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ABSTRACT

Hydraulic snubbers are extensively used in the nuclear power industry for
supporting high energy piping systema subjected to dynamic loadings. These de-
vices allow the piping system to displace freely under slowly applied loads, but
lock up under sudden excitations. This paper presents the governing differen-
tial equations describing the hydro-mechanical mechanisms of s typical snubber.
A finite difference computer code, "SNUBER", was developed to solve these equa-
tions. Using the code, the load deflection characteristics of the unit were
developed for a range of parameters of interest. The parameters included leak-

.- age orifice area, initial piston location, eyebolt clearance and reservoir pres-

sures. The results include the load deflection characteristics for various com-
binations of the controlling parameters and some chamber pressure time history
profiles. It is intended that the non-linear characteristic of the snubbers be
incorporated into a structural dynamic analysis program to allow predicticn of
the overall response of nuclear piping supported by these devices and subjected
to a variety of loadings.
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Lg = total snubber length

H, = initial pieton position

By =~ fluid bulk modulus

B. = container bulk modulus

D = bore diameter

D, = outer vessel diameter

E = vessel modulus of elasticity
v = vessel Poissuns ratio

Crq = initial clearance between piston and boze
A] = area of orifice which remains open
A2 = arca of orifice which closes
q = end displacement

Subscripts:

T = tension

C = compression

R = reservoir

P = piston

J = joint

i = i-th end

k| =« j~th end

T = relative

INTRODUCTION

For years snubbers have been used in nuclear pover plants to limit the ad-
verse response of piping and equipment produced by dynamic loads. Snubbers are
generally referred to as shock arrestors and shock suppressors. They are attach-
ed to the piping with their major axis in the direction of the maximum thermal
growth and dynamic force. During normal thermal cycles these devices extend and
retract with the pipe and thus induce very little reactive force cn the systeam.
When the pipe is subjected to an earthquake, pipe break, water hammer or relief
valve actuatiaon etc., these devices lock up and limit the displacement response.

There are two types of snubbers currently avsflable: hydraulic or mechani-
cal. Hydraulic snubbers function on the principle of the dashpot where piston
movement in a hydraulic cylinder is controlled by the flow of fluid through a
small orifice. The higher the force the faster the fluid passes through the
opening. Since the orifice size limits the flow of the fluid, the piston rod
movement is controlled by the orifice size. Other srrangements associsted with
the snubber design improve the dashpot effect and better control the motion of
the piston rod. Due to the compressability of the fluid, these devices absorb
energy under dynamic loading. One préblem associated with hydraulic snubbers is
that they leak and consequentially require constant menitoring and refilling.
Mechanical snubbers were designed to circumvent this problem. They have differ-
ent operating characteristics. However, they are not examined in this report.

This paper presents a mathematical formulation describing the fluid flow in
a hydraulic snubber. The flow through valves, orifices, connecting ducts ete.
are considered in the study. The chamber pressures in both the tension and com-
pression side of the piston are determined by the numerical integration of the
controlling fluid flow equations. These pressures are then used to calculate
the resultant forces on the piston which is in turn further transoitted to the
piping mystem, Parametric studiea were conducted to determine the effect of
leakage orifice area, initial piston position and eyebolt clearance on the load
deflection characteristics of thia snubber. 1In addition cases involving varia-
tions in reservoir pressure were considered.

It has been found that the behavior of the hydraulic smubber is highly non-
linear and is governed by aeveral factora acting simultaneoualy. The nonlineari-~
ty can be expresaed by a geéneral bi-linear curve. The tension and compression
chamber pressures govern the slopes of these curves. In addition, a dependence
on the static equilibrium position of the piston has also been noted. The



leakage orifice size was found to govern the amount of energy dissipated in one
cycle of snubber operation. The larger the size, the more energy dissipated by
the device. Lastly, eyebolt clearances introduce a gap-element in the force-
displacement characteristics about the static equilibrium position.

MATHEMATICAL FORMULATIONS

The arrangement of a typicsl hydraulic snubber is shown in Figure 1 where a
piston moves within a closed cylinder filled with a viscous fluid. The chanbers
of the bore are connected to a pressurized accumulator or reservoir through
variable valve and orifices. The valves are designed such that they remain open
if the pressure in the chamber remains belouv a prescribed value. When this pres-
sure is exceeded, the valves close and the orifice permits a small but finite
amount of leakage to the reservoir and the snubber becomes essentially a hydraul-
ic spring. The analysis then is similar to that of hydraulic valves found 1in

hydromechanical contrel systems [1].

The analysis of the system is based upon the continuity equation and the
fluid equation of state. Internal fluid inertial effects sre excluded. Addition-
al equations expressing the fluid flow through the orifices and ducts are used.

