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. ABSTRACT .
,

Drag forces occurring on submerc;ed structures in a

pressure suppression pool during air expulsion and air bubble
* -

. .
,

oscillation are examined in this study. The total force on-
. .

a structure is composed of an acceleration drag component,

caused by the unsteady flow, and a standar'd drag component
. .

, .
,

associated with the instantaneous' velocity field. Formulas

'

,are given for estimating the acceleration drag on, ccmmon
submerged structures. 8604020099 e60114
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FIRESTD85-665 PDR'
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INTRODUCTION 1

i
-

i

; Whenever air is discharged into a pressure suppression
'

pool, forces creat2d on submerged structures by pool water

motion mGst be considered in the mechanical design. If the

disturbance causing water motien is rapid compared to sonic

transit ' time in the pool, acoustic lo' ads of brief duration
'

will be ganerated. Acoustic loads en submerged structures
'~

usually involve small impulses, and are not considered in

the present work This study is devoted to loads caused by

unsteady bulk pool water motion.

Steady flow forces on submerged objects usually are )
predicted with the help of standard drag coefficients, which

include effects of both dynamic pressure and skin friction.

Dynamic pressure drag is caused by fluid velocity 1.pingement

on the submerged object, which raises pressure on the side '

toward onecming flow, and lowers pressure en the other side

due to wake formation. Skin friction drag is caused by

viscous shear stress on the lengthwise surface of the sub-

merged object. . .

Standard drag coefficients for submerged objects usually

are based on steady statg uniform flow without pressure

gradients in the fl'owing stream. H o w e~v e r , time-dependent
_

pressure gradients associated with unsteady flows result in
,

.

h
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an additional force to be locluded in the design of submerged
,

structures.
.

The purposes of this study are: (1) to determine the
unsteady nature of both acceleration and standard drag forces,

caused by' unsteady submerged air discharge or bubble oscil-
I

: lation in a suppression pool; and (2) to provide a method

for estimating the acceleration drag on various submerced
,,

' ~

structural elements.

. .

.

SUMMARY AND CONCLUSIONS

.

'

' Air discharge into a suppression pool from either a

postulated loss of coolant accident or a relief valve blow

| will. impose forces on submerged structures cue to unsteady
bulk' fluid motion. Fluid acceleration imposes acceleration

drag forces, and fluid velocity imposes both dynamic pressure

and skin friction drag forces which,when combined,are referred

to as either standard or steadv drac.
*

A submerged gas volume may be in the process of charging,

e.g., during drywell blowdown into the pool assoc'iated with

' a loss of coolant accident, or during re' lief velve expulsion

of initial pipe air, or a submerged gas bubble may be oscil-

} lating after it has been charged. For either charging or

oscillating, an idealized spherical gas bubble is employed to,
_

. produce a radially symmetric flow field. For a submerged

. . ..
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Istructure at some radius from the bubble center, the flow -

field in a neighborhood about the structure is appdoximated

by uniform flow, whose velocity and acceleration correspond

to the' generating bdbble motion. Total drag'on a submerged

structure _.s. hould...be. . es. .t..i.. mated as the sum of s tand ard and
'

._ _ _ _ _

acceleration drag components, Fsr3p and F The.
.

3ce m

standard drag force is obtained in the usual way from
1
*coa 3 (Eg. a).F mg =

M c.

where 3 is surrounding fluid density, C e is a combined-

.

pressure and skin friction drag coefficient obtained from
.

standard tables or graphs for the particular geometry, A is

the structurearea' projected on a plane normal. to the flow

field directicn, and U p is the equivalent uniform flow

velocity, determined from ,

R (j x y..

U SS 7) ,

. -
, .

R = bubble wali velocity

R = bubble radius
~

D = distance from bubble center
,

to structure*
-

For.a charcine bubble at pressure Po and undisturbed pool

pressure Pg , :

1

: 1

P1 1 h ( P. '-- Ps ). ( E r3 2 3 )
~

3 y cenew: .
|. .

R6 R o +- Rt *( Eg . 2 0
'

.-
-

. - - _ . -- _. - _ . - -._ - - -- __ - -.
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For an oscillatine bubble, R and R are obtained from'

'

an independent solution to the Raleigh ecuation,

2. q..

R +kR p (Pg- 9, ) (,Eg.9)=-
,

-
. ...

where Pg is the bubble pressure corresponding to isentropic

expansion and compression.

The acceleration drag, which is the main outcome of this

study, is estimated from equations given in Table i for
i

several common structures. The acceleration of an equivalent
e .

uniform flow field, (49 , is expressed in terms of bubble

radius R , wall velocity k , and wall acceleration Y ,

and distance P as

" ( 5 0 + .L R E ( eg.,)-
u , _. r, r_

.

es .. ..

For a charcino bubble, R%O. Otherwise, R R. and, ,

. R are obenined from qs. (9), (23), ane (29). The maximum
3

acceleration drag corresponds to maximum pressure gradient in

the unsteady flow field. For an oscillatin, bubble, maximum

- L pc W"# ' acceleration' drag occurs when the bubble wall is at either
'

s maximum or minimum radius, for which p is determined
,

,

< # s .from
.

