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1. INTRODUCTION
1.1 GENERAL APPROACH

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 analvtical 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 componert 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

lecads from the calculated velocities.

Appendix A provides a modified analytical medel that accounts for the non-
uniform hole spacing and is a recommended procedure for Mark I 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 momentur as the

sum of the momenta of the individual circular jets. Figure 1 describes in a
general way these various phenomena. Significant loads on structures sub-
merged in the pool may be produced by the water jets, and for that reason an
analyvtical model is needed to estimate the dynamics of the jet. Such a

method is developed herein.
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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 entrainment with
distance traveled are determined up to the location where the jets

begin to merge.

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

in the circumferential direction forming rectangular "column jets'

at cach axial location.

b) After the orifice jets have merged, the velocity decay and the
liquid entrainment of the recctangular column 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 velocivy 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 loles.

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 submerged-jet theory is used for narts (a) thiough (¢), for two
reasons: (1) there is little in the wia. of theoretical results or experi-
mental correlations for unsteady jets, and (2) a steadv-state model will
predict larger than actual velocities (i.e., the model will 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 vortices during the formation of the orifice jets. All predictions
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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 decav would be overly conser-
vative. Fer that reason, scale-model test data are used to develop relations
for the jet penetration distance and the rvapidly-decaying velocity after the
orifice liquid flow has stopped. These tests indicated that the flow field in
the pool after 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 tirough the quencher holes following
the warer fluw 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 becomes significant.
1.2 QUENCHER GEOMETRY

The quencher jet - ‘el is based on a typical T-quencher geometry (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
zoluma of holes farthest from the ramshead is _*__ in., total number of col-
umns is ¥ ; spacing between columns is _* in., except for a spacing of

__* in. between columns 18 and 19 and a spacing of _:L_ in. between columns

> and * ; number of holes per column varies from * for the * columns nearest
the ramshead 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 relatiuns in the analytical model: _* columns equally

spaced at _* _ in., with each column containing _* holes. This is an "average"
representation of the _* columns farthest from the ramshead but overestimates
the number of holes in the _* columns nearest the ramshead. OQuarter-scale
model tests showed that air and steam flow almeost immediately out of these

_* columns; since the analytical model assumes that water flows out all
orifices for the total time duration, the assumed uniform hole pattern is

conservative, The orifice water velocity and total water flow time are based

497
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on the orifices near the center of the arm because, based on the test results,
these seem to best represent the characteristics of the discharged 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.

14 497 094
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QUENCHER ARM

a. ORIFICE JETS

d. TRANSIENT DE"AY

¢. QUENCHER ARM JETS

Figure 1. Phases of Quencher Jet Formation and Decay
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General Electric
Company Proprietary

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

2.1 ORIFICE JETS

Until the water jets formed at each orifice begin to rerge, 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 velscity

Vc of such a jet decreases with the distance traveied from ite origin. Of
the several forms given for this decrease, an expression derived from a com=

hination of results from references 1 ind 2 well represents the experimental

data;

V. (x) = 13,14 V /(4.39 + x/r ) for x/r > B8.75 (2.1a)
¢ o o o -
| Vc(x) = Vo for 0 < x/to < 8.75 (2.1b)

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

obtained from the model of Reference 4, t, is the radius of the orifice, and
| x is the downstream distance measured along the jet centerline. The region
[ x/ro < 8.75 is the "potential core" which is the distance required for vis

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

the centerline (maximum) velocity does not cuz although the average

|
E velocity dues (Reference 3).
}
i

Equations 2.1 are derived in the following way. Reference 1 gives vc = 13.14
voroli where ¥ is the downstream distznce measured from the "virtual origin"
of the jet. Reference Z gives VC = Vo {1 - exp [=(0.08 x/r0 - 0.7)-1]} for
jet Mach numbers near zero and for equal jet and surrounding fluid densities;
the lengih of the potential core predicted by this expression is 9.7 rOXS.Cu =
8.75 L These two correlations are combined to give equation 2.1. (The
exponentiai decay rate given in Reference 2 is derived in Reference 3, using

slightly different analvtical assumptions than those made in Reference l.

497 097
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Except in the vicinity of x = 8.75 L hoth the erponential decay and
equation 2.1 give equivalent numerical predictions for the velocity decrease.

Equacion 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
r/ro :
V(r,x) = v':(“ 1 + 57.49 rm (2.2)

for /v > 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’y in the radial direction--
although with a negligibly small velocity wher r/r0 is large-~-it is customary
to specify a jet "half width" Ty /g 38 2 measure of the jet size. The half
width is defined to be the width at which the velocity is one-half the

centerline velocity. From equation 2.2, the half width for a circular jet

is:

r = 00,0848 T, (x/ro + 4.,39) for x/ro > 8.75 (2.3}

/2

Some other theories assume a Gaussian velocity profile: V(r,x) = Vc *
exp[-(t/rllz)zanI. In either case, the chosen profile, in conjunction with
the form of the centerline velocity decrease, must be such as to conserve the
initial momentum o7 rz Vi of the jet. A Gaussian profile is only slightly
different than equation 2.2, and when 1‘1/2 is chosen in accordance with
equation 2.3, both profiles conserve ot momentum to within the accuracy of

the constant 0.0848.
Equation 2.3 is not valid for x/rQ < 8.79. The jet still expands in this

region, but at a slower rate (Reference 5). For the model developed here, a

linear rate of in:rease with x is assumed, with the exact form determined by

2-2
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requiring that: equals equation 2.3 for x = 8.75 L and *1/2 equals

f172
ro for x = 0. Thus,

r =r (1+0.0Ls x/ro) for 0 < x/r_ < 8.75 (2.4)

1/2

“omewl:vre ' .mstream, the individual orifice jets in a single column will
have expauw.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 from the
rest. A reasonable way 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,x) = VCIIO overlap. (It will be seen that

the results are not particularl' :ensitive to this assumption.) For x/r0 >

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

1/10 1/2°

is assumed; the conditions used to
= 2 -

1/10 2.29 rli2 for x 8.75 ro.

