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Summary

A proper determination of the fluid jet thrust forces through the ruptured area is critical in the design
of pipe restraints against the possible failure of major eqdipmem due to pipe whipping when rupture occurs,
In this paper, a static analysis has been made which can be used as a static design guide. In the development
of equations, emphasis has been laid on actual credible circumstances rather than on the severest case to
avoid excessive design margins and at the same time, the margins included in equations has been discussed

qualitatively.

1. Introduction

In a nuclear power plant, the most critical acci-
dent following rupture of the high energy pipe is
the loss of coolant due to the fluid loss. But in addi-
tion to this kind of thermal hydraulic accident,
another type of accident might be considered, that
is, the failure of the major equipment by pipe whip-
ping at the moment of pipe rupture. The easiest and
the most efficient way to prevent this accident from
occurring is the proper layout of piping and major
equipment at the stage of plant design. But when the
layout does not permit the effective means against
the possible pipe whipping, particular consideration
should be given to the design of restraints or hangers
by the determination of thrust forces. This, in turn,
requires detail analyses of the mechanism of pipe

crack and fluid loss plus the mutual relations bet-
ween crack and fluid jet as well. In other words, the
flaws which are present in the pipe or on the surface
may trigger the gradual crack growth by plastic
deformation and finally the instantaneous crack. The
crack opening and propagation depend strongly on
the spatial distribution of the fluid pressure and ar-
rest with the depressurization of the system by fluid
loss.

Presently the thrust forces are estimated under
the assumption of the hypothetical circumferential
guillotine break (ASCE, 1980), which results in over-
margins in design. Further, the thermal hydraulic
analyses show the trend of transition from the
hypothetical guillotine bréak LOCAs to the more
realistic small LOCAs after TMI accident and it is
Author’s opinion that the estimation of thrust forces
against pipe whipping design be made in parallel with
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this trend. However in this paper, circumferential
large ruptures as well as axial ruptures are discussed
for the sake of the directions of the moment and
force, whichever is applicable to the design of pipe
restraints and displacements.

2. Axial Crack

For the case of axial crack, assumptions are made
that the crack is one dimensional and of cusp tip,
then,

.........................u)
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where W = effective width of crack
W, = maximum half crack opening
I = crack transition length
x = distance behind crack tip.

T
==

Figure 1, Axial cusp crack

By integrating Eq. (1), the crack openmg area is ob-
tained as

Al = 2Wp il eervereniinitncciiiiciiniiienanns (2)

1t should be noted that in Eq. (2), crack opening
history is not considered. That is, the crack opening
is assumed to occur at time t = t,, (highest system
pressure) and at the same time, the crack closure due
to the hoop stress decrease by the system pressure
drop is excluded. Though the axial crack area is ex-
pressed simply as in Eq.(2), W, and / should be deter-
mined. For the case of the crack of 2" on the infinite
plane, the stress intensity factor, k, is

k=0 (=x ')* T LITTTPTISIS TR PRTPPRPP ()}
where g is the stress perpendicular to the crack.

The crack propagation can be determined by con-
sidering the local plastic deformation in the vicinity
of the crack tip. Let r be the radius of the plastic
zone with its center on the tip, then the local stress
in the region of plastic zone is given by

0= k(zxr)"% tetersnateassisenarriestentusstesane (4)

where k is the value obtained from Eq. (3).
If the local stress, Eq. (4), is larger than the yield
stress 0, the propagation starts to occur (Knott, J.F.,
1979) and from Eq. (4), the propagation length is

k!
Ty= (27ray2>

I=y"+r1,= 1'+(27|::y2 ) N (5)

In Eq. (3), the crack length can be regarded as the
flaw size instead of crack size, and the local stress o
can be approximated by the pipe hoop stress due to
internal pressure. Also Eqs. (3) and (5) show that
the final crack length is proportional to the flaw size
and that the crack length becomes shorter for larger
yield strength material as expected. As in the same
way, when the plastic zone gear the tip is regarded
asa c1rcle of radius r,, the strain at the point r=r,
is &, —E! (E; Young’s modulus), and ‘the GE&D
(crack opening displacement) at the crack tip isdler-
ived as follow by Buderkin and Stone (1966).
o= (ﬁ) e ln (sec (ro/ 20 ))= i (6)

xE 4 o,E
For the estimation of W,, the Dugdale modeling as
shown in Figure 2 is used and the final crack shape
can be thought as the cosine shape of

xXx

W=W,; -cos ( m )
Then since

’

