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1. INTRODUCTION

1.1 GENERAL APPROACll

An analytical method is presented here.n to compute bounding loads on underwater
structures due to water jets from a T-quencher type S/RV discharge device.

The general approach uses analytical and experimental results for steady-state

jets that are available in the open literature.

The quencher jet is comprised of a series of constituent jets characteristic

of the region in which they develop. Each of the component jets is analyzed

resulting in predictions of jet velocities and zones of influence. The penetra-

tion distance of the jet is determined from a scaled flow-visualization experi-

ment. A similar analysis is performed for the end-cap design of the quencher

containing orifices.

A simple steady-state drag equation is use .' predict the submerged-structure

leads from the calculated velocities.

Appendix A provides a modified analytical model that accounts for the non-

uniform hole spacing and is a recommended procedure for Mark 1 T-quencher
water-jet load predictions.

Actuation of a safety / relief valve discharges the water contained in the piping

through the many orifices in the quencher arms. The circular jets formed by

the flow from each arm entrain water in the pool to form a much larger,

radially-expanding rectangular jet which has the same total monentur as the

sum of the mementa of the individual circular j ets. Figure 1 describes in a

general way these various phenomena. Significant leads on structures sub-

merged in the pcol may be produced by the water jets, and for that reason an

analytical model is needed to estinate the dynamics of the jet. Such a

method is developed herein.

f } /' QO]1-1
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The method of approach taken in developing the analytical model for the various
phases of jet formation and decay shown in Figure 1 is summarized as follows:

a) The rate of velocity decay of individual circular " orifice jets"
that are formed at each hole and the jct liquid er.t rainment with

distance traveled are determined up to the location where the jets

begin to merge.

Since quencher hole spacing in the circumf erential direction is
smaller than in the axial direction, the orifice jets first merge

in the circumf erential direc tion forming rectangular " column j ets"

at each axial location.

b) After the orifice jets have merged, the velocity decay and the

liquid entrainment of the rectangular colunn jets formed by the
merged orifice jets are determined up to the location where the

column jets begin to merge in the axial direction.

c) After the column jets have merged, the velocity decay and the liquid

entrainment of each rectangular " quencher arm jet" are determined up

to the time when all the liquid has been exhausted through the holes.

d) After the flow of liquid through the quencher holes has stopped,

the velocity and the penetration distance of the quencher jet are

determined with the aid of scale-model test data.

Steady-state subme rged-j e t theory is used for , arts (a) tH ouch (c), for two
reasons: (1) there is little in the wu, of theoretical results or experi-

aental correlations for unsteady jets, and (2) a steady-state odel will

predict larger than actual velocities (i.e., the model 'cill be conservative)

because the energy that in fact would be expended in the unsteady formation
of the jet is conservatively included in the calculation of the velocity head
of the steady jet. Energy expended in he unsteady formation includes that

required to establish the flow field as well as that dissipated by the

starting vertices during the formation of the orifice jets. All predictions

71-2
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are based upon the maximum representative orifice velocity rather than some

average, which thus gives an additional source of conservatism.

For part (d), steady-state results for velocity decay would be overly conser-

vative. Fcr that reason, scale-model test data are used to develop relations

for the jet penetration distance and the rapidly-decaying velocity after the

orifice liquid flow has stopped. These tests indicated that the flow field in

the pool af ter the orifice flow stops is primarily the result of the momentum

obtained during the preceding quasi-steady flow period. Additional liquid is

still entrained by the jet, nonetheless, and this causes the iet velocity to

decay rapidly. The flow of air and steam through the quencher holes following

the water flow eventually forms large bubbles which then begin to develop a

new flow field in the pool. The velocity induced by the water jet is very

small by the time the flow induced by the bubbles becemes significant.

l.2 QUENCHER GE0!!ETRY

The quencher jet - 'el s based on a typical T-quencher neoretry (see Figure 2).

A large number of holes are arranged in columns perpendicular to the quencher

arm axis. The distance from the column of holes nearest the ramshead to the

coluna of holes farthest from the ramshead is in., total number of col-*

in., except for a spacing ofumns is _*_; spacing between columns is *

in. between columns 18 and 19 and a spacing ef in. between columns**

and number of holes per column varies from for the* * * columns nearest*
,

the ranshead to for the columns farthest from the ramshead; angular dis-**

tance between holes in a column is for all columns; and hole diameter is*

* inch. For simplic ty, a uniform hole pattern is used here in deriving

certain geometric relations in the analytical nodel: columns equally*

spaced at in., with each column containing , holes. This is an " average"* *

representatien of the l columns farthest from the ramsnead but overestimates

the number of holes in t he _*, columns nearest the ramshead. Quarter-scale

medel tests showed that air and steam flow almost irmediately out of these

columns; since the analvtical model assumes that eatcr flows out all*

orifices for the total time duration, the assumed uniform hole pattern is

conservative. The orifice water velocity and total ; eater flos time are based

1-3
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on the orifices near the center of the arm because, based on the test results,

these seen to best represent the characteristics of the discharred water.
There are also orifices in the cap at the end of the arm in some designs.

The jet formed by the flow out these orifices is treated in Section 6.

41 09/41-4
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Figure 1. Phases of Quencher Jet Formation and Decay
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General Electric
Company Proprietary

i

Figure 2. Typical T-Quencher Arm
(CE Ccepany Proprietary)
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/. DYNAMICS OF QUENCHER ARM JET

2.1 ORIFICE JETS

Until the water jets formed at each orifice begin to nerge, each jet can be

considered as steady, axisymmetric, and submerged in an infinitely extending

pool of stationary water. Available theories and experimental correlations

(references 1, 2, and 3, for example) show that the centerline velacity

V of such a jet decreases with the distance traveled from its origin. Of
c
the several forms given for this decrease, an expressien derived from a com-

bination of results from references 1 and 2 well represents the experimental

dats:

C(x) = 13.14 V /(4.39 + x/r ) for x/r > 8.75 (2.la)V
o o o-

V (x) =V for 0 < x/r < 8.75 (2.lb)
C o o-

V is the uniform velocity of the jet at the exit of the orifice, and can be
g

obtained from the nodel of Reference 4, r is the radius of the orifice, and
o

x is the downstream distance measured along the jet centerline. The region

x/r < 8.73 is the " potential core" which is the distance required for vis
a '

shear to nenetrate from the jet boundary to the centerline. In this reg

the cer.terline (maximum) velocity does not Gm although the average

velocity dves (Reference 3).

Equations '.1 are derived in the following way Reference 1 gives V 13.14=

V r /E where ~ is the dewnstream distance measured f rom the " virtual origin"

of the jet. Reference 2 gives V =V {1 - exp (-(0.03 x/r - 0.7) _1]} for
c o o

jet Mach numbers near zero cnd for equal jet and surrounding fluid densities;

the lengun of the potential core predicted by this expression is 9.7 r /0.;v =

a

S.75 r These two correlations are combined to give equation 2.1. (The.

o

exponentiai decay rate given in Reference 2 is derived in Reference 3, using

slightly different analytical assumptions than those nade in Refercace 1.

497 097
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Except in the vicinity of x = 8.75 r both the exoonential decay and
,

. o
'

equation 2.1 give equivalent numerical predictions for the velocity decrease.
Equasion 2.1 is a little easier to use in the model developed here.)

