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NOTICES

‘ When U.S. Government drawings, specifications, or other data are used f o r
any purpose other than a definitely related government procurement operation ,
the Government thereby incurs no responsibility nor any obligation whatsoever,
and the fact that the Government may have formulated, furnished , or in any
way supplied the said d raw ings , specifications or other data , is not to be
regarded by implication or otherwise, or in any manner licen sin g the holder
or any other person or corporation , or convey ing any rig hts or permission to
manufacture use , or sell any patented invention that may in any way be related
thereto. ”

FOREWORD

The work described in this report was performed du r ing  f iscal  yea r 1976. It
was funded jointly by the Ai r  Force Rocket Propulsion Laboratory under Job
Orde r No. 305910MB and by Strategic Systems Project Office under Naval
Weapon s Center Job Order No. 14571110. This effort  was pa rt of a task per-
formed j  int .b y AFRPL and NWC to evaluate s tructural  computer codes for
analysis of rocket nozzles.

The work was documented in two volumes. Volume I contains a f inal  report and
summary of computer codes evaluated in th i s  stud y; t h i s  work was performed
mainly at NWC. Volume II contains results f rom solving several samp le
problems using selected computer codes; th is  work  was performed n a i n l y at
AFRPL.

This report has been reviewed by the Information Off ice/DOZ and is releasable
to the National Technical Information Service (NTIS). At NTIS it will be avail-
able to the general public , including fore ign nat ions .  This report is unc lass i f ied
and suitable for public release.
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SECTION I

INTRODUCTION

The ar t  of per forming nozzle structural  anal ysis for solid rockets has become

increasingly more diff icul t  in the past several years .  The d i f f icu l ty  has occurred

due to the introduction of exotic carbon materials to withstand increasing hostile

nozzle environments .  These newer materials have generated four problem

a reas for  the nozzle community: a lack of accurate  material property data , a lack

of adequate fa ilure c riteria , diff iculty with consistent  material  reproducibi l i ty ,  and

a lack of adequate models in cur ren t  computer codes to analyze these materials.

Substantial money and effort  has been and continue s to be spent by the Naval

Weapon s Center (NWC ) and the Air Force Rocket Propulsion Laboratory (AFRPL)

addressing the problems of material properties , fa i lure  cr i ter ia , and repro-

ducibi l i t y. However , little formal effort  has been directed toward eliminating

the problems with s ta te -of - the-ar t  compute r codes relative to the newer
materials .  This program is a f i r s t  step toward the solution of this  problem.

More than anything else , this  program confirmed two accepted facts:

1. There is not yet available a code which meets all of the needs of the nozzle

community, 2. The present codes perform equall y well for  l inear -e las t ic

analys is  which , unfortunately, is the onl y type of analys is  this program had time

to investigate. One signif icant  item was discovered.  The core requirements

and runtimes for a general  3-D code running in the axisymmet ric mode, in this case

NEPS.A P, we’re not significantly greater  than SAASIII f o r  analyzing  2-D axisyrnme-

tr ic  problems. This means that the cost of using a 3-D code is not prohibit iv e

for  solving geometrically simpler problems.

Volume I of this report presents a summary of non l inear analysis , a dis-
cussion of the features now needed for  stress analys is , and surr , n-iaries of the
codes which were surveyed and evaluated. This volume will present the instal-
lation of the 4 codes which were selected for  run n ing, the analyses which were
performed with these codes , the data and results of the analy ses , and conclusions.
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SECTION II

INSTALLATION AND MODIFICATIONS

Four codes were  chosen and installed on the AFRPL computer for  f u r t h e r

evaluation . All four codes required some mod ification for the purposes of th i s

evaluation . Most of the modifications were to reduce the core requirements so

that they would fit  within the somewhat small allowable core size of the AFRPL

computer (140 , 0008* locations or approximately 49, 000 decimal locations).

The four codes installed for  this  program were  SAAS III , TEXGA P, NONSA P,

and NEPSAP. Each of the codes will be discussed sepa rately below concerning

version of cod e used , modification s , installation problems and core required

for  execution.

The SAAS III cod e which was used fo r  this prog ram was alread y operational

at the AFRPL. The code was obtained f rom Aerospace Corporation in April  of

1973. Since that time the code had undergone several  mod ification s to reduce

the required core for  execution. Anothe r modification changed the method for

interpolatin g the nodal temperatures .  This  modification changed the scheme by

which the input temperature  point s were  chosen fo r  interpolation so that problems

encountered due to hi gh thermal g radients were eliminated. Finally, spec i f ica l ly

for  this  project , a time log was added to output the execution t imes for  var ious

segments of the code. In this confi guration SAAS III loads in l2 5 , 000 g locations.

The TEXGAP code was also operational before the start of the program.

This code was developed by Dr.  Eric  Becker and Dr. Robe rt Dunham at the

Univers i ty  of Texa s at Austin under an AFRPL contract.  The version used for

this project incorporated modifications throug h Change 4 as released by Dr.  Becker

and Dr. Dunham. Only two additional minor changes were  made fo r  this program.