8/2=W, cos(#“y)) , W, is found to be:
—_— 3 3 S
200s(2(l+ )) 2008 :l;) 20, Eoos(zl)

k3

=20y Em[”l'/(?l'i'-k’/{ray?)]'" ceasene (7) .
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xr= I'+ry =1

N4

Figure 2, Dugdale model

By inserting Eqgs. (7) and (5) into Eq. (2), the axial
crack area can be determined and it is found that
the crack area is the function of the material pro-
perties (dy, E) and geometric factors (k,/’). Together
with this, the size, orientation and distribution of the
flaws can be found by various methods such as NDT
but the probabilistic approach (Carlsson. J., 1979)
utilizing experential data can render the reasonable
results under relevant operating conditions.

locus of

tydtg )1ty

constant circumference

Figure 3, Cross section of a fracturing pipe
(Emery, A.F, ef at, 1981)

At this point, it should be pointed out that the crack
opening area, Eq. (2), includes an additional margin
with respect to the increase of flow area (channel
area) near the crack zone (EPRI, NP-763, 1976). The
cross sectional area of the rupture zone increases as
in Figure 3, and increase in flow channel area leads
to the larger system depressurization rate which con-
tributes to margins when the effect is neglected. If
the flow channel area, A, is regarded as a function
of time, then from continuity,

(3(AP)+3(G
at ox
LAGA) _ - W_p oA |
A ax tA A 9t

= —G’W' Ax

ap

} e (8
ot ®

where G = channel flow rate
G, leakage flow rate
A channel area.
The second term on the right hand side of Eq. (8)
represents the effect of channel area change. On the
other hand, the relationship between the wetted
perimeter of the channel area and crack width is

Dy = D,u-}-v;v ceresim s esane e senan e (0)

where Dy, ,= non-ruptured wetted perimeter
Dy, = ruptured wetted perimeter,

From Egs. (8) and (9), -

104 2 9D, 2 W

Adt D, ot =xD, ot

)

W,
Further from Eq. (1), W = Eo(lcos 1_r;£)

='W,sin’,(;—7) and by letting / = nDy,

W _ Wy (mj dx =W, . (Jr.'x dx
m

FXRRET 7/ dat 20D, ""\T [ar
Therefore,
1 A L AWE A
A T Ich (21 / (T) ............ (11)
d
where V, = d—: = crack velocity.
A .
Compar ing GI A a_t in the
second equation of Eq. (8), then
P, 2A W 2W—
A 3/ G = [”Vc’xo.,'
Xx\X X
~cot (-—:')-—- —-Dh]/ (pV; W)
2t/ 1
V. xD, (t.;
= —m y —— t [ aeme ] oo 0oscccccnnmcnccons
v, 21 21> (2
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Two effects on the system depressurization (i.e., ef-
fects due to leakage and area change) are compared
each other as tablized below (EPRI, NP-763, 1976),

Table 1. Effects on depressurization-leakage and area

change
Crack type, Narrow Wide
)

;C'B; Co C=3 C t=l
Crack Speed, High § High §
V./V, Low 0.5 Low 0.5
Transition
position High 4.2 High 2.4
(which makes
Eq. (12) Low 0.5 Low 0.5
unity),
x xxC

—(= )

Dy, !

As can be found in the table above, the transition
position should be approximately 4Dy, to make two
effects identical each other for the case of high speed
crack. But almost all the practical material is of high
ductility, hence the crack speed is relatively low
(~300 m/sec) and the crack propagation is com-
paratively long, Accordingly the effect of the
depressurization (i.e., the rate of mass flux decrease)
by the area change is not so great, but by excluding
the area change term as for the case of static design,
an additional margin can be expected.

