
Jll. 06 I 
ANL-78-38 

EXPERIMENTAL VALIDATION OF PTA-1 COMPUTER CODE 

FOR PRESSURE-TRANSIENT ANALYSIS INCLUDING 

THE EFFECT OF PIPE PLASTICITY 

by 

C. K. Youngdahl, C. A. Kot, 

and R. A. Valentin 

to third parties repr · foreign interests, foreign go ments, foreign 
companies and foreign subsidian foreign divisions of U.S. comp · should 
be dinated with the Director, Division _Reactor Research and Techn y, 
U. S. Depar t of Energy. ~ 

ARGONNE NATIONAL LABORATORY, ARGONNE, ILLINOIS 

Prepared for the U. S. DEPARTMENT OF ENERGY 

under Contract W-31-109-Eng-38 tA(\Sl[\\ 



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 responsibility 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. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



The facilities of Argonne National Laboratory are owned by the United States Govern­
ment. Under the terms of a contract (W-31-109-Eng-38} between the U.S. Department of En­
ergy, Argonne Universities Association and The University of Chicago, the University employs 
the staff and operates the Laboratory in accordance with policies and programs formulated, ap­
proved and reviewed by the Association. 

MEMBERS OF ARGONNE UNIVERSITIES ASSOCIATION 

The University of Arizona 
Carnegie-Mellon University 

Kansas State University 
The University of Kansas 
Loyola University 
Marquette University 
Michigan State University 
The University of Michigan 
University of Minnesota 
University of Missouri 
Northwestern University 
University of Notre Dame 

The Ohio State University 
Ohio University 

Case Western Reserve University 
The University of Chicago 
University of Cincinnati 

The Pennsylvania State University 
Purdue University 
Saint Louis University 

Illinois Institute of Technology 
University of Illinois 

Southern Illinois University 
The University of Texas at Austin 
Washington University Indiana University 

Iowa State University Wayne ~tate Univers1ty 
The University of Iowa The University of Wisconsin 

,.........-------NOTICE----- -----. 

This report was prepared as an account of work sponsored 
by the United States Government. Neither the United States 
nor the United States Department of Energy, nor any of their 
employees, nor any of their contractors, subcontractors, or 
their employees, makes any warranty, express or implied, 
or assumes any legal liability or responsibility for the ac­
curo.cy, complotonoca: or usefulne•• of ~ny infnrm;,tinn, ;,p­
paratus, product or process disclosed, or represents that its 
use would not infringe privately-owned rights. Mention of 
commercial products, their manufacturers, or their suppli­
ers in this publication does not ilnply or connote approval or 
disapproval of the product by Argonne National Laboratory 
or the U. S. Department of Energy. 

Printed in the United States of America 
Available from 

U.S. Department of Energy 
Technical Information Center 

P. 0. Box 62 
Oak Ridge, Tennessee 37830 

Price: Printed Copy $5.25 



'. 
(t> 

ANL-78-38 

Distribution Category: 
LMFBR Structural Materials and 

Design Engineering (UC -79h) 
LMFBR Safety (UC-79p) 

ARGONNE NATIONAL LABORATORY 
9700 South Cass Avenue 
Argonne, Illinois 60439 

EXPERIMENTAL VALIDATION OF PTA-1 COMPUTER CODE 
FOR PRESSURE-TRANSIENT ANALYSIS INCLUDING 

THE EFFECT OF PIPE PLASTICITY 

by 

C. K. Youngdahl, C. A. Kot, 
and R. A. Valentin 

Com.ponenti Technology Divi~ion 

July 1978 

,------NOTICE------. 

This report ~~ prepared as an account of work 
sponsored by the United States Government. Neither the 
United States nor the United States Department of 
Energy, nor any of their employees, nor any of their 
contractors, subcontractors, or their employees, makes 
~"Y. ~arranry, exp~~ or implied, nr a1tunu:, 11ny leg.sJ 
habthty or responsibility for the accumcy, completeness 
or usefulness of any information, apparatus, product or 
process disclosed, or represents that its use wOuld not 
infring~ J'riVllteJy OWntd rights. 

'Rele~noun • :'1en11t i:n E::w-r;'?y 

Re8t':llrch Ail>l'i~lfact:;. ~~h;tltibutlion Limiter! 



THIS PAGE 

WAS INTENTIONALLY 

LEFT BLANK 



TABLE OF CONTENTS 

ABSTRACT ..... . 

I. INTRODUCTION 

II. STANFORD RESEARCH INSTITUTE EXPERIMENTS 

III. PTA-I MODELING OF EXPERIMENTS ..... 

A. Stress-Strain Curve for Nickel-200 Piping 

B. Material Properties df Steel Piping and Elbows 

C. Fluid P rope rtie s 

D. Pipe Roughness 

E. Source Pulse . 

F. Modeling of Flanges 

G. Modeling of Elbows . 

H. Dummy Junctions . 

I. Terminal Junctions. 

J. Strain Results . . . 

K. Time Step and Running Time 

IV. COMPAF.ISONS BE:TWE:E:N PTA"'l COMPUTATIONS AND 
EXPERIMENTS ............ . 

A. Straight-pipe Test FP-SP-101 

B. Straight-pipe Test FP-SP-102 

C. Elbow-pipe Test FP-E-101 

D. Elbow-pipe Test FP-E -103 

V. CONCLUSIONS .......... . 

. 

A. Effect of Pipe Plasticity on Pressure-transient Analysis 

B. Effect of Elbows on Pulse Propagation . 

C. Cavitation ....•......... 

D. Strain-measurement Accuracy 

E. Miscellaneous Effects 

REFERENCES ........... . 

Page 

9 

9 

12 

16 

16 

17 

18 

18 

18 

18 

19 

19 

19 

20 

20 

21 

21 

29 

37 

45 

54 

54 

54 

55 

55 

56 

57 

3 



4 

LIST OF FIGURES 

No. Title 

1. Experimental Stress -Strain Relation for Nickel 200. 

2. Piping and Instrumentation Layout for Straight-pipe 
Experiments FP-SP-101 and :-102 .......... . 

3. Piping and Instrumentation Layout for Elbow-pipe 
Experiment FP-E-101 

4. Elbow Cross Section . 

5. Piping and Instrumentation Layout for Elbow-pipe 
Experiment FP-E-103 . . ...•........ 

6. Fitted Stress -Strain Relation for Nickel 200 

7. Pressure-Strain Relation for Nickel 200 Piping Used 10 

Experiments. . . . . . . ... 

8. Test FP-SP-101: Experimental Pressure Pulse P 1 Used as 
Source Pulse for PTA-I Computation .. 

9. Test FP-SP-101: Experimental and Computed Pressure 
Histories at Pz. . . . . . . . . . .......•.. 

10. Test FP-SP-101: Experimental and Computed Pressure 
Histories at P 3 • • • • • • • • • 

11. Test FP -SP-1 01: Experimental and Computed Pres sure 

Histories at P 4 • • • • • • • • • • • • • • • • • • • 

12. Test FP-SP-1 01: .l!;xperimental a.nd Computed Pressure 
Histories at P 5 • • • • • • ••• 

13. Test FP-SP-101: Experimental and Computed Pressure 

... 

Histories at P6 . . . . . . · · · · · • • I t I t t t I I t t t t • 

14. Test FP-SP-101: Experimental and Computed Pressure 
Histories at P 7 • • • • ••• 

15. Test .F'P-SP-101: Experimental and Computed Pressure 
Histories at P 8 • • • 

16 .. Test FP-SP-101: Experimental and Computed Pressure 
Histories at P 9 • • • • • • • • • • • • • 

17. Test FP-SP-101: Experimental and Computed Pressure 
Histories at P 10 

18. Test FP-SP-101: Experimental and Computed Pressure 
Histories at Pu 

Page 

12 

13 

13 

14 

14 

17 

17 

21 

22 

22 

23 

23 

.23 

24 

24 

24 

25 

25 

·,· 



No. 

19. 

LIST OF FIGURES 

Title 

Test FP-SP-1 01: Experimental and Computed Strain 
Histories at First Set of Gauges, SG1 -SG5 •••••••• 

20. Test FP-SP-101: Experimental and Computed Strain 
Histories at Second Set of Gauges, SG6-SG10 ••••••• 

.21. Test FP-SP-1 01: Experimental and Computed Strain 
Histories at Third Set ofGauges, SG11 -SG15 ••••••• 

22. Test FP-SP-101: Experimental and Computed Strain 
Histories at Fourth Set of Gauges, SG16-SG20 •••••• 

23. Test FP-SP.-101: Profiles of Experimental and Computed 

Maximum Dynamic Strain ·along Nickel Pipe ......... . 