. t g g g (, p,- p,) } (e g, s q' l-c
4p (J gd -- *~ P $ g %,, (P%,y - Po) i , 5( " '''-

.. ]? ,.. +,

, . , .
in which the product in braces is chosen'which has the largest! '

absolute vai. e. For a charcine bubble,"

,

.

l_,.*.-___- * '-
-
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I TABLE 1 ACCELERATION DRAG FORCE FOR SUBMERGED STRUCTURES ' '
-

STRUCTURE GEONETRY PORMULA EQUATION IN TEXT,
1
.i

@' F = {($UR )k 05 4 N*

.s e s 4 E x
l). - *

.

FL W *
(A p F: 2. ( v R,1d T up N3)Sc

~j' EP
K(

,

.

PIPC
_

i n~. s = 1 (w ct.) 1 S., g ,3. up -Nj 4 %
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|r2- 3 T

where bubble radius R f.sestimatedfromEq. (29). In the

last two equations, subscripts MI!! and MAX refer to minimum

and maximum values of either bubble radius or pressure during

1

oscillation, 9, is p,ressure in a charging bubble, P ,. i s'

'

undisturbed pool pressure, and t is time.

Calculated acceleration drag forces based on equivalent

uniform flow fields are expected to be valid for the following

constraints, imposed on bubble radius, structure characteristic
dimension, and distance from the bubble center to the structure:

N:k i S )N IkA)k: ( E g ,87)f dI J 41 3 P

.-

Purg A R. ( .3:, (eq ,gg.

R ., R- e 1 .L ( rf,, sy) J
*'

59H6 c 2 c, ys c.,y. s

.D f. ft (,O(,.SC)AM"LC I-% DMPt9F .
33

r' .

where d is 1.0 for an oscillating bubble, and 4/3 for a

charging bubble.

Example calculations were made for both a charging bubble.

and an oscillating bubble. It was found that fog charging,

acceleration and standard drag _ forces both increase as the

bubble crows'. This implies that maximum bubble radius should

be employed in calculating design values.of drag. toreover, for' '

an oscillating bubble it was found that the maximum drag force;

was equal to the maximum acceleration drag which occurred at
'

,
.

bubble minimum radius and maximum pressure.-

-

.

9

'9

e

b

e

j .
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THE FLOW FIELD
.

. .

The environment of submerged structures normally is a

stagnant pressure suppression pool in which liquid velocity

and pressure gradients are negligible. One form of disturbance

occurs whenever a relief valve blow compresses air in the

relief line and discharges it into the suppression pool where

it then resembles a sphere undergoing periodic expansion and

contraction until buoyancy forces it to the pool surface.
i

Another form of disturbance would be caused by a postulated

loss of coolant accident (LOCA) in which drywell air is
.

compressed and discharged through downcomers or vent ports

into the suppression pool where it expands and causes pool
.

swell, finally breaking through the rising pool surface.

Either relief valve blow or a LCCA results in approx-

imately spherical air volume's in the pool, which produce

motion of the surrounding liquid. The associated velocity,

acceleration, and pressure fields must be determined in order

to predict loads on nearby submerged structures.
'

The bulk flow field (negligible. acoustic effects) produc'ed
~

in liquid by motion of a submerged boundary, such as an

expanding or contracting gas bubble, is governed by mass and
~

momentum laws, written as j

|2

W AS S 9V = cp (O
.

'

, ,

|

A '' ' g: -

"o k + Y ' Y g .)Y Y b *O (*I
g '

M c H ENNH -

$
!

*. .

i
<

,1
. .

;

*
-__ _ . _ _ -_L- .. .___- ,_ - - -
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boundary la ers5y. I wakes or regions of bo dary layer separ-

ation ef f ects in . the neighbochoed.W-submerged structures are
'

s

relatively small compared to the pool size. Therefore, the [,
Ibulk flow field may be determined by, potential flow methods, , .c

,Y
and associated loads on structures will correspond to bulk /

CO
flow or free stream properties. Specifically, bulk flow E

solutions for various submerged geometries will provide both ,

!
stream velocities to obtain viscous forces, and stream pressure

.g.

gradients to determine acceleration forces. {

The advantage of potential flow methods is that properties
of flow fields for a number of common geometries submerged

in liquid are readily obtained. However, some of the desirable

potential flow patterns are based on structures submerged in

uniform flow fields. In order to use these flow patterns for

submerged bubble loads, first it is necessary to determine
if the flow field produced by a spherical gas bubble can be

treated as a uniform flow in the neighborhood of certain
.

'
- *

submerged structures. p,

A solution to Eq. (1) for the symmetric velocity field

produced by a spherical gas bubble of radius R with wall
,

velocity k(t) is given by
IV g ( t +.3 *

'

. ,

where f is the radial distance from the sphere center to

some point in the liquid. The velor.ity field of.Eq. (3)
.

differs noticeably from that' of a uniform flow, which is

Vus (t): U. A (t) (q
'

,

,

-
.

