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ABSTRACT

The ICEPEL Code for coupled hydrodynamic-structural response analysis of
piping systems is used to analyze an experiment on the respbnse of flexible pip-

ing systems to internal pressure pulses. The piping system consisted of two

“flexible Nickel-200 pipes connected in series through a 90° thick-walled stain~
_less steel elbow. A tailored pressure pulse generated by a calibrated pulse

. gun is stabilized in a long thick-walled stainless steel pipe leading to the

flexible piping system which ended with a heavy blind flange. The analytical
results of pressure and circumferential strain histories are discusses and com-

péred against the experimental data obtained by Stanford Research Imnstitute.
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1. INTRODUCTIONIA

, Experimental'inves;igations in physical sciences have long been used to '
help understand the physical phenoména involved. The insights gained from these
investigations can also help analyze the phenomena closely. Recentlj, the ad-
vances in computer technology have made poésible the aﬁalysis of complex phe-
. noména by computer'COAeé, but the process usually involves some simplifications
and assumptioné.' Therefore, experimental verificétion of such codes is neces-
sary to-increase the confidence in theif-performances. Well designed experiments
éan also help modify and simplify such cbdes for better efficiency.‘

ICEPEL is a transient two—dimensional'code for coupled hydrodynamic-structural
response analysis of piping systems under the effect of simultaneous pressure
pulses 1. The code utilizes an implicit continuous-fluid Eulerian finite
difference method in describing the hydrodynamics. For the structural part'the
walls are treated as thin axisymmetric shells in which the analysis considers
both the membrane and bending strengths of_the material. - However, only the
hoop stress mode of deformation resulting from internal pressurization is con-
sidered.

A convected coordinate finite element method for large displacement but
small strains, elastic-plastic structural dynamics is utilized 2. The walls
are replaced by straight elements connected together thorough nodes. Each
element is associated with a set of convected coordinates that rotate but do

not deform with the element. Both strains and nodal forces are assumed linearly

1. A-Moneim, M. T., "Coupled Hydrodynamic-Structural Response Analysis of
Piping Systems', ANL Report to be published.

2. Belytchko, T. and Hseih, B. J., "Nonlinear Transient Finite Element Analysis
With Convected Coordinates', Int. Journal of Numerical Methods in Engineering,
7,255-271 (1973). - B .



- related, respectively, to the displacement and stresses relative.to'the'nqdal‘
coordinates. Important nonlinearities from large rotations are entirely ac-
counted for by the transformation between the convective and global.coordinates.
Noplinearities in material behaviorvare, however, considered as a multilinear
stress—-strain relationship.

The structural and hydrodynamic calculations are coupled together in each
time step in Sucﬁ a way that»tﬁe hydrodynamics suﬁplies the étructure with a’
pressure loading and gets back a moving_?oundary condition to match. The fluid
is allowed to slide freely along the wall but move with the wall in a direction
normal to it. |

Severél hydrodynamic models for the different piping components are avail-
able in tHe code (an elbow, generalized piping componént, a tee, and a surge
tank). They-are hydrodynamically coupled together'so that a general piping
system can be represented.

_An experimental program for the verification of the different models and
the coupling teéhniques in the ICEPEL code was undertaken. The first phase of
it consists of five simple experiments designed at Argonne National Laboratory
and performed by the Stanford Research Institute. Two straight flexible pipe
tests, FP-SP-101 and FP-SP-102, and three single elbow loop teéts, FP-E-101,

FP-E-102, and FP-E-103, were performed 3f

All tests have been analyzed by the
ICEPEL code and the results were compared. against the expefimental results, In
this paper, the analysis and the comparison between the analytical and exper-

imental results of the single elbow loop test FP-E-103 is reported.

3. Romander, C. M. and Cagliostro, D. J., "Experiments on the Response of

Flexible Piping Systems to Internal Pressure Pulses'", SRI Fourth Interim
Report, April 1976.