The velocity distribution across the jet cross-section is (Reference 1):

- 2-
3

Il r/r
~

V(r,x) =V (x) 1 + 57.49 (2.2)4.39 + x/rc
0

_
_

for y/r > 8.75
o

Equation 2.2 is used to compute the radial dimensions of the circular jet.
Since it predicts that the jet extends infinite 7y in the radial direction--
although with a negligibly small velocity when r/r is larce--it is customarya

size. The halfto specify a jet " half width" r17, as a neasure of the jet
width is defined to be the width at which the 7elocity is one-half the
centerline velocity. From equation 2.2, the half vidth for a circular jet
is:

r.,, = 0.0848 r (x/r + 4.39) for x/r > S.75 (2.3)
1/- o o o

Some other theories assume a Gaussian velocity profile: V(r,x) =V,*
'

3

exp[-(r/r7jy)'In2]. In either case, the chosen profile, in conjunction with

the f orm of the centerline velocity decrease, must be such as to conserve the
, ,

initial momentum or r' V" of the jet. A Gaussian profile is only slightly
o O

is chosen in accordance withdifferent than equation 2.2, and when r /2
equation 2.3, both profiles conserve et momentum to within the accuracy of
the constant 0.0848.

Equatien 2.3 is not valid for x/r < 8.75. The jet still expands in this

regien, but at a slower rate (Reference 5). For the nedel developed here, a

linear rate of increase with x is assumed, with the exact form deternited by

497 093'
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requiring that: r equ 1s equation 2.3 for x 8.75 r , and r /2 *4" 18=

/2 l

r for x = 0. Thus,
o

~# (1 + 0.013 x/r ) for 0 < x/r 1 8.75 (2.4)r /2 o g

amewl: ere snstream, the individual orifice jets in a single column willc

have expa.~ed to such an extent that they begin to interact. From this point

on, it is unrealistic to assume that each orifice jet is isolated frca the

rest. A reasonable uay to estimate when this interaction begins to be

important is to assume that the jets are no longer isolated when the radii

of adjacent jets for which V(r,xi = V /10 overlap. (It will be seen that

the results are not particularl- 3ensitive to this assumption.) For x/r >

8.75, equation 2.2 shows that V = V /10 when r = r /10 2.29 r For=

7j7

x/r < 8.75, a linear increase of r /10 * "*" *'" " ""'
g l

derive the assumed expression are: (1) r /10 " 1/2
~ o'* "*

l

=r for x = 0 (the velocitsand (2)
1 o - decreases from the maximum to zeror /10

over a very short radial distance at the orifice exit). The derived expres-

=r (1 + 0.177 x/r ) for x/r < 8.75. ' lith re f erence tosien is r /101 o o o
Figure 3, the distance X at which t orifice jets m.erge can thus be found

either frem-

o[1 + 0.177(X /r ] (L /2 + X sin 2,7')/cos 2.7 (2.3a)r =

n o 1 m

if X < 8.75 r or from,

n o

2.29 r [0.0848(X /r + 4.39)] = (L /2 + X sin 2.7')/ (2.5b)
o m o 1

cos 2.7'

if X 5.75 r . Since r = 0.1955 in. and L = 0.60 in., the solution to
n- o o 1

these equations is X = 0.507 in. = 4.1 r which agrees reasonabl:. wcil,

n o

alth the S'JRI scale-medel tests. (If V = 0.01 V is chosen to cc7 ute the
c

interaction location, the solution is X = 3.3 r - Thus, the result is not
g

s(nsitive to this assumptien.)

497 0??2-3
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The liquid entrained by the circular jet up to x = 4.1 r is small compared
to the initial liquid flow, and so is not presented here.

2.2 COLLTN JETS

The column jet f orned by the orifice jets merged in the circum erential
direction is analyzed here as an e::panding, subnerged, rectangular jet; see
Figure 4.

2.2.1 Isolated Column Region

The first part of the analysis deternines the downstream location where the
column jets beg 4 i to merge in the axial direction. For this purpose only,

it la aasumed that the diffusion of momentum in the axial directica and the
liquid entrainment between the jets is independent of the cecnetric divergence
of the column height, b', 'eith downs trean distanc e . Hence, available theories

for a rectangular jet of constant height can be used; these show that the
decrease of centerline velocity is (Reference 6):

+ 0.6)1/' for 9/d 5.8 (2.6)"2.53 V./(R/dV (R) >=

C 1 o o-

and the jet half eidth i1/,, ism

i1/, = 0.1038 d (R/d * 0.6) . ,r R/d > 5.8 (2.7)
- o o o

The velocity profile is

. ,
-

-(9/p /. ' In 2 . o ; 5.8 (2.8),,) for s/dV(?,R) = V,(R) exp
c

.

Here, R is the downstre , distance from the rectangular jet origin, where

R=0 corresn. ends to x = 4.10 r of the coordinate system whose oricin is
g

_ m

2.107 r is the initial width of the columnat the orifice exit, and d =

o o

jet, unich is assumed to be twice the half w2 'th of the orifice jets at
x = 4.10 r - The downstream dirtance at which a column jet can no longer be

o

.

) *

2-4
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assumed to be isolated is again taken as the point where the velocity
V = V /10 of adjacent jets overlap. V = V /10 occurs for 9 = 1.82 0

c c 1/,,

from equation 2.8, so the distance X , m asured from the orifice exits where
T

the column jets begin to interact is:

- -

[X - 4.10 r h
-I "1.82 0.1038 L,/2 (2.9)| + 0.6 (2.107 r ) =

2.107 r o

. \ ) .

.

For L, = in., X* 5.77 in. 29.5 r From this point on, the column= =
.

_ T o
jets are no longer isolated.

The geonetric divergence of the column jet height in the region 4.10
r <x<- 29.5 r must be taken into account in determining the true jeto- o

velocity; equation 2.6, recall, neglects the geometric divergence. There

are no exact results available for a diverging rectangular jet, but the

divergence effect can be computed approximately by balancing the jet monen-

tum, temporarily neglecting the transverse turbulent diffusion. The momen-
, ,

tun balance is cA.V7 = OAV~ or V = V e' A /A. The increase in jet height
i 1 i i

(i.e., crea) is proportional to x, so the velocity nust decrease in proportion
to 1/ /~i. Using this fact, and now including the transverse diffusion (but

neglecting any additional lateral dif f usion) gives:

. _ 1/2

o ( 54,10 L +2r + 4.10 r
1 o ISO (2.10)y ,y

CJ i - 10 L +2r +x (54n/180) -1 o

s

- ql/2
| 38.803 ,=V ,

i 34.703 + x/r ,

L J

for 4.10 r
o- - 5.8 d + 4.t0 r 16.23 r andx<< =

,

o o o

- ~ 1/2 1/2
x/r - 4.10,,

'"'
V = 2.53 V / 4 o6 ( ~' ~ 11 )CJ i 34.703 + x/r 2.107 "*

_ _

o-5~
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for 16.28 r < x<- 29.5 r . In equation 2.11, the last term represents the
o- o

centerline velocity decay due only to transverse diffusion.

The initial velocity V is obtained from a balance of momentum with the
g

orifice jets. This is slightly in error because it produces an artificial

drop in jet velocity at x = 4.10 r which is thc matching peint between the,
g

orifice and the column jet models; however, it gives the correct results not

too far downstream of x = 4.10 r Thus:.

o

? , ? 35-
(11) ( pr V') = cV~i 10 L, + 2r + 4.10 r

oo i o o 180 ' (,.10,, r).

o

or

0.670 V (2.12)V =

i o

Using the above equations, the liquid entrained by the jets can be estimated.