.

.

..
,

*

.- = -=* ' *M4Trf;memusvur r 1gus3nt.as r* +- .n e my.,* , ,- * f .;.g. , ,a; _ := g.. , . ,

' *
, , , . - . _ _ - , _ . _ . _ . , . . . - , _ - - . _ _ _ . . . _ _ _ . , . . - _ - , , . - - - - . , - - - . . _ . _ . _ - . _ .--__.,_.o--.,..-_-
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However, the change in velocity between radii T and P&

caused by a gas bubble is obtained from Eq. (3) in the form,
s %

- 1 R I*) AP (g)A NJ g, (r, t.T ^~
,

CS

If a length R is chosen so that E - c' , i.t follows
r3 ,

that the change in velocity also is small, or 4 V g(r t b o .Ii
l

Therefore, the flow field around a submerged structure whose!

dimension At is small relative to the cube of its distance.

from the bubble center 'is approximately one of uniform flow,

whose local velocity is

M alt) t V g (r t) s kl.tl (6)d

with local acceleration given by
. 1.

d j (t) s 3(Ytj=. (.6) ( + R(tlR N %'
i

Gas bubble motion is required before flow field properties

can be determined from Eqs. (3), (6)., or (7). Employing

Eq.'(3[forfluidvelocity,Iq. (2) becomes '

,

+ Y ~U [D'

. .

'

Eq. (8) later will be useful in determining the maximum .

,

99 and hence, the maximum acceleration -pressure gradient yp ,

en.,

load. In order to obtain R(.Q R. (4::) , and 8(t)for
,

,

a submerged bubble, we may employ the condith.cn.s that bubble

pressure 9g is exerted on the fluid at radius R and,

.
.

.,

.

.

e

.

. , - , . _ - - . .

, , - - , _ - . . - . _ . - . - . _ . , . - - _ ,, , _ , . , , _ . - - . _ . , _ . - - - - - , , . . . . , - - , , . - , _ , .- - , . - , , , , - - -- .
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for these conditi s, we obtain the classi<. . Ral.eigh bubble )

equation, !
.. sx

a. s +1a,=.gS.(e..%) 61
s

. ..

A solution to Eq. (9) will provide R.Chl , R.lti ,and R (. t l f o r

use in Eqs. (3), (6), or (7) to specify properties of the

flow field.
..

*
, .

STEADY DRAG FORCE

Whenanobjectissubmergedinafluidwbosebulksteady
flow velocit is Id p the steady drag force is calculated by,

' ~

an equation of the form,
*

Lb (103Fsrw = CgA *
-

156'

where f is fluid density, A is the projected area of the

object on a plane normal to the direction of flow, and C. o

is a drag coefficient. An appropriate'velccity for use in
,

Eq. (10) would be determined from Eq. (6L.for a flow field
~

.4 , a c _. -
Fgenerated by a spherical bubble..

Sometimes it is necessary to predici: steady pressure 'and
'

skin friction drag forces separately, utilizing tables or

graphs for Cp found in most basic fluid mechanics textbooks,
'

(e.g., Binder, 1956, or Olsen, 1973). However, the nature

of such drag forces during unsteady flow must be examined *

'

to determine if the steady drag forces are adequate for

design censiderations.
-

.

I

'
-

.

/:
- *

1 -

._ _ _ . . .. _ - - _ _ _ _-
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Pressure drag on. a submerged object is based on t:he sum o
. - . . - - . . _ _ , _ _ M - ~ _. .

all 'Iricrementai' pressuEe ' forces ,aroi[nU'''i't5NuY[ac~df' thEA
..

"~

well known that in classical inviscid flow theory, no boundary

layer separation or downstream wakes occur during. flow past

a submerged object, and the net ideal pressure drag is 7.ero.

However,' boundary layer separation and resulting turbulent

wakes behind a submerged object occur in most real flows --

\
and provide the mechanism for oressure drag. .

*'
,

. hen fluid is accelerated from rest past an object, orW

when an object is accelerated into stationary fluid, it has I't
A_ _ . . . -

been determined that the early flow resembles that of inviscid s

I

'luid without separation (Schlichting,M G ). Therefore,f
,

during the flow accelerations associated with unsteady flows, '

_ ressure drag forces will be less than the final steady state .-|
tp

h It follows that steady flow predictiens will provide .$
lan upper limit for pressure drag forces. -

1-
. .

.

.

TIME-DIPr?!OI?T 3XI?: FRICTIo?! DR AG
. .

.

.

Drag due to skin friction is the result of viscous-

.

shear stress en the surface of an object. Shea.e stress is
, ,

obtained fr:m the defining equation, -

hl)
* [ puq '

'

-

where /4 is the dynamic viscosity, 4 is the bulk fluid
_

~ velocity compenent parallel to the surf ace de.termined from
.

.

.

. .

,

-
.