=, for x = 0 (the velocity decreases from the maximum to zero

x/r < 8.75, a linear increase of r

o 1/10
derive the assumed expression are: (1) r
and (2) rl/lO
over a very short radial distance at the orifice exit). The derived expres-

sion is r L (1 + 0.177 x/ro) for x/tO < 8,75, With reference to

1/10 ©
Figure 3, the distance Xn at which t orifice jets merge can thus be found

either from:

ro[l * 0.177(Xm/ro] = (LI/Z - Xm sin 2,7%)/cos 2.7° (2.5a)

if X < 8.75 r , or from
m o
£ = - : °
2.29 rOIO.OS»G(Xm/ro + 4.39)] (Ll/a + Xm sin 2.7°)/ (2.5b)

cos 2.7°

if Xm > 8.75 Ty Since " 0.1955 in. and L1 = (.60 in., the solution to
these equations is Xm = 0.807 in. = 4.1 t o which agrees reasonably well

with the SWRI scale-model tests. (If V = 0.01 Vc is chosen to co~pute the
interaction location, the solution is xm = 3.3 r, Thus, the result is not

sensitive to this assumption.)

o 497 079
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The liquid entrained by the circular jet up to x = 4.1 ro is small compared
to the initial liquid flow, and so is not presented here.

2.2 COLUMN JETS

The column jet formed by the orifice jets merged in the circurm erential
direction is analyzed here as an expanding, submerged, rectangular jet; see

Figure 4.

2.2.1 Isolated Column Regior

The first part of the analysis determines the downstream location where the
column jets beg!: to merge in the axial direction. For this purpose only,

it iz assumed tha, the diffusion of momentum in the axial direction and the
liquid entrainment between the jets is independent of the geometric divergence
of the column height, W, with downstream distance. Hence, available theories
for a rectangular jet of constant height can be used; these show that the

decrease of centerline velocity is (Reference 6):

v () = 2.53 v /(/d, + 0.6 for 574 2 5.8 (2.6)
and the jet half width ?1/2 is

?1/2 = 0.1038 d (X/d_+ 0.6) i-r X/d > 5.8 (2.7)
The velocity profiie is

V(F,R) = V_(X) exp [f(?/?l,:)z 1a 2] for %/d_ 2 5.8 (2.8)

Here, X is the downstre¢ = distance from the rectangular jet origin, where
X = 0 corresponds to x = 4,10 T of the coordinate svstem wvhose origin is
at the orifice exit, and do = 2.107 r is the initiel width of the column
jet, which is assumed to be twice the half wil!th of the orifice jets at

x = 4.10 L The downstream distance at which a column jet can no longer be
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assumed to be isolated is again taken as the point where the velocity
V= VC/IO of adjacent jets overlap., V = VC/IO occurs for ¥ = 1,82 91/2.
from equation 2.8, so the distance XT, measured from the orifice exits where

the column jets begin to interact is:

X. =4.10r

- - o -
1.82 10.1038 37107 . + 0.6) (2.107 ro) L2/2 (2.9)

For L2 & ®i.-"4n. . XT = 5.77 in. = 29.5 L From this point on, the column

jets are no longer isolated.

The geometric divergence of the column jet height in the region 4.10

r 2%z 29.5 r, must be taken into account in determining the true jet

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 momen-

tum, temporarily neglecting the transverse turbulent diffusion. The momen-
2 o pAV® 0 ¥ = v, /7E:Z§. The increase in jet height

i
(i.e., area) is proportional to x, so the velocity must decrease in proportion

tun balance is GAiv

to 1/¥ x. Using this fact, and now including the transverse diffusion (but
neglecting any additional lateral diffusion) gives:

1/2
54n
.{‘. ————
o byt 2r, t4 0w (180)

0 (2.10)
o i 10 L, 2 r, + x (547/180)

1/2
38.803 1
34,703 + xlto‘

J

-Vi

| S |

for 4,10 r < x < 5,8d +4.10r = 16,23 r , and
.= e Q 0 Q

1/2 , 1/2
S0: Boid x/t_= 4.10 )
Ver * 23Vl 5703 + x/t, // 2.107 ' °.6 (2:112

2-5
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for 16.28 L amx 29.5 r,- [In equation 2.11; the last term represents the

centerline velocity decay due only to transverse diffusion.

| The initial velocity V1 is obtained from a balance of momentum with the

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

P drop in jet velocity at x = 4,10 L which is the matching point between the
I orifice and the column jet models; however, it gives the correct results not
i

I

I

too far downstream of x = 4,10 ro. Thus:

S54n

2,2 2
‘ (11) (ﬂﬂrovo) = OVi llo Li + 2 to + 4.10 fo (180 )l (2.107 ro)
or
|
} y = 4
| \1 0.670 \o (2.12)
|

Using the above equations, the liquid entrained by the jets can be estimated.
j For example, in the region x > 16.28 ey (the fully developed column jet}), the
I

total liquid flow entrained per column is:

M

I

I

I

)

|

; b ™ DVCJ (2.107 ro) (10 Ll + 2 e, + 0.942 x) - (2.13)
|

|

11 (pV rz)
o o

I where VCJ is computed from equation 2.11. Expressing the entrainment on a

| per orifice basis gives:

r

vCJ Ll % \ -1 'cr2V (2.14)"
m = lo.0610 = |10 -2 +z+o.9az-'—} Ta'a e
en ‘o L o

I At the poirc where the columns merge, x = 29.5 s the entrained flow is

0.367 = rzvo per orifice, about one-third of the initial flow.