For example, in the region x > 16.28 r (the f u ll:. developed column jet), the
o

total liquid flow entrained per column is:

M = cV (2.107 r ) (10 L1+2r + 0.942 x)
- (2.13)

en CJ o o

,

11 (cV r")o o

where V is conputed from equation 2.11. Expressing the entrainment on a
y

per orifice basis gives:

" L \ '

* C' J - '1 *^r V ( ' ' 14 ) '
-

0.0610 10 -l ' ~

+ 2 + 0.9'2 -- oom =
,

r ren -

o o o'

At the poir.t where the columns merge, x= 29.5 r the entrained flew is,

0,

0. 367 c r~V per orifice. about one-third of the initial flew.
oo

1 g 'j ' )49/
_

uc
.
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2.2.2 Merged Column Recion

After the column jets interact downstream of x = 29.5 r all the water,

g

between the columns is accelerated by exchanging nomentun with the jets, and

the column jets cannot be considered as isolated. A reasonable model of the

interchange is to treat it as a periodic wake in which the entire velocity

profile in the spaces between the jets begins to snooth out toward an eventual

uniform profile (see Figure 5).

According to Reference 1, the rate at which the wake velocity approaches

uniformity can be estimated frem

?
L '' L,,y y 3

1, "

'QA 87
'

yh. ) En 9_ / L ,~cos C7 4 ( 2.1 DnF mf=

3 ' "

o

Here aV is the dif ference between the wake velocity and the eventual uniform

|in. is the spacing between orifice columns, 3 isvelocity V L = *
,

3

the downs trean d is tance, and 2 = 0.103 L is the relevant " mixing length"

for this model. The profile is essentially uniform when 2V < 0.1 V or,

Q:.s o
when:

7.49 in. = 38.3 r (2.16)2 -

merge o

Thus, the column jets have totally nerged to form a single " quencher arn jet"

at a distance of 29.5 r + 38.3 r = 67.8 r downstrean of the orifices.
o o O

The uniform velocity at the end of the wake region is deternined fron a

balance of menentun with all the orifice jets comprising it:

- _

. , 54-
(47 x 11)cnr'"' = (46 L *2r) * 10 L +2r + 67.8 r

o o 2 a 1 o o 180
. .

* cV AC- e

j fl

Q | |' \U'
p n~

2-7
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or

V = 0.191 V (2.17)
QA o

o

Vga is also the initial velocity of the quencher jet. The liquid flow
o

2
entrained up to this point is 4.24 0 rV per orifice.

oo

The velocity decrease in the wake region can be estimated frem the t'orm of
equation 2.15)--that is, the velocity decreases in proportion to 1/x. Since

the velocity is 0.37 V at the start of the wake (equation 2.11) and 0.191

V at the end (equation 2.17), the velocity decrease prediction is:
g

V = 14.96 V /(x/r + 10.93) for 29.5 < x/r 67.8 (2.18)'

wake o o - o-

2.3 QL'ESCHER ARM JET

The upper and icwer boundaries of the fully-merged column jet continue to

diverge at least at the 54' angle included between the upper and lower rows

of orifices in the quencher arm; in fact, the 1/4 scale-model tests indicate

that the divergence may even be greater than 54'. For the model developed

here, the divergence is assumed to be 54 *:ich, t he re f.'re , cices a con-,,

servative result for the velocity. The velocity decrease eith distanca

of the quencher arm jet can be computed from a momentum balance. blith

reference to Figure 6, the momentum balance is:

-

, , ,

(47 x 11) cr'V' = cV' (46 L +2r) * 10 L + 2r + (2.19)
oo QA 2 o 1 o

.

* (5'- _180
.

The quencher arm velocity can therefore be expressed as:

V = 1.938 V /[34.70 + x/r ]1/~' for x/r > 67.8 (2.20)
Qa. o o o

Mtn? \-

LA

2-8
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The liquid entrainment per orifice is:

,

= [0.521 / 34.66 + x/r -1] c r V (2.21)m
en o oo

2.4 TRANSIENT DECAY OF QUENCHER JET

SwRI scale-model tests showed that the quencher arm jet is engulfed in the
air-bubble flow field at a time unen the jet velocity has dissipated practi-

cally to zero, as was discussed more fully in an earlier section. From the

scale-model test data, a conservative estimate of the time required for the
quencher j et to decay to a negligible velocity is that the decay time is equal

to the preceding liquid flow time through the orifices. In other words, if

water flows through the orifices for a time t, and then stops, the quencher
jet flow field persists for an additional time t .

o

It is further assumed that the jet velocity for t 1t < 2t decreases with
g g

time at a linear rate and is equal to zero tor t = 2t - (A linear decrease
o

of velocity with distance gives a smaller jet velocity and, thus, is less

conservative.). The approximate expression for the quencher arm jet velocity
during the transient decay, then, is:

[2t -th
V =V | 1for t - t (2.22)>
Q Q t i o

|o o

where Vo is the value of V at time t = t (It is assumed that the water.so Q o
jet leading edge is in the quencher arm jet region when the orifice flow

stops; numerical examples for typical conditions show this to be the case.)

Since dx = V dt, equation 2.22 can be used to derive the velocity-distance

relation during the transient decay:

_ _ 1/2
V. t - 2(x - X )0 o o

'

V =V for x X (2.23)>

Q Q V t e
o

.
0 o

--g

2-9



!;EDO-25090

l{e r e , x is the locatien of the leadin edg of the quen C M"

time t =t V can be computed b:, substituting =x, into
.

g g (

equatien 2.20.

q ) 1' - kOUac ~

2-10
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NOTE: THERE ARE ELEVEN ORIFICE JETS
PER COLUMN JET. FOR CLARITY,
ONLY FOUR ARE SHOWN

.
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Figure 4 Column Jets
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3. JET PI'::ETRATIO 1

The total extent of the jet influence - that is, the jet penetration

distance - is an important paraneter ubich nust be deternined. This can be

accenplished uith the aid of the preceding jet-velocity nodels.

Fron equation 2.23, the j et velocity is zero trhen the leading edge is at

x=: + 1/2 (V t g), this, then, is the total penetration distance, neas-g

ured fron the orifices. That is:

+1-V t (3.1)X '=
,

TOTAL o 2 0 o
'o

The penetration parameter ': is conputed by determining the tine required for
g

the leading edge of the jet to reach the location x = A which is the sun ofg,

the tines required for the leading edge to travel through the separate

regions of the jet developnent, each of which is sinpl/ t = fdx/V,t7here the

inter, cation is perforned along the relevant jet centerline. Thus, the total

time required for the jet to reach : = :. is:
g

16.3 r,

4.1 r o
o dx

,

o 4.1 r 0.67 V [38.803/(34.703 + x/r ]1/'-
o V

o o

l 1/2x/r - 4.1
.:9.5 r

o 4- 0.6 dx
g7 _

+
2.53(0.67 V ) [38.303/(34.703+x/r )]1/'

16.3 r o o
o

- 1/ '
' #

(x/r + 10. 9 3) d:< o 34.66 + n/r dxo
#

+ - (3.2)"

14.96 V 1.938 V
9 . ]. r o 6,/.8 r o,,

g g

3-1
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After integrating:

4.1 + 19.57 + 29.43 + 132.53 - 356.77=

O

X 3/2'

+ 0.343997 --- + 3 4 . 7 0 (3.3)
O

Solving for .. :
g

!
/t 'l

2.0371 + 131.13 - 36.70 r (3.4)X =

a
| (rg

m. _.

Equation 3.4 is valid t'or orifice flow times t 205.6 r /V .g g g

When x = X is substituted into equation 2.20, the result is:g

1/3

/(t'l1.358 VV + 151.13 (3.5)=

Q o/ r
o / o

Therefore, the total penetratica distance can be written as:

I tV 2/3 1
I2.037 + 151.13 - 34.70 |X OTAL

= <

|
ri
g g

Vt t V 1/3
" "

+ 0.679 + 151.13 r (3.6)or r jg g

There are no available theories or aantitative test data to describe the rass

entrainment or spreading of the jet in this regien. It is suagested that the

spreading (i.e., the divergence of the jet boundaries) be estimated by the

quencher arm jet results.