24. Test FP-SP-101: Profiles of Experimental and Computed 
Permanent Plastic Strain along Nickel Pipe ........ . 

25. Test FP-SP-102: Experimental Pressure Pulse P 1 Used 
as Source Pulse for PTA-1 Computation .......... . 

26. Test FP-SP-102: Experimental and Computed Pressure 

Histo.rie s at P 2 ••••••••••••• • 

27. Test FP-SP-102: Experimental and Computed Pressure 

Histories at P 3 •••••••••••••• • • • • • • • 

28. Test FP -SP-1 02: Experimental and Computed Pres sure 
Histories at P 4 •••••••••••••• •• !' •••• 

29. Te::~L FF-3F-102. E.x..pel"ilueuL.;.l and Go1nputed Pre:33urc 

Histories at P 5 ••••••••••••••••••••• • • • • • • • 

30. Test FP -SP-1 02: Experimental and Computed Pres sure 

H1stor1e s at P 6 ................ · ·. · · · · · · · · · · 

31. Test FP-SP-102: Experimental and Computed Pre::;sure 
Histories at P 7 •••••••••••••• 

32. Test FP-SP-1 02: Experimental and Computed Pr~ssure 
Histories at P 8 •••••••••••••• 

33. Test FP-SP-102: Experimental and Computed Pressure 

Histories at P 9 •••••••• : • • • • • • • • • • • • 

34. Test FP-SP-102: Experimental and Computed Pressure 
Histories at P 10 . . . . •, . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

35. Test FP-SP-102: Experimental and Computed Pressure 

Histories at P 11 •••••••••••••••••••• • • • • • • • 

26 

27 

27 

27 

28 

28 

29 

29 

30 

30 

31 

31 

31 

31 

32 

32 

32 



6 

No. 

36. 

37. 

LIST OF FIGURES 

Title 

Test FP-SP-102: Experimental and Computed Strain 
Histories at First Set of Gauges, SGI-SG5 •••••••• 

Test FP-SP-102: Experimental and Computed Strain 
Histories at Second Set of Gauges, SG6-SGI 0 ••••••• 

38. Test FP-SP-102: Experimental and Computed Strain 
Histories at Third Set of Gauges, SG11 -SG 15 ••••••• 

39. 

40. 

Test FP-SP-1 02: Experimental and Computed Strain 
Histories at Fourth Set of Gauges, SGu,-SG 7n •••••• 

Test FP-SP-102: Profiles of Experimental and Computed 
Maximum Dynamic Strain along Nickel Pipe ......... . 

41. Test FP-SP-102: Profiles of Experimental and Computed 
Permanent Plastic Strain along Nickel Pipe ........ . 

42. Test FP-E-101: Experimental Pressure Pulse PI Used 
as Source Pulse for PTA-1 Computation . . , .. 

43. Test FP-E-101: Experimental and Computed Pressure 
Histories at P '-

44. Test FP-E -101: Experimental and Computed Pressure 
Histories at P 3 • 

45. Test FP-E-101: Experimental and Cornpnted P:ressure 
H1storie s at .P 4 

46. Test FP-E-101: Experimental and Computed Pressure 
Histories at P~ 

47. Test FP-E-101: Experimental and Computed Pressure 
Histories at P6 

48. Test FP-E-1 01: Experimental and Computed Pressure 
Histories at P 7 

49. Test FP-E -101: Experimental and Computed Pr~ssure 
Histories at P 6 9 ' t I I t I t • • • 

50. Test FP-E-1 01: Experimental and Computed Pressure 
Histories at P 13 

51. Test FP-E-101: Experimental and Computed Pressure 
Histories at PI6 

52. Test FP-E-101: Experimental and Computed Pressure 
Histories at Pis 

Page 

33 

33 

34 

!' !' ' • ' 34 

35 

35 

37 

37 

38 

38 

38 

39 

39 

.39 

40 

40 

40 



LIST OF FIGURES 

No. Title 

53. Test FP-E-101: Experimental and ComputedStrain 
Histories at First Set of Gauges, SGI-SG5 ••••••• 

54. Test FP-E-101: Experimental and Computed Strain 
Histories at Sec:onc.l Set o.f Gauges, SG6-SGI 0 •••••• 

55. Test FP-E-101: Experimental and Computed Strain 
Histories at Third Set of Gauges, SG11 -SGI 5 •••••• 

56. Test FP-E-101: Experimental and Computed Strain 
Histories at Fou.rth Set of Gauges,.SGI6-SG20 ••••• 

57. Test FP-E-101: Profile of Experimental and Computed 
Maximum Dynamic Strain along First Nickel Pipe 

58. Test FP-E-101: Profiles of Experimental and Computed 
Permanent Plastic Strain along First Nickel Pipe ..... 

59. Test FP-E-103: Experimental Pressure Pulse PI Used 
as Source Pulse for First PTA-1 C amputation . . 

60. Test FP-E-103: Experimental and Computed Pressure 
Histories at P 2 . . . . . . . . . . . . . . . . . . 

61. Test FP-E-103: Experimental and Computed Pressure 
Histories at P 3 . . . . . . . . . . . . . . . . . . . . . 

62. Test FP-E-103: Experimental and Computed Pressure 
Histories at P 4 . . . . . . . . . . . . . . . . . . . 

63. T~5l Ff'-E-103: E..~~..pc r i1ncn tal a.l1d Con'1puted Prcoourc 
Histories at P 5 . . . . . . . . . . . . . . . . . 

64. Test FP-E-103: Experimental and Computed Pressure 
Histories at P 6 . . . . . . . . . . . . . . . . . . . 

65. Test FP-E-103: Experirnental and Com.puted Pressure 
Histories at P 7 . . . . . . . . . . . . . . . . . . . 

66. Test FP-E-103: Experimental and Computed Pressure 
Histories at P 8 . . . . . . . . . . . . . . . . . 

67. Test FP-E-103: Experimental and Computed Pressure 
Histtoriest at P 11 ' 0 0 0 ' 0 0 . 

68. Test FP-E-103: Experimental and Computed Pressure 
Histories at PI6 . . . . . . . . . . . . . . . . . . . 

69. Test FP-E-103: Experimental and Computed Pressure 
Histories at Pia . . . . . . . . . . . . . . . . . . ... . . . . 

7 

Page 

41 

41 

42 

42 

43 

43 

. . . . 45 

. . . . 45 

. . . . . 46 

. . . 46 

. 47 

. . 47 

. . . 48 

. . . . 48 

. . . . . 49 

49 

49 



8 

LIST OF FIGURES 

No. Title 

70. Test FP-E -103: Experimental and Computed Strain 
Histories at First Set of Gauges, SG1 -SG5 ••••••• 

71. Test FP-E-103: Experimental and Computed Strain 
Histories at Second Set of Gauges, SG6-SG10 •••••• 

72. Test FP-E-103: Experimental and Computed Strain 
Histories at Third Set of Gauges, SG11 -SG15 •••••• 

73. Test FP-E-103: Experimental and Computed Strain 
Histories at Fourth Set of Gauges, SG16-SG20 • 

74. Test FP-E-103: Profiles of Experimental and Computed 
Maximum Dynamic Strain along First Nickel Pipe ..... 

TABLE 

No. Title 

I. Comparison of Peak Strains and Stresses for 
Test FP-E-101 .... · .......... · ...... • 

.-

50 

51 

51 

52 

53 

Page 

44 



EXPERIMENTAL VALIDATION OF PTA -1 COMPUTER CODE 
FOR PRESSURE-TRANSIENT ANALYSIS INCLUDING 

THE EFFECT OF PIPE PLASTICI1Y 

by 

C. K. Youngdahl, C. A. Kot, 
and R. A. Valentin 

ABSTRACT 

The PTA-1 code for computing pressure transients in 
piping networks includes a computational model to treat the 
significant effect of plastic deformation of the piping on pulse 
propagation. Stanford Research Institute has completed an ex­
perimental program on the response of piping systems to in­
ternal pressure pulses which plastically deform portions of the 
piping. This report makes extensive comparisons between 
PTA-1 computations and these experimental results. The ex­
cellent agreement obtained for both pressure histories and 
strain histories for all the experiments indicates that the 
PTA-1 computational model for pipe plasticity effects is accu­
rate. The computation-experiment comparisons also permit a 
number of observations and conclusions to be made on other 
aspects of computational modeling of pres sure transients, par­
ticularly with respect to pulse propagation around elbows. 

I. INTRODUCTION 

The PTA -1 computer code analyzes pres sure transients in complex 
piping systems, using the one-dimensional method of characteristics applied 
to a fluid-hammer formulation. It differs from other transient-analysis codes 
primarily in that the computation includes the effect of plastic deformation of 
the piping on pulse propagation. The code has been validated using data ob­
tained in a series of experiments performed at Stanford Research Institute 
(SRI). The excellent agreement between the experimental results and PTA -1 
computations for both pres sure-pulse propagation in the fluid and dynamic 
plastic strains in the piping in.dicate s that the modeling of plastic -deformation 
effects in PTA-1 is accurate. This report presents details of the code vali­
dation, along with some conclusions on pressure-transient analysis that may 
be drawn from the comparisons and experimental results. 

9 
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PTA -1 is described in detail in Ref. 1. To facilitate its usage as a 
design and analysis tool, we have minimized input requirements, preliminary 
computations, and running times and carried out much of the computation in 
subroutines that are easily replaced or altered. Pipe network connections, 
node spacings, fluid properties, pipe material properties, flow areas, friction 
factors, wave speeds, and junction losses are computed internally. Subroutines 
for a variety of junction types are included, such as tees, closed ends, surge 
tanks, sudden-area changes, dummy junctions, acoustic-impedance discontinu­
ities, nonreflecting far-end boundaries, pres sure sources, and simple models 
of pumps and rupture disks. 