,

.

|
. . ,-

|

r - e ... .c w --- = :musc:r=nme=:= J. : c.=r:.m. & . ... .
I

.
_. _ . _ _ - -__ - __ ___ _ -. . - - - -
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c. q . suj cr a.:.wcc.e ricws, A..d } - . :s distance nurmai
.

to the surface. Behavior of the skin friction drag during

accelerating flow across'a surface can be determined from
''

the simplified an' lys$5''GYE?iSecf Tn'FIV.'"i. ''W5 irillial" "'"' ' "'

a

) e.(3M3

: P 4 . Pti

. _. __ ?__ __ b PW Ps
-

. . _. -- - _

| P L F1 G , Di p ensi o u 'D" I NO PA si
11 I

ha--- L h

Figure 1 Unsteady Skin Friction Drag Determination

'

fluid velocity (4 (3.o) is taken as zero. Pressures P and
'

i

Es suddenly are applied at each end of the plate whose

length is L and whose depth into the page is D Since.

there are no vertical forces, parallel left-to-right fluid

motion will occur. Resulting wall shear t is obtained

from Eq. (11) with D evaluated at 3so When motion.

41.

begins, liquid in conthet with tihe plate will be at zero

velocity and far from the plate, the shear will be zero.

Momentum conservation for a horizontal fluid strip of vertical

k and area DL parallel to the plate leads tothichkess
.

'

a differential equatian which governs the flow behavior.

The full problem is specified as

%(,P,-P1(
"

g * htufu .

(tp
*

pE '

g yz g g.

( c. (A (.% c T * o (131
'

! .u t o M = 0 (19s c. ..

a t: ) c ' ^ s t) = 0 (IS)Qle .
g..

i ..

,- _ - _ - - - _ _ _ . . . , - . . . _ - ~ _ . _ _ . . , , - . _ . _ _ .
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the velocity (A ( O is given oy ,

i 9- [(f- M . -f JJ' (t c.

,

t

M
.w..- . .. . u.... g. . ... . .,4 L ."' L . m ..t t e

. . ...Jg.
.

,j
. . g. ... . . . . , , ,

77. 'DT

Applying rules for differentiating integrals, it follows that

shear stress at the plate is

lo t) = 2. P- ) 0
(i.7b s T [0st) = /a s

.

and the total skin friction drag on one side is

2(9.-h)D'iot (I tp = T m O t. =
W

Eq. (18) shows that skin friction drag starts at zero and
s. /;i I .'W'

;

increases during flow acceleration. When steady flow is
. , m.3 , , < . ,

,

.

reached in any fluid of finite extent. the skin friction _ 6..

It follows that Ci^4'.]:o
w

drag will have reached its maximum value. '

steady flow predictions will provide maximum values of skin
~

friction drag forces on submerged objects.

MAXIMUM PRES 5U"tE GRADIE!!T A?:D ACCELERATEC?! DRAG.

'
.

.

*

Pressure and skin friction drag forces depend on local

velocity, which is seen to be proportional to bubble wall
. .

velocity R in Eq. (6). When R, = 0 , these drag forces are
i .-

.

zero. However, Eq. (8) shows that even if R=0 a pressure,

gradient dan occur if bubble wall acceleration R. 8 O .

Resulting acceinration dkag forces on submerged structures

| will be considered next. Substituting R from Eq. (9) into
i -

Eq. (8), the pressure gradie:.t is given by
.

.

9

8 e

a

em

M

- - - - - - _ - - _ . . , , - , _ _ . _ . , _ . . . , _ . . _ - - - - __--- - , _ _ _ _ - - . . _ _ _ . _ , , _ - , _ . - - _ , _ _ . ,
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During air charging, a submerged bubble will expand. '! hen air.

'

charging stops, the bubble will undergo oscillatory motien.

It is necessary to consider the pressure gradient behavior

during both charging and oscillatory motions to determine'

maximum acceleration loads. First, the bubble motion will

be examined. ,

Eq. (9) describes bubble motion for a given bubble pres-

sure Fg In order to determine b'ubble motion, another.'

.

relationship for bubble pressure is required, which is obtained'

from mass and energy conservation. Figure 2 shows a bubble

.

1 9 8.cnlJ b % c s:P.w si m Weck CW

k a t
IE

l

W"
EB

'

Figure 2 Subble Mass and Energy Conservatien'
,

'

.

.

being charged by mass flow rate N and incoming stagnation

enthalpy k . Energy leaves the bubble by' expansion work

on the surroundings, and heat transfer effe. cts are neglected..

** *

It follows that -

''

Jg - -

.
.

H A.% M4 -
1

* ;dt *

.

:. .

CAJk,m. lea | * 0 *:* O*

dt ' de~

.

. .
.

*
.

6

0 *
6

. . .
- m... . , . . , _ . , - , . . , ,..

_ _ _ - . . _ _ . . . - _ _ _ . . _ _ . . . . _ - _ . _ . _ __ _ . , . . . . . _ _ - _ . _ - . - - _ - - . _ . _ . _ - _ , . - _ . _ _ _. - . . _
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Employing the state equations

% _1 ?* E *. 4-T h e. Yg
i-s y, < .. - m .:., e .... .. .