-These are based on laminar and turbulent flow through closed ducts. The develop-

ment of the equations was first attempted by Hartzman [2] in a technicsl note at
NRC. In that study a generic snubber design was considered. In the present
study an actual snubber design vas considered and the following equaticns uvere
developed accordingly. The compressibility effecte iIn the chambers are described
by the following differential equations:

Tension Chamber: Py -% [(Fp + FP) - Arq:] (1)
T

Compression Chamber: I;C - -TB,_ ((Fe - Fp) + 4241 (€3]
[

Reservoir: PR - 3B [(F.r + F.}] or Constant {3)
v c
R

Equations describing the flow of fluid through the orifice valves and connecting
ducts:

Flou through tension chamber and orifice valves:

Z
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Flow from valve to junction, turbulent flow:

where
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Flow through compression chamber and orifice valves:

Fc - '\)C Coe ’%(Pc - Pz) . ) ) (5)_
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Flow from valve to junction, turbulent flow:
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Duct from tension-compreasion junction to reservoir, turtulent flow:

1
P - P .
1~ "r| T.75 ® S .

(P + F.) =
T [ fR
4.75

25 .75
where fR = ,242 LR M p DR

Piston leakage between ¢ension and compression chambers
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The volume of the contained fluid is affected by the “loads acting on it.
These loads are applied to the fluid tlirough the motion of the piston within the
cylinder. The expansion of the cylindrical structure acts in parallel with the
volume changes associated with the bulk modulus of the fluid. This results in
an effective bulk modulus which can be expressed as:

1_1 1 (10)

B B.L Bc

where Bc for a8 thick walled cylinder,

2 2
(1+v)Do+(1-v)D1

1.2
B E
2t (D°+Di)

The instantaneous tension and compression chamber volume and chamber length are
calculated as:

Vp = Aty

Ve = A

1)

and

Hps L, - (B, +q) a2
HC - Ho + %
where q. = qJ -qy
The frictional force can be evaluated in terms of a viscous drag force
which depends upon & clearance dimension between the cylinder and piston.

pressurization the clearance itself changes because of the expansion of the
cylinder. .To include this effect, the friction force acting on the piston is

expressed as:

Under
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where Cr = C

ni’nv

Tl + %8
c
and an = average pressure acting within the cylinder,

_ The resultant force rate acting on the piston is:

Q= Afy - Afe as

From equilibrium of the overall system, the force rates acting at the ends
which join the structure are:

& -
. . as
9 =Q

The total force acting on the snubber at any time is govern as:

t -

Q= Q4 ~q
1 ® .:L £ 16)
Q_1 = ‘o def- +Q

The characteristics of the snubber are primarily controlled by the orifice
valves. Each orifice valve has two orifice openings: one wvhich closes when the
pressure difference across the valve exceeds a predeterained valve (P 1':). and
one which remains open to provide pressure release in the loaded posigion. The
area of each orifice is therefore defined as follows:

Tension Orifice:

Ayp = Ayp + BpA,T

where 8, = 1 4f (Pl - PJ) L3 S az7)
=01 (B - By Py

Compression Orifice:
Ave = Mt Betac

where <P (18)

-lif(Pz-P eric
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= 01f (P) - By} > Py,

METHOD OF SOLUTION

The computer code SNUBER processes the above equations. The code currently
uses & sinusoidal motion with specified amplitude and frequency as input. How-
ever, any defined displacement time history could be used as the input forcing
function. In addition, the code will accept an input-motion that 1is applied
through a clearance gap. This is accomplished in tha code through an engage or
di e d that recognizes when the clearance gap has been transversed.

The force-displacement response of snubber is nbtsined by numezical integra-
tion of the above equations. The program uses the Newton-Raphson numerical
scheme to iterate the equations simultaneously while accounting for the state of
the orifice valves and the end conditions. This yields the flows and the
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and the incremental pressures snd hence, the total internal pressures scting on
the piston at any instant, 1.e., for sny displacement of the piston relative to
the snubber body. The total force acting on the snubber is then obtained by
applying the equations of equilibrium.

RESULTS

Analyses vere performed for various snubber designs. Computer runs for
various cases have been obtained. These include cases where one of the design
parameters was varied from the original or baseline configuration of a typical
snubber. The parameters varied in this study were:

(1) Leakage orifice area

(2) 1Initial equilibrium piston position
(3) 1Input forcing frequency

{4) Variable reservoir pressure

(5) Direction of load application

(6) Eyebolt clearance

For the baseline configuration the values of these parameters were:

Leakage orifice area = 0.5 of valve area

Initial equilibrium piston (not in center) = 3.625 in. (9.21 cm)
Input forcing frequency = 30 Hz 5 2

Constant reservoir pressure = 20 psig (137.9 x 10° N/a”)

Di{rection of load application = compression chamber initial direction.
Zyebolt clearance = Q.

The force-deflection characteristics for each case are shown in figures 2
through 8., Figure 2 depicts the characteristice for the baseline configuration
while the remaining figures depict the characteristics wvhen one or another para-
meter are varied.