A number of computer codes familiar to the nuclear-reactor industry 
are based on classical fluid-hammer theory; 2 these include TRANSWRAP, 3 

WHAM 1
4 NATRANSIENT, 5 BREAK. 6 and HYTRAN. 7 PTA-1 diff~:r.s f:rom these 

codes in that it computes the effect of plastic deformation of piping on the 
pressure transient. This effect is particularly significant in analyzing tran­
sients in the heat-transport systems of liquid-metal-cooled reactors. Thin­
walled piping is used because operating pressures are low; hypothesized pres­
sure pulses from a sodium/water reaction in a steam generator or from a 
core accident would be expected to deform portions of the piping system well 
into the plastic range. Plastic deformation tends to chop the pulse peak to the 
pipe yield pres sure and to broaden the pulse; 8 consequently, it has a significant 
effect on pressure-pulse propagation in a piping network and on the transient 
loading on system components. 

A detailed treatment of structure-fluid interaction in a large piping net­
work would require a computational effort that would be incompatible with the 
use of a pressure-transient code as a design and analysis tool. Consequently, 
a relatively simple computational model for the effect of pipe plasticity on 
pulse propagation was developed 9 that is consistent with a one-dimensional 
treatment of a piping system. The intent was not to model in detail the dy­
namic structural response of the piping to transient loads, but to incorporate 
into the code those features of the response that have the strongest influence 
on pulse propagation in the fluid. 

In modeling pipe plasticity effects, we assume the pipe to be sliced into 
a series of unconnected rings; bending moments, axial forces, pipe inertia, 
and waves in the pipe wall are all neglected. The pipe response is thus quasi­
::; tatic, and deformations are not required to be continuous functions of axial 
position. The result of these assumptions on pipe response is that the only in­
fluence of pipe deformation on transient propagation in the fluid is through its 
effect on local wave speerl. 

SRI has performed four one-eighth-scale experiments 10
•

11 on the effects 
of pressure pulses on reactor piping. Since the pressure pulses plastically de­
formed the piping, and since extensive dynamic pres sure and strain measure­
ments were made, these experiments are an excellent source of data for 



validating the modeling of plastic-deformation effects incorporated in PTA-I. 
Detailed comparisons have been made between PTA-1 computations and the 
SRI experimental results, and brief summaries of some of these comparisons 
have been published. 12 .I 3 This report provides a reasonably complete presen­
tation of the full set of validation· studies. 

Some conclusions that may be drawn from the results of the four SRI 
tests and the PTA-1 validation studies are: 

1. Plastic deformation of piping typical of reactor heat-transport 
systems has a significant qualitative and quantitative effect on pressure-pulse 
propagation. 

2. Classical fluid-hammer formulations that do not account for the 
effect of pipe plasticity give completely erroneous results for transient prop­
agation if the pulse peak exceeds the yield pres sure of the piping. 

3. The simple, one-dimensional computational model incorporated 
in PTA-! for predicting plastic-deformation effects on pressure transients 
and pipe strains is accurate, as demonstrated by the excellent agreement·be­
tween computation and experiment for both pressure- and strain-history 
results. The agreement for the dynamic-strain results is particularly note­
worthy in that the fluid- structure interaction model in PTA-1 was developed, 
to predict pres sure transients in the fluid and was not intended or expected 
to accurately compute piping deformation. 

4. Wave interactions in plastically deforming piping can cause cavi­
tation at unexpected times and locations in the system. 

5. A one-dimensional computational model for the effect of an elbow 
on pulse propagation is appropriate, at least for the elbow geometry used in 
the_ SRI experiments. 

6. The effect of elbow curvature on pulse propagation is negligible, 
except perhaps right at the elbow; however, the effect of plastic deformation 
on the pulse may be .masking the effect of elbow curvature. 

The SRI tests are described briefly in Sec. II, and Sec. III ·contains the 
computer modeling and PTA-1 input appropriate to the tests. Computed and 
experimental re suits for the four tests are compared in Sec. IV. Finally, im­
plications and conclusions pertaining to pressure-transient analysis that may 
be drawn from the tests and the code validation are discussed in Sec. V. 

li 
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II. STANFORD RESEARCH INSTITUTE EXPERIMENTS 

Four tests were performed by SRI10
'

11 to provide data on the effect of 
pipe plasticity on pressure-pulse propagation in LMFBR piping systems. A 
geometric scaling factor of one-eighth was used in the tests; i.e., test-section 
piping with 76-mm ( 3 -in.) outside diameter, 1.65-mm (O. 065 -in.) wall thick­
ness, and 1.5-m (5-ft) length was used to model reactor piping having 0.61-m 
(24-in.) outside diameter, 13-mm (0.5-in.) wall thickness, and 12-m 
(40-ft) length. Nickel-ZOO was used for the test-section piping because its 
stress-strain curve at room temperature is similar to that of Type 304 stain­
less steel at reactor temperature. Room-temperature water was used for 
the fluid because its acoustic impedance is similar to that of sodium and it is 
easier to handle. All flanges in the piping systems were rigidly fixed to elim­
inate gross pipe motion. 

Pressure pulses were produced by an explosively driven pulse gun de­
veloped at SRI. The pulses had a peak pressure of about 10-15 MPa (1500-
2200 psi), a rise time of about 0. 2 ms, and a duration of about 3 ms. Since 
pressure does not scale, and time scales with the same one-eighth factor as 
the geometry, these test pulses correspond to reactor pulses having a peak 
pressure of 10-15 MPa, a rise time of 1.6 ms, and a duration of 24 ms. These 
pulse parameters were selected as being representative of a hypothetical 
core-disruptive accident in an LMFBR; they are also a reasonable choice for 
representing hypothetical pressure pulses resulting from a sodium/water re­
action in a steam generator. 

Seven stress-strain tests at various strain rates (€) were performed 
on Nickel-ZOO specimens cut from scrap sections of the thin-walled piping 
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Fig. 1. Experimental Stress-Strain Relation for Nickel 200. 
Reproduced from Romander and Cagliostro.10 

Conversion factor: 1 psi = 6.895 kPa. 

3.0 

used in the experiments. Re­
sults of two of the tests are 
shown in Fig. 1. The elastic. 
modulus is 190 GPa (28 x 
10 6 psi); the departure from 
linearity occurs at a stress of 
about 76 MPa ( 11 ,000 psi) and 
a strain of about 0.04o/o.· The 
corresponding yield pressure 
of the piping is then about 
3.4 MPa (soo psi). 

The four SRI tests con­
sisted of two straight-pipe 
tests (FP-SP-101 and -102) 
and two tests (FP-E-101 and 
-103) that had an elbow as part 
of the piping system. The test 
configurations for both 



straight-pipe tests were identical and are shown in Fig. 2. A 3-m (1O-ft) length 
of thick-walled steel pipe was located between the pulse gun at the left of the 
piping system and the Nickel-ZOO test section. This pipe sufficiently separated 
the test section and the pulse gun so that pulses reflected back and forth be­
tween them would not interfere with the original pulse. It also provided con­
venient locations for measuring the pulse before it reached the test section. 
The inside diameter of the steel pipe was the same as the nickel pipe. and its 
wall thickness was 5 mm (0.188 in.). This pipe is only deformed elastically by 
the pressure pulse. A thick blind flange closes the right end of the nickel pipe. 
Dynamic-pressure measurements were made at three locations in the steel 
pipe (P1-P3) and at eight locations in the nickel pipe (P 4-P11 ). Dynamic- strain 
measurements were made at four axial locations along the nickel pipe; mea­
surements were made at five circumferential positions at each of these axial 
locations, so that 20 strain gauges (SG1 -SG20) were used in all. Pressure-time 
and strain-time data for all gauges were reported in both graphical and digital 
form. 

Fig. 2 

Piping and Instrumentation Layout for 
Straight-pipe Experiments FP-SP-101 
and -102. Reproduced from Romander 
and Cagliostro.1° Conversion factor: 
1 in. = 2.54 em. 

The test configuration for elbow Test FP-E-101 is shown in Fig. 3. 
From left to right, the system consists of the pulse gun, a thick-walled steel 
pipe, a nickel-pipe test section, a thick-walled elbow, another nickel-pipe 
test section, and a heavy flange ending in a free surface. The steel and nickel 
pjpes have the sam.e dimensions as in the straight-pipe tests. 

Fig. 3 

Piping and Instrumentation Layout for 
Elbow-pipe Experiment FP-E-101. 
Reproduced from Romander and 
Cagliostro.

1° Conversion factor: 
1 in. = 2.54 em. 
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Fig. 4. Elbow Cross Section. Reproduced from 
Romander and Cagliostro.l° Conversion 
factor: 1 in. = 2.54 em. 

The dimensions of the elbow 
are shown in Fig. 4. SRI measure­
ments showed that the elbow cross 
section was slightly egg- shaped and 
varied from one end to the other. 
The inside diameter ranged between 
69.37 and 70.87 mm (2. 731 and 
2. 790 in.) with an average value for 
16 measurements of 70.26 mm 
(2. 766 in.). The average inside diaii:l­
eter of the short transition pieces 
was 72.9 mm (2.85 in.). The ~all 
thicknesses of the elbow and transi­
tion pieces were 7.62 and 4. 78 mm 
(O. 300 and 0.188 in.), respectively, 
and the elbow centerline radius was 
114 mm (4.5 in.). 