2-6
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2.2.2 Merged Column Region

After the column jets interact downstream of x = 29.5 £y all the water
between the columns is accelerated by exchanging momentum 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 smooth 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 from

2

. L\ /L
. —13(—5) (_iz_) cos (21 §/L,) for Z/L, > & (2.15)
QA 8n I

Here 4V is the difference between the wake velocity and the eventual uniform

velocity V in. is the spacing between orifice columns, Z is

Qho* ¥2 * =t

the downstream distance, cnd % = 0.103 L, is the relevant "mixing length"

2

for this model. The profile is essentially uniform when 2V < 0.1 VQA s BE
0
when:

= 4 = 2
Imerge 7.49 in. 38.3 to (2.16)

Thus, the column jets have totally merged to form a single "quencher arm jet"

at a distance of 29.5 ro + 38.3 ro = 67.8 ro downstream of the orifices.

The uniform velocity at the end of the wake region is determined from a

balance of momentum with all the orifice jets comprising it:

=y & 3 2
(47 x ll)awro\o (46 L2 + 2 ro) [10 L1 +2r + 6£7.8 v (lSO)]

2
* oy”
DQA

o
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VQA = 0,191 Vo (2.17)

o

VQAo is also the initial velocity of the quencher jet. The liquid flow
entrained up to this point is 4.24 =p rivo per orifice.

The velocity decrease in the wake region can be estimated from the torm of
equation 2.15)=-that is, the velocity decreases in proportion to 1/x. Since
the velocity is 0.37 V0 at the start of the wake (equation 2.11) and 0.191

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

v = 14.96 V /(x/r_ + 10.93) for 29.5 < x/r_ < 67.8 (2,18)
wake o 0 - o~

2.3 QUENCHER ARM JET

The upper and lower 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 {n 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

f here, the divergence is assumed to be 54°, which, therefore, gives a con-

‘ servative result for the velocity. The velocity decrease with distanca

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

reference to Figure 6, the momentum balance is:

r 202 . o2 2 - 2
| (47 x 11)1cr0&0 QVQA (46 L2 4 2 ro) 10 Ll + 2 £, + {2.19)

o342
180

The quencher arm velocity can therefore be expressed as:

= 1.938 v /[34.70 + x/r 1}/2
A o L)

v for x/r > 67.8 (2.20)
Qi 0

2-8
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The liquid entrainment per orifice is:

s 2,
Men = [0.521 /' 34.66 + x/r_ -1] prr V (2.21)

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 wnen 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 comservative estimate of the time required for the
quencher jet to decay to a negligible velocity is that the decay time is equal
to the preceding liquid flow time through the orifices. In other wcrds, if
water flows through the orifices for a time t and then stops, the quencher

jet flow field persists for an additional time to.

It is further assumed that the jet velocity for e s Zto decreases with
time at a linear rate and is equal to zero tor t = 2t0. (A linear decrease
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:

Zto - £
- e 2
VQ VQ ¢ for t 1 tO (5.22)

o o

where VQo is the value of V_ at time t = to. (It is assumed that the water

Q
jet leading edge is in the quencher arm jet region when the orifice flow

gtops; 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

Q

relation during the transient decav:

1/2

VQ to - 2(x = Ko)
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NOTE: THERE ARE ELEVEN ORIFICE JETS
PER COLUMN JET, FOR CLARITY,
ONLY FOUR ARE SHOWN

QRIFICE JETS ~

Figure 4. Column Jets
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3. JET PENETRATION

The total extent of the jet influence - that is, the jet penetration
distance - is an important parameter which must be determined. This can be
accomplished with the aid of the preceding jet-velocity models.

From equation 2.23, the jet velocity is zero vhen the leading edge is at
o+ v
x = X 1/2 ( 0o

ured from the orifices. That is:

to); this, then, is the total penetration distance, meas-

quto (3.1)

XroraL = %o * 3

1
2
The penetration parameter Xo is computed by determining the time required for
the leading edpge of the jet to reach the location x = xo. which is the sum of
the times required for the leading edge to travel through the separate
regions of the jet development, each of which is simply t = ‘dx/V, where the
integration is performed along the relevant jet centerline. Thus, the total

time required for the jet to reach x = xo is:

4.1 r 16. %o
0 dx
% ®" TV " 1/2
o 4.1 ro 0.A7 Vo [38.803/(34.7N3 + x/rg]
[x/r_ = 4.1 1/2
29508 il ]
+ [ : !- 3.307 & 06 % ol
A
16.13 ', 2,.53(0.67 Vo) (38.803/(34.703+x/r°)]
67.8 r X 372
r o (x/t + 10.93)dx “o [36.66 + u/r ] dx
+ S o) f 0 2 (3-2)
7
20,5 r, 14,96 Vo 67.8 ro 1.938 \0
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After integrating:

t Y
=2 w 4,14+ 19.57 + 29.43 + 152.53 - 356.77

o

X 3/2
+ 0.,343997 r—° + 3.70

o

Solving for xo:

2/3 B
t Vo ’ |
2.037( ‘; + 151.13 - 3@.7] £, (3.4)

0

Equation 3.4 is valid for orifice flow times ty »205.6 rO/VO.

