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ABSTRACT

Results obtained from tests conducted on the Scabrook Containment Sump model

at the Alden Research Laboratory (ARL) revealed small amounts of swirling
flow within the sump suction pipes. The effect that swirling flow has en

pipe friction losses, and in turn on the Net Positive Suction Head require-
monts|of the Emergency Core Cooling Recirculating pumps, was not understood;

therefore, it was decided beneficial to conduct a separate study in order to
determine the effects of swirling flow on pipe friction losses. The study

was conducted at ARL and sponsored by Yankee Atomic Electric Company.

An experimental facility was constructed consisting of: 34 ft of 10 inch

diameter pipe containing a swirl generator; a series of pressure taps; a

flow meter; and capabilities for placing a vortimeter either upstream or
downstream of the pressure taps. The system had the ability of producing

swirling flow from set swirl generator values of from O' to 40' and for

Reynolds numbers in the range of 1.0 to 3.5 x 10 .

Prnliminary tests of the system revealed that the discharge coefficient of
the orifice type flowmeter was dependent on the set swirl angle. There was
an approximate 5% increase in the discharge coefficient for 40' swirling
flow compared to non-swirling flow. Results indicated that swirling flow

had practical effects on the frictional losses; for example, friction
losses in the pipe due to swirling flow with 20* swirl vane settings were
approximately 40% higher than those for non-swirling flow, at the corres-
ponding Reynolds numbers. Swirl decay was found to vary with swirl angle
and also to depend on Reynolds numbers and the results obtained were con-
sistent with the findings of other researchers.

)
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INTRODUCTION

5.

~

'llydraulic model tests on.a 1:4' scale model of the Scabrook Nuclear Power

JStation ~ containment sump, conducted at the Alden Research' Laboratory (ARL)
of Worcester Polytechnic -Institute (WPI) (1)' showed the existence of small

amounts of swirl in the flow within the suction pipes when operating with

> partially blocked vertical sump screens even though no strong free surface
vortices of concern were observed. The swirl angles, as indicated by a
vortimeter,-were mostly less than 5 degrees, which may' be considered too
small-to cause' pump impeller vibrations. However, realizing the necessity
of accurately evaluating the available Net Positive Suction Head (NPSH) for
'the recirculating pumps, the effect of this swirl on the entrance loss and

-pipe friction loss was of concern. Determination of total intake. losses,

including entrance losses, was a part of the sump model study (1) . However,

it was decided to conduct a separate investigation on the effect of swirl
f .on pipe friction-losses so that differing degrees of swirling flow could be

established to provide more general information on the subject. This was
particularly desired since swirling flow in suction pipes could also be
caused by combined bends in piping systems as well as from any rotational
flow in the sump (2) .

Although~several studies have been completed on swirling flow in pipes,
most of.the research has been conducted at small pipe diameters and high
swirl angles (3, 4, 5, 6) . These studies are not representative of the
conditions that exist in a reactor sump where pipe diameters are large,
flowrates are high, and swirl angles are relatively small, less thaa 15*.
Therefore, specific results concerning the effect of low intensity swirl-
ing flow on the frictional losses in sump suction pipes are not readily
available.for a designer, and the need for an additional study is evident.

' A separate experimental set.up was constructed at the ARL, and considering
.the usefulness of the study to the design of the Seabrook ECCS system, the-

project was sponsoted by the Yankee Atomic Electric Company (YAEC) . In

J
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order to accurately determine the effect of various degrees of swirling flow
on the pipe friction factor, a systematic test program was set up, whereby
both the degree of swirl and the flowrate could be varied within a 10 inch
pipe. The degree of swirl was varied using a four vaned swirl generator,
enabling an accurate and easy method of setting the swirl angle.

SWIRL ANGLE

Swirling flow in a pipe can be considered as a combination of vortex motion
and axial motion along the pipe axis, which means the existence of axial com-
ponents and tangential components of velocities at any point in the flow
field. For the problem of concern in the present investigation, the swirl-
ing flow is turbulent, incompressible, and steady. Along the length of the

pipe the swirl level decays and the velocity and static pressure distribu-
tions change with axial position along the pipe.