With reference to Fig. 3, three 
dynamic-pressure gauges (P1-P3) were located along the steel pipe to measure 
the input pulse. The first nickel pipe had seven pressure gauges (P4 -P10), with 
P 8 -P10 distributed circumferentially at the same axial location. The elbow had 
pressure gauges Pu-P13 arranged circumferentially around its center cross 
section. The second nickel pipe had five pressure gauges (P14 -P18), with P 14 , 

P 15 , and P 16 distributed around the circumference just beyond the elbow and 
P 17 and P 18 at an axial location farther downstream. The purpose of the mul­
tiple gauges at and near the elbow was to measure dynamic-pressure gradients 
across the diameter as the pulse interacted with the elbow and thereby to ob­
tain information on the multidimensionality of the flow around the elbow. 

Twenty dynamic- strain gauges (SG 1-SG20) again were arranged in groups 
of five at four axial locations in the first nickel pipe. 

The test configuration of elbow Test FP-E-103 is shown in Fig. 5. It is 
identical to that of Test FP-.E-101, except that a heavy blind flange terminates 
the layout. 

Fig. 5 

Piping and Instrumentation Layout for Elbow­
pipe Experiment FP-E-103. Reproduced from 
Romander and Cagliostro.lO Conversion factor: 
1 in. = 2.54 em. 

BlltiO fLANGE 



A fifth test, elbow Test FP-E-102, completed the series. A smaller 
pulse with a peak of 1.4 MPa ( 200 psi) was used. Since the response of the 
nickel pipe to this pulse was complet.ely elastic, this test did not provide use­
ful information for validating the plasticity model in PTA-1 and will not be 
discussed here. 

Following are some SRI observations that are pertinent to the inter­
pretation of the test results shown in subsequent sections of this report: 

1. From measurements of the stress- strain curve of Nickel 200 at 
various strain rates (Fig, 1), SRI concluded that strain-rate effects would not 
be significant in the pulse-propagation tests. 

2. The wall thickness of the Nickel-200 piping varied by about 
±0. 08 mm ( 0. 003 in.). SRI partially attributed the significant circumferential 
variations in dynamic strain at each axial location to this wall-thickness 
variation. (In general, the highest strains occurred at the gauge at the cir­
cumferential position having the smallest wall thickness, and vic.e versa.) 

3. There is no significant pressure gradient across the diameter of 
the elbow as the pulse travels through the elbow. In addition, the flow down­
stream from the elbow is one-dimensional. The peak pressur:e on the o1,1tside 
turn of the elbow deviated from the peak pressure on the inside turn of the 
elbow by about O.So/o. It was concluded that the transient flow through the el­
bow is one-dimensional. 

4. A 15o/o decrease in peak pressure· was measured as the pulse moved 
through the elbow for each elbow test. (PTA-1 computations indicate that this 
effect is accounted for by differences in wall thickness, diameter, and material 
of the elbow and nickel piping, leaving essentially no residual effect to be 
attributed to elbow curvature.) 
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III. PTA-1 MODELING OF EXPERIMENTS 

Details of the PTA-1 code and its input requirements are given in the 
user's manual. 1 The discussion here will be concentrated on those aspects of 
the computer modeling of the SRI experiments that require some additional 
elaboration or explanation. 

A. Stress-Strain Curve for Nickel-200 Piping 

A convenient procedure for obtaining a functional representation for 
strain-hardening materials is given in Appendix A of Ref. 9. With this technique, 
the measured stress-strain curve for Nickel-200 {Fig. 1) was modeled as a 
linear elastic region, followed by a parabolic plastic region and a linear plastic 
region; the parabola is tangent to the two straight lines. In conventional units, 
this representation is 

e = ri/E, E = 28 x 106 psi, 0 ;s;; a:::;;; 11,000 psi; 

S = 0.018229- 3.2786 X 10- 60 + 1.5065 X 10-lOrJ2., 
. ( 1) 

11,000 psi:::;;; rJ ;s;; 19,000 psi; 

e = 2..4464 x 10- 6rJ -3.6161 x 10- 2
, rJ;:: 19,000 psi; 

where o, e, and E are stress, strain, and elastic modulus, respectively. In 
SI units, these relations become 

e: = a/E, E = 193 GPa, 0 ;s;; r1 ;s;; 75.86 MPa; 

(2) 
75.86 MPa:::;;; rJ :::;;; 131.0 MPa; 

s = 3.5478 x 10- 10o -3.6161 x 10- 2
, rJ ~ 131.0 MPa, 

where a is in pascals. 

Elastic unloading after plastic deformation was assumed to be linear 
and to have the same slope as the initial elastic -loading region. Yielding in 
compression was assumed never to occur in these experiments. The fit given 
by Eqs. 1 or 2 to the experimental stress-strain curve of Fig. 1 is indicated 
in Fig. 6. The slope do/de of the stress-strain curve, which is needed for the 
determination of wave speed in the fluid, is easily determined from Eqs. 1 or 2 
as a function of a. 
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The assumptions made in the fluid- structure interaction model* used 
in PTA-1 imply that fluid pressure p and circumferential pipe stress cr are 
related by 

p = 2crH/D, (3) 

where H is the wall thickness and D is the inside diameter. Figur·e 7 shows 
the relation between pressure and circumferential strain that follows from 
Eqs. l-3. 
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Fig. 7. Pressure-Strain Relation for Nickel 200 Piping Used in Experiments 

B. Material Properties of Steel Piping and Elbows 

Since the stainless steel piping and elbows are not deformed plastically 
by the pressure transients, the only material property needed is the elastic 
modulus. This was taken to be 193 GPa (28 x 106 psi) at room temperature. 14 

--------··· ·- ····--·-
"'Ii1 particular, pipe incrtin, bending moment~, che:1r forci:&, .and axial force~ are nP.glf".c.:l"t':d. 
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C. Fluid Properties 

The required fluid properties are specific weight y and sound speed c 0 • 

For room-temperature water, these were taken to be 

y = 9.81 kN/m3 (62.4 lb/ ft 3
) 

and (4) 

c 0 = l. 5 km/ s ( 49 i 0 ft/ s) 

D. Pipe Roughness 

Since the pipe roughnesses were not known and frictional losses weJ:e 
expected to be small for the short durations of the experimental transients, the 
pipe friction factors were set equal to zero and frictional losses were neglected 
in the computations. 

E. Source Pulse 

Except where otherwise noted in the description of the computation­
experiment comparisons, the pulse measured at the first pres sure gauge (PI} 
was used as the input pulse for the PTA-1 computation. Consequently, all 
piping to the left of this gauge was neglected (see Figs. 2, 3, and 5). The 
digitized data for pres sure as a function of time at gauge P 1 presented in the 
SRI repore 0 was used directly as input to PTA-1 with no modifications. 

F. Modeling of Flanges 

Sample calculations were made for some of the tests using two treat­
ments of the heavy flanges: (1) The flanges were ignored, and (2) the flanges 
were modeled as short lengths of very thick-walled piping. There was no· 
significant difference in the computed pres sure transients, and all effects of 
the flanges on the pres sure transients have been ignored in the computational 
results presented here. 

Since all bending moments and shear forces in the pipe wall are 
neglected in the fluid- structure interaction model in PTA-1, modeling the 
flanges as short lengths of heavy pipe would not provide any constraint on radial 
deformation of the adjacent piping. Consequently, the two treatments gave 
similar results since the flange lengths are small compared to the pipe lengths. 
Moreover, the good agreement between computed and experimental strains, 
even at gauges that are close to flanges, indicates that neglecting pipe bending 
moments and shear forces is a reasonable assumption. 



G. Modeling of Elbows 

One purpose of the Pressure Transient Analysis Techniques Project 
at Argonne National Laboratory is to determine reasonable computational 
models for the dynamic effects of pipe fittings on transient propagation. Since 
it is not clear how an elbow affects* a pres sure pulse or whether it even has 
any significant effect, 17 the elbow was modeled as an equivalent length of 
straight pipe having the same wall thickness·, diameter, and material properties 
as the elbow. 

The equivalent straight-pipe length was set equal to the length of the 
centerline of the elbow. Any unaccounted-for difference between computed and 
experimental results in the vicinity of the elbow could then be attributed to the 
effect of elbow curvature on the transient, and the comparisons would be useful 
in formulating an improved computational model for an elbow. As will be shown 
in Sec. IV, the comparisons indicate no significant effect of elbow curvature on 
transient propagation for the elbow geometry and contraint used in the tests. 
However, plastic deformation in the vicinity of the elbow may be masking other 
effects. 

H. Dummy Junctions 

Dummy junctions were placed at each axial position where pressure or 
strain gauges were located. This assures that a computational node occurs 
at each point of interest and simplifies the output, because only results at 
junctions need be printed. Although the number of pipes and junctions in the 
computational model is then considerably :i:nore than occurs in the experiment, 
the computational effort is not affected because a dummy junction is treated 
as an interior node. 

I. Terminal Junctions 

19 

The blind flanges m Tests FP-SP-101, -102, and FP-E-103 were modeled 
as closed ends in PTA-1, i.e., as. zero-velocity boundaries. The free surface 
at the end of Test FP-£-101 was modeled as a constant-pressure junction; the 
boundary pressure was maintained at atmospheric conditions (zero gauge 
pressure). 