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

/ ¢ Vv 1/3
Vo = 1.358 V_ (——j—" - 151.13) (3.5)
/ o

Therefore, the total penetratic. distance can be written as:

r LV 2/3 1
1 2.037 ‘;°+151.13> - 34.70 |

P - N 4

ve tnvo \1/3‘
+ 0.679 ‘r’ “/ + 151.13 - (3.6)

r
o Ta / l

There are no available theories or 1antitative test data to describe the mass
entrainment or spreading of the jet in this region. It is suggested that the
spreading (i.e., the divergence of the jet boundaries) be estimated by the

quencher arm jet results.
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4. SUIDIARY OF RESULTS FOR QUENCHER ARl JET

A summary of the previous models of iet velocity and jet size is presented

below.
- 0 < x < 4.1 ry (orifice jets)
Vey
o
1/2 = {1 + 0.013 (x/ro)]ro
. 4.1 Py B 29.5 X (column jets)

2
V= 0.67 v [38.80/(34.70 + x/r_)]%/?

W= 0,942 0 (34.70 + x/ro)

2 oy = 2 w i
2 ¥y/3 2.107 O (1 + 0.027 (x/t’O 4.1) 1

for 4.1 < x/r_ < 16.3, and

V= 1,605 V_ [38.803/(34.70+x/r )]}/?
0 o

We=0,942 r (34.70 + x/r )
(o] o

for 16.3 < xfro < 29:8.

The first expression for the column jet width has been derived by fitting

a linear rate of expansion between the initial width d  and the expression
.
for 2 from equation 2.7.

“ Y172
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29.5 roLx < 67.8 ¥ (colurm jets merging)

V= 16.96/(x/ro + 10.93)
W= 0,942 T, (34.70 + x/ro)

B = 463.4 r,

The slight increase of the width ard haight of the jet due to turbulent

diffusion

When x is

has been neglected.

r t v 2/3 7
67.8 r_ < x < |2.037 |22 + 151.1 - 3%, ¢
s SFED . 13*

(quencher jet)

v = 1.938 V_/(34.70 + x/ro)l/z

W= 0,942 r, (34,7 + x/to)

dy = 463.4 T,

equal to the upper limit, the orifice water flow has just ceased.

r (covo )2/3 1
2.037 4+ 151.1 > 3.7 < x < X___.
L r, J o =" ="1T0TAL
o t, = w(x=X )
V=YV i QO 9 0) |
Q| Vn t !
oL 1. 0 J

W= 0,942 T (34.70 + x/ro)

B =463.4 v
o



where

t Vv 1/3
V. = L3ssv [ F-=22+15L.)
% ol To

tovo 2/3
X = {2,037 + 151.1 -34.7 | r
o i r o

0o
tOVO
- - 113.35)
X o {2,716 22 - %7

TOTAL tovo 1/3
~ + 151.1

o

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

orifices has ceased.

h=3/4~4
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5. NUMERICAL EXAMPLE OF QUENCHER JET

Typical parameters are:

Vo = 200 ft/sec
to = (.18 sec

r_ = - in.

Using these data, at t = 0.18 sec the jet has penetrated a distance:
X = 326.5 ¢ = 5,72 ft
o o

and has a velocity

VQO = 0.102 Vo = 20.4 ft/sec

The total penetration of the jet is:

X

= = -
X roTAL 439.1 r ft

or slightly less than one orifice arm length. This agrees approximately
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 t(he "fully
developed" quencher jet region, x > 67.8 L
The overall jet velecity as a function of downstream distance is shown in
Figure 7. The discontinuities shown in the slope of the velocity curve are
a result of patching together different theories for different sorts of jets;
in practice, these discontinuities would be smanthed, bur the magnitude of
the velocity would not be significantly different. In particular, the dis-
continuous drop in velocity from the initial 200 ft/sec to about 135 ft/sec
is a result of patching together the axisymmetric orifice jet model to the
column jet model. Although such a discoitirnous change in velocity is
clearly unrealistic, the patching together of t'e two separate jet models

was done by satistving conservation of momentum, so it is expected that the

5-1 797 //é
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predictions become realistic shortly downstream of the patching point,

x = 4.1 r . The predicted velocity at x > 67.8 r_ (which is the end of the
column jet mixing region) is comparable to the predicted velocity for an
axisymmetric jet which is shown ‘n Figure 7 as the dashed line. This lends

credibility to the conclusion that the results are realistic.
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where the factor 2.187 £y (corresponding to 2.107 L of the quencher jet) is
twice the half width of an orifice jet at the location where the orifice jets

begin to interact. Solving equation 6.2 gives

= " o=
XT 13.4 58.56 t, (6.3)
By comparing this to the quencher arm result (i.e., 29.5 ro), it can be seen
that the divergence of the individual column jets of the end cap moves the

merging location downstream by about 45 orifice diameters.