.

and expressing the volume of a spherical bubble as

Y A TR3 .

we obtain the equation
e

P4Pa " h. A -- n R (2el- -

a .e a v.s s.

which relates bubble pressure rate with wall velocity and.

, .

; charging properties. In order to find the maximum pressure
i

gradienE, Eq. (19) is differentiated with respect to time to

obtain its date of change at arbitrary distance 't Since#
.

is negative in most regions of interest when Pg - Ps > c ,

| if it can be shown that -- >O, we may conclude that the

neoative pressure gradient'is becoming less no .:tive, and
acceleration loads are decreasine. Therefore, information

i

j on the rate of change of pressure gradient will be useful
l '

; in determining conditions for maximum acceleration loads.
.

When Eq. (19) is differenciat-d *. tith respect to time, and
.Eqs. (9) and (20) are er. ployed to eliminate k and hg ,

'

we obtain -
.

k(3Y-1+4 ) b ( .~r} P3=

#( t + 2 ( K) -w y E p,. y, 'A Oo
-

i

,

. .

.

- -
. .

, ,

Sever,al observations can be made immediately from Eqs. (19)

and (21) ! -

,

. .

-
e

.

{ . .

!

: . .
. .
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Ma,. bum pressure gradient fc.. an oscillatingobservation 1

bubble occurs simultaneously with zero bubble wall velocity. |

- m . u +r:.h . u w >s.: -...' . i m .- +. . ~ . .- r ..9 .. . ..-,.-.w.,....
.

. . . . ... ...

For the case m =O after bubble charging is complete and during

oscillating motion, the pressure graditnt at any.T' reaches ),
,

either a maximum or. minimum when kmO which occurs simul-,

8,taneously'with either maximum or minimum bubble radius, or
!ul _g z(e,_p.) cm.-

>er wu r
-

.

Rpio(f u-b)The value of R(Pa-9.,o) employed should be either 6P

or - Rpw(P6mv -Ed } , whichever has the largest absolute value.

Observation 2 The pressure gradient becomes less steep after
. .

.

charging stops. At the instant charging stops, that is, when

k suddenly becomes zero, we have k '> o for which'the

pressure gradient will become less negative (f j >0 ) ,

and acceleration loads will decrease, as long as Fa - 0, > c .

This conclusion is reached by first writing Eq. (21) as

y * a . ( 5 42 ') = 6 i Pa (.3Y-4 + D Pd.2
e e ar T t 3

.

+ q ( Q* 'y' i. (h-L) + (ta(M)R
The pressure :radient N is nagative for b <h} ar.d,

ur r

noting that all terms on the right are greater than zero for

'r = 1.4, k >o , and 9g- P,o > 0 , the conclusion.is valid.
Observatien 3 During bubble charging, the pressure gradient

i:
*

|
may increase or decrease wi.th time. During 53ubble charging,

DPit is difficult to tell from Eq. (21) whe th ef- becomesg
more or less steep with time. In'itia'lly if the bubble mass

chargi'ng rate and volume expansion rate are related by

|
- -

z..

% m 3.% =
.

[ -

*

. .

.

h-

_ _ _ __ . _ . _ _ _ _ _ _ _ . _ . . . . _ -. ._ ._.
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.

and Pg r. Po th' ' pressure gradient becem, ,

Jg e, t- t, ,,
. . . .

Unfortunately, the right hand side can be either positive or

negative, depending on the magnitudes of Po and k.
Since the pressure gra'dient can be increasing or decreasing

during charging as shown frem observation 3, we vill attempt

to find an upper limit value of U from Eq. (19) for the
4 t-

9g -9,, > c . Note that if k 1. is a .naximum value, the two
-

|ecase
..s t .

E4.(1pterms *i (Fg-Q and -3. will add whenever For !.
r i5 1

submerged structures inside this region, the two terms will

subtract, yielding lower accelerati,on loads. Therefore, a
.

case in which these two terms are ' largest wi'll correspond to

99 In order to determine the maximum kthe maximum , wegp .

rewrite Eq. (9) as

a. 6 = S (e -a)- 1 Ds
dt T

. e

from which it is noted that the maximum R at any Ps corres-
.

ponds to .

- Rg 2 q

i y, N S'M (*2.3 )
:

.

The maximum value of ,9g generally occurs just as bubble

. charging begins, and subsequently decreases if drywell pressure

decreases when venting begins, and since expansion of the
'

initially forming spherical bubble reduces bubble pressure.

Then, substituting .for the air charging rate

N h 68 (,sq
.

'

Eq. (20) becomes for Pg 9,., g % :: cey w , .

.

.
.

.

.

.e *

I

-- - ,_ . , . . . . _ - , . . - . - - , . . . , - . , , -



'
- 'kg:| -ha-

O ( TS Po - 9 a HS< ) k.
'

.m,

d9B =
'

(19).