3-2
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4. SU:DL\RY OF RESCLTS FOR OUE!.'CHER ApJt JET

A summary of the previous models of jet velocity and jet size is nresented

below.

e 0<x'- 4.1 r (orifice jets)
- 0

V=V
o

r /2 [1 + 0.013 (x/r )]r=

l g g

e 4.1 r ; x ; 29.5 r (colunn jets)
g

[38.80/(34.70 + x/r )]1/~'V = 0.67 V
o O

N = 0.942 r (34.70 + x/r )g g

2 v /z = 2.107 r [L + 0.027 (x/r - 4.1)]-1 o o

for 4.1 < x/r
- 0 -< 16.3, and

~x/r,-4.1 1/2
"

f,

V = 1.693 V [ 33. 503 / (34. 70+x/r ) ] y' ' / + 0.6I
o o i . 10,/

j

- -

t: = 0.952 r (34.70 + x/r )o O

I,x/r - 4.1 1
io

2 y1/., = 0.437 r ! + 0.6
|.. 10,,o <,

1
- a

for 16.3 _.x/r < 29.5.o-

The first exprest. ion f or t he colunn j e t vidth ha.a heen deri'ced by fittint

a linear rate of expansion betueen the initial ridth d and the expression
g

for 2 y from equation 2.7.yjg

khf
4-1
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e 29.5 r 1 x ; 67.8 r (column jets nerging)
g g

V = 14.96/(x/r + 10.93)o

U = 0.942 r (34.70 + x/r )g g

B = 463.4 ro

The slight increase of the width ard icif'ht of the jet due to turbulent

diffusion has been neglected.

t V 2/3 1[
-34.7fre 67.8 r _x1|2.037 + 151.1 gg

"- o
(quencher jet)

1.938 V /(34.70 * x/r )1/'-l' =
g g

'I= 0.942 r (34.7 + x/r )g g

463.4 rd =
g

I.~nen x is equal to the upper linit, the orifice water flow has just ceased,

t V 2/3 l
;2.037 + 131.1 - 34.7 r < x < :(0T.\Le
. r io- -

1
L o -

Vo t w(x-X )'
I

g g g
V=V '

V t IQ '

L 0 0 j0

0.942 r (35.70 + x/r )12' =
g g

D = 463.4 r
o

4-2
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where

t V 1/3
V = 1.338 V / + 151.1
Q o/ rg g

[ t V 2/3 1
+ 151.1 - 34.7fr=|2.037X

org ;_

t V

+ 113.35
T

o
2.716 - - 34.7 rX =

TOTAL
t V 1/3

+ 151.1
'o

These expressions describe the jet behavior after the water flow through the

orifices has ceased.

497 115
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5. ?!U'!ERICAL EXX!PLE OF OUE::CilER JET

Typical paraneters are:

200 ft/secV =

o

0.18 sect =
o

r = * in.
O

Using these data, at t = 0.18 se e t he j e t has penetrated a distance:

326.5 r = 5.72 ftX =

o o

and has a velocity

'l = 0.102 V = 20.4 ft/seco o'o

The total penetration of the jet is:

ft= 439.1 r *=

,, TOTAL o

or slightly less than one orifice arn length. This agrees approxinately

with 1/4 scale model data, although it is conservative (i.e., too large) by

about 25% Note that the bulk of the penetration occurs in the " fully

developed" quencher jet region, x > 67.8 r .
o

The overall jet velocity as a f unc t ion of downstrean d is tance is shorn in

Figure 7. The discontinuities shown in the sloce of the velocity curve are

a result of patching together different theories for different sorts of jets;

in practice, these discontinuities could be smoothed, be the nar,nitude of
the velocit:. could not he significanti:, different. In particular, the dis-

continuous drop iu 'celecity f ron the initial 200 ft/see to aheut 135 ft/sec
is a result of patching together the axisymmetric orifice jet nodel to the

column jet nadel. Although such a di v i;inuous chance in velocity is

clearly unrealistic, ti e patching together of he two separate j et nodels
was done by satistying conservation of namnton, so it is expccred that the

5-1
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predictions beccme realistic shortly dovnstream of the patching point,
x = 4.1 r . The predicted velocity at x > 67.8 r (which is the end of the

g g

column jet mixing regien) is comparable to the predicted velocity for an
axisyrmetric jet which is shown in Figure 7 as the dashed line. This lends
credibility to the conclusion that the results are realistic.

s

4') |m
1

\'

5-2
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6. E::D CAP JET

In some designs, the end cap of the quencher arm also contains orifices, and
these will form an "end cap jet." The orifices are arranged in columns*

separated by in., with the orifices in any column separated by*

inch. There are orifices in the inner* * columns and* in*

the outer _*_. The end cap has a spherical radius of curvature of _ in.,*

so the divergence angle between any two orifice jets in a column is * *

(rather than the * of the quencher arm orifice jets) . Since the curva- !
*

ture is spherical, the column jets also diverge geometrically, at an angle
x 180/10 x :)).

_.* *of (i.e., *

Proceeding as before for the quencher arm, the following end cap jet charac-
teristics are derived.

6.1 ORIFICE JETS !!ERGE TO FOPl! A COLCIN JET

This occurs during the region where the centerline velocity does not decrease.
From Figure 2, for an included angle of , and equation 2.Sa (with the*

angle of replaced by and the separation distance L /2 equal to* * *

1
in.), the merging distance works out to be:=

X in. 7.2 r (6.1)= * =
g

6.2 COLU'D; JETS |tERGE TO FOPl! AN END CAP JET

Each column is analyzed as a two-dimensional rectangular jet to determine
where the columns begin to interact. .lodifying equation 2.19 to account'

for the gecmetric divergence of the colucna gives the relation:

1. 82 + 0.1038 ( 4, |- 7.2 r
'

+ 0.6 (2.187 ,-
2.187 r -

1

= (1.97"/2 + X sin 5.645/cos 5.645) (6.2)7

6-1
r
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whera the factor 2.187 r (corresponding to 2.107 r of the quencher jet) is
g g

twice the half width of an orifice jet at the location where the orifice jets

begin to interact. Solving equation 6.? gives

13.4" = 58.56 r (6.3)X =

T g

By comparing this to the quencher arm result (i.e., 29.5 r ), it can be seen
g

that the divergence of the individual colunn jets of the end cap noves the

nerging location downstream by about 45 orifice diameters.

Tha initial veiocity of the column jet can be deternined by nodifying equa-

tion 2.12. The calculations are based on cleven orifices pet column, rather

than an average of eleven and nine. since this gives a higher jet velocity

and is thus more conservative. Therefore, conservation of momentum is

~

2 44'7-
-

' '
(11) nor'V~ i ,10 x 0.78" + 2 rcV + 7.2 r=

o o 180
_

oo

* (2.187 r ) (6.4)g

or

V 0.577 V=

1 g

4' n J l20//
.
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Using this result, the column jet velocity as a function of distance can be

estimated from the previous results for the quencher arm jet. Thus

1/2

! +' /rx - x/r < 19.88for 7.20.577 VV =
,

o 33.s o-
u _

1/2
~

1- -

x/r ,.2
60.91.458 V * 0.6V =

o 53.7 + x/r / 2.187,g
- ~ ~ ~

(6.5)

for 19.88 < x/r
- O -< 68.56

Af ter the column jets begin to interact at x = 63.56 r an additional 38.3 rg, g

is required to merge the columns into one j et, according to equation 2.16.