The initial vesocity of the column jet can be determined by modifving equa-
tion 2.12. The calculations are based on ecleven orifices per 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

2.2 2 [ (44 77
e = oV, | JI8" + 2 2 [S3s
(1) moxlv? Vi[10% 078"+ 2+ 7.2, (Y55 )J
* (2.187 r ) (6.4)

or

V., = 9.577V
o

6=2
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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.

vV = 0.577 V
o

V = 1.458 V
0

for 19.88 < x/r_ < 68.56

Thus
= 1/2
60.9 )
53.7 + x/r, for 7.2 < x/r <_ 19.88
- [ 4 1/2
1 1/2// x/r - 7.2
2.187 ’

53.7 + x/r / !
. " » (6.5)

After the column jets begin to interact at x = 68.56 r,» an additional 38.3 r,

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

6.3 END CAP JET

The fully merged coclumn jets form a rectangular ‘et whose initial cross-

sectional area is

A = {3 #1.97" + 2 r_ + 68.56 r (
0 0

"
% [10 *0.78" + 2 r_ + 68.56 (

-
|

33.97) j

180

4

&

—

. Iyl
=

2
= 265.38 in
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The rectangular jet has an initial velocity determined from momentum

considerations:
265.38 ovgco - (4 x 1) eV
or
VEco = 0.141 s (6.6)

Downstream ol x = 68.56 Fyr the end cap jet velocity is further attenuated by
the geomerric divergence. (The small additional attenuation due to turbulent
diffusica is neglected since there are no valid theories or data available to

describe it.) Therefore:

1/2
Uy = 220V /{[6.301 +0.592 ¢, (x/r)]

Q
# [8.191 + 0. 780 ro(x/ro)]”z}
7.3
- 7 73 (6.7)

(54.47 + x/ro)1 : (53.7 + x/ro)1
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6.4 TRANSIENT DECAY OF END CAP JET

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

up to the time when the or:fice flow ceases is determined from:

19.88 r
0 ¢ dx
£ = T2 =% f .
o v - 2 1/2
o 7.2 ‘. 0.577 V0 [bo.q/(53.7 + x/ro)
1/2
- p .
68.56 r ["/"o Pl ]
o .- SO - dx
. 4 2,187
19.88 r_ 1.458 V [60.9/(53.7 + x/ro)]ll‘
106.96 r, (x/r, - 20.35) dx
+ : ;
68.56 r 9.26 ‘o
o
1/2 1
x [SA 47 + x/t ] [53 70 + x/r ]"/2 dx
+ o 5 59 © (6.8)
106.86 _ =t o

In the last term, the ractors x/rj's are predominant for x >106.86 r, s 8O the

.

entire term is simplified to

X  (56.09 + x/r,) dx

. 17.3 V
1t 8h r 3 o

The approximate integrand is in error by only about 0.37 at x = 106.86 Coe

and the error decreases as x increases. The approximate integrand, moreover,

6=5
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has the virtue that it eliminates the need to solve a transcendal equation

for Xo in the results., With this simplification, equation (6.8) gives
tovolro = 7.2 + 23.08 + 175.66 + 276.61 - 748.70

(54,09 + x/ro)2

*TIA e
Thus,
t \17o 1/2 l
- el s.ssz( 2.5 & 206.15) - 54,09 % (6.10)
0 3 o
which is valid for tOVO/r0 > 482.6
The jet velocity at the end of the orifice flow period is
VQ
0 . 17.3
\o tovo 1/2 1/2 e v 1/2 1/2
54.47+5.882 . +266.l§) -54.09 53.7+5.882( 3 2 +266.15) ~54,09
o o
17.3 . 2.941
e (t v 1/2 t Vv 1/2 (6.11)
3 c 0 )
5.882 + 266.15 ( + 266.15
\ To Lo

6-6
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7. SWUEGARY OF RESULTS FOR END CAP JET

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

- 0 <xc 7.2 (orifice jet)
v = Vv
o

/2 * % [l + 0.013 x/ro]

. 7.2 r, < x < 68.56 r_ (columan jets)

i 1/2
v o= 0.577 v, [60.9/(53.7 + x/ro)]

W = 0.780 ) (53.7 + x/ro)

ra

Vyse = 2:187 1, [1 +0.0259 (x/r_ - 7.:)]

for 7.2 < x/ro>: 19.88, and

.-

.
1/2 | x/x_ - 7.2 ke
v o= 1033 v, [60.9/(53.7 + e )l | =g+ 06

¥ = 0.780 £, (53.7 + x/ro)

x/r0 - 7.2
2572 = 0456 x, 6-3.187 # 0.6

for 19.88 - x/r_ < 68.56

. 68.56 r < x < 106.86 r (column jets merging)

] = 9,26 V_/(x/ - 20.35
v 9.26 V (x ty 35)
W = 0.780 r (53.7 - x/r)

B = 0.592 v [56.4 + x/r ]
o 9]
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L v 1 1/2

106.86 r < x < ls.saz [ 22 & 266.15 | = 56.09pr
5= - 4 4 0

(o]

17.3 Vv
o

" Drer v e 537 + ie]

v

W = 0.780 r (53.7 + x/to)

B = 0.592 LR (54.44 + x/ro)

- 172

(&Y
S+ 266.15J - 5&.09} T, <%

5.882 |
Lro

r - =X )
1\’Q £, 2(x ko)?
o

v, . t

vV = V ;'
Qoi-Qo |

L7 ]
W = 0.780 r, (53.7 + x/ro)