2. DESCRIPTION oF EXPERIMENT

A schematic of the experimental layout and the instrumentation locations
of the ;ingle elﬁow loop test is shown in Eig.fl. A pulse gun is directly
flanged to a thick-walled stainless steel pipe of 8.26 cm (3.25 'in) outgide 
diameter, 0.48 cm (0.188 in) wall thickness, and 304.8 em (10 ft) lengtﬁ.' The
thick-walled stainless steel pipe is directly flanged to a flexible Nickle-200
pipe whiéh is 152.4 cﬁ (5 ft) logg and has an outside diameter of 7.62 cm (3 in),
and a wall thickneSs of 0.165 cm (0.065 in). This flexible pipe is connected .
in series to an idéntical pipe through a 90° thick-walled stainless steel elbow
of 11.43 cm (4.5 in) radius of curvature. Two short transition pieces are Qelded

to both ends of the elbow to gradually change the inside diameter from that df

the elbow (7.06 cm, 2.78 in) to a diameter of 7.24 cm (2.85 in) which itself is

- less than that of the connected flexible pipes of 7.29 em (2.87 in). Measure-

ments of the elbow cross-section at. the different locatioqs showed a slighlty
egg-shaped cross-section with the inside diameter varying from one end to the
other.

The second flexible pipé ended with a heavy blind flange in test E-102 and
E;lOB. All flanges were well sealed and wefe conneétéd to heavy brackets which

were anchored to the ground to limit both the lateral and longitudinal motions

.of the flanges, which is a requirement of the ICEPEL code, The system was full

of water at the moment of charge detonation in the pulse gun.

A total of eighteen pressure transducers, shown bf Pl through P18, were
used to monitor the pressure pqlse propagation along the system. Up to three
pressure transducers were mounted at the same axial location Eefore and after
the elbow to check the effects of the elbow on‘;he axisymﬁetry of the flow in-
side thé pipes. Also, three pressure transducers,. P11 through P13, were mounted

at the midsection of the elbow to record the radial pressure distribution inside

the elbow.



 Twenty strain gagés,»shown by SGi through 5G, s were used at fouria#ial
locations in the first flekible pipe to monitor its response to the traveling
pressure pulses. Strain gages were diétributed in groups of five at 60° in-
tervals at each axial location to check the uniformity of straiﬂs around the
circumference of the pipe. The second fleXibie pipe was not instrumented with

strain gages.

3. ICEPEL ANALYTICAL MODEL

Since only pressure histories of the form P(t) can be used as an input to -

an ICEPEL model of a piping system, the pressure history as recorded by gage

Pl. is used an an input pulse to the pipe system downstream from it. Thus,'the
ICEPEL model of the pipe sysfem considers only 228.6 cm (90 in) of the thick-
walled stainless steel pipe directly connected to the Nickel-200 flexible pipgs
with a rigid elbow in between. However, the elbow in the model has the same in-
side diameter as the Nickel-200 pipes.

All pipes are divided into equal finite difference zones of 1.82 cm radial
zone size and 2.54 cm (1 in) axial zone size. The elbow itself is divided into
four radial zones and five tangential zomnes.

The walls of ﬁhe thick-walled stainless steel ﬁipe is considered in‘the
model as made of Nickel-200, the samé material as the fleéxible test pipe, but
with an 1 em thick wall to limit its response to elastic response. The walls
of the flexible pipes are 0.165 cm thick.

The heavy blind flange at the end of the second flexible pipe and the rigid

elbow are represented by fixed shell nodes, i.e. neither translation or rotation

is permitted at such nodes.

4. PIPE MATERIAL PROPERTIES
Stress-strain properties of Nickel-200 were measured by SRI on a specimen

cut from a scrap section of the Nickel-200 pipes. The specimen was flattened



thén annealed in exactly the saﬁé way'thé-test pipes were annealed.

Stress-st;ain properties were mgasﬁred at two strain rates.to éxamine if
‘NickeleOO is strain rate dependent or not. The results are shown in Fig. 2
at two different strain rates. No significant effect was found for é three- .
order¥of—magnitude increase in strain rate. Hénce, it was concluded that
Nickel-200 is nearly free of strain rate effects.

Since the actual strain rate in the pipe tests is about three-order-of-
magnitﬁdes higher than the highest straiy rate of the material property tests, -
the stress-strain properties at the higher strain rate is considered to approx-
imate those of the‘test pipes.

In the ICEPEL code, stress~strain relationships are appfoximated by a .
multilinear stress-strain curve. Attempts to closely approximate such a be~
havior with a bilinéar relationship usually end with a higher yield stress than-
the true yiéld stress(of the material in order to best approximate the plastic
part of the curve. Such an approximation is acceptable if the strains are known
to Be well in the plastic region.

However, in a piping system, the magnitude of the pressure peaks trans-
mitted beyond the region of plastic wall deformation depends on the yield pres-
sure of the pipe. A higher yield stress for the ﬁipe wall material permits
transmission of higher preésure peaks.