Referring to Figure 2, the following observations, which are common to sll
cases except where noted, can be made. The initisl stroke is in the positive
direction causing compression in the compression chamber. This motion is resist-
ed with high apparent stiffness, initial slope of curve. On the return stroke a
hysteretic loop 1s formed indicating energy dissipation within the device, the
greater the loop the greater the energy dissipation. After the null position is
reached compression of the tension chamber ensues with the motion being resisted
with a lower apparent stiffness. The observed init{al difference in stiffness
to motion in the positive or negative directions is due to the difference in bore
length of the compression and tension chambers associated with the initial off
center piston position assumed for the baseline configuration. With repeated
cycles a shift towards a steady state characteristic is observed.

Figure 3 presents _the results for the case where the leakage orifice ares is
increased to 0,014 in.? (0.09 CM2). The dominant effect of this change 1s to
markedly increagse the size of the hysteretic loop. The energy dissipated by the
device 1s apparently directly proportioned to the leakage orifice area. Some
changes in apparent stiffness and maximum force can slsc be noted.

Figure 4 shows the force~displacement chsracteristics when the initisl posi-
tion of the piston is aligned st the center of the cylinder initial piston posi-
tion = 3.25 in. (8.26 cm). The response curves are very different from the other
results. The slope and the maximum load are significantly altered becoming sym-
metric. This steady state characteristic could be represented by a linear spring.

Figure 5 corresponds to the case where the input forcing frequency is 15 Hz
instead of 30 Hz. With the slower input the device dissipates s greater amount
of energy. An increase in the stiffness of the device, both in tension and com-

pression is also observed.



Figure 6 shows the response for ths cass where the reservoir volume is
taken masll enough to significantly vary chamber pressure with the flow of f£luid
into and out of the Chamber. Tha preasure changes are governed by the differen~
tial Equation (3). The slope and the maximum load valves for this case show
significant changes. Unlike the other cases, these curves are symmetrical about
the zero displacement point even though the initisl position of the piston is not
at the center of the cylinder. For this configuration the device could be repre-
sented with & bi-linear spring.

Figure 7 shows the results for the case vhere only the direction of the ini-
tial input displacement is reversed. This allows the tension side of the piston
to activate firat. Unlike the conclusions by Hartzman [2], the general charac-
teristics of this case remain unchanged vhen compared with Figure 2. Only slight
changes in the characteristic curves are evident.

Figure 8 illustrates the last case wvhere an eyebolt clearance affect is con-
sidered. An eyebolt clearance of .001S5 in. (.0038 cm) wes assumed to exist at
the pipe and snubber attachment. 1In this case, the responae exhibits a dead
zone at the center when the piston is in the clearance range. During this period
the pressur~ in the chambers remain constant. The oversll slopes of each side
of the plots remain almoat unchanged.

Figure 9 and Figure 10 show typical traces of the flow into the reservoir
(Fp) and the junction pressure (Py) for the case corresponding to Figure 3. It
is noted that after an initisl time the flow and the pressura converge to a
steady state pattern under the cyclic loading. The apikes on these plots. corre-
spond to the times when the orifice valves open or close under the flow and pres-

sure conditions.

CONCLUSIONS

In most cases the response characteristics exhibited by the hydraulic snub-
ber investigated was a bi-linear curve. The bilinearity increases as the static
equilibriun position of the piston moves away from the center location of the
cylinder. This is due to the compressibility effect of fluid in each chamber
within the cylinder. Since this factor defines the stiffness of spring action
by the fluid and also depends on the volume of liquid behind each piston side,
the bilinearity becomes very distinct when the initial piston position approaches
the ends of the cylinder bore. When the initial piston position is near the cen-
ter of the bore, che bilinear characteristic converges to a wmono-linear

characteristic.

Leakage through the leakage orifice and leaksge past the piston have a aimi-
lar effect on the characteristics. They both increase the diasipation energy and
hence the damping in the system. A similar effect was also noted for the lower
input frequency. The higher damping also increases the number of cycles neces-
sary to attain a steady-state characteristic., The overall characteristic of the
system however, remains unchanged whether the snubber is initially subjected to

a push or pull loading. .

Eyebolt clearance in the system introduces a dead zone in the force-
displacement characteristic about the atatic equilibrium poaition. This strictly
introducea more nonlinearity into the snubber behavior, which will be reflected
in the overall piping response. Finally, the reservoir pressure condition plays
an important role in the snubber response. The snubber acts bi-linear or mono-
linear depending on the initial piston positfon and steady state behavior is
reached after a minimum numsber of cycles.

It can be concluded that hydraulic snubber behavior depends on a number of
paranetera. The aimple assunption of elastic behavior used in current piping
analysis is not justifiable. However, in all cases the snubber characteristic
could be approximated with a bi-linear apring model. Further studies with earth-
quake loadinga and sudden valve closure loadinga should be made in order to
underatand the actual behavior of the device.
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