*For example. Swaffield15 concludes that elbow geometry has a significant effect on the transmission and reflec­
tion of incident pulses, but that the amount of applted restraint has no effect. Conversely. Fox16 (p. 146) states 
that a fixed eibow has no effect on a puise and that puise reflections result from elbow motions. 
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J. Strain Results 

Strains were not printed in the original version of PTA-1, 1 because the 
program was intended to focus on t?e pressure transient in the fluid and was 
not expected to accurately model strains in the piping. Since SRI provided 
extensive pipe- strain results, instructions were added to PTA-1 to print out 
strain as a function of time as well as maximum dynamic .strain and permanent 
plastic strain as functions of position. This was a simple modification to make 
to the code, since the pertinent point on the stress-strain curve. had to be 
located anyway to compute the pipe-deformation effect on wave speed. The 
excellent agreement between computed and experimental strains indicates 
that the computation of pipe strain in PTA-1 is much more accurate than 
originally thought. 

K. Time Step and Running Time 

A time step of 0.01 ms was used to obtain the results presented in this 
report. The running time to simulate each experiment was then about one CPU 
minute on the IBM 370/195. 

Some trial runs were made with a larger time step of 0.05 ms; the 
running time per problem was then about eight CPU seconds. The results were 
similar to those for the shorter time step, but the initial narrow spike in the 
pulse was not as well resolved. Although the results for the 0.05-ms time 
step probably would be adequate for engineering purposes, the smaller time 
step oi O.Ul ms was used, because the correspond1ng runn1ng hme was short 
enough not to be a factor and because it was desirable to obtain accurate 
results to compare with the extensive SRI data. 



IV. COMPARISONS BETWEEN PTA-1 COMPUTATIONS 
AND EXPERIMENTS 

A. Straight-pipe Test FP-SP-1 0 l 

The locations of the pres sure and strain gauges for Test FP-SP-1 0 l 
are shown in Fig. 2. The pulse measured at P 1 (see Fig. 8) was used as the 
source pulse for the PT A-1 computation. To demonstrate the significant 
qualitative and quantitative effect of pipe plasticity on the pressure transient 
in the fluid, a completely elastic computation was also performed; i.e., the 
nickel pipe was assumed to be replaced by one made of a fictitious material 
that has the same elastic modulus as Nickel-200 but does not deform plastically 
at the computed pressures. In the comparisons of pressure histories that 
follow, the curves are experimental results from Ref. 10, the circles are 
points computed by PT A-1 for the actual stress -strain curve of Nickel-200 
(Eqs. l and Figs. l and 6), and the squares are computed points for idealized 
elastic response. 
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Fig. !:l. Test FP-SP-101: ExpeninerttalPressure Pulse P1 
Used as Source Pulse for PTA-1 Computation 

4.0 

Figures 9 and 10 show pressure histories at gauges P 2 and P 3 in the 
steel pipe. The computed cases are identical until a rarefaction wave reflects 
back from the junction with the nickel pipe. In the elastic-plastic case, this 
rarefaction wave causes cavitation at gauge P 2 at about 3 ms, as indicated by 
the negative pressure computed there. This agrees well with the experimental 
results, which indicate cavitation at this location by gauge P 2 

11 bottoming out. 11 

No cavitation occurs for the·elastic computation, which is thus qualitatively 
inaccurate. Consequently, one result of including the effect of plastic deforma­
tion of the piping on pulse propagation is the unexpected, but experimentally 
verified, prediction of cavitation in a simple closed piping system. Moreover, 
the cavitation does not occur at the closed end, as might be expected to be 
associated with reflections from a free surface in the system. As a result of 
reflections from the softer plastically deforming pipe, the cavitation occurs 
at an interior point of a pipe that is not itself deforming plastically. 
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Test FP-SP-101: Experimental and 
Computed Pressure Histories at P3 

Figures ll-18 show results at pressure-gauge locations in the plas­
tically deforming nickel pipe. Again, the elastic -plastic PT A-1 computations 
and the experimental results agree well, both qualitatively and quantitatively. 
The initial pressure peak of the pulse is rapidly chopped off to the yield pres­
sure of 3.4 MPa (500 psi) as the pulse travels down the pipe. The pulse is 
reflected at the closed end of the system, but rather than doubling in amplitude, 
as would be predicted by an elastic computation, its peak value is only about 
4. 8 MPa (700 psi) because of plastic deformation near the pipe end. 

The results of the all-elastic computation are significantly different. 
The initial pres sure peak travels essentially undiminished down the pipe, 
doubles in amplitude to about 20.7 MPa (3000 psi) at the closed end (Fig. 18), 



and returns up the pipe (the second peak in Figs. 12 -16). [The .reflected and 
incident pulses almost coincide at gauge P 10 (see Fig. 17); therefore the peak 
there is almost double that of the initial pulse. At the other gauges (see 
Figs. 12 -16), the reflected pulse is superimposed on the tail of the initial pulse 
and therefore has a higher peak than the initial pulse does.) This second peak 
is completely dispersed in both t;he experimental results and the elastic-
plastic computation. . . 

0 
c.. 
::E 8 
... 

Q. 

fi 

4 

2 

0 
2.0 

TIME, ms 

Fig. 12 

Test FP-SP-101: Experimental and 
Computed Pro33uro Hi3torio3 at P5 

12 

0 8 0 
c.. 
~ 
n..<D 6 

4 

2 

0 

0 0 

0 
0 

0 

.... 1. 

Fig. 11 

Test FP-SP-101: Experimental and 
Computed Pressure Histories at P4 

3.5 4.0 5.0 5.5 

.. 1.5 

1.0} 
2 

TIME,ms 

Fig. 13 

Test FP-SP-101: Experimental and 
Computed Pressure Histories at r6 

(') ~---L----~----~------L-----~----~-----LJO 
3.0 3.5 4.0 4.5 5.0 5.5 6.0 

TIME,ms 

23 



24 

12 

0 

TIME, ms 

Fig. 14. Test FP-SP-101: Experimental and Computed Pressure Histories at P7 

0 

oo 

0 

0 
q::fb 

[1 

0 

0 

DO 

0 

0 

~ 
0 

0 

~ 
0 

·~~ 
o~~----~----~----L-----L---~-----J--~ 

4.5 5.0 5.5 6.0 6.4 3.0 3.5 4.0 
TIME, ms 

Fig. 15. Test FP-SP-101: Experimental and Computed Pressure Histories at Pg 

0 
0 

0 1.5 
0 

oD 
ct?o 

0 

0 

DOrfF 

Q. 

1.07;:. 
Fig. 16 

Test FP-SP-101: Experimental and 
Computed Pressure Histories at Pg 

0~~--~----~------L------L----~------~~o 

3.0 3.5 4.0 4.5 
TIME, ms 

5.0 5.5 . 6:0 



0 

0 

0 

0 

12 0 

-
0 

a...- a 

6 

4 

2 

0 
3.5 4.0 4.5 5.0 . 5.5 

TIME,ms 
6.0 6.5 

"' Q. 

.... 
Q 

Fig. 17. Test FP-SP-101: Experimental and Computed Pressure Histories at P10 

6 

4 

2 

5.0 5.5 
TIME,ms 

Fig. 18. Test FP-SP-101: Experimental and Computed Pressure Histories at Pn 

Tl1~ li·dtial 11arrow spike at 2.4 ms in the experimental results at 
gauge P 4 (see Fig. 11) does not show up in the PT A-1 elastic -plastic compu­
tation. This difference will be discussed later in connection with the strain­
time comparisons at this location. The rapid noise-type oscillations super­
imposed on the pulses measured at gauges P 2 -P7 (see Figs. 9-14) also do not 
show up in the PTA-1 computations. However, these may be caused by waves 
in the pipe wall or by instrumentation behavior, rather than indicating pressure 
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fluctuations in the fluid; the oscillations tend to damp out with both axial 
coordinate and time. The longer-period damped oscillation at gauges P 10 

and P 11 {see Figs. 17 and 18) may be caused by elastic deformation of the 
blind flange; this oscillation also occurs in Test FP-SP-1 02, where it is more 
pronounced. The initial plateau in the experimental results at gauge P 7 (see 
Fig. 14) is well below the yield pressure. This may indicate a calibration 
error at this gauge, because the experimental results at the gauges on either 
side, P 6 and P 8 , have plateaus at the proper level (see Figs. 13 and 15). 

The strain histories at the four sets of gauges are qualitatively and 
quantitatively different because of the complex fluid- structure interaction. 
At all gauge locations, the computed strain histories match the experimental 
results well with respect to general shape, location and duration of initial 
rises, location of peaks, and decay amplitudes. The agreement is particularly 
noteworthy in that PTA-1 was developed originally to predict pressure tran­
sients in the fluid and was not intended to accurately compute piping deformation. 

Figures 19-22 compare computed and experimental strain histories 
for Test FP-SP-101. The curves are experimental results from Ref. 10, and 
the circles are results computed with PTA-1 for the actual stress-strain 
curve of Nickel-200. Results for the idealized all-elastic computation are 
not shown here, because elastic strains are quite small compared to the 
plastic strains that actually occur. 