For the present study, the rotational speed, e, of a vortimeter which con-
sists of a vaned rotor containing four blades, was used for swirl measure-

ments. The swirl level was calculated using the measured w values and ex-

pressed mainly as an indicated swirl angle e defined as (7) :

0 = tan- " ! (1)
u

where d is the internal diameter of the pipe and u is the average axial

(cross-sectional) velocity of the flow. Equation (1) can be rewritten in

terms of vortimeter rotations, n per second:

-l u n d
0 = tan (2)

u

The use of the term w or n to indicate swirl level was considered conven-
ient and easily understandable. A more commonly used fluid mechanics term,

the angular momentum of flux, K, could be derived using the rotational
speed e of the vortimeter (6), as given by:

&
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2 2 2K=mpurw (r +r g )/2 (3)

where o is tne water density, r is the pipe radius, and r is the rotor hub
g

radius of the vortimeter. Equation (3) assumes negligible losses and rigid
body motion. With the axial momentum expressed as M = w p u d /4, the
swirl icvel could then be defined by a parameter K/Md.

Combining Equations (1) and (3) , a relationship between 0 and K could be
obtained as,

~l K
0 = tan [ ] (4)2 2 2wpu r (r +r y )/2

The swirl decay between two locations in the pipe at an axial distance of
Ax apart has been shown by many investigators (4, 6, 8) to follow an expo-

.nential function which could be defined as,

K -0 Ax/d""
K (5)o

where K and K are the upstream and downstream angular momentum fluxes, re-9

spectively, a distance Ax apart, and 6 is a decay parameter which depends on
the Reynolds number, Re = u d as well as the upstream swirl' level indicated,y

bv K /ttd.' o

TEST FACILITY

The test facility used in this study is shown in Figure 1 and Photograph 1.
Water was drawn from a sump through a 12 inch line by a 10 lip pump. The flow
then passed through a 12" x 10" reducer and a series of flow straighteners,
initially consisting of two perforated plates separated by one pipe diameter.
In order to ensure a flat velocity profile in the pipe, a pitometer traverse
was obtained downstream of the straighteners. The initial velocity traverse

showed a higher velocity region away from the center which was remedied by

I
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placing a ring, constructed of perforated plate, between the plates of the
flow straightener, the,reby directing the flow towards the center of the pipe.
The velocity traversing points and the 'inal velocity profile obtained are :

shown in Figure 2.

The swirl generator was located 8 diameters downstream of the flow straight-
ener and, as previously stated, consisted of 4 adjustable vanes. The 4 vanes

GO' apart in the circumferential direction, one diameter long and occu-were

pied 90% of the diameter of the pipe. Vano angles were adjustable from 0*

to 40* with respect to the axis of the pipe, and had an attainable setting
accuracy of 11/2*. The swirl generator is shown in Photograph 2.

A series of 10 static pressure taps were located starting 11 diameters down-

stream of the swirl generator. The pressure taps were set one diameter apart

and connected to air-water manometer tubes (Photograph 3) . In order to re-

cord the piezometric head from each tap at a particular instant of time, pho-

tographic documentation of all the taps was made and measurement of the pie-
zometric head was obtained from the photograph. -

Both upstream and downstream of the pressure taps, spool pieces were provided
for the placement of a cross-vaned vortimeter. Photograph 4 shows the vorti-

meter with its 4 perpendicular vanes, each 4 inches long and 8 inches wide, at-

tached to a rotor hub of radius 0.9 inches. The revolutions per any desired

period of time were counted using an optical sensor and an electronic counter.

To keep the pipe length of the system constant, which was necessary in order to

obtain accurate swirl decay data, a blank spool section equal in length to the

vartimeter was placed in the space not occupied by the vortimeter. To ensure

that the vortincter did not affect the pressure gradient measurements, read-

ings of the gradeline were taken while the vortimeter was in the downstream

position.

An orifice meter, coupled to a differential manometer, and located downstream

of the pressure taps, provided a means of monitoring flow throJgh the system.