= 5 Y/ /
B 0.592 t (54.44 + x/ro)

2.941 V
s

Q 'tov 172
—2 4 266.15
rO

ey 1/2
%o = {5.882| —=+ 266.15 - 54,09} r
o}

X = X
TOTAL o 2 0 o

~3
P2
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8. NUMERICAL EXA'PLE FOR END CAF JET

Typical parameters are

Vo = 200 ft/sec

to = (.18 sec

r = ¥ in. I

o —————

Using these data, the jet has penetrated a distance

{ = 2 =
ho 238.6 r, * fr l

and has a velocity

VQ = 0,0591 V, = 11.82 ft/sec

0

after a time period tO = 0 18 sec. The total penetration of the jet is

Xp = 306.le = *  fr l

Compared to the quencher arm jet, these substantiallvy smaller values for
the penetration distance and velocity show the effect of the three-

dimensional attenuation of the end cap jet.

8-1/8-2




s S g e T S — R——— T — o s 20

NEDO-25090

9. For "REDICTIONS

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

structure is calculated as follows:

. £ 2
F Cp 23c Ax vN (9.1)

where

F = force normal to structure axis (lbf)

O
L

D standard drag coefficient
¢ = density of water (62.4 lbm/ft3)
8. = sgravitational constant (32.2 b fc/lbf-secz)
Ay ™ projected structure area engulfed by the jet (ftz)
VN = maximum jet velocity normal to structure axis (ft/sec)

If a structure fully or partially intercepts the jet, the following equation

should be used. The equation is derived based on momentum stoppage of a jet.

F » Ko=— AV (9.2)

AI = jintercepted jet area normal to the jet direction (ftz)
K = 2, jet momentum stoppage without reflection

= 4, jet turns back away frocm the structure (e.g., a concaved
shaped structure) {See Figure 8).

497 128
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A
VI,
‘ 8
STAUCTURE A: FULLY SUBMERGED, USE Cp AND EQUATION 9.1
B: FULLY INTERCEPTS JET, USE K AND EQUATION 9.2
C: PARTIALLY INTERCEPTS JET, USE K AND EQUATION 9.2
(o}

/s
R o,
N NS
~. =
7
4
i

STRUCTURE D' TURNS JET BACK ON ITSELF, USE K AND EQUATION 9.2

Figure 8. Possible Structure/Jet Interactions

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

structure for a period of 2 tye

o
I
2

129
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APPENDIX A

MODIFIED ANALYTICAL MODEL
FOR
T-QUENCHER WATER JET LOADS
ON
SUBMERGED STRUCTURES

Prepared by:
NUCLEAR SERVICES CORPORATION
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P. 0. #205-G7-F56
Prepared by:
K. H. Chu
January 23, 1979
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Al. 1NTRODUCTION

In the T-quencher water jet model, it is assumed that the hole pattern is
uniform and the orifice water velocity V, and the time at which water flowing
through thke orifice t, are identical for each hole. The modified T-quencher
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.l. Each section has a di{ferent but uniform hole patt. n. The
values of V, and t, for the orifices in the same section are assumed to be

identical.

The velocities for jets from 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-jet theories are used for
tne orifice jets, column jets, and quencher arm jets; (b) after the flow of
liquid through the orifices has stopped, the velocity and the penetration
distance of th: quencher jet are determined with the aid of scale-model test

data.

et 7133
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A2. DYNAMICS OF THE QUENCHER ARM 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 ench 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.

&2,1 ORIFICE JETS

Following Equations (2.1b) and (2.4) in Section 2.1, the general results for

the orifice jets from the arm are as follows:

for

where

Vv,
:l__ - 1 § o 1,2, 3y ivsn 6
v .
0,]
¥ .
—i'ir = 1+0.013% i o= 1, 2,3, ..., 6
o )
X
Q=== ¢ §.1
-r —
0
= Jet velocity at a distance "x" downstream of the orifice
= Jet velocity at the orifice
= Half-width of the orifice jet
= Qrifice radius = it in.
where the subscript "j" represents the section number in the arm.
A7 14
:\’3 u*’/ ")
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Table A-1
SUMMARY OF DIMENSIONLESS VELOCLTY PROFILES (V% = V/Vo) FOR THE T-QUENCHER ARM JETS

=y

L6Y

9¢l

Range Sections 1 and 2 Section 3 Section 4 Sections 5 and 6
X% < 4.1 1 1 1 1
47.21_\* 40.20 _\¢ 18.79 _\* 45.3 )
* < P, S L e I R e M ;. DIl R == 7L SEE
i e "'“( 2317 + x*) 0'68(36.10 v x*) oo (34.69 ¥ xt) 0'67(41.2 * xt)
47.27 40.20 \* 18.79 _\* 45.30 \*
OO bz 79(43 n+\<*) 171(30 10 + X% l70(3:. 69+x*) r 7°(alz+x*)
AT X¥=4 . X*=4.1  X*=4.1 =z
(2.107 + 9 ") ) *0") (" 107 ””’) “2.107 *06) g
0
w
2
oo av ey ariBil 1690 16.44 17.62 S
e TS X% #3747 X* + 15.44 X% 4+ 14.81 X* + 16.50
RPN 75 - N 0 o a9
1 @+ a3an? (x% + 36.10)° (X* + 34.69)° (X* + 41.20)°
3 X <4 1 2 (X% X% ) 's e
{# < X% e - m—t : = mmesnesse fR® - XE i eiaiuttars nlecmmushy P e
i Qi Vii % 0}