2. Circumferential Crack

The guillotine break — the hypothetical condi-
tion of the maximum credible accident of a nuclear
power plant as mentioned above — assumes the com-
plete cutting of pipe without any deformation ( the
local area ratio, a = 1). But actually the pipe might
be considered to be under the bending and/or ten-
sion forces and the final shape can be thought as a
semi circular rectangular. From Figure 4, the one-

dimensional cross sectional area is

or by defining the local area ratio @ = A/A, (Ao:
original cross sectional area),

y y
a=—4 D, (1 E) ............................ i)
(Ro—y)
- ~
,° >
\
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' h
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\ Ro ,
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Figure 4,Cross section of a circumferential breaking
under tension and bending( McClurken, M, E,
et al, 1981)

The y value of Eq. (14) is the function of the ten-
sion and bending stiffness of the pipe material and
the local area ratio a is found to have a value of
0.3-0.8 depending on material properties and load
conditions (McClurken, M.E, et al, 1981). Eq. (14)
is an area of one-dimensional but if a rupture is
assumed to occur along the direction which makes
shear stress zero, then two-dimensiqnal cross sec-
tional area is

0.8A,

cir =COS—W4—) = 1,]3 Ao --......(]5)

A

The area given by Eq. (15), which shows 13% larger
than the original cross sectional area includes suffi-
cient margin (« =0.8 (max) with two-dimensional
area).

3. Fluid Thrust
The linear momentum equation of the fluid escap-

ing through the crack is as below by Reyonold
transport theorem.
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If a control volume is taken around the rupture zone,
along with the assumption of that the fluid proper-
ties are constant in the control volume, then the one-
dimensional linear momentum equation can be writ-
ten as F = ¢ «(crack opening area) (velocity)?>. And
since the pressure force is

— —

F, = S\p(-n)dA , the total one-dimensional
&s

force by crack leakage is

F:A(pe-p.)"f'PeAeV: R 1)

where subscript e denotes exit and Pa the atmospheric
pressure.

When the system pressure is lower than the critical
pressure or when a flashing does not occur, Eq. (17)
becomes F =p,A + m(V,- V,) where V, is the con-
trol volume inlet velocity, V, the outlet velocity and
Py is the gauge pressure. Furthermore, from continui-
ty, V, is equal to V,, hence the total thrust force is
simply a pressure force of F =p A and if the system
pressure and crack area are known, the thrust force
can be estimated easily. But in reality, the pipe fluid
is of high energy (approximately over 160 kg/cm?,
320°C for primary loop) and with a pipe crack, fluid
choking and flashing occur simultaneously.

For the estimation of critical flow, several models
such as isenthalpic, Moody and Extended Henry-
Fauske could be used. Among these models,
however, the results of the isenthalpic model for the
subcooled region always show smaller values than
Moody or Henry-Fauske. Moreover, it is desirable
to use the Henry-Fauske model to avoid the abrupt
discontinuity of phase transition rather than the
Moody model which is derived theoritically with tak-
ing into account of the slip effect between two
phases. And the Extended Henry-Fauske model can

be used for the case of that flashing occurs between
the center of the control volume and the junction
of the control volume (ruptured surface) as well as
when the macroscopic averaged fluid property of the
control volume is in the subcooled or saturated states
(Delhaye, J.M., 1980). With the assumptions of isen-
tropic (no friction) flow and steady state and by ap-
plying continuity and momentum e~uations to each
phase, the mass flux is obtained as follows (Elwakil,
M.M., 1978).

G = -dpogc
dl(1-x¢) v+ x¢v, ]

where G = mass flux, kg/m? sec
V1, Vg = specific volume (m*/kg) of
liquid and gas
x, = flowing quality
g. = conversion factor, constant

G
Since a—;‘)] = 0 when choking (j = ruptured

surface junction), the critical mass flux, G.,
turns out be

G: <d<xrs+(1—xf)>
gc  \dp S

X [(1-x¢) Sv.+va.3)

1 dv
'(’S_[(I+Xf(5‘l)) X l:

where S = slip ratio

f,, f; = constants,
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Eq. (19) is quite a general equation just derived from
continuity and momentum equations. By applying
the following assumptions of Henry and Fauske, the
critical mass flux is given by Eq. (20).

