage, Figure 35.
With the worst screen or grating blockage, the minimum acceptable levels were
EL 693.8 and EL 693.6 ft, respcetively. For two pump operation with blockage,
the minimum containment level was EL 693.8 ft and EL 693.5 ft with screen and '

grating blockage respectively. These test results are summarized in Table 2,
below.

TABLE 2

Minimum Acceptable Water Level in Reactor

Containment Building
Final Design

Minimum Acceptable Level
Pump Flow in Containment Building

Condition gpm Pumps Operating EL (ft)

No Blockage 2570 A,B,C,D 693.2
Grating Blockage 2570 A,B,C,D ' 693.6

Screen Blockage 2570 A,B,C,D 693.8
Grating Blockage 3480 B and D or A and C 693.5
Screen Blockage 3480 B and D or A and C 693.8 1

!

1

|
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\ /.''' The swirl angle at the inlets was generally less than 5 degrees. At minimum

containment water levels, the maximum swirl angle had values up to approxi-

mately 9 degrees. However, test data indicates that this is a transient case
and the swirl angle diminishes rapidly with increased water levels and above
EL 694 the swirl angle was less than 5 degrees. It was agreed upon with Stone

and Webster that this would not be considered in violation of the 5 degree

maximum swirl angle as specified in the ESSOW.

Velocities were measured on the floor of the containment building with four*

pumps operating (no blockage) and the containment level EL 693.2 ft. This

data indicated that velocities were generally less than 1.7 ft/sec.

The addition of horizontal gratings over the inlets and lowering the inlets A,

C, and D increased the entrance loss coefficient by approximately 0.14. With

the. final design, the total inlet loss coefficient for inlet A was 0.77, and.

.

at inlet D with two elbows included, the loss coefficient was approximately,_

0.97. These inlet loss coefficients do not include screen and rack losses
,

during blockage with debris.

!
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FIGURE 14 EFFECT OF FARFIELD FLOW DISTRIBUTION ON VORTEX

SEVERITY WITH ORIGINAL DESIGN g
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