5 : :S ON THE
EFFECT OF INITIAL EXUID-SYSTEM PRESSURES ON Ti

BEHAVIOR OF A Rl;l;.'é{lREA)ISC PRESSURE-RELIEF DEVICE
yr"'

L

Ki

B’Q-J. HSIEH, Y. W. SHIN, AND C. A. KOT

Argonne National Laboratory

Argonne, Illinois 60439

The submitted manuscript has been au!hnredﬁ!
by a contractor of the U.S. Government
under contract  No, w~31-109-EN(§-38.
Accordingly, the U. S. Govarnment retains »
nonexclusive, royaity-free ticense to publns_h
or reproduca the published form of this
contribution, ar allow others to do so, for
U. S. Governmeant purposis.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors cxpressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.

availatiie Y to

i @7/ 9308085 27

CONF-830805-—29

’ by DES3 010725

pessibie "l"mmf""‘l the breadest

OF NS DACUMEET 1S URLINITED



‘.
[ -

Summarz

Rupture disc assemblies are used in piping network systems as a pressure-relief device
to protect the system from being exposed to excess pressures. Among the various disc
assemblies, the reverse-buckling type is chosen for application in the Clinch River Breeder
Reactor. This rupture—disc assembly consists of a portion of a thin spherical shell with
its convex side subjected to the fluid system. A cutting-knife sctup is placed immediately
near the concave side of the disc. When the pressure on the disc is of certain magnitude
and frequency composition, the disc may develop large displacement, and is consequently torn
open by the knife seatup.

The reverse-buckling type rupture disc assemblies have been used successfully in
environments where the fluid is gas, i.e. highly compressible, and their performances have
been judged as adequate in the liquid environment. To analyze the piping system, an
analysis mwethod is needed takinz into consideration of the fluid/disc interaction, the
nonlinear dynamic buckling phenomenon of the disc, and the possible cavitation of the fluid.

A computer code SWAAM-I nad been written at the Cbmponents Technology Division, Argonne
National Laboratory. Anbng its many functions, one is to compute the response of 1-
dimensional pressure pulse propagation Including the effects of many different types cof
boundary conditions and possible pipe plasticity. Rupture disc assembly is treated as one
of the 'boundary conditions where rather than either the pressure or the velocity is
specified, the pressure and velocity is required to satisfy the equation of motion of the
disc. The SWAAM~I code in most cases has been observed to run well and yield good agreement
between computer’s prediction and that of the test results.

However, in certain situations, when the initial pipe system pressure is not low, say
compared to the buckling prassure of the disc, the performance of the code becomes doubtful,

since the dynamic analysis of the disc uses the assumption that the disc was stress free

initially or when the disturbance within the pipe arrives at the disc. This paper reports

our fiunding from studving the 2ffect of initial stress in an efficient way.



1. Introduction
The part of SWUAAM-T computer code used in computing response in a fluid system is based
on the method of characteristics [1, 2J. In this method, the solution, i.e., pressure and
velocity, of the fluid is computed by simultaneously solving two equations which represent
the conditions the fluid must satisfy along certain specific "paths.” At a regular
boundary, only one or the other of these equations applies depending on whether the boundary
node is located at "left” or at "right"; the other condition necessary to uniquely determine
 the solutiom is provided by the so—called boundary condition specifying that either the
pressure or the velocity is to be equal to a prespecified value., A natural extension of
this is to specify the boundary pressure or velocity as a function of time or even the
solution of certain (differeential) equations. Another extension that may appear more
complicated in form, but is not in essense, is the rupture-disc boundary condition. Instead
of specifying either the pressure or velocity to satisfy certain prescribed condition, a
rupture-disc boundary requires both the pressure and the velocity to satisfy certain
condition, namely the equation of motion of the rupture disc.

The equation of motion of the rupture disc is numerically represented by a convective
or corotational finite-element model [3, 4]. This approach assumes that the disc has an
initial natural state and upon this state loadings are applied. Because of its formulation,
the dynamic disc model does not reduce to a static one when zero time-derivatives are
introduced into the system. Therefore, to obtain static solution using this model, a slow-
enough loading must be applied to the disc and the "equilibrium” solution of the disc then
be taken as the static solution. This method may require certain number of trials to define
the slowness of the loading and may consume computer resources; however, this is also the
most natural way of treating the “static” loading, considering the definition of a static
load is more a concept than a reality.