R. ToAg

haThe maximum value of Pg would correspond to o for, i

or !

which we conclude from Eq. (25) that

Ta.S To ? ( 2. f. )
and f,g H s< : Es

'

where 9a and To are air properties either in the drywell

or in the relief line discharge plane during charging. If

k frem Eq. (23) is used in Eq. (19), it follows that the

upper limit halue of E.? dur5.ng charging,is
DY

$ k eux, i - $ f1 (.P.- 94 M1
c p *A Ntr

whereas if the bubble wall velocity term of Eq. (19) is

neglected, we have
W 3r' (,9 ~ 9 a ) (i t\-

'

at

It follows that including the velocity term in Eq. (19) during

charging increases the pressure gradient by only 30 percent.
,

Therefore, it is conservative to obtain the acceleration drag

for the pressure gradient of Eq. (27) during bubble charging.

If Eq. (23) is, integrated from a bubble radius Ra 'at t. o ,

we obtain the maximum possible radius at any time t'as

j i y- CP -f/ t (w'

R ::. 1it o + ..
.

Now we are'in a position to express the uniform flow

field acceleration associated with the maximum pressure

gradient. iubstituting k from Eq. (9) into Eq. (7), we obtain
~

do(d= RM [ b (ps- P/) d h.''T (3 3
'

r' 1 T 3
.

. . . .

9

-ff

- - - _ _ - _ _ _ -.
. .

. ._ . _ .
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i

Y N8rkbk.'c NN.55?I56111ating.:.bubb1e,itwas..shewnthat
i

.

R so at the maximum pressure gradient of Eq. (22) so that

- maximum acceleration drag will correspond to either of the

relationships, - .
q R w. w Psm-bT i

,

,

"" 44 h* R yu(9ssw- & )
depending on which product in braces has the largest absolute

value. For the case of a charging bubble, the maximum pressure
,

gradient of Eq. (27) already contains the maximum effect of

bubbib wall velocity so that Eq. (30) can be written as

kp O*-b) I h (?a' EM U A G'% (,II*
%

EqS,(31) and (32) give uniform flow accelerations which will

result in the maximum acceleration drag.

We will consider potential flow fields for several

submerged structures. The velocity potential h defined by

U3
~

.

'

is obtained for given geometries from a solution to Eq. (1).

Eq. (2) is integrated to give Bernoulli's equation,

N (34)5(P-9d = 3%
.-

19c3 .

The procedure for obtaining maximum acceleration loads is to
~c

obtain h corresponding to the maximum pressure gradient .

for a given structure, use of Eq. (21) to express pressure

on the. structure surface, and integration over the structure

surface' area. For uniform flew past a structure, it is well
\

-

.

e

). .

. .

o

4

1

|
- _ _ _ -
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,,

IVestablished that the term in Eq. (34) contributes nothing--

ISL
, .. to the force in a potential flow, unless circulation is present,

as it would be for an airfoil shape. However, most structures

to be considered in a suppression pool are not shaped like
1an airfoil, and therefore, V can be dropped from Eq. (91)-

- $1c
when integrating acceleration pressure on'the structure

surface area.
.

The potential function for uniform flow parallel to the

x axis past a structure is usually expressed in the functional

form,

'4 . [ ( M,o(t), 4 Q = $ ( U4 M 3 Y S) hO
34It follows "that ;t can be obtained as

O & O) ('36 ),.--

64: 3cg(q

for use in Eq. (34) to determine pressure anywhere in the

flow field, and in particular, on the structural surfaces.

The acceleration drag will be obtained next for several

geometries which suggest common submerged structural shapes.

ACCELERATICM DRAG, 5?HER E IN U? I.eORM .eLC*.'l.

.

Pig. 3 shows a sphere of radius l's in a uniform flow
,

of velocity Mg(id . The associated velo ity potential

function (Streeter,1943 ) is *

,

4 = id@(t) MO hl)--

w -
,

.

O

e

e *

-

-- w.. . - - . - - .-#-- - - - --,---,s.- , - - w- , - - - - ,-.
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Figure 3 Sphere in Uniform Flow
,

.
-

< 1

'

q1.
It follows from Eqs. (34) and (37) with the term dropped

,

that pressure on the sphere at conditions of maximum pressure
,

.

gradient is given by |
* 1'_ LA gN w Rs ces s (s tih (p_pA Ly= Rs : -g

The incremental surface area indicated in Fig. 3 is

jar 2.tr 8,5 sb B d e%

Integrating to obtain the maximum acceleration drag force in
.

the direction of the Jlow, *te obtain.

- E = 1(S t Rs $ hp(k) h9
1 3 3 r.

.

where M p(h) is determined from Ecuations (31) or (32).
..

ACCbLERATION ORAG, PIPE IM UNIFORM FLOW
.

.
-

I

Fig. 4 shows a pipe of radius Rp whose a: itis is normal
A M. |

Y%(M JA de-

f.

4 .i .
.

l
; --

1 > X
=

.

..i'

| Figure 4 Pipe in Uniform Flow
,

\ |
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, e |
\ 1-
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The classicalto a unifo rm flow ,,, and _wh,o_s e. _1epf.h is.. .L . .
'

.
.