1) slip equilibrium model : S = 1, dS/dp =0

dV| .
2) —— = 0:v,; = vig(stagnation specific

d
P volume)
) 0
3) oxe_ Xe (x¢=flowing quality,x,,
ap ap

equilibrium quality)
N = Xe/0.14, X.<0.14
= l, Xe >0.l4
4) x,=X, (stagnation equilibrium quality)
=40 H 1- Xg =]
5) adiabatic process of steam expansion:

PVg = constant

G2 )
= <"°"' + (vg-vip) N Te ) ..... (20)
g np op

And by the use of the relationship of
d _ 0 9 dh @ + K2
dp dp oh dp op ' ok’
the critical velocity is (Rose, 1967);

3 ~ 8 _0p_ 1 i‘i)
v’critlcnl B a’ B ap_ v? dp/s

1 av av
= 55 [*GE), +(55)h)= ety -0

where Rp = .%(%!vj)h, Ry = -::lr-’(/z_;)m

a = sonic velocity,

Also Eq. (21) can be written, by applying

vV =v +v“x, as

d d(ve/ve)
& _ _11[(£) + ,(v,__fif_
v:riﬁeal -v dp s dp

Vf‘ dV f dx ]
e )+ —) e (22)
+ v¢ dp)s r'(dp s
Then, the thrust force is determined by the use of
critical mass flux, Eq. (20), and critical velocity, Eq.
(22), as
F = pA +G A (V_,,., - V), for circumferential

crack
= pA G ALY i fOr axial crack ...... (23)
where V, = control volume inlet velocity
- G
P

‘o = control volume averaged density
A, = crack area,

In the above equation, the fluid property is assum-
ed to be constant in the control volume and as the
results of various thermal hydraulic codes show
(Tarng, H.J., 1979), if the overall system volume is
sufficiently large, the property change of the fluid
can be neglected during the crack propagation time,
which is very short, and this assumption presents
another design margin in that high mass flux is used.

Finally the critical mass flux, Eq. (20) is to be ob-
tained by iterative method which presents an inconve-
nience. However the critical mass flux can be
expanded as a polynomial of stagnation pressure p
and stagnation enthalpy h as in Eq. (24) with the ap-
propriate constants and the result shows a good
approximation to the theoritical values (Retran-02,
1981).

G (Extended Henry-Fauske critical mass flux,
subcooled) = G (p,h), kg/m? sec

5 5 .
=4,93)) ¥ H;;p'h', 20<{p<210 kz/ch
j=0i=0

......... ceeerersssesressasesnnsacnasrsssessaasese (24)

The constants, H,, of above equation is described
in deta_il in RETRAN for the numerical cal-
culation,
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4. Conclusion and Recommendation

The thrust forces of high energy pipe rupture, Eq.
(23) along with Egs. (24) and (22), can be used as
a static design guide with a proper margin (safety
factor) with regard to:

1) decoupling of the crack shaping mechanism
from the fluid equation and consideration of
severer conditions (i.e., maximum final crack
area plus maximum initial system pressure)

2) exclusion of the possible crack closure by
depressurization

3) exclusion of the effect of the channel area in-
crease

4) ignorance of the skin friction in momentum
equations and of the flow separation loss

Among the items listed above, the decoupling of the

fluid (fluid loss) from solid (crack).would produce
redundant margins since these two factors are coupl-
ed strongly dur-ng the cracking. This problem could
be solved by the dynamic analysis by considering the
transient phenomena through the process of crack.
But in this case, the shock stress wave should be
taken into account which, in turn, presents dif-
ficulties in modeling in that the modeling size should
be lengthy with many nodal points. To avoid this,
the Freund model (Freund, L.B. et a/, 1976) could
be considered and the result by using this model for
the simple case has been obtained by Emery ef a/
(1981). But this model is difficult to apply to the com-
plex fluid systems and it is suggested to incorporate
the crack model with the present various thermal
hydraulic codes to describe the more realistic cir-
cumstances of cracking along with an additional con-
sideration of the system heat generation and transfer.
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