The 1limitation on the rupture-disc modeling, i.e., inability to treat the static
loading as it is conventionally treated, also reflects the same limitation on the SWAAM-I
which coantains the rupture disc as a module. Therefore, SWAAM-I is expected to perform
reasonably well when the initial pipe system pressure is small such that the corresponding
initial stress in the disc is negligible. However, in reality, there exists situvations
where the initial pipe system pressure is large, say about 707 of the buckling pressure of
the rupture disc used. The existence of high initial pipe system pressure prompts the needs

to improve the rupture-disc module to incorporate the ability to treat the effect of initial
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The equation of motion of the rupture disc is numerically represented by a coavective
or corotational finite-element model [3, 4]. This approach assumes that the disc has an
initial natural state and upon this state loadings are applied. Because of its formulation,
the dynamic disc model does not reduce to a static one when =zero time-derivatives are
introduced into the system. Therefore, to obtain static solution using this model, a slow-
enough loading wust be applied to the disc an'd- the "equilibrium" solution of the disc then .
be taken as the static solution. This method may require certain number of trials to define
the slowness of the loading and may consume computer resources; however, this is also the
most mnatural way of treating the "static” loading, considering the definition of a static
load is more a concept than a reality.

The 1limitation on the rupture-disc modeling, i.e., inability to treat the static -
loading as it is conventionally treated, also reflects the same limitation on the SWAAM-I
which contains the rupture disc as a wodule., Therefore, SWAAM-I is expected to perform
reasonably well when the initial pipe system pressure is small such that the corresponding
initial stress in the disc is negligible. However, in reality, there exists situations
where the initial pipe system pressure is large, say about 70%4 of the buckling pressure of
the rupture disc used. The existence of high initial pipe system pressure prompts the needs
to ilmprove the rupture-disc module to incorporate the ability to treat the effect of initial
pipe system pressure.

2. Approach

A natural approach is to develop a computer code using the same methodology (i.e.,
corotational~ or convectiva—coordinates formulation), but computing directly the static
solution of the rupture disc. This approach is straightforward for a methodology of which
the final equation of motion is 1linear and of which the global stiffness matrix is
explicitly available. Unfortunately, the corotational-coordinates method does not require,
hence does not have, an explicit stiffness matrix. Therefore, the efforts necessary to
develop a new static code or to reduce a static code from the existing dynamic one is mot a
trivial task and way require considerable work.

However, this approach is applicable to thin shells of any geometry and boundary

condition subjected to arbitrarily distributed static leads. This feature 1s more than



needed for the rupture discs, since they are assumed to be thin spherical shells with fixed
edge subjected to uaniformly distributed loadings. This simplification provides the possible
existence of analytical solution for statically loaded rupture discs. Analytical static
solutions for clamped spherical shells subjected to uniform pressure are, therefore, sought
for to provide the initial condition for the dynamic respense of the rupture disc.

In short, a compatidle static solution for a spherical shell is needed. And the
compatibility of the solution with the dynamic analysis is explained next,

3. Compatibility between static solution and dynamic analysis

The dynamic response of a rupture disc is computed by the following sequsice:
1. Obtain the (initial) displacement d(i), velocity v(i), and acceleration a(i) for
time step 1i.
2. Compute the displacement d(i+l) for the next time step using
ai + 1) = d(2) + v(dh + a(idh?/2
where h is the time—step size.
3. Compute intermal nodal forces £10E(541) from the nodal displacement d(i + 1). This
is accomplished through the use of the corotational-coordinates formulation,
4. Compute external nodal forces £e%t(1+1) from the applied loading ét time step i+l.
5. Compute the acceleration by a(i+l) = M-l[fEXt(i+l) - fint(i+l)] where M-l is
the inverse of the mass matrix M.
6. Compute the velocity by v(i+l) = v(1i) + hla(i) + a(i¥1)}/2
7. Use d(i+l), v(i+l), and a(i+l) as the new initial conditions and repeat steps 1 to
7 until the final time is reached.

The external nodal equivalent force £8¥t gue to the "static” force applied to the disc
and the internal nodal equivaleant force £10t que to the displacement of the disc under the
static pressure can be computad automatically by the dynamic analysis code as a part of the
initial condition coamputation.