Results for the first set of strain gauges SG1-SG5 (see Fig. 2) are 
shown in Fig. 19; the pressure history at the same axial location is shown m 
Fig. 11. Since the total elastic strain for the nickel pipe is about 0. 04%, 
Fig. 19 indicates that the pipe has been deformed well into the plastic. range. 
The initial pressure peak in the experimental results at 2.4 ms (see Fig. 11) 
did not produce any noticeable peak in the strain; but the pres sure peak at 
2. 5 ms produced a large dynamic strain for both the experimental and computed 
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results. Similar behavior can be observed in the other three tests. Conse­
quently, it may be that either the sharp pressure spike at 2.4 ms is fictitious 
and corresponds to an instrumentation over shoot, or a temporary increase in 
the yield stress occurred because of strain- rate hardening. The first explana­
tion seems more likely, since the PTA-1 computations predict no pressure 
peak at 2.4 ms. Subsequent pressure peaks are lower than that occurring at 
2. 5 ms. Consequently, the later pressure fluctuations correspond to stress.:. 
strain states on the elastic unloading curve and produce only small elastic 
oscillations in the str.ai.n. 

The peak strains at the other gauge locations are considerably lower 
than that at the first set, because the over.all effect of plastic deformation on 
pressure-pulse propagation is to chop the pulse peaks to pressures close to 
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the yield pressure. The rapid pressure rise to the yield pressure at 2. 5 ms 
shown in Fig. 12 produces a short elastic "step" in the strain response mea­
sured by gauges SG6 -SG10 (see Fig. 20). Because of plastic yielding, the more 
gradual pressure increase occurring from 2. 5 to 2. 9 ms produces a much 
larger .strain increase. The subsequent pressure decay results again in 
elastic spring-back of the piping strain. 

The long step at the elastic limit shown in the strain-history results 
(see Fig. 21) at the third set of gauges, SG11 -SG15 , corresponds to the initial 
flat plateau at the yield pressure that occurs in the pressure history shown 
in Fig. 16. The almost unperceptible reflected pulse then produces a large 
increase in strain, because its peak pressure is higher than the yield pressure. 

At the last set of strain gauges (SG15 -SG20 ), the incident and reflected 
pressure pulses (see Fig. 17) arrive so close together that a smooth growth 
to the maximum dynamic strain results, as shown in Fig. 22. 

The maximum dynamic strain and permanent plastic strain in the 
nickel pipe are shown as a function of axial location in Figs. 23 and 24, re­
spectively. The curves are the computed results, the bars give the measured 
circumferential variation in strain, and the circles are averages of the five 
gauges at each location. The computed results are well within the circum­
ferential variation in the experimental measurements and are close to the 
circumferentially averaged experimental values, even though the gauge loca­
tions are regions of steep axial gradients in the strain distribution. In addition, 
posttest measurements of diameter change as a function of axial location give 
a permanent deformation profile that agrees with the permanent strain dis­
tribution shown in Fig. 24. 
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B. Straight-pipe Test FP-SP-1 02 

The test configuration for this experiment is the same as that for FP­
SP-101 and is shown in Fig. 2. The pulse measured at P 1 , shown in Fig. 25, 
was used as the source pulse for the PTA-l computation. The results for the 
two straight-pipe tests are similar, except that the higher initial peak of pulse 
P 1 for Test'FP-SP-102 [14 MPa (2000 psi)], as compared to that for Test FP­
SP-101 [12 MPa {1750 psi)). enhances the effect of pipe plasticity on pulse prop­
agation and results in larger plastic deformation. 
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In the comparisons of computed and experimental pressure histories 
and strain histories for this test, the curves represent experimental results 
and the circles show results computed with PTA-1. 

Figures 26 and 27 show pressure histories at gauges P 2 and P 3 in the 
steel pipe. The initial part of the pulse, in plastically deforming the nickel 
pipe, produces a rarefaction wave traveling from right to left; this caus.es cavi­
tation to occur in the steel pipe, as is evident in the experimental and computed 
results at gauge P 2 . 
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Fig. 27. Test FP-SP-102: Experimental and Computed Pressure Histories at P3 

The pressure histories at gauges P 4 -P11 {Figs. 28- 35) in the nickel pipe 
show that the pressure peak is dispersed and chopped off to the yield pressure 
of the piping. If plastic deformation of the nickel. piping had not occurred, the 
peak pressures of the initial wave and the wave reflected from'the blind flange 
would remain essentially undiminished at 14 MPa {2000 psi), and there would 
have been no cavitation in the system. The underprediction of the tails of the 
experimental curves by the computed result is caused by the neglect of cavita- · 
tion effects in PTA-1. Preliminary calculations with the new code PTA-2, 
which includes cavitation as well as plasticity effects, give considerably better 
agreement with the tails of the experimentai pulses .18 
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As in the previous test, the first peak in the experimental results at 
gauge P 4 (see Fig. 28), occurring at 2.4 ms, does not show up in the computed 
results. However, there is no evidence for this peak in the strain history at 
this location, shown in Fig. 36. The second pressure peak in the experimental 
results, occurring at 2.5 ms, is accurately reproduced by the PTA-1 computa­
tions and produces a dynamic plastic strain of about 1.2%, as compared to the 
total elastic strain of 0.04%. The subsequent large pressure fluctuations cause 
only small elastic oscillations in the strain, since the later pres sure peaks are 
lower than the peak at 2.5 ms and therefore do not produce any further plastic 
deformation. 
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Test FP-SP-102: Experimental and 
Computed Strain Histories at First 
Set of Gauges, SG1-SG5 

The steep rise to the yield pressure at gauge P 5 (see Fig. 29) during 
the 2.4- 2.5-ms time interval produces a short elastic 11 step 11 in the response 
at the second set of strain gauges (see Fig. 37). The more gradual increase 1n 
the pressure to about 5 MPa (700 psi), which follows in the next few millisec­
onds, corresponds to a tenfold increase in the dynamic strain. The elastic 
strain is recovered during the decay of the pulse, leaving a large permanent 
strain in the pipe. 

Fig. 37 

Test FP-SP-102: Experimental and 
Comp.uted Strain Histories at Sec­

ond Set of Gauges, SG6-SG10 

0.4 

;/! 0.3 

"' <I 

"' lii 0.2 

0.1 

2.5 ~.0 !Ill 

TIME, ms 

:1.0 

33 



34 

At the third set of strain gauges {see Figs. 33 and 38), the initial pres­
sure plateau is at approximately the yield pressure and produces a long elastic 
"step" for the early strain response. The arrival of the reflected pulse at 
4 ms, although it corresponds to only a small increase in pressure, results 1n 
a large strain peak, because the pipe response is in the plastic range. 
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The last set of strain gauges {see Fig. 39) is so close to the blind flange 
that the initial and reflected pulses practically coincide {see Fig. 34). A smooth 
growth to the peak strain then results; a higher maximum strain is measured 
here than at the third set of strain gauges, because the plastic..,deformation P.f­

fect reduces the reflected pressure pulse as it moves back up the pipe. 
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The profiles of maximum dynanJ.ic strain and permanent plastic strain 
along the nickel pipe are shown in Figs. 40 and 41, respectively. The curves 
are the PTA-1 computation, the bars indicate the experimental variation in 
strain measured at each set of gauges, and the circles are averages of the five 
experimental readings. The agreement between experiment and computation 



is excellent, especially considering that large dynamic plastic strains are in­
volved and steep strain gradients occur along the pipe: Posttest measurements 
of diameter change along the pipe correspond to a permanent deformation pro­
file that agrees with Fig. 41. 
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SRI attributes part of the variation in strain measurements within each 
set of circumferentially distributed gauges to variations in initial wall thickness 
around the circumference. Pretest measurements showed that the thickness 
varied between 1.57 and 1.75 mm (0.062 and 0.069 in.), with an average of 
1.65 mm ( 0.065 in.). In addition to the results shown in this section for a 
1.65-mm thickness, PTA-1 computations were run for pipes with uniform walls 
having thicknesses of 1.57 and 1. 75 mm. These results indicate the sensitivity 
of strain to initial wall thickness. 

At the first set of strain gauges (see Fig. 36), the maximum dynamic 
strain for the 1.57 -mm pipe was 1.27o/o, and for the 1. 75-mm-wall pipe it was 
1.05o/o. These values bound four of the five peak-strain readings measured by 
SRI. However, the variation in strain that can reasonably be attributed to wall­
thickness variation decreases as the pulse progresses down the pipe, so that 
the strain results at the last set of gauges for the thinner and thicker walls are 
barely distinguishable from the computed result shown in Fig. 39. 

SRI attributes some of the strain variation to grain-size variations 
around the circumference also. The large sensitivity of strain to small varia­
tions in stress in the applicable regions of the stress-strain curve and the pos­
sibility of some bending of the pipe by the transient probably also contribute to 
the differences between strain-gauge measurements at the instrumented axial 
locations. 