1.54

(I"i + 146.69)

1/3

. S

(Pj + 143.54)

1/3

1.39
(Pj + 143.32)

1/3

1.47

(Pj + 153.52)1/3
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Table A-1

SUMMARY OF DIMENSIONLESS VELOCITY PROFILES FOR THE T-QUENCHER ARM JETS (Continued)

Range Sections | and 2 Section 3 Section 4 Sections 5 and 6
2 95
x;i 2.31 (Pj + 149.69)2/3 2.13 (Pj + 143.5&)"3 2.08 (Pj + 1.43.32)'/3 2.21 (l’j + 153.52)213
~43.17 =-36.10 =-34.69 -41.0
1
# ¢ e x 4 = Vk P — »
th xoj 2 QOj i
A
oj oj e i
. e —— ) .
o
X& D S-S c— S —_ — —Pp
r
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Table A-2
SUMMARY OF DIMENSIONLESS JET WIDTHS AND HEIGHTS OF THE T-QUENCHER ARM JETS
*
Bj = l}lro
Range Sections 1 and 2 Section 3 Section & Sections 5 and 6
0 < X* < 4.1 oy = ~2(1 + 0.013X*) o o Ty
.12 K < 280 1 e S 0T ) ¥ D027 KR = 4 X) ) iy -
: X* - 4.1 PRy Py | S o Lk -
16.3 < X* < 29,5 0.437 [ 3.107 + 0.6]
29.5 < X* < X 70.54
. AN i B B L s i s g s
.-) o, - tj
W, = W2r
Range Sections 1 and 2 Section 3 _ Section 4 Sections 5 and 6
0 < X* < 4.1 1 + 0.013 X*
AT LER A 0.095(43.17 + X*)  0.285(36.10 + X*) G.47(36.49 + X*)  0.47(42.1 + X%)
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A2.2 COLUMN JETS -~ ISOLATED COLUMN REGION

Following Equations (2.10) and (2.11) in Section

the column jets are as fellows:

, the general results for

For 4.1 < x/r < 16.3
- O e
1
- ‘.
vV Ni= o + 4.1 ¢ o
i h nj=1) LL r 4 o Aal W ’
%ol s (n.-1) L, +2r + % P '
i,] 1 J
W L
= = (- F+2+% & SR ool
o 5 o 8 -3
._ru_J. = ..107 [L + 0.027 (lr‘— - & l)] o= 1,2, , 6
0 Q
For 16.3 < x/r < 29.5
= -
1
.
(n3;=1) L, + 2r + ] T
2.33[ _] ) 1 y 4.4 1
L L (ng=1) L. +# 2r +
i - - 1 O 1 ;] P
Yi : 3 x/r = 4.1 1/2 § ek =
o —— + 0.6
( 2.107
L
_.". = {(n. =-1) —-1-4- 2 +-:-{—— i = 1.2, o .
r i r r j
0 o '8}
2y fx/e = 4.1
25 = 0,44 | - 0.6 ) I I TR TN
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where

1/2

njnro
Vig " Vol T e oD L+ ir + 4150
4 ! i b 1 o ey

n, = The number of orifice in a row in Section j

]
Ll = Spacing between the orifice in the same row
- * 1“- '

(ﬂj'l) S.40 j -1, 2, 3' 4

g e 180

J 1
54 180 =56

Nj = Height of the column jet

y% 3 = Half-width of the column 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/to < 16.3

1 1172
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Vj 1/2
v Rt e b 5 . oy
0,4 36.69 + =
)
1/2
v
= J = 0.67 __32;29_;. j=5,686
: )
w x
?l * 0.19 (63.17 » K. ) j=1,2
0 o)
W
4 = 0.57 (36.10 + ii-) =3
) r
(o] o
M5
-2 = 0,9 (34.69 + 5;) jo=4
k v ¥
Q
| W, .
| A = 0.9 (41.20 + -!_-) j=5,6
(] s}
|
F 2y
| —-'1'11, = 2.107 1 + 0.027 (’:- - :..1) =1, 2, ...
o ]

For 16.3 i.‘/'o < 29.5

: ok 47.27 Y2
VJ g 43.1 + x/r
= o)

§ 1,2
L /% - 4 172
[s)
\.2.107 * 0.9
/
41
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A2.3 COLUMN JETS - MERGED COLUMN REGLOH

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

For 29.5 < x/r < 67.8

Vj a
- . —J-"_"‘ J = 1' 2' ey 6
Vo3 x/t ¥ b
W [
& -1) - X ~
B (nj 1) 3 + 2% . ej i 1. 24 wnag B

c
o
(=}

B (m,~1) L
-ri - —L—'—l j.l' 2’ -¢n|6
(o) ro

|

E

1 where

3

' m, = Number of row in section j

L, = Spacing between the rows

= * 1in.

B, = Width of the merged column jet in Section j

aj and bj are constants determined by the following equations:
1/2
-
Jj nj % ro

Seer * 0,49 [ e -
9.5+, (=D L +2r +29.57 5,

1/2
a mjnj:t

- b ) i !