6.3 END CAP JET

The fully merged column jets form a rectangular jet chose initial cross-

sectional area is

-

1
''33.9,

3 1.97" + 2 r * 68.56 r !A =

o o 180 l
1

- ""'''n,, -

* 10 * 0.78" + 2 r + 68.56 r
'

o o ISO :

J-

,

265.38 in'=

6-3
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The rectangular jet has an initial velecity determined fron nonentum

considerations:

, , ,

(4 x 11) -nr'V~265.38 eV~, =

EL oo
o

or

(''V "

EC
'

o
o

Downstream o' x = 68.56 r the end cap jet velocity is further attenuate.1 byg,
the geonerric divergence. (The small additional attenuation due to turbulent
dif fusica is neglected since there are no valid theories or data available to

describe it.) Therefore:

2.29 V /
_ _1/ 2
6.301 + 0.592 r (x/r )V =

Q o . o o-
,

' - 1/ 2
S.191 + 0.780 ro(x/r )

'

o__

7.3 V
o

(6.7)"

(54.47 + x/r )if~, (53.7 * x/ro) y' ~
e,

o

1 () ~I' i c) O6-4
t, ci
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6.4 TRidSIENT DECAY OF END CAP JET

Proceeding as with equation 3.2, the distance X traveled by the end cap jet
g

up to the time when the orifice flow ceases is determined from:

19.88 r
r o

0*7.2 + > _ _t =

o 0.577 V 60.9/(53.7 + x/r ) ~

7.2 r o , o_
g

_ _1f,
*# -

*

68.56 r o
o + 0.6 dx

, 737
+ _r -

--

- 1/ 7-60.9/(53.7 + x/r )19.88 r 1.458 V,
_ 0_0

106.86 r
o(x/r - 20.35 dx

+ >

0.26 V
68.56 r

~

o
O

1/2 - _ i 7~,
d:_54.47 + x/r ' 53.70 + x/r

^

x
+ -

~ ~ ~q , ,
- (6.S)"

-

106.86 r
' 'o

o

In the last term, t hi- tactors x/r 's are predoninant for x >106.86 r so the
g g,

entire term is sirplified to

~X
o (54.n9 + x/r ) dxo

. 17.3 V
lt S6 r o

o

The approxinate integrand is in error by only alout O. 37 at = In6.86 rg,

and the error decreases as x increases. The approxinate intecr.'nd, moreover,

I .) ,d
, . . . ,

4V/
6-5
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has the virtue that it eliminates the need to solve a transcendal equation

for X in the results. L'ith this sirplification, equation (6.8) gives
o

7.2 + 23.08 + 175.66 + 276.61 - 748.70t V /r =

0 O o

?

(54.09 + x/r )"
(6.9)+

2(17.3)

Thus,

- ,

t V 1/2
< 5.882 + 206.15 - 54.09 >r (6.10)X =

o r o
o

s

o o/r > 4S2.6which is valid for t V
o-

The j et velocity at the end of the orifice flow period is

V
o'o , 17.3

V
- 1/2 - 1/ 2 - 1/2 -1/2

o t \. .t t,

54.47+5.882 +266.15 -54.09 53.7+5.882 +266.15 -54.09
r r

o o
- -

- -

17.3 2.941 (6.11)*~

/t V 1/2 t V 1/2%
'

266.15 + 266.155.852i A

r r\ g o

and the total penetration distance is

1

X +iV tX =

T o 2 0 o'o

/"O t V'

X
1= __o [ 'O oo

2(V rr r o oo o

6-6
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7. SU'CL\RY OF RESI'LTS FOR END CAP JET

The symbols used are the same as for the quencher arn jet.

e 0<x< 7.2 r (orifice jet)
g

y y=

0
-

= r 1 + 0.013 x/r .r /21 o _ o_

e 7.2 r 1 x < 68.56 r (column jets)
g _ g

_1/2,

0.577 V, [60.9/ (53.7 + x/r )V =
g_

0.780 r (53.7 + x/r )I: =

O ' O

2 37, = 2.137 r (1+0.0239(x/r - 7.2)g g

for 7.2 1 x/r 1 19.88, andg

1/2j - x/r - 7.2
. 1/3

1.453 V 60.9/(53.7+x/r)l i - + 0.6V =

2.187o - c.
/ - .

0.7S0 r (33.7 + x/r )U =
g g

/x/r - 7.2o
+ 0.60. m r 1' 1/ 2

=
'

k
,1377g

for 19.88 _ x/r 2 68.~69

e 63.56 r 1 x ,_ 106.86 r (column jets rerging)
g g

9.26 V /(x/t - 20.33)V =
g g

0.7R0 r (53.7 x/r )t' =
g g

0.392 c [54.4' + x/rg]B =
g

IqccJ
,. .

4, '/ /7-1
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- 1/2- V !t
"

0 - x<- 5.882 i + 266.15 ! - 54.00 r. 106.86 r <

I r i O
" O '

17.2 V
y

- 1/2 53.7 + (x/r )- 1/ ''
=

54.47 + (x/r )
O - . O.

0.780 r (53.7 + x/r )W =
g g

0.592 r (54.44 + x/r )B =

O O

1/2r -

V

5.882|t + 266.15 - 54.09 r <
r 0 - x<Xe

- TOTAL
0 s

8V t - 2(x-X )l~

O O O ,

! !V V=
' V t |Q

0 Q O jo
-

0.780 r (53.' + x/r )W =
g g

0.592 r (54.44 + x/r )B =
g

where

2.941 V
oy =

1/2Q
O t l'. h

+ 266.15 l

'O }

[t V
O o

<5.882' + 266.15 - 54.09 ra =
O i r O

O

+1 V tX = -

' TOTAL "O 2 0 0
'O

' /

't )3 |/
/; , ~ t

') U
'_'' ~

IL
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S. ::U'tERICAL EXA'TLE FOR E"D CAF JET

Typical paraneters are

200 ft/secV =
o

0.18 seet =

o

*
in.r =

o

Using these data, the jet has penetrated a distance

238.6 rX ft= "=

o o

and has a velocity

0.0591 V 11.82 ft/secv = =
oq

after a time period t 0.18 sec. The total penetration of the jet is=
g

ft |X 304.1 r = *=

T o I

Conpared to the quencher arn jet, these substantially snaller values for

the penetration distance and velocity show the effect of the three-

dimensional attenuation of the end cap jet.

A .-) i

9 '/ / 12,,/
S-1/8-2
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9. _FO P ' ' R EDI CTIO''S

If the structure is fully engulfed within the jet boundary, the drag lord on

structure is calculated as follows:

,',

V:" (9.1)F C A=

D 2g x .
c

where

F = force normal te structure axis (lb )g

C st ndard drag coefficient=

D

density of water (62.4 lbm/ft )c =

g gravitational constant (32.2 lb ft/lb -sec )=

n t

projected structure area engulfed by the jet (ft )A =

V maximun jet velocity normal to structure axis (ft/sec)=

If a structure fully or partially intercepts the jet, the follouing equatien
should be used. The equation is derived based on romenturi stoppage of a jet.

,

K,' A V ,~ (9.2)F =

.g 1 .,

where

,

intercepted j et area normal to the jet directien (ft')A =

7

2. j et nonentun stoppage without reflectionK =

, jet turn; back a:ay frcm the structure (e.c., a concaved=

shaped structure) (See Figure S>.