C. Elbow-pipe Test FP-E-101 

The locations of the pressure and strain gauges for Test FP-E-101 are 
shown in Fig. 3. Multiple pressure gauges were provided at locations near and 
at the elbow to determine the multidimensionality of the pressure transient in 
these regions; the experimental pressure histories showed that, for all practi­
cal purposes, the transient was one-dimensional. To isolate the effect of elbow 
curvature on pulse propagation, the elbow was modeled in the PTA-1 computa­
tion as a section of straight pipe having the same diameter, wall thickness, and 
average length as the elbow (see Sec. lll.G). The pulse measured at P 1 (see 
Fig. 42) was used as the source pulse for the computation. In the comparisons 
of computed and experimental pressure and strain histories that follow, the 
curves are the experimental results and the circles indicate results computed 
with PTA-1. 
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Test FP-E-101: Experimental Pres­
sure Pulse P1 Used as Source Pulse 
for PT A-1 Computation 

The early part of the transient matches that of the two straight-pipe 
experiments. Interaction of the initial part uf the source pulse with the plasti­
cally deform1ng nickel pipe produces a rarefaction wave that travels from right 
to left in the steel pipe; the interaction of the rarefaction wave with the tail of 
the source pulse causes cavitation at gauges P 2 and P 3 , as shown in Figs. 43 and 
11, rcopcctively. The peak. uf Lhe initial pulse is chopped oif to about the yield 
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Test FP-E-101: Experimental and 
Computed Pressure Histories at P3 

pres sure of the piping, 3.4 MPa (500 psi), as the pulse moves down the first 
nickel pipe. Figures 45-49 compare computed and experimental results at 
gauges P 4-P8 , respectively. Since the far end of the syl:ltern. is a f1•ee surface, 
there is no reflected wave. Consequently, the second plateau appearing in the 
straight-pipe tests does not occur in this test, and the pulse gradually decays 
to zero gauge pressure. 
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In analyzing the experimental results at the pipe locations with multiple 
pressure gauges (P~-P10 before the elbow, P 11 -P13 at the elbow midsection, 
P 14-P16 just after the elbow, and P 17 and P 18 farther beyond the elbow), SRI con­
cluded for each set that the deviation between the measured pulses was within 
the experimental error and that the transient was essentially one-dimensional. 
Therefore, the experimental pulse at only one gauge of each set is shown here 
for comparison with the PTA-1 computation; the comparisons shown are for 
.1:-'0 i.n .1:•1g. 4«:-1, .1:-'1 3 in Fie. '10, .1:-'1£. i.n !'i.e. 111, rtnrl .1:-'10 i.n "''ie. 111 •. 
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Figures 50 and 51 show that PTA-1 overpredicts the experimental pulse 
right at the elbow, which may indicate a curvature effect not included in the 
modeling of the elbow in PTA-1 as a section of straight pipe or may be a result 
of the slight ovality ( -2%) of the elbow cross section. However, the agreement 
between computed and experimental results is excellent at gauges P 8 and P 16 , 

which are at 0.15 m (6 in.) before, and 0.30 m (12 in.) after, the elbow (see 
Figs. 49 and 52). Consequently, either there is no significant effect of elbow 

.· 
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curvature on pulse propagation, or the effect is localized right at the elbow; in 
either case, the equivalent straight-pipe model seems adequate for engineering 
purposes. (The effect of elbow motion on the transient is not incorporated in 
either the experiment or the computation.) Note, however, that pipe plasticity 
may result in chopping of reflected and transmitted peaks at the elbow and 
therefore may be masking a curvature effect. 

Experiment and computations also were compared using P 7 from the 
experiment as the source pulse to avoid the cavitated region of the piping sys­
tem. ·Some improvement was obtained in predicting the shape of the tail of the 
pulse and some of the local 11 wiggles, 11 but the results did not d1ffer significantly 
from those computed using P 1 as the source. 

Computed and experimental strain histories for the four sets of strain 
gauges are compared in Figs. 53-56. Results at the first two sets of gauges 
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are similar to the corresponding comparisons for the straight-pipe experiments 

(see Figs. 19, 20, 36, and 3 7). At the first set of strain gauges (see Fig. 53), 
the initial steep pressure peak, shown in Fig. 45, produces a corresponding 
rapid increase in strain to well into the plastic range, the maximum elastic 
strain being 0.04%. Subsequent large pressu·re fluctuations cause only small 
elastic oscillations in the strain, since the later pressure peaks are lower than 
the initial peak. 

At the second set of strain gauges (see Fig. 54), the pressure peak (see 
Fig. 46) has been chopped off by plastic deformation of the piping, and the peak 
strain is considerably smaller than that measured at the first set .of gauges. 
The small initial step measured by some of the gauges and registered slightly 
in the PTA-1 computation is at the elastic limit. 



The results at the third and fourth set of gauges {shown in Figs. 55 and 
56) differ from the corresponding results for the straight-pipe experiments, 
shown in Figs. 21, 22, 38, and 39. The reflected pulse in the straight-pipe tests 
is slightly larger than the initial wave and produces significant plastic deforma­
tion. There is no reflected pulse in the elbow test, because there is no blind 
flange at the end of the system. Since the initial pulse is chopped off to about 
the yield pressure of the piping by the plastic-deformation effect, the strains 
measured at the third and fourth sets of gauges are small and correspond to 
a region of the stress-strain curve where strain is particularly sensitive to 
stress. Consequently, Figs. 55 and 56 are drawn to a smaller strain scale than 
the corresponding figures for the straight-pipe tests, and there is considerable 
variation in the measured plastic strains at each set. 

The large variation in strain as the wave proceeds down the first nickel 
pipe is further shown in Figs. 57 arid 58, the maximum-dynamic-strain profile 
and permanent-plastic-strain profile, respectively. The curves are the com­
puted strain distributions along the pipe, the bars give the circumferential 
variation in strain at each axial position where strain gauges are located, and 
the solid circles are the averages of the five gauges at each location. The bulge 
at the right end of the pipes shown in the corresponding straight-pipe test re­
sults {see Figs. 23, 24, 40, and 41) is almost completely absent in the elbow­
test results. 
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One cause of the rather wide circumferential variation between strain­
gauge readings in each set, as illustrated in Figs. 53-58, is the sensitivity of 
strain to stress in the ranges involved. As an indication of this sensitivity, 
Table I contrasts the range of. maximum dynamic strains measured at each 
group of gauges with the corresponding range of stresses in equilibrium with 
these strains (see Fig. 6), assuming a one-dimensional ring-type response. 
A large strain range is measured at each group of gauges: At the first set, the 
largest peak strain is 50o/o more than the smallest peak strain; at the second 
and third sets, the largest peak strain is about twice the smallest peak strain; 
and at the fourth set, the largest peak strain is four times· the smallest peak 
strain. The corresponding stresses vary only about 1 Oo/o for the first three sets 
of gauges and about 20o/o for the last set. The computed peak strains and 
stresses are close to the average of the experimental values for each set of 
gauges. This agreement is particularly noteworthy, considering the great 
sensitivity of the strain measurements to details of the transient and the ex­
perimental arrangement. 

TABLE I. Comparison of Peak Strains and Stresses for Test FP-E-1 Ol 

Peak Strain, o/o Peak Stress, MPa 

Strain Experimental PTA-1 Experimental PTA-l 
Gauges Range Computation Range Computation 

SG1-SG5 0.61-0.94 0.79 117-128 123 

SG6 -SG1o· 0.16-0.29 0.21 94-103 9H 

sc11 -FiG1~ o.o43-o:oss 0.063 77-86 83 

SG16-SG20 0.040-0.166 0.061 76-95 83 

The pressure pulse traversing the second nickel pipe was at or below 
the yield pressure and produced negligible plastic deformation, as indicated 
by PTA-1 computations and posttest measurements of changes in diameter. 



D. Elbow-pipe Test FP-E-103 

Figure 5 shows the test configuration and locations of pressure and 
strain gauges for T~st FP-E-103. As in the other elbow test, measured cir­
cumferential pressure variations at locations near the elbow, where more than 
one pressure gauge was provided, were not significant, and SRI concluded that 
the pulse propagation around the elbow was essentially one-dimensional. 
Therefore, comparisons with computations will be shown for only one of the 
pressure gauges at multigauge locations. To isolate the effect of elbow cur­
vature on transient propagation, the elbow will again be modeled in the PT A-1 
computation as an equivalent section of straight pipe (see Sec. lll.G). 

Two sets of PT A-1 computations were performed for Test FP-E-10 3. 
In the first set, the pressure pulse at gauge P 1 , shown in Fig. 59, was used 

as the source pulse. Figures 60-69 
.----..------,----,---'------,-----, 25 compare experimental results (curves) 
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and PT A-l computations (circles) at 
various pressure-gauge locations. 
Experimental data at gauge P 1 are 
given for a pulse duration of about 2. 3 ms; 
therefore, computed pressure pulses 
at other locations are meaningful only 
for this duration. Since experimental 
measurements were made for much 
longer time intervals at gauges P 4 -P18 , 

a second set of computations was made, 
using the pressure pulse measured at 
gauge P 5 (see Fig. 63) as the source 
pulse. This gauge was selected be-
cause it is far enough from the elbow 
that interaction effects are not signif­
icant and the pulse is not as "noisy" 
as that measured at gauge P 4 • Results 
for this set of computations are shown 
as solid circles on Figs. 64-69. 
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The comparisons show excellent agreement between PTA-1 compu­
tations and experimental pressure measurements for Test FP-E-103. As in 
the experiments discussed previously, cavitation occurs at gauges Pz and P 3 

(see Figs. 60 and 61) in the steel pipe, because a rarefaction wave is reflected 
back from the plastically deforming nickel pipe; cavitation is indicated by the 
negative pressures in the PTA-1 results and the bottoming out of the pressure­
gauge measurements. The second peak in each of Figs. 63-69 is the reflection 
of the original pulse off the blind flange at the end of the system. The com­
putations overpredict the peaks at gauge P 16 (see Fig. 68}, just beyond the 
elbow; this may be caused by neglecting either the elbow-curvature effect on 
pulse propagation or the effect of ovality of the elbow cross section. However, 
the excellent agreement over the entire duration of the test at gauge P 18 , which 
is 0. 3 m ( 12 in.) beyond the elbow, in die ate s that any elbow effect not accounted 
for in the equivalent straight-pipe model is localized at the elbow. 