As can bz shown by 2 direct substitution that nonzero velocity and acceleration would
be generated for the next time step if a condition corresponding to fiMt £ 8%t 45 ysed.
Therefore, the compatibility of a static solution and the dynamic analysis is defined when
gint feXt, i.e., no fictizious motion results from a nonchange of loading.

Note that the definition of the compatibility depends on the detail formulas used for

fint fext

and of the particular dynamic analysis.

1 A ._ . _=m .




where h is the time-step size.
3. Compuie internal nodal forces £int(i41) from the nodal displacement d(i + 11. This
is accomplished through the use of the corotational-coordinates formulation.
4. Compute external ncdal forces feXt(i+1) from the applied loading ét time step itl.
5. Compute the acceleration by a(i+l) = Mfl[feXt(i+l) - fint(i+l)] where M1 is
the inverse of the =mass matrix M.
6. Compute the velocity by v(i+l) = v(1) + hfa(d) + a(i+l1)1/2
7. Use d(i+l), v(i+1), and a(i+l) as the new initial conditions and repeat steps 1 to
7 until the final time is reached.

The external nodal equivalent force £8%Xt due to the "static” force applied to the disc
and the internal nodal equivaleat force €108 que to the displacement of the disc under the
static pressure can be computed automatically by the dynamic analysis code as a part of the
initial condition computatioa.

As can bz shown by a direct substitution that nonzero velocity and acceleration would
be generated for the next :time step if a condition corresponding to gint 2 gext 4o ysed.
. Therefore, the compatibility of a static solution and the dynamic analysis is defined when
glnt - gext ; o, no fictitious motion results from a nonchange of Lloading.

Note that the definition of the compatibility depends on the detail formulas used for

fint fext

and of the particular dynamic analysis.

4. Analytical static solution

Many analytical solutions of a clamped spherical shell of constant thickness subjected
to a uniformly distributed pressure are computed numerically through finite-element or
finite-~difference nethods. The solutions obtained may be different from each other
depending upon the particular shell theory or equations used. That is, everyone of the
solutions thus obtained is only an approximation and its applicability should be determined

upon its performance.

Three approximate static solutions of an elastic shell are used in this study and they
are ziven below

(a) Asymptotic integration solution

One of the approximate methods is the method of asymptotic integration [5,6]. This
solution is accurate when applied to regioms except the viclaity of the apex. The solution

for the in-plane membdrane Zorce and bending moments and rotation of the shell generator is



N, = - cot(a - ¢)Ce—kwsin(lw +
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A2

Mg = W,

V= ~H2— ce Meos(p + v)
Eh cos Y

where the subscripts ¢ and B8 represent the meridionmal and circumferential directions,

respectively, and the other symbols are

o — half opening angle
p - positional angle measured from edge to apex
A -~ defined by [3(1 - v2) (a/h)2]1/4, representing thinness of the shell
v - Possion's ratio; E - Young's modulus
a — radius of the disc; h - thickness of the disc
C,Y -~ integration constants to be determined by the edge and load conditions

For the fixed-edge spherical shell subjected to uniform pressure, the values for C and
Y are ,
C = Pa(l-v)/(2)); vy = n/2
where P is the magnitude of the applied uniform load.

The axial and normal displacements u and w of the shell can be computed by

f
u = sing| Ii?%% dg¢]
, w=u cotd - aee
vhere

_ (1+v)a _

£(9) = 55— (N¢ Ne)
1

€5 = Th (Ne —VN¢)

i ement distributions are obtained from the results for u,
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Y are ,
C = Pa(1-v)/(2)); v = =/2
where P is the magnitude of the applied uniform load.

The axial and normal displacements u and w of the shell can be computed by

[~
|

= sin| I‘I’M ds]

a sing
w=u coth- aey

where
£ =SR2 v - N
£, = 2= (N, =W )

8 Eh 0 ¢

Therefore, the needed displacement distributions are obtained from the results for u,
W, and v, which can be computed either explicitly or by numerical integration.

Note that the asymptotic—integration solution is not valid near the apex of the
shell. However, for thin shells, i.e., those with high radius to thickness ratio (a/h), the
solution should be governed by membrane stress only. The region where bending stresses
become important can be identified by studying the results given by the asymptotic-
integration solution and the membrane solution. For displacement solution a region that

spans five degrees from the apex is considerad the membrane region for a disc with a/h =
225,

(b) Membrane solution

The solution for the shell is taken as the membrane part of the above solution, i.e.,

no bending stress is present. This means that the boundary condition may be violated in

this approximation.
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(¢) Trivial membrane solution

The solution for the shell is taken as a special case of the membrane solution in which
the equilibrium of forces is also violated. Specifically we take the solution to be zero;
i.e., the static load does not zenerate any response from the disc.