/g_7



NED0-25090

SN - - . -

*

9 / I

B

STRUCTURE A: FULLY SUBMERGED. USE CD AND EQUATION 9.1
B: FULLY INTERCEPTS JET, USE K AND COU ATION 9.2
C: PARTIALLY INTERCEPTS JET, USE K AND EQUATION 9.2

/7
/ z,

k L
h/W N

STRUCTURE D: TURNS JET B ACK ON ITSELF. USE K AND EQU ATION 9.2

Figure 8. Possible Structure / Jet Interactions

The drag load calculated here is conservatively assrmed to apply on the

structure for a period of 2 t .

g

9-2
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Al. I N !1 ODl?CT IOS

In the T-quencher water jet model, it is assumed that the hole pattern is

uniform and the orifice water velocity V and tha time at which water flowingo

through the orifice t are identical for each hole. The modified T-quenchero

water jet model relaxes the above assumptions by dividing the quencher arm

into six sections (seven for quencher arm with end cap holes) as shown in

Figure A.1. Each section has a different but uniform hole patt. n. The

values of V and t for the orifices in the same section are assumed to bea o

identical.

The velocities for jets f rom each section of the arm are derived with the

method similar to that in the T-quencher water jet model. The method can be

summarized as follows: (a) steady-state submerged-j e t theories are used for

tne orifice jets, column j ets, and quencher arm jets; (b) after the flow of

liquid through the orifices has stopped, the velocity and the penetration

distance of the quencher jet are determined with the aid of scale-model test

data.

497 133^-t
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A2. DY'!A.'!ICS OF THE i)CE';CHER AF21 JET

In the modified T-quencher water jet model, it is assumed that there is no

interaction between the jets from different sections of the quencher arms.

The dynamics of the jets from each section are deduced following the analyses

in Sections 2 and 3. A summary of the results is shown in Tables A-1 and A-2.

A'.1 ORIFICE JETS

Followiag Equations (2.lb) and (2.4) in Section 2.1, the general results for

the orifice jets from the arm are as follows:

V.
,' 1, 2, 3, 61 j == . .,

O,J

r,

1 + 0.013 E*
1, 2, 3, 6i= = ..,

r r
o o

for

0<x - 4.1<
-r

0

where

Jet velocity at a distance "x" dewnstream of the orificeV =

Jet velocity at the orificeV . =
o,j

Half-width of the orifice jetr,2,J.

=

orifice radius * in.=r =

o

where the subscript "j" represents the section number in the arm.

i. ' ."1p -

A-3 9// JJ



Talle A-1

SL':1:URY OF DI:ll3SIONLCSS vel.0 CITY l'lu)Fil.ES (Vf = V/V ) FOR T!!! T-QUENCilER AIU! JETS

g.i ng e Sections 1 anel ? SectIon 3_ Section 4 Sections 5 .,nd 6

0 X2 - 4.1 1 1 1 1

i I I I
2 #

0.71( 43.17
38.79 . 45.32 2

47.27 40.20
_ 0.07 0.070.684.I l o, . 3

& X* 36. lO & X 34.69 + X* 41.2 + X*

i i i- i.

2 ' ' 2

47.27 40.20 38.79 45.30

l . 79 ( 4 3.17 + Xf- 1.71 1.70 1.70
36.10 + X 34.69 + X* 41.2 + XA

16.3 XS .' 9 . 5 , , , ,

k + 0.6 + 0.6 + 0.6 ' 07
+ 0.6

_
j

e
o

E>
|- e

016.44 17.6218.95 16.90 -
~>9.S X~ I - 67*8

- - -

X* & 15.44 XA + 14.81 X* + 16.50~ X I; & 17.17

2.35 2.07 2.01 2.19
, ,. , i67.8 , .

43.17)2 (X & 36.10)' (X* & 34.69) (Xn + 41. .'0) 2" I
~

O' &

- -

> i

oj)
_ _ _ ______p2

. L

V[ ~
(X' - X

, , - ,, - X c. .
4--- - - - -- --- V^.p> P

ot t1 Q .1 j )c ,,

~1
- o

1.54 1,.42 1.39 1.47

153.52)1/3143.32)1/3 (P. &
- y-

143.54)1/3 (P. +146.69)1/3 (P. +W. QI (P. +
Cs .1 J J Jo



Table A-1

SU:UL\RY OF DIME: SIO:;1.ESS VELOCITY PROFILES FOR Tile T-QUEM:llER ARM .IETS (Continued)

Rynyq _ sections 1 ancl 2 Section 3 Section 4 Sections 5 and 6

153.52)~/3143.32)~/3
'

143.54)~/3
'

j + 149.69)~/3
')'

2.21 (P +2.08 (P +X 'i ' 31 (P 2.13 (P +
j j jot

-u3.I7 -36.10 -34.69 -41.O

4-------------- ------ - X*j + l V* P
- >

X*i o 2 Q. jt
03

A
in

v t .
8,

'

P. 4___.____.._________.___...._. _.._____
"3 "l _ . _ _ _ _ _ __ p y

t r o
w J eO O

X ,*4 4_. _ _ . _ _ . - _ _ _ _ _ _ . _ _ _ _ _ . _ - _ _ _ - _ _ . __ _
X _,,

r
o

(: e
C'
N

-

N



Table A-2

SU:1 MARY GF DI:1 ENS 10NI.ESS JET WID' Ills AND llEIGilTS OF TIIE T-QUE"CllER ARBI JETS
*

B/r15 . =

j o
. - . - . - . - - . - _ _ . . _ _ _ - - - . _ _ _ - . _ _ . . - _ _ _ _ _ - _ - _ _ _ _ . .

Range Sections I and ') Section 3 Section 4 Sections 5 and 6

0 1 X ;_ 4.1 - - ------ - 2 ( 1 + 0 . 013 X * ) -- -- - - - - - - - - ~

k
4.1 X 16.3 -- '- -----

- 2.107 [l + 0.027(X* - 4.1)]
- - - - ' - - - - - - - - *

_

~ ' * *
_

16.3 X*' 29.5 - - - - - 0.437 ', + 0.6 - - - - - - - - - - - - - - - - - - - - - - - - - -

2.107
_

a v.
29.5 < X* - X - - - - ~ ~ - - - -~~ - --70.54- ------ - - - - - ~ - - -- - - - - - - - - - g'

- t.j o
> i
i tv

cn u
o

* *
W/2r OW. =

J o

Ranne Sections I and 2 Section 3 Section 4 Sections 5 and 6

0 __ X * __ 4 . 1 1 + 0.013 X*

4.' - X* - X . 0.095 (4 3.17 + X*) 0.285(36.10 + X*) 0. 4 7 (36.49 i- X* ) 0.47 (4 2.1 + X*)
t _1

4
<3
%!

-

*'
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A2.2 COLU't:1 JETS - ISOLATED COLL 71:; RD:In:!

Following Equations (2.10) and (2.11) in Section 2.2, the general results for

the column jets are as follows:

For 4.1 < x/r < 16.3
-" o-

1
_T-

nj-1) L, + 2r + 4.1 r T'3
~

Vj -

s
1 o o

3 1 ' ~, ' ''' 6. - .
. (n.-1) L + 2r + x0,V

i,J
_

J l o J
,

b'J
L.

(n -1) l + 2 + "- ?
r j r r -

j= 1,2, 6-- = ...,

o o o ]

2v .