,, - -- - < ..y. -~n-e= :=- p; . , _ , ,

velocity potential fur.ction for'this geometry is given by

) k401( = M p (4:) t CCS O \b ,e

1V
term droppedIt follows from Eqs. (34) and (40) with the -~

2% ,

that pressure on the pipe at conditions of maximum pressure

gradient is given by
e

b (p- pg) i Y= Ep .~2.Up(t)R, m G (4 i)=

T

The incremental surface area shown in Fig. 4 is .

cl A = R,L d 6 (a n

Integrating the pressure force to obtain the maximum accel-

eration drag force in the x direction, we obtain
.

F = '2. @ t e Li 1 k g G l (w 53
Sc

b:,sNisdeterminedfromEqs. (31) or (32).where the term

*
.

ACCELERATION ORAG. PLATE I.' UMIFORM F LO*d

.

Fig. 5 shows a thin plate of width H and length L into

t" 4%
w i ,,a

uste. -

r-s1
=<; g q

B v,

l
~

'

Figure 5 Thin Piate in Unifocm F:.ow'
*

,

. . ,

.

e
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the page, facing in the direction of a uniform flow. The

velocity potential function for the geometry of rig. 5 is

given in the form (Vallentine,19T'f ),
*

M
A *I MY _ Q[(tk X'- % w' (44)41 M l-

41 -

At XC 3Y-0 we have,

t ut o J w2-pt4=
and Eq. (34) provides the pressure on the plate as

b (P-94) = I P M j W''- % (473V

T

where the double sign refers to left and right sides respec-

tively. Using an area element

cl A _ L cl u b
3

the net acceleration force obtained by integrating on both

sides is

F= (7 N L) cP (4D*

. .
where again Lt pMI is determined from Eqs. (31) or (32).

ESTIMATED ACCELERATIC?! DRAG FOR OTHER STRUCTURES
.

.

Analytical solutions have been employed for a sphere,

pipe,,and flat plate in a uniform flow field. However, -

angles with L-shaped cross sections and I-beams are common

submerged structural members for wnich analytical solutions

are not readily available if ct all. Therefore, it is
-

.. .,

9 e

8 e

.-j

_
_ _7-__ .m, owegee wa==wm es== s ==== = n- = we = me -= . - - - *-
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,

desirable to estimate the acceleration drag on angles

,and I-beams.
If one side of an angle is oriented in the direction of

a uniform flow, we have the situat' ion shown in Fig. 6(a).
.

49 4.' 6'

4j (t} }' N-

i IA i or e

E i W \
_ _ d \

3 y s
y -

.

| (S\ (b)

Figure 6 Angle in Uniform Flow
.

Since the associated flow pattern corresponds to the top half

of the symmetric flow pattern of a flat plate shown in Fig. 5,
the acceleration drag force can be expressed as

F: 1 (Trw'L) 1 0 4 (M (4 t)
7- %

However, if the angle is oriented some other say as suggested

in fig. 6(b), the effect en acceleration drag is not obvious.
1-

The geometry =ight be treated as another flat plate of width j

D equal to the maximum dimension normal to the flow field,

which for equally wide sides would result in a maximum drag
|

obtained from Eq. (47) as

* bilp= ( W D L) h p W) :

. .

which is the same as Eq. (48). Another bcunding calculation, ,

corresponds to the accelerat:an drag on a circumscribed
. .

.

b
o

.
.
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.

equivalent pipe sr.own dotted in Fig. 6(b), ror which Eq. (43)

5' =. ' 4 ( W R [ L) 1 N,s =(TTw'Li1 [ hb
96 9L

Comparing Eqs. (48), (49), and (50), it is clear that Eq. (50)

gives the highest acceleration drag, and is preferred for
.

conservative estimates.

An I-beam also may have various orientations in a uniform

flow field. Since the circumscribed pipe gave highest accel-

eration drag for an' angle, the same method is used to estimate

acceleration drag.for a submerged I-beam, where Rg in Eq. (43)

is .the circumscribed radiusy R: .
,

VALID ?.A? GE OT ??.ESE!!T .:.!!ALY315

Eqs. (39), (43), and (47) give acceleration drag forces

proportional to the free stream acceleration, ((p(6).
Eqs. (32) or (31) give UL,4 in the form

3

!

$1 R(.9g- b) }bp s
j

r' 3
where d is 1.0 for bubble oscillation or 4/3 for bubble

charging. However, there may be a limit on how small I can
,

!
'

i be for.a valid prediction of acceleration drag. This limit-
4

ation will be considered next.
-

.

Pressure exerted on a sub=erged object by oscillating

bubbles will not exceed that of the bubbles at extremes in .

osciliationwhenk=HO This can be proved by operating on.