Since the orifice meter was located downstream of the swirl generator, it was

necessary to establish the effect of swirling flow on the flow meter discharge

coefficient for various swirl angles. In order to estabifsh this, the section
of the facility from the swirl generator to the meter v.as removed and calibrat-

ed in ARL facilities. An accuracy of 10.25% is expected for flow measurements.

; /
I
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In order to be representative of large scale reactor sump models, a rela-

tively large flowrate was ner ded, although the naxinum flowrate attained. in

the model was limited to 2.5 cfs. A control valve was located downstream

of the orifice plate and was used to vary the flow through the system. Flow

was routed back to the sump, thus completing the cycle.

TEST PROGRN4

In order to accurately determine the effect of swirl on the pipe friction

losses, a test program was set up using six swirl angles, 0, 6, 10, 20, 30,

and 40 degrees, each tested at 12 flowrates vf between 1 and 2.5 cfs. At

each swirl angle and flowrate, pressure gradients for 9 diameters of pipe

length were obtained. Vortimeter readingo were obtained both upstream and
downstream of the pressure taps for the above swirl angles and also for 15,

25, and 35 degrees.

The, friction factor for the specified pipe lengt1 was obtained from the

Darey-Weisbach Zormula:
i

[ f = Ah ( ) ( ) (6).
,

,' / u
,

/ wh rg,.

a
,

'

f = calculated friction factor, . ,a f /

'

Ah = masured pressure differential over 9d
!s

i

( d a diamet ar of pipe, 10.0 inches4

e, -L = n'ina,dianeters length = 9d
'

'
'i ,u = nwyrage velocity calculated from u = Q/A

23 / ,i+.5 Q measured by the orifice meter and A = nd /4w,

,

<
<

,

t- 1

y; Anjiverage pressure gradient for the 9 diameter length was obtained from a
*v \ <

ilt.st 'sriares fit through it.dividual readings taken at one diameter spacings.
[ // i /\

' { /,' i'

f , Knofn'ef 'the'humber of rotations of the vortimeter, n, the indicated swirl3

.\- '
'

angle,', A wad' c,btained from Equation (2) . By determining the indicated swirl
L

,

/ i y ,
"

tagle at>the two vortimeter locations, a percent swirl decay over 17 pipe I
3

/ '. 's
,

IUlameterleihithscouldbedeterminedfrom:/

3 j, ,
<

' \

s '( ' .< ,

t i

/- [E . ' , ,
<o <, ,

1 f p' \ ! 'I{ $*
'

,
,

.s /'
s . f ). j ' } *'

. _}f . [- 9y~ ' ' ~ q. ._ - ', _- .. ' , , -: i ' } [ '' ~.

' * '
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Percent Swirl Decay = " x 100 (7)

6.up
4.]
E

where 0 and 0 are the measured swirl angles upstream and downstream of

the pressu;e taps, respectively. Decay rates were determined for all flws
and swirl angles. The values of the angular momentum fluxes were also calcu -

.

lated using Equation (3) and the decay parameter S was evaluated using Equa-

tion (5). As S is a function of R and K,/MD, curves were obtained for S
versus R, with K,/MD approximately constant and S versus K /MD with R, ap-
proximately constant. An average K value (K,y) was obtained from Equation

1 L={f K dx, and K was used to denote the average swirl level(5) as K
over the pipe length of L (L = 9d for frictior, measurements) . O was de-

rived from K . using Equation (4) . This enabled the plotting of percentage

increase in friction loss due to swirl versus 0 curves, for constant Rey-

nolds numbers; These curves may be used by designers to predict approximstelyj

| the frictional losses'for pipes with swirling flows, if the approximate swirl

angles and the frictional losses for non-swirling flow at the Reynolds number
~

!s of interest are known.;

g-
.
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RESULTS

I 'As shown in Figure 2, a fully d)veloped velocity profile was obtained up-

| stream of the swirl generator by , roper flow straightening devices. No re-

sidual swirl was indicated by the vortimeter for a zero setting on the>

'' swirl generator.

, , ;

IO The results of the orifice meter calibration are shown in Figure 3, in which'

,

3 -the angles set at the swirl geaerator (0 ) are indicated to denote the.