Ix
-

-

i
''J4

l r - 4.1 j = 1,2, 6-.107 1 + 0.027= . ,,

r
o _ \ o

_

For 16.3 < x/r -- 29.5<
-- O

1
- _T

(n -1) L * 2r + 4.1 r :J
~

-

J 1 o o-

'#
(n.-1) L + 2r + x;3

'
-

,j L J l o
..., 6~ - j =

, ,

V. . x/r - 4.1 1/2
l'] + 0.6

2.107

,,
7

d. = (n -1) 1 + 2 + S- 9 j = 1,2, 6.,
r j r r j
o o o

2 v,s ' J / x/r - 4.1.

o-

0.a4 | * 0.6 j = 1,2, ,,6' =

_. 0_e, ,
r i

Io

/ I
! N b}h,; </ !'*

#,I- D j
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where

- n s .. r -1/2.

J O~

V V=

i,j o,j 2.107 in -1) L1 + 2r + 4.1 r ^j.
_

j o o
_

The number of orifice in a row in Section jn =

L Spacing between the orifice in the same row=

= * in.

I

<
(n}-1) 3 . 4 ", j =1,2,3,4

- = .
180

~j ,

54 j : 5, 6
180

'! Height of the column jet=

y Half-width of the coluna jet in Section j=

Based on the above gereral formulas, the detailed governing equations for the

jets from each section of the arm can be obtained as follows:

For 4.1 < x/r ; 16.3g

~ ~

1/2,,

'j 47.27
= 0.,<1 j = 1, 2

\.
o,j 43.17 + x

r
. o.

~ ~

1/2,,

'J 40.20
= 0.63,, ,,

j =3
o,j 36.10 * 

r̂
. o,

.\- 9

z1,0,7 1,41i
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- .

1/2
y3 38.79

= 0.67 3,3y
O.j 34.69 + --'

r
- O,

- .

1. / 2y
43.30= 0*67 j = 5, 6

V
o.j 41.20 + 'x-

r
. o,

W

1 = 0.19 43.17 + * 1. ,*J
r r
0 o

W

7 - = 0. 57 3 6 .10 + -f- j=3
0 0

Wj
--- = 0.94 3 4 . 6 9 + 3-- j = *,
r r

o a

U

A = 0.94 41.20 + E-- . * . b3 d'
E

O 0

2Y
3''j = 2.107 1 + 0.027 E - 4,1 ;

5

r r .
7, o

, ,
,

-, . . ,

o

For 16.3 < x/ro __29.5
<

-

1/247.?7
1./9y 43.1 + x/rj a

j = 1,2=

o,j /5 _ 4,1 i 1/2
1

(r
o

+ 0.62.107
/

.I A ' q I't /A-10
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40.201. ,s 1
V 36.10 + x/rj

'L- i -3.
V 1/2e

o,j (x - 4.1 "
,

r
"

+ 0.62.107

l / ~'38.791.70
V 34.69 + x/rd= j-2V

)1/2o,j /x .4 .1
,

r
n

+ 0*62.107

t / ~'45.30''7g,

V. 41.20 + x/r
] O

" j = 5, 6y , . .

}I f ~,0,j /i - 4.1
r,

+ 0.6,- . 10. -/

0.19 43.17 + L j = 1, .'=

r r
o O

'd

-I = 0.37 30.10 + L 3; =
r r

o o

1:
) v

0 . 9 '. 3 4 . 6 9 + r-- j- = =
r ro . o

,;, s

)
0 . 4 '. '. l . 2 0 + 2''- j= 5,- = h

r r
o s e,

E.[~ - *
4,- :. , ; r

0 . !. .. ' ", + 0.6 j = 1, 2, ,6
2''

=

r, _ . l o ,s

A-11 il II T 1 ' ~ '
t/i I 4' J
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A2.3 COLL".IN JETS - |tERGED COLT::IM REGIO':

Following Equation (2.18) in Section 2.2, the general results are as follows:

For 29.5 < x/r < 67.8

Vj a

j =l, 2, 6= ...,,.

x/r + b.s
o,j o j

1'.J (n -1) d + 2 + L
L

9 j = 1, 2, 6= . .,
r j r r j
o o o

B, (m ~1) L .,
3 ~

j = 1, 2, .,6s =
r ro o

where

': umber o f row in section jn =

Spacing between the rowsL =

7

in.= *

Width of the merged colur.n jet in Section jB. =

J

a and b. are constants determined by the following equations:
j J

_ _ l/ 2
a ~ rj nj

0 ' 'e. 9=

29.5 + b (n.-1) L + 2r + 29.5 r
.J-j _ j l o o

,1/2e

a. n, n- - r
J JJ _ , o

f(n,-1) L, * 2rl f(n.-1) L * 2r + 67.8 - ~ ~ *67.8 + b. 4

J L> - cJ L J l o o j.

< -

A-12
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Ilased on the above generr.1 formula, the <!ctailed govern ing; equations for the

jets from each section of the arm can be obtained as follows:

For 29.5 < x/r 67.3<
- o-

v
'l 18.93

3 " l' "~

V x/r + 17.17
o,j o

V
3 16.90 j=3

V 15.44 + x/r
o,j o

V j 16.44 3"0~

V . 14.81 + x/r
o,] O

1. f

'j 17.62 5, 6j =~

V 16.50 + x/r
0,j o

1, 20.19 43.17 + j ==

r o
o

~
0.57 36.10 + L 3'l , =

= "
r

r a
'

o

L'3 0.94 34.69 + 2- jv
4==

r
r o

a

'-

,.j ,

3, :,0.95 41.20 + 2'- j =- =

r r
o o

D)
"

'
1+ o70.54 j =~ = -> - -

r
o

, . - .

| / E,4 '/ / fa

a-13
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A2.4 QUENCHER APm'l JETS

Following Equation (2.' i, Section 2.2, the general quencher arm jet velocity

can be expressed -

o,j/rFor 67.8 < x/r < x
o- o-

3
mj nj " r ~

1/2.,

V
g

V ~(m.-1) L + 2r ~ ~(n -1) L + 2r + x?. ~
~~ ' '""''

o,j , j 2 o, , j 1 o j,,

wh.'re x is the quencher jet penetration at t =t and t is the time at

which water fic.. through orifices ceases in Section j. The expressions for the

jet width and height of the quencher arm jet are the same as thase in

Section A2.3.

Following Equation (3.2) in Section 3, the general expression for x can be

obtained as .ollows:

o,j/rx
o

o.j 'o.j \, j 'x-- i = 1,2,. 6

.,

t

d=

r \. . r
-

,,

o o,j - o

O

By substituting the corresponding expression of V./V . and carrying out the
J 0,J

integration, x ./r can be obtained as a function of the parameter
o,] o

t . V
o ,j 0,)

[,j
= _

r
o

Based on the above general formula, the detailed expressions of quencher arm

jet velocity and x frca each section of the arm can be cbtained as follows:
0,3

For 67.8 - x/r xo,j/ro- e

Qy] \k
A-14
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V
J 2.348

,

V . (43.17 + x/r )17, 1,2j ="

0.j
o

V
3 2.071 j= 3,

0.j (36.10 + x/r )1/~7
l'

O

tr

'l 2.011 j 4=,

o] (34.69 + x/r )1/'V ~

o

V
3 c.186

5,6j =,

o,j (41.20 + x/r )1/~9V

O

and

x !3 -' 2.31 (P + 149.69) - 43.17 J. t.3=

r j
o

x /32.13 (P + 143.54) - 36.10 j. 3=

r

x
32.08 (P + 143.32) - 34.69 3m

' = -j
e

x
o . ~1 1 (P. + 153.52)~/3

9

-,6;- 41.;o = ==
J

r
.