The f i r s t  allowed a two card input for  orthotropic material prope rties and the

second was the installation of a t ime log to output execution t imes for  various

segments of the program. TEXGAP load. in 106 , 0008 locations.

NONSAP was obtained f rom the Univers i ty  of California at Berkley in June
of 1975. The onl y change made in this  code was the removal of the R E T U R N

statements in the secondary level overlay programs.  NONSAP loads in 13 1 ,0008
locations.

~Octa1 numbers are designated by the subscripted 
8,
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NEPSA P was obtained f rom the Aerospace St ructures Information and

Analys is  Center (ASIAC) at Wri ght-Pat terson AFB , Ohio throug h the Naval

Weapon s Center. This version was set up for  the CDC system,but it also

contained all the required statements for  the UNIVAC system . The UNIVAC

statements had been essentially removed by making them comment statements.

NEPSAP required substantial work to make it operational. The bi ggest
problem was to reduce its size so the code would load into the AFRPL system.

To accomplish this , all of the I /O buffer lengths were reduced to 512 location s,
and the blank common length was reduced from 15000 to 12900. This allowed

the code to load in 127 , 0008 locations. Several other modifications were  also

made. All of overlay 3 was removed. This overlay set up the instructions for

the post processing plot program which the AFRPL does not have. The time

log subroutines had to be rewritten to make them work on the AFRPL CDC 6400

Computer. In addition several subroutines still contained active statements for

the UNIVAC system plus many other statements not required by the CDC system

which had to be removed .

During the course of the program it was discovered that NEPSAP did not
have an orthotropic material  model fo r  the 2-D axisymmetric element. At that

time a subroutine from SAP IV was added to NEPSA P which partiall y f ixed the
problem. The fix was partial because it affected only the displacements and

strains.  The amount of work needed to make the orthotrop ic model work for

the stresses, due to the nature of the solution process , was determined to be

outside the scope of this project.

7



SECTION III

ANALYSES

PROBLEM DESCRIPTIONS

The problems chosen for  anal y s is wi th eac~ of the codes installed were
presented irs Volume I of th i s  repor t .  They a re  repeated here  fo r  convenience .

Three of the four  problems are problems which were sent to all solid pro-
pellant contractors  by the JANNAF Structures and Mechanical  Behavior W o r k i n g
Group and the Operational Serviceabil i ty Workin g Group to get a comparison of
the f in i te  element capabi l i t ies  of the va r ious  contractors .  These problems w e r e
chosen for  three reasons: ( 1)  they a re  practical p roblem s , (2)  the results
published in the Thiokol report~ to the JANNAF committees provides an additional
data point for  comparison , ( 3 )  the JANNAF committees and cont rac tors  are
familia r with these problems which  will aid in the ir  assessment  of the resul ts
presented in th i s  report.  Results from the Thiokol anal yses appear in th is  report
in two cases for  problem number  3.

For th i s  p rogram , two of the JANNAF problems were  run fo r  two values  of
Poisson ’s Ratio , 0. 4999 and 0. 30. This test was done so that the n o n r e f o r m ula t e d
fini te  elements used in SAAS III , NONSA P, and NEPSA P would not be penalized
for  using values of Poisson ’s Ratios close to 0.50. Also for  problem numbe r 2 ,
sphere  under internal p r e s su re , the radius was not allowed to go to zero , bec ause
a zero radius causes severe problems for  f ini te  element solutions.

Problem numbe r 1 is a pl ane - s t r e s s  cy linder subjected to inte rnal p re s su re
onl y. The grid and boundary condition s which  were  used for  all codes a re  shown
in Figure 1.

The other input pa rameters  are:

Inte rnal Pressure  = 100 psi
E = 1000 psi

V = .4999

Problem number 2 is an internally pressur ized  sphere .  The grid is basically
the same as that used for  problem numbe r 1. The two minor d i f fe rences  are

*Anderson G. P . ,  and M. D. Black , Finite Element Stress Analysis Check
Problems, ” TWR-7808 . Thiokol Chemical Corporation , Wasatch Division , 1974.

8
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that the radius is not allowed to go to zero , and the radial displacement bounda ry

condition on the Z axis was removed. This d i f fe rence  is shown in F igure  2. The 4

rema ining input pa rameters  are :

Internal Pressure  100 psi
E :~ 1000 psi

V .4999 and . 3

The th i rd  problem is essential ly a propellant grain subjected to thermal
loads due to cooling. The grid and bounda ry conditions are shown in Figure 3.

The o ther  input data are :

E = 1000 psi

a4T = -  .01
V = . 4999 and . 3
Problem number 4 was taken f rom a TRW report ’~ for  Atlantic Resea rch

Corp . This problem is a cool-down anal ysis  of a SiC/PG coated throat  inser t
(no backup r ing) .  This  problem was chosen because it is a t rue nozzle problem

and employ s one of the state of the art materials alluded to previously. Also

the mater ia l  proper t ies  of both the ATJ substrate and the SIC/PG mater ia l s  are

reasonably well defined to permit  analysis .