5. MNumerical Examples and Discussions

Numerical examples are studiad using a straight pipe with one of its ends connected to
a rupture disc and the other end considered as a pressure source. The pipe is filled with
liquid under a certain pressure. The displacement due to the initial pipe pressure is
computed and used as the initial condition for the rupture disc.

The numerical results for the pressure at the disc obtained for various initial pipe
pressures show that the disc pressure first drops and then oscillates about the initial pipe
pressure when the initial pressure is small compared to the characteristic, say buckling,
pressure of the disc. The disc develops into a large displacement and opens itself when the
knife assembly is reached if the initial pipe pressure is not small. 1In all test runs using
solution—A, the drop of the disc pressure at an early time is about 10-30%, and the time
required for the disc to reach an "equilibrium” pressure of the pipe 1s reasonable.

The results for the membrane solution, solution—B, indicate that the disc buckles for
pressures that do not cause disc failure for the other two, solutions~A and -C. This, of
course, means that the effect of the edge on the static displacement, and subsequently on
the dynamic response of the disc, is large for the disc used in this study (even though the
membrane solution 1s a good approximation for a good central portion of the disc). The most
interesting and striking phenomenon, however, is reflected through the comparison of results
from the asymptotic—integration displacement, solution—-A, and the =zero displacemeant,
solution—-C, the latter being trivial as noted before. The disc pressure is expected to drop
when the computation starts, with the drop for solution-C larger than that for solution-A.
Nonetheless, the numerical results indicate the reverse is true, For example, the drop of
disc pressure from the initial pipe pressure of 1.47 MPa (213 psi) is about 26% for
solution-A, and is about 13% for solution-C. The disc failed for the solution-B
displacement.

Since mone of the three approximate solutions is compatible with the dynamic analysis
in the sense defined previously. This observation suggests that the incompatibility between
the internal nodal forces computed from the approximate displacement and the external mnodal

forces from lumpiqg the unifora pressure is very important particularly for imperfection-
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membrane solution is a good approximation for a good central portion of the disc). The most
interesting and striking phenomenon, however, is reflected through the comparison of results
from the asymptotic-integration displacement, solution-A, and the =zero displacement,
solution-C, the latter being trivial as noted before. The disc pressure is expected to drop
when the computation starts, with the drop for solution—-C larger than that for solution-A.
Nonetheless, the numerical results indicate the reﬁerse is true. For example, the drop of
disc pressure from the initial pipe pressure of 1.47 MPa (213 psi) is about 26% for
solution-A, and 1is about 10X for solution-C. The disc failed for the solution—B
displacement.

Since mnone of the three approximate solutions is compatible with the dynamic analysis
in the sense defined previously. This observation suggests that the incompatibility between
the internal nodal forces computed from the approximate displacement and the external nodal
forces from lumping the uniform pressure is very important particularly for imperfection-—
sensitive structures. This diZficulty can be circumvented only if compatible formulas for
internal and:external nodal forces are used. Due to the complexity of the factors involved,
this is not an easy task. |

The nuﬁerical results also indicate that the equilibrium of the disc pressure can be
reached witﬁ;n a reasonable tinme, 1In other words, for all cases except those in which the
disc failed; the .pressure at the disc converges quickly to small oscillations about the
initial pipe'preséure. This'convergency is identified by observing the moving average of
the disc press&re.

In the hope "to reduce the nagnitude of the pressure drop at the disc when the
computation‘starté and to reduce the amplitude in the residual pressure oscillation, damping

is introduced"ﬂ-tb the disc =material. However, numerical results indicate the opposite

effect is introduced, i.e., the nore material damping introduced into the disc waterial, the
;

i
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larger the magnitude of pressurz drop. 1In fact there appears to exist a certain level of
damping value above which thz disc becomes unstable in this disc~fluid interaction problem
(though it is stable when no Zanping is used).