Eq. (34) with V' when V=c , which leads to
,

.
-

o

, -- - - - - _ - - - - ,, , . , . _ , , , - , _ ,-
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Since Eqs. (1) and (33) show that ch satisfies v t =0i
,

it follows from Eq. (52) that

nip = a wA v '= o (s~n
Eq. (53) has the same form as the steady heat conduction

1equation, 77=c , for which it is well established that

no temperature in a closed region or on a non-flow (insulated)

part of the boundary can exceed the highest temperature which

occurs elsewhere on the boundary. Extending this character-

istic to Eq. (53), it follows that pressure on'any non-flow

boundary cannot exceed pressure occurring in the bubble. It

is expected that the same conclusion is valid,even when the
'

flow field velocity is not zero, since the bubble is free to

distort or to move away from a submerged boundary.

Based.on the limitation that pressure on a submerged

object may not exceed that of the bubble, we will substitute

Eq. (51) into the surface pressure equations for a sphere,

pipe, and plate, and require that the stagnation point pressure

be less than or equal to bubble pressure. This procedure will
,

establish limits on P -

'

-
. .

For a sphere in a uniform flow, we have.from Eqs. (38,)

and (5'1) at the stagnation point O'= TT ,
,

NH)Rs R- ( 1 j_ spene -.-

rt 3 6
For a pipe in a uniform flow, we have from Eqs. (41)'and (51)

- at the stagnation point G =TT ,

DS'

$5)i pt97 -

i 1d
,

t,

*
.

.

. 3*-

'
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For a plate in uniform flow, we have from Eqs. (45) and (51)

at the stagnation point $so,

,

S s 1. pan- (se |
Y *** & '

,

Eqs. (54), (55), and (56F give the ran'ge of validity for P
,

in terms of bubble size and a characteristic dimension of t: |
*

I

submerged structure so that no pressure on the surface of a

structure exceeds bubble pressure. In each case, both bubble

j radius R and the characteristic size of the sub=erged object

must be less than P leading to the further constraint,,

E.- 4 \
Y (r73

b 41 b 41 b 4 1; I YP P
$

ESTIMA'rs OF TOTAL DRAG O!! SU3 MERGED STRUCTURES
.

.

Total fluid force on a submerged structure is approx-

imated as the sum of both' acceleration and standard drag,
,

' F Torn 2 F Wuct +F wAw (Sq

where F and Fw3, are based on instantaneous flow pro-3m
:

perties. 'de may use Eq (10) for the standard drag force.,

associated with a uniform flow velocity lIg> once the steady
,

flow pressure and skin friction drag coefficients are obtained
[ ~

| for the'particular submerged structure. Although the express-
|

"

ions for acceleration drag are for the maximum value, the
.

uniform flow acceleration [Ap (.t:) will be considered the i
,

instantaneous value for acceleration drag forces other than* -

'

.

.

W
*9 0*,

-. . . . _ _ _
__ .

,
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. maximum. For all che submerged structures monsidered, the

acceleration drag is written in the form

Y h $(M (WF geegg -

46
. where from Eqs. (39), (43), (47), and (50) the constant 44

takes on values,

k($ TrRs ) M Auc.tr = 2- h EA ')SN spetts 2

2. (We Q M I-BrAM = 2-(II RLb }% pspe :.

\

%euw=k(.W ')
'

j

d (M , Eq.'(58) givesUsing Eqs. (6) and (7) for L(g (.t) and A

* *

the total drag as

pTorM. 1 ( % 'E f + 1. RF +(4:)f(,E[ (60
g i p p L 1 T

L

For a charging bubble, Eqs. (61) and (23) give

(h (1 + f2% E
' "Fwr3u = r

-

and for an oscillating bubble, Eqs. (9) an'd (61) give

(?s'?hY $ (h* Tk t- * + .oscs anou,1

1
.

EXAP.PLE : COMPUTATION, SUEMERGID PIPE
.

Eqs. (23), (60), (62), and (63) and the projected area
,

~

. A-14L give the e tal drag f rce n a submerged pipe as

1.

'

l
*

.

-
.

*
-:

,
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Rp P S 31Tt i([DTA
S. TT R9R + 9(Ef .

:: l

(Pa-b)ALewamuo. 3 ys 3 r ?

r4 1 )

U ilL.

1
*

Y.

and~
'

|1 '
'4

R ; R. 4 L '
brt-L =T ( -0to

+p,, g ( 3- 1Pa A l ouo.un at,
T 'T "

*
-

-

1RJ. L 1
O

L y t
Computations were done'for a submerged pipe with

,

"p: 1.0 ft' s
I

a distance P= 10 ft from the bubble center, and a drag
I

coefficient C.0 0 1.0. Figs. 7 and 8'show resulting total
'

drag forces in terms.cf bubble radius. The oscillating case
was based on a computation for which ""

P4 18 . 3 a t R. = R ,, ,:

and the bubble radius at b corresponding to b 2 R s.

Both accelera-ion and standard drag components are seen
to increase as @ increases in ?ig. 7 for the charging
bubble exa=ple. This suggests that the drag force specified
for design should be that value at maxim.m bubble radius. I

In the oscillating bubble case of Fig. 4, maximum total drag
'

j
occurs at minimum bubble radius, and decreases with bubble,

'

expansion. * *

.
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