Computed and experimental strain histories for the four sets of strain 
gauges are compared in Figs. 70-7 3. The curves are the experimental results 
and the circles show dynamic strains computed with PT A-1 .• using the pulse 
at P 1 as the source. The spread among the five gauge readings in each set is 
considerably larger for this experiment than for the other three experiments, 
This is difficult to explain, bee ause the source pulses are similar for all the 
tests (compare Figs. 8, 25, 42, and 59}, and the excellent agreement between 
computed and experimental pressure histories for Test FP-E-103 would imply 
that there was nothing unusual about this test. The wide spread in strain 
measurements may indicate .that an asymmetric strain pattern caused by pipe 
bending was superimposed on the strains resulting frorri the pressure transient. 
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Figure 73 shows negative strains occurring before the arrival at 3. 5ms 
of the pressure pulse traveling through the fluid. These negative strains 
probably correspond to an elastic compressive wave traveling in the pipe wall. 
This is the only set of gauges for which SRI reported precursor waves; either 
they did not occur in the other tests or they were not measured. Whatever the 
cause of the spread in the measured strain data for this test, the computed 
strain histories still provide a reasonable prediction of the dynamic plastic 
otrnino in the pipe. 

Figure 74 compares computed and experimental values of maximum 
dynamic strain. The curve is the strain distribution along the first nickel 
pip~ as computed by PT A-1; the bars give the circumferential variation in 
strain at each axial position where strain gauges are located; the solid circles 
are the average· of the five gauges at each location. As discussed above, agree­
ments between computed and experimental strains at the gauge locations near 
the left end of the pipe are not as good for this test as they were for the other 
three tests (compare J:<'igs. ,D, 40, 57, and 74), even though the initial pressure 
peaks that produce these maximum strains are similar (see Figs. 11, 12, 28, 
29, 45, 46, 62, and 63). 
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V. CONCLUSIONS 

Several conclusions and observations on pres sure-transient analysis 
can be based on the studies performed to validate the PTA-1 computer code 
using experimental data obtained by SRI. In addition, conclusions drawn by 
SRI based on experimental evidence alone are repeated here when they bear 
on the interpretation of the computation/ experiment comparisons or when 
they are pertinent to the analytical modeling of pres sure transients. 

A. Effect of Pipe Plasticity on Pressure-transient Analys·is 

1. Plastic deformation of piping typical of reactor heat-transport 
systems has a significant qualitative and quantitative effect on pressure-pulse 
propagation. In particular, pulse peaks are chopped off to the yield pressure 
of the piping as the pulse propagates down the system; this phenomenon, which 
appears consistently in the experiments, is accurately modeled in PTA-1. 

2. Classical fluid-hammer analysis based on rigid or elastic pipe­
wall behavior gives completely erroneous results for pulse propagation in 
plastically deforming pipes. This is evident in the results shown in Sec. IV.A 
for Test FP-SP-101, where a classical computation is compared with the ex­
periment and the PTA-1 results. 

3. The one-dimensional computational model incorporated in PTA-1 
for predicting plastic -deformation effects on pres sure transients is accurate 
with respect to computing both pulse propagation in the fluid and dynamic 
strains in the piping. As the comparisons in Sec. IV show, PTA-1 is able to 
predict the large variations in pulse shape and dynamic strain that occur be­
cause of pipe plasticity, with very little increase in computer time over a 
classical fluid-hammer treatment, which does not include plasticity effects. 

B. Effect of Elbows on Pulse Propagation 

1. SRI measurements show that, in their tests, pulse propagation is 
one-dimensional around the elbows'. Consequently, a one-dimensional com.­
putational model is reasonable and appropnate !or the pulse characteristics 
and elbow geometry typified by the experiments. 

2. In an attempt to isolate an elbow-curvature effect, the elbow was 
replaced in the PTA-1 computation by a section of straight pipe having the 
same material properties, diameter, wall thickness, and average length as 
the elbow. The excellent agreement obtained in the comparisons for 
Tests FP-E-101 and -103 show that the effect of elbow curvature on pulse 
propagation is negligible or is masked by the plastic ..:deformation effect. The 
small discrepancies between computed and experimental pressures right at 
the elbow may indicate a localized effect of elbow curvature or may be a re­
sult of the ovality of the elbow cross section. 

3. The effect of elbow motion on pulse propagation is not included in 
either the experiments or the computations. SRI carefully clamped down their 
pipe layouts at the flanges to eliminate pipe-motion effects. PTA-1 does not 
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have a computational model for the forces on elbows caused by the fluid tran­
sient and the feedback effect of the resultant elbow motion on the pulse propa­
gation; the state of the art is such that it is not obvious what an appropriate 
model would be. 

4. Additional experimental data are needed to develop a computational 
model for the effect of elbows on pulse propagation. The large number of el­
bows in a typical LMFBR secondary system implies that, even if the effect per 
elbow is small, the total effect of the elbows on the prediction of pressure 
transients may be significant. 

C. Cavitation 

1. Plastic deformation of piping can cause cavitation in other parts 
of the system. This occurred in all the experiments. The classical elastic 
computation in Sec. IV.A for Test FP-SP-101 shows that this cavitation would 
not have occurred if the pipes had only de~~rmed elastically. 

2. Inclusion of a cavitation model19 in the new pressure-transient 
code PTA-2 18 improves the match of the "tails 11 of the computed and experi­
mental pressure histories reported here. 

3. The low operating pressures typical of LMFBR coolant systems 
make it likely that rarefaction waves produced by the source event or result­
ing from wave interactions at impedance mismatches will cause cavitation in 
the system. 

D. Strain-measurement Accuracy 

1. SRI attributed the experimental variations in dynamic strain 
around the circumference of the nickel piping to wall-thickness variations 
and vnriatiorl3 in grain-si:z;c diatributiOl'lS. 

2. Computations were made for different wall thicknesses that span 
the range of measured thickness variations for Test FP-SP-102 {see Sec. IV.B). 
The computed strain variations are of the same order of magnitude as the 
measured variations for the first set of gauges, which have the largest plastic 
deformation. At the other gauges, the computed strain variations are smaller 
than the measured ranges. This indicates that probably part, but not all, of 
the circumferential variation in measured strain can be attributed to wall­
thickness variation. However, since the computations were for uniform­
thickness piping, with separate runs made for different values of thickness, 
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they did not exactly model the actual case of circumferentially varying thickness. 

3. Some of the circumferential variation in strain may be due to 
bending deformation of the piping. Bending could result from nonaxisyrnmetric 
forces imparted by the pulse gun to the piping, or from prestressing from re­
action forces at the support. 

4. Inaccuracies in the calibration of instrumentation may be the source 
of some of the measured variation in strain. 
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5. As indicated by Table I·and the accompanying discussion, the cir­
cumferential variations in strain are not as significant as they appear initially. 
The corresponding variations in stress are relatively much smaller, because 
the pertinent points on the stress- strain curve are locations where strain is 
sensitive to stress. Experimental measurements of dynamic plastic strain are 
notoriously inaccurate; therefore the measured variations may simply corre­
spond to the usual deviations in this type of experiment. Fortunately SRl pro­
vided multiple gauges at each axial location. 

6. The fact that PTA-1 computes a good average 9f the experimental 
strain histories, even where strain is sensitive to stress and other factors, 
shows that the computational model is accurate. 

E. Miscellaneous Effects 

1. PTA-1 does not compute the first sharp peak at 2.4 ms measured 
at pressure gauge P 4 in each test. However 1 since there is no evidence for this 
peak in the experimental strain measurements at this location, H probably is 
an instrumentation overshoot caused by the short rise time of the pulse. 

2. The "noise" in the pressure- gauge readings at the left end of the 
system damps out with time and distance down the pipe. It probably corre­
sponds to stress waves in the pipe wall, transmitted to the piping from the 
pulse gun and picked up by the pres sure- gauge instrumentation, rather than 
real pres sure fluctuations. 

3. The initial oscillation in pressure at the blind flange in the 
straight-pipe tests may be caused by axial motion of the whole flange or lat­
eral vibration of the blind end. 

4. Inclusion in PTA-1 of the effect of flanges on radial deformation 
of the piping does not seem to be necessary, since computed strains compare 
well with experimental strains at locations close to flanges. 

5. The inclusion of flanges and other small features of pipe fittings 
as short lengths of pipe does not significantly affect the c;:omp1.1tationa.l results. 
Consequently, they can be ignored in setting up the computer representation of 
the p1p1ng system. 

6. The effect on the fluid transient of overall pipe motion produced 
by the fluid forces is not computed in PTA-1. This effect does not show up 
in the experiments either, since the pipes were securely fastened down. 
Additional analysis and experimentation are needed to establish computational 
models for this type of fluid- structure interaction, especially since heat­
transport system piping is rather loosely supported to permit thermal 
expansion. 
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