Consequently, the pressure pulses that result froﬁ the interaction of the
transmitted pressure pulse with piping components or with flbw—area—changes in
the system and the plastic wall deformétion resulting from them are bouﬁd to
be over-estimated only as a result of having a higher yeild stress for the wall
material. |

This type of result was observed on a preliminary model of the‘straight

pipe tests in which a bilinear stress-strain relationship was used. Higher



pressure peaks were transmitted beyondlthe :egién of plas;i;—ﬁali‘defbrmatioﬁ.
This. resulted in higher pressures reflecting from the blind flange and higher
stfains in this vicinity. <Reducing the yieldistress in a bilinear.stress—
‘étrain relationship reduced'the transmitted pressure peaké and hence reduced
the strain at the righﬁ end of the pipe.

Therefore, a quadrilinear stress—strain relationship is used to approximate
the stress~strain properties at the higher strain rate. Such relation are

. shown in Fig. 2 by the circles and are listed in Table 1.

Table 1
Stress-strain Values of Nickel—ZOO

used in Code Calculations

Stress, MPa -Strain, cm/cm
76 0.000393
95 ’ 0.00127
118.6 0.0058
384 0.1

5. COMPARISON OF ICEPEL RESULTS WITH EXPERIMENTAL DATA

The input pressure pulse for the analyticallmodel.is shown in Fig. 3 as
recorded by gage Pl in test FP-E-103. Figures 4 and 5 show the comparison bé—
tween the ahalytical,and exﬁérimental pressure histdries at locations P2 and
‘'P3 inside the thick-walled pipe. As can be seen, a very good agreement in so
far as the pulse shape and arrival time is obtained.‘.However,_the4ana1ytical

pressure peak magnitude are lower than the experimental peaks particularly at



-gégé.fB. bne reason for thié iéAthe inhefited feature 6f.the implicit finite
difference methods in smearing'Off sharp peaks as those of location P2 and P3.
Thé use of smaller hydrodynamic time step in the calculation was»fouhd.to im-
prove the resolution of sharp préssure peaks.‘ It should be noted he;e that the
experimental pressure history at gage P3 shows much higher pressure péak than
that at gages P1 and P2 upstream‘from P3. That‘explains why the ‘difference be-
tween thé analytical and expefimental pressure‘peaks is highér at gage P3 than
at gage P2.. - |

Indicated also in the figures is the effects of the right to left movihg
rarefaction wave'réflecting back from the flexible pipe, causing cavitation fo
occur at gage P2 which is indicated by.the bottoming of the experimental pres-
sures at about 2.5 ms. The calcﬁlations agreed in predicting the occurance of
cavitation at this location by the zero pressure which is the cut off pressure
in- the ICEPEL code. The effect of the same reflected rarefaction wave on the
pressure history at gage P3 is the fast unloading of the ‘incident pulse.

The last pressure peak obtained in the analysis is a result of the reflected
pressure pulse from the closed rigid end of the second flexible pipe. No pfessure
records were reported at locations P2 and P3 beyond 3 ms.

In Fig. 6 and 7, the comparison between the analytical and experimen;al
pressure histories at the beginning of the first flexible pipe at gages P4 and
P5 is shown. A very good agreement in all aspects of the incident préssure pulse
is obtained. However,lthe analysis is showing slightly higher pressures than the
experimental pressure in the tail portion of the incident pulse at location P4
whiéh is the closest positi§ﬁ to the flange between the thick-walled pipe and
the flexible pipe. This flange which can be responsible for the noise in the
experimental data isvnot modeled in the analysis.

The figures alsoAindicéte the effect of plastic pipe wall deformation on
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the'traveiing pulse. ‘The pressure peaks are rapidly attenuated to about 6 MPa
in only 3.81 cm (1.5 in) and further reduced to about 5 MPa in 15.24 cm (6 in).
The dispersion of the pﬁlse is also indicated in the broadening of the pressure
pulse compared to the pulses in the thick-walled pipe.

The reflected pressure pulse from the blindlflange at the end of the sec-
ond flexible pipe indicated by the last pressure peak, is shown to be slightly
higher analytically than experimentally. As will be seen later, this is con-
sistent at all locations. The reason for this is believed to be the coﬁserv—
ative nature of modeling the blind flange as a rigid dead end. Experimentally,
although the flanges were anchored to the ground to limit their motion, some of
the incident‘pulse energy is expanded in axially expanding the pipe as the pulse
hits the flange.