''

swirl level. At the largest swirl angle tested, 0 = 40', the presence of

swirl increased the discharge coefficient by approximately 5% for all flow-

- rates tested. The effect of smaller. swirl angles.was progressively less, as-

shown in Figure 3.
J

,j.[ -In order to verify the operation of the swirl generator, vortimeter readings

were taken at~the upstream location and' transformed into indicated swirl an-
gles using Equation (2) s The = indicated 0 values (0 ) were then compared to

7

, t :7"
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'to the set readings (0,, ) on the generator. As shown in Figure 4, for set
swirl angles less than approximately 15*, the indicated swirl angle is less

than the' set swirl and for larger set swirl angles, the indicated swirl was

seen to be slightly. greater than the set swirl. This fact could be caused

by adverse flow patterns past the swirl generat'r involving flow separationo

at the vanes.

Because.of the swirl decay, the pressure gradient in a pipe with swirling flow
.

} might not be linear. However, in this investigation ove the nine pipe dia-
meter length, the gradient was assumed to be linear since the non-linearity
could not be accurately defined due to experimental limitations (piezomstric
heads.could be measured only to an accuracy of 0.005 ft). Equation (6) was

used to cciculate an equivalent friction factor f.4

Results of the effect of swirl on the friction factca are shown in Figure 5.
As shown in the figure, the friction factor ir. creases substantially with set
vane angic. The impact that these results would have on calculating pipe fric-
tion losses can be seen more clearly in Figure 6. In this figure, the per-

contage increase in the friction losses.for a particular average swirl angle,
0, , compared to zero degree swirl, is plotted against the average swirl an-
gle for the region of no R dependence (i.e. , R > 2.0 x 10 ). At the swirle
angles of interest for the Seabrook sump (0 up to 5 degrees), an 1. 1

of up to 10% in the friction losses, over that for non-swirling flow cat .

expected.
.

Figure 7 presents data for swirl decay over 17 pipe diameters. As seen in4

the figure, there is a higher decay rate for.small swirl angles and a lesser
decay, 20%, for larger swirl angles. Thus, in the range of interest (up to

20 degrees), more than 60% of the swirl could be expected to decay in 17 pipe
diameters. Dependence of decay rates on swirl intensity and Reynolds number

~

was also observed by other researchers (5, 6).

.

~.
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Figure 8 shows the variation of the decay parameter, 6, w'ith the pipe Roy-

i: nolds number for various set' swirl generator angles. 8 is more or less-
independent of R 'for R greater than 2-x 10 and swirl angles greater than

- 25*. 6 increases with decreasing R, for a particular set swirl generator
; vane angle (6 ). Also given in Figure 8 is a comparison of the range of

|- (K,/Md)_for a given set swirl generator angle. This Reynolds number depen-
'

donce of 8 is consistent with the results in references (5, 6).

CONCLUSIONS

The following conclusions can be drawn from this study:
|

1. Swirling flow hac an effect on the perfomance of an orifice meter.

At the highest swirl angle of 40 degrees (swirl generator vano set-

ting) used in this study, the orifice meter discharge coefficient

( increased by about 5 percent compared to the same flowrate with no

! swirl. For small indicated swirl angles (less than 10 degrees), the
!

| effect of swirl on orifice meter perfomance was found to be negli-

| gible (less than 1 percent).

2. The effect of swirling flow on the friction loss is dependent on

swirl intensity. For an average indicated swirl angle of 5 degrees

(nurmally encountered in suction pipes due to inlet rotational flow),
3

the iricrease in the frictional loss s. ,ul 1 be approximately 15% com-
. pared to that for non-swirling flow at the same Reynolds nu der. Pc

| a_ higher swirl angle, the increase in friction factor would'oe greate.
|

3. Svirl decay with distance is a function of Reynolds number as well~
| as initial swi.*1 angle. Ilowever, for R greater than-2 x 10 , swirl'

decay is more or less_only dependent on the initial swirl level' for

the larger swirl levels tested. The decay parameter, 8, decreased

i' 'from 0.056 to 0.014 for increasing swirl generator vano angles of 20
to'40 degrees (or for K/Md values from 0.10 to 'O.37) for R gr ator

e
5

than 2 x 10 .
.,

J
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