Jo

wile r e

o.] Vo.jt

p .

j r
o

mg r y -. p

4 '/ [ |4/A-15
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A2.5 TPA;SIE:;T DECAY OF QUE::CllER APJ1 J ETS

Following Equation (3.23) in Section 3, the general velocity-distance relation

during the transient decay can be derived as follows

o,j/r x/r xFor x t,)/ro- o- o

V. 'Q ,j
- -1/~,u

'. 1,2,. 6, . ,,
x

' j =
3 o ,,

y_P__
o,j c__ _ o,j

,

V V V r r
o,j o,j j Q ,j o o

-

where x is the total penetration of quencher jet from Section j and fron

Equation (3.2) in Section 3, it is expressed as:

/ '#q 'ddx x
''j o,j l oe

1 P j
+ z '4 1,2,. .,6= =

\, jr r
- \ o,fo o

'. nso,j the value of quencher arn jet velocity at tis t (or at x=x
o,j o,j)=

and it can be determined by substituting x = x into the expression of V./V .

o,j j o,j
in the quencher arn jet.

The expressions for the jet width and height of the decaying quencher arm jet

are the same as those in Sectio A2.3.

Daned on the above general formulas, the detailed expressions of decaying

quencher arn jet velocity, Vosovj, and total jet penetration can be obtained
as follows:

For x ,j /r - x/r x ./r
t,1 oo o '-

V
- 1,

. 1/2-

v n
'j 'o'l 2_ 'o,j x_ _ o.] j = 1,2,.. ,6

t_P,

V V V . r r
o,i o,j jQo,j o o

"
=

oa
g7_. 3v

..

A-16
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i

where

u

O 'lo 1.54
3 , j,3,

149.69)1/3
y
o,j (P +

J

,,

O 'lo 1.42
3,3

143.54)1/3
v
o,j (P +

j

v
0 'l
0 1.39 . ,. 3-4

143.32)1/3
y
0,j (P +j

,.

N 'lo 1.47 .j 3,6" =

'o,j (P + 153.52)t/3
s.

J

and

bQ,j\x x
.

1t,j o,j o
P j t,2,. .,6, =

3# #

o,j/o o

4/! ;v;:n,
A-1/
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A3. DYNA:11CS OF file END CAP JET

By following the analyses in Section 6 and assuming that there is no interaction

between th- 'ets frem different sections of the quencher arm, the following

resulte are ootaincd:

Orifice iets (0 __ x/r,_< 7.2)_

Vj

1 j=7=
5

o,j

2. i 1 + 0.013 L j=7=

r r
o o

Column Jets - Isolated Coluna Region ( 7 . 2 _ :< / r _ 68.56)
g

For 7.2 ~ x/r - 19.88o

e 1 / ~'
'j 60.90 '

7. =0. 3 7,/ - j- - - - =
V .

33.,/0 * x/r
o.] .

o

0.78 53.70 + L j 7==
-r

o o

2Y
~ ~

2.] , 187 1 + 0.026 L 7- 7.2 j =,

r r
o o

-

For 19.33 _ x/r _ 68.56g

1/2
60.901.45S,

V. 33.79 + r/r
J o ,

, ,

o,3 1 xi'
, 1/2V / ,

- i..,
'

"
I + 0.62.187 - /

4)7 I L)Um 1s,,

--

- - - - _ _ _ _ _ , .
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k'
d 0.78 53. 7 + E j=7=

r r
O o

2Y , . x/r - 7.2
3

' 0.454 '' "=

r 2.187
o

Column Jets '!erged Column Region (68.56 _ x/r i 106.86)

V
J 9.26 . " ,

3 '"

V
. x/r - 20.35

o,j o

er

0.78 53. 7 + L j=7=

r r
O O

B
J

v

0.592 54.44 + " j=7=

r r
O O

Fully .'!erged Column Jets (106.86 < x/r x ./r )
- o- o,j o

t'l 17.3 j=7
'

,

O,j ( 3 4. 4 7 + x / r ) 1/ ~' ( 5 3. 7 + x / r ) 1/ ~'
V

o o

b'j v

0.78 5 3. 7 + ' j=7- =
r r

o s o,

ii . \

l 0.592 54.44 +L j=7=

r r
o

.
o
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t,j/rTransient Decay of End Cap Jet x ./r - x/r < x
o , _1 0 o- o

V - 1/2
V q 'j

-

v x
3 c _2 0.3 L_ 'j

7ji =,,

k V P V r ro,j o,j j Q .j o o
g _

W
j 0.78 53.7 + x j 7=- =

r r
o o

B

_3_ 0.592 54.44 + E j 7= =

r r
o o,

and

V

o' 2.94
"

o,j (P + 266.15)1/''V

j

x
'l 5.882 (' + 266.15) - 54.09 j 7==

I
o

V
Q ,jx . x

. ,1t,3 o,j o
7p j ,,

r r 2 jV
o o o,j

and

t' . t
o.J o ,j

7jp =,

j r
o

A sure.ary of the results is shown 1i Table A-3.

/ j 6, ')
9,. :) / IJL/
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A4. DETEPl!INAT!M OF V . A:!D t
0,) 0,j

Before utilizing the modified T-quencher water jet nodel to t valuate the loads
on submerged structures, the values of V and t 'or che water jet from

g g

each section of the e,uencher arm have to be detert..ined. V . is the orifice
o]

wa ter velocity at Section j and t is the tine at ehich the water flosing
g

through the ec.'fices in Section j stops.

The arm hole velocity and acceleration at the time when the air-water inter-
face reaches tae first column of holes on the quencher arm, are deternined
f rom t he S 'RV line clearing model output as follows:

*

arm hole velocity, V = FS (A1)
Ho c A.

d

[dVh
F' u'

FS (A2)arm hole acceleration, I =

:A
dt ;o g

where

FS = Flow split fraction between the two arms

m = Water mass flowrate, Ibm /sec

,

M = Water mass acceleration, Iba/sec~

c = water densit:., Ibm /tt

A = Fle'. area of all holes in one arm, ft
g

-,

49/ I33
,. ~
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The arm hole velocity V and the location of the air-water interface S
g

(measured from the first column of holes) at any time are> determined from

the following equations:

/dV h" I (A3)V =V

+ -dt)o
t

H Ho

-

| /dV h I

|> (A4)
2abt t f H

'

C = Exp V +- l

A H0 2 dt 1 |
P /g j

- -

S =E ~

(A5)b c+1

.

where

a=vA-__g

b = Hole distribution coefficient

= 0.00952 for quencher with end cao holes

= 0.010024 for quencher without end cap holes

A = Flow area of quencher arm, ft
P

Solving t and C in terms of S, yields

__

iA + bSp
C= _1 (A6)

. A. - 5 5
*t
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t = , , . f v/ '' ~~~fL 1
? + 2.iF inC - (A7)

f'HO " vel k "*

where

2 v'A Lb
> .

4\

p

L H_ =r
vel 2 dty

Ho o

L = Arm length from first column of holes to the end cap, ft.

Hence the arm hole velocity l' cnas xp ss as n xp unction
H

of S by substituting Equation (A7) into Equation (A3).

The modified T-quencher water jet model divides the quencher arm into six
sections as shown in Figure Al and the orifice water velocity in Section j

is taken to be the arm hole velocity at the time when the air-water inter-

face reaches the last column of holes in Section j (i.e., when S = S., see
J

Figure A1). If tF (an output from the S/RV line clearing model) is the
time that the air-water interface travels from its initial position to the

first column of holes in the arm, then

t + t(S.) (AS)t . =
o,2 j-

is the time at which water flowing through the orifices in Section 3 stops.

For a given set of initial conditions (i.e.,

(dV
H

and tF)V ,Ho, dt

o

the values of V and t for each section on the quencher arm can then be

obtained through Equations (A3), (A6), (A7), and (AS).

-r. - , 4
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