As the pulse travels along the first flexible pipe ﬁlastic pipe wall de-
formation further attenuates the pressure peaks down to a value of about 4 MPa
which is slightly higher than the yield pressure of the pipe (3.5 MPa) because
of the inertia of the'pipe wall. This is seen in Figs. 8 through 10 which show
the comparison between the analytical and experimental pressure histories at
gages P6,lP7 and P8-P10 of the first flexible pipe. Again the agreement in all
aspects of the pressure pulse is demonstrated. Comparatively, however, the
agreement at gage P6 of Fig. 8 is not as good as those at the other gages. The
"analysis is showing higher pressures than in the experiment. Examination of the
experimental pressure histories upstream and downstream from gage P6 indicates
that gage P6 may have been in error recording lower pressures.

Figure 10 indicates that thé experimental records of gages P8-P10 showed
no variation of pressure around the circumference of the pipe. Thus confirming

the axisymmetry of the flow in the pipe upstream from the elbow, an assumption

used in the ICEPEL hydrodynamic coupling of the pipe and elbow models.



Downstream from the elﬁow,‘a; gages PlA-Piﬁ and Pl?—flS, the.cbmpériéon
between the énalytical-and experimenta; pressure histories is shown in Figs.

‘11 and iZ. Again, the experimental records thére confirms the axisymmetry of
the flow in the pipe dﬁwnstréaﬁ frém the elbow shoﬁing>no effect of the‘elbow.

 A£ both locations the analysis has consistently overestimated the.pressures.' 
The reaéon is that experimentally‘the elbow attenﬁated the pressure peaks by
as much és 187, while the analysis did not show that much attenuation.

In fact, the énalysis showed no drop in peak pressures in its absolute
sense. However, a careful investigation of the analytical pressure histories
before and after the elbow reveals some kind of loss inside the elbow. Fig.

10 shows that the pressure histories before the elbow to have an almost flat
pressure peak of about 4 MPa that lasted for about 0.75 msec. Fig. 11 shows
that the pressure history after the elbow rose at the same rate as that location
P8-P10, before the elbow, until a pressure of about 3.5 MPa was reached; then
the pressure continued to increase but at a reduced raté ﬁntil it reached a peak
of 4 MPa, which lasted only for a brief time compared to the peak time before
the elbow.

A source of the experimental pressure peaks atténuation aiong the elbow is
the geometry of the elbow which had a slight ovality in section. Also, the el-
~bow had a nominal inside diameter of 7.06 cm and was connected to short transi-
tion pieces that increased the diameter to 7.24 cm which itself is less than the
inside diameter (7.29 cm) of the connected pipes. This geometry cannot be in-

cluded in the analytical model.

Inside the elbow, the analysis showed that the pressures near the outer
walls of the elbow is higher than the pressures near the inner walls, whereas
the experimental data showed no special trend, i.e., there was no significant

difference in the pressure inside the elbow. Theoretically, one-expects higher
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pressures near the outer walls of the elbow than near the inner walls because
of the curvgtﬁre'and cent;ifurgal éffeqts. ‘Among gll‘the three elbow tests,
only the elastic. test FP-EP-102 showed higher pressures near the outer walls
than near the<inﬁer walls of the elbow.

- The analytical and experimental strainAhistories in the firét flexibie
pipe are compared in Figs. 13 through 16. At each axial location the analytical
strain histories as predicted by thelICEPEL code are within the rather wide -
.scatter of the experimental strain measurements. Generally, the analytical and
experimental strain historiés agreed iﬁ shape and in peak-strain arrival time.
Both the analysis and ‘the experiment indicated the arrival of the reflected
pfessure pulse from the blind flange at the end of the second flexible pipe.

The small negative strains at ﬁhe last axial location of the first fléx;
ible pipe was measured experimentally and also predicted analytipallyt_‘This
can be attributed to.the precursor effects which result from the difference of
wave sﬁeeds in the pipe wall and in the fluid. The wave propagates slower in
the fluid.

The experimental.variation in strains around' the circumference of the pipe
was first attributed to nonuniformity of the pipe wall thickness. The pipe was
a commercial off the shelf pipe in which the wall thickness was found to vary
within #5% around the circumference. But, because of the large variations in
" strains and becausé of the inconsistency between the strains and wall thickness
(i.e. highest stfains did not always occur at the smallest thickness location),
one is led to believe that variations in wall thickness cannot be totally re-
sponsible for the recorded strain variations. Such variation in thickness a-
round the circumference of the pipe cannot be modeled in the ICEPEL code which
treats the walls as axisymmetric thin shell.

Another source of variation of strains around the circumference is bending

of the pipe which can result from imperfections in the commercial. pipe used.