This "contradiction® <an be explained through the following reasons. First, the
concept or presumption tha:z daaping always reduces the "response amplitude” is dincorrect.
To understand what damping w11 do to a response, the response must first be defined. For a
one—degree—~of—freedom systea, if one examines the displacement response at the mass due to a
sinusodial force applied =zt the same mass, one then finds that the magnitude of the
displacement 1is a monotonically decreasing function of the damping for forces at any
frequency. However, different situations occur, if one looks at the transmissibility
between the mass and its Zonndation (connected to the mass by a massless spring and a
massless dashpot). Here the transmissibility is defined as the ratio of the force
transmitted to the foundation to the imposed sinusoidal force at the mass (or the ratio of
the corresponding displacenznts). An examination of the transmissibility of such a system
[7] reveals that the magnitude of the transmissibility is not a monotonic function of the
damping. In other words the transmissibility reduces as the damping value increases for
imposed forces with a frequency less than Y 2 times the natural frequency of the system;
however the transmissibility inacreases as the damping value increases when the frequency of
the force is greater than the aforementioned value. Therefore, the transmissibility due to
an arbitrary force can not te predicted unless the frequency conteat of that force and the
natural frequency of the swstem are known. Since the transmissibility bDetween the
foundation of the spring nass system aad the mass can also be identified with that between
the fluid and the dise, it is clear that the “response,” i.e., the maganitude of pressure
drop, may not necessarily ba raduced since the effective equivalent force imposed on the
disc is a step force when cozputation starts.

The next "reason” to to discussed is that common sense derived from experience of
structures vibrating in air or wvacuum can not be directly extended to vibrations in nearly
incompressible fluid such as water or liquid sodium. For exanple, the initial peak
displacement at the apex oF an elastic rupture disc connected to a water—filled pipe is
greater than that correspondéinz to an elastoplastic disc in a similar situation [1]; also
there is a pressure reductinn at the disc when the disc starts to fail in a liquid-filled
system, but not in a gas-filled system [8]. This suggests that the interaction betweea the

fluid and disc is very important particularly when the fluid is near incompressible such as



an arbltrary force can not be predicted unless the frequency content of that force and the

- natural frequency of the swvstem are known. Since the transmissibility between the
foundation of the spring mass system and the mass can also be identified with that between
the fluid and the disec, it 3is clear that the "response,” 1i.e., the magnitude of pressure
drop, may not necessarily b= raduced since the effective equivalent force imposed on the
disc is a step force when computation starts.

The next "reason” to te Ziscussed is that common sense derived from experience of
structures vibrating in air or vacuum can not be directly extended to vibrations in nearly
incompressible fluid such as water or liquid sodium. For example, the initial peak
displacement at the apex of an elastic rupture disc connected to a water—filled pipe is
greater than that corresponding to an elastoplastic disc in a similar situation [1]; also
there is a pressure reduction at the disc when the disc starts to fail in a liquid-filled
system, but not in a gas-filled system [8]. This suggests that the interaction between the
fluid and disc is very impor:zaant particularly when the fluid is near incompressible such as
water and 1liquid sodium. Intvition based on gas—structure system would not be adequate to
provide prediction for a licuid-structure system. For the 1liquid—-disc system, to ensure
that integration stability is not violated, many (sometimes hundreds) time steps are used to
integrate the disc's responss for each time step used for the integration of the fluid. If
one insists on predicting thes response through “common sense and intuition,” one can predict
"qualitatively,” but mnot necessarily correctly, the response for one disc time-step at the
most. Our experience in this zspect suggests that a crude liquid-disc model provides much
better predication than the incorrectly based "common sense and intuition.”

6. Conclusion

The methods of incorporating the effect of initial pipe system pressure are studied and

many numerical examples are exanined. We found the “high accuracy” of certain methods in

providing certain solution cazponents may be less desirable than the need for compatibility



between the method chosen and the dynamic integration algorithm of the SWAAM-I code. Also
noted is that great caution must be exercised when extrapolating experience obtained from
one condition to another.

In addition to the SWAAM~I code's original natural capability of handling the initial
system pressure (i.e., treating the initial system pressure as a slowly applied dynamic load
and use SWAAM-I code to run this problem as was), an additional control is introduced
allowing the rupture disc to "relax” to its equilibrium position with the initial system
pressute. The equilibrium is considered reached when a moving average of the pressure at
the disc stays almost a constant. This approach is considered as sufficient if the initial
system pressure is not very near the buckling pressure of the disc. If the pressure is that
high initially, a more compatible method must be developed.
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