A=12

A R g,



NEDO-25090

Based on the above general formula, the detailed governing equations for the

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

For 29.5 « x/r, < 67.8

LXE <

v
3. _.18.95 e
vV x/t_+ 17.17 Sy
3, __16.90 o
v 15.44 + x/r :

L.’,j 0

'3 16.44 .
——— = e e e e e i %
Vo 14.81 + x/r_ .
d . . 17.62 g
v : 16.50 + x/r 7 ©

Q4] O

W, : X

A= 00 19&43.17+——— =1, 2

r rn

4 =0 57(3@.1f'+"—4) =3

r l’)

0

'.x’j |
— = 0,9 (41.30 + "--) i =5, 5
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A2.4 QUENCHER ARM JETS
|
|

Following Equation (2.!: ia Section 2.2, the general quencher arm jet velocity

can be expressed - |

For 67.8 < x/vr_ < x_ . /r
b = & = 9 0

o §
5 1/2

; - |

\j MJ nj TI to - j ~ 1 2 b

. - - + a ) gy
Vs, [(Tnj nL,+ 2:01 [(nj DL +2r +x j‘”
where x is the guencher jet penetration at t = t and t is the time at

0,] 0,] 0,]

which water fleow through orifices ceases in Section j. The expressions for the
jet width and height of the quencher arm jet are the same as thnse in
Section A2.3.

Following Equation (3.2) in Section 3, the general expression for X, 4 can be

y

obtained as .ollows:

X j/ro
to.j voij , vj X
——— = L PO
¥ v r
o otj o
0

By substituting the corresponding expression of Vj/Vo 3 and carrying out the

integration, X /ro can be obtained as a function of the parameter

0,]

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

jet velocity and xo 3 from each section of the arm can be obtained as follows:
’

For 67.8 < x/r =«
- 0 ~ "oy

497 \46
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1. 2.348 ” o

Yoid (43.17 + x/x ) g = ke

3 2.071 o

v 1/2 J

0,3 (36.10 + x/r_)

Y 2.011 ek

v 1/2

0,] (34.69 + x/ro)

Yy z.186 . %6

v 1/2 i r

0,] (41.20 + x/ro)

and

x

‘:'j - 231+ 129.69)%73 - 43.17 j=1,2
&)

X

_.‘3_'1. - 2.3 (¢, + 163.50)%73 - 136.10 §=3
o

x

2 - 2.08 @, + 163.3)%73 - 34,69 =
o

x

2l - 2.2 v, + 153.52)%2/3 - 41.20 j=5,6
0

where

A=l 497 147
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-:-1 - 0.73(53.7+:—) § =7
(o] o
i . x/r = 7.2

15’.1 - 0.454 _____9_______+ 0.6 j .7
ro ' 2.187 :

Column Jets - Merged Column Region (68,56 < x/r0 < 106.86)

¥y . - 9.26 o
v x/r - 20.35 P=
0,] o

W

4 - o.78 (53.7+1‘—-) § %7

r |

o] [a ]

. X

—"'i' - 0 592(5"4.4!‘ + '_> j = 7

r r

o o]

V. ) 3

: S 7.3 j =7
) ’ B
Vo8 (sa.a7 + x/e )M (537 4w )t
W / .
4-078(537+-——> § w7
r r
(&) \ o/

\
0.592 [ 54.44 + = je7
rO
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A4. DETERMINATION OF V AND ¢
0,1 0,]

Before utilizing the modified T-quencher water jet model ro . valuate the loads
on submerged etructures, the values of vo.j and to,j “or the water jet from
cach section of the quencher arm have to be deteruined. Vo.j ic the orifice
water velocity at Section j and ¢ is the time at which the water flowing

05 ]
through the cv. fices in Section j stops.

The arm hole velocity and acceleration at the time when the air-water inter-
face reaches tine first column of holes on the quencher arm, are determined

from the S/RV line clearing model output as follows:

arm hole velocity, V, = FS — (AL)
d‘l’ e
arm hole acceleration, & = FS A (A2)
dt cAH
(o]

where
FS = Flow split fraction between the two arms
m = Water mass flowrate, lbm/sec
M = Water mass acceleration, lbm/sec2

= water density, 1bm/ft3

L #]

2
A“ = Flow area of all holes in one arm, ft~

I
Crd
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the following equations:

qu
\H = VHO + ‘& t

o

:
dv
L 2abt e [Tu) |
€ "EriTs vno*z(dc 4
P o |
¢ =3
c+1

=
L}

llole distribution coefficient

0.00952 for quencher with end cao holes

0.010024 for quencher without end cap holes
A = Flow area of quencher arm, ft2

Solving t and C in terms of §, vields

‘_‘+'s

";H— - bS

C

P R T —— TR R RS R RS RS R R AR AT, s

A-22

The arm hole velocity V“ and the location of the air-water interface S

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

(A3)

(A4)

(A3)

(A6)

L B
R

R3¢0
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L e GL— F A Ivez + 20F 1.‘nC o (A7)
o “Fyer | -
where
2 VA Lb
T
A
P
dv
" __H
vel v?. (dt)
Ho s]

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

Hence the arm hole velocity V., can also be expressed as an explicit function

H
of 5 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 }
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 § = Sj' see
Figure Al). 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 e(S) (A8)
0, < j
is the time at which water flowing through the orifices in Section j stops.

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

dVH
vHo’ (_d_t_) and tF) "

o

the values of Vo 3 and to i for each section on the quencher arm can then be
. |

obtained through Equations (aA3). (a6), (A7), and (A8).

A-23/A~24 497 155
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