Examination of the records.of the different strain gages for test FP-E-103

shows that the highest strains at the first two axial locations were measured

by gages SGl and SGé'for thé fi;st éxial‘location and by gages SG6 and SG7 for
the second axial location. Whereas at the other end of the pipe ﬁhe higheét~
strains were measured by gages SG14 and'SGl5»ét the third axial location and

by gages SG19 and SG20 at the fourth axial 1ocati6n. Referring to the location
of these gages in Fig. 1, this may indiéate the second bending mode for the first.

flexible pipe.

Another noteworthy remark is that the analysis predicts higher strains near

SG

the elbow (SG Fig. 16) than further away from the elbow (SG

16 - SGZO’ 11 - 15°

Fig. 15). This indicates a pressure pulse reflecting back from the rigid elbow
to the first flexible pipe. However, because of insufficient strain measurements
in the vicinity of the elbow and because of the variations in experimental strain

at the same axial location this conclusion cannot be drawn.

6. SUMMARY AND CONCLUSIONS

Fér the physical phenomena of pressure pulse propagation along pipe systems,
it has been demonstrated both experimentally and analytically that although plas-—
tic pipe wall deformation rapidly attenuate high pressure peaks to magnitudes

slightly higher than the yield pressﬁre of the pipe, the subsequent interaction

~of the transmitted pressure pulses with the different piping components and with

other traveling pulses can produce: (a) pressure pulses of bigger magnitude that
cause more plastic deformation to occur elsewhere, or (b) a rarefaction pressure
wave that may cause cavitation to occur. The more complex the pipe system is
the harder it is to follow the pressure pulses and to predict the severity and
location of the critical regions in the system.

It has also been demonstrated that the ICEPEL predictions have generally

agreed with the experimental measurements of pressure and strain histories. All




aspégts of the time histories wé:e in very good agreement. Tﬁe-elbéw, however, .
appear to need further analytical as well as experimental inves;igafiénS'to
résolve the question of radial pressure distribution inside the elEow and the -
',pressure‘peak attenuation along the elbow.:

Inlthe course of analyzing and comparing the analytical and experimental
rgsults of the o;her two single elbow loop.tests FP—E-lOl and FP-E-102 4’-it;
Qas found that there is an anaiytical peakipressure drop of aBout 7% in tést
FP-E-101 whicﬁ differed from test FP-E-103 only in having the end of the second
flexible pipe open. Also, as mentioned'before, the experimental pressure meas-
urements inside the elbow showed higher pressures near the outer walls than near
the inner walls, in agreement with the analysis.

Therefore, it is to be recommended here that a precision elbow test be per-
formed to help resolve these inconsistencies. In such a test more strain gages
should be axially mounted in the vicinity of the elbdw‘in both pipes to monitor
an& pressure pulse reflections from the rigid elbow. Reflections from the el-
bow can be seen in strain measurements more so.than in pressure measurements.

The experimental strain varations around the circumference of the pipe
is not totally due to the variation in pipe wall thickness. The same mathemat-
ical model when used once with the pipe wall thickﬁess equals the smallest
measured thickness and once with the largest measured thickness showed only
about 15% difference in the strain at the same axial location of the pipe.
Bending of the pipe resulting from pipe imperfections is another source of
strain variations‘around the pipe circumference. This signals the importance

of including the flexural stresses of the pipe wall to the hoop stresses in the

4. A—Moneim, M. T., "ICEPEL. Analy51s of and Comparison with Simple Elastlc-

Plastic Piping Experlments", ANL Report to be published.




" analysis. Experimentally a precision pipe experiment can eliminate the wall’

thickness variation.
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Fig. 11.' -‘Analytical and Experimental Pressure
. Histories at Locations P14-P16 of the
- . ~Second Flexible Plpe
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Fig. 12. Analytical and Experimental Pressure
' Histories at Locations P17 and P18
of the Second Flexible Pipe..
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Fig; 13. Analytical and Experimental

o Circumferential Strain Histories
‘ o at 3.81 cm into the First Flexible

Pipe.
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Fig. 14, Analytical and Experimental
Circumferential Strain Histories
at 15.74 cm into the First Flexible
Pipe.
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Fig. 15. Analytical and Experimental
Circumferential Strain Histories at
15.24 cm from the Elbow in the First
Flexible Pipe.
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Analytical ‘and Experimental
Circumferential Strain Histories
at 3.81 cm from the Elbow in the
First Flexible Pipe. :
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