The gr id  and boundary condition s used are shown in Figure 4. The mater ia l
proper t ies  for  ATJ and SiC / PG a re  given in Tables 1 and 2. These proper ty

value s were  taken f rom Tables I and II of the TRW report.

RESULTS

The results of the four  analyses are presented in th is  section . Due to the
large amount of data that was generated , much of it has been omitted f rom this
report for  the sake of brevi ty.  The data is recorded in two forms , tabula r and

plots , and is located in Appendix A. The plots provide a clea r visual interpreta-
tion of the results  and show trends and compari t ive accuracies .  The tabular data

*Kina, K. R. , “Nonlinea r Stress Analysis  of Codeposited Silicon Carbide-
Pyrolytic Graphite Coated Rocket Nozzle Throat Inserts , ” Final Report to
Atlantic Research Corporation . Cont. No. P. 0. 78916 , TRW Systems Group,
Redondo Beach , Calif. , Aug. 28 , 1973.
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presents  the exact numbers used in generat ing the plots and provides the material

needed to perform more cri t ical  comparisons .  Appendix A also contains tables

of % e r ro r  for selected cases (Tables A20-A27) .  These tables clearly define

the amount of absolute and relative e r ro r  for  each of the codes.

In the followin g discussion all displacements will be nodal point displace-
ments (midside displacements are  included in TEXGAP results) .  On the other

hand , the s t resses  and s t ra ins  in all cases a r e  given for  the center of the element.

Since the TEXGAP code is the onl y one which  does not output s tresses and strains

at the element center and had to be calculated by hand b y averag ing  the output

values.

The locations of the s t resses  and s t r a ins  output f rom TEXGAP depend upo~’
the element type which was used. For the Quad element they a re  the mid point
of the four  nodal points. For e i ther  element the center  element values of st ress

and strain were  calculated by summing  the value 8 at al l  four  points and d iv id ing

by 4. This averaged value is the  one w h i c h  appears in the  results .

The results for problems I and 2 include the exact solutions.  The exact

solution s were  obtained f rom the c lass ica l  equations fo r  p r e s s u r i z e d  cy l inders

and spheres  and a re  listed at the beg inn ing  of A ppend ix  A.

The data fo r  p roblem n u m b e r  1 appea r in Tahle~ ~ ! - A 3  and p l t s  1 - 3  in

A ppendix A. As can be r eadiI~ seen the agreement  between all cod~~~ and th~
accuracy  of each code are v er y  good fo r  this problem.  it is especial l y good for
radial  d i sp lacement  and s t r a i n .  The TEXGA P Quad 14 v l en , e n t  seems to provide

an uppe r bound for  all cases and , there  is a tendency fo r  SAAS III to be lowe r

boun d , at least in the c i r c u m f e r e n t i a l  d i r ec t i on .  Th i s  is  pa r t i cu la r l y apparent

in plots 2 and 3.

The omission of data fo r  NONSA P in the results  fo r  c i rcumferen t i a l  and

radial s t ra ins  is not an overs ight.  In its present  form the NON~~AP code does

not output s t rains.

Tables A4-A8 and plots 4-8 of Appendix A conta in the data for  problem 2.

It was at this  point that problems wi th  the a x isy m met r i c  solution in NONSAP
were discovered.  As a result NONSA P was not used for  the remainder  of the

evaluation.

15

a’ -



Again the agreement  between codes and the accuracy  of each code a r e  very

good . The tendency for  TEXGAP Quad 8 and SAAS III to form respectively

uppe r and lower data bounds is also present  in this problem (see plots 5 and 7).

An unexpected result observed in this  problem is the quite good results
obtained with NEPSAP for  disp lacements and strains using a Poisson ’ s ra t io

of . 4999. This element is not reformulated in the sense that the TEXGAP quad
element is and yet the results  obtained w ith it rivals the TEXGAP quad element
for accuracy (see plots 4 and 6).

Based on the exact solutions for this  problem , the stresses in a given
direction should be the same for  any value of Poisson ’ s ratio. Only one code ,
TEXGAP, can be compared in this manner. Plot 8 shows that the results

obtained from the TEXGAP quad element are  very  good for  this  case.

The results of problem number 3 are presented in plots 9-16 and

Tables A9-Al6. This problem is common for propellant grains, but in this

case the small LID shoul d be noted.

For problem 3 the resul ts  for  NEPSAP do not agree as well with the other

codes for either value of Poisson ’ s ratio. The d i f fe rence  becomes quite

s ignif icant  in some cases ( e . g . , c i r cumferen t i a l  strain , plots 12 and 13).

There  are  two possible causes for  the e r r o r  observed , e r r o r  in the thermal
calculations or problems with the symmetry  boundry condition. Since the

results for  problem 4, also a cool down problem , do not show the same amoun t

of e r ro r  and consider ing that amount of relative e r r o r  increases with proximity
to the plane of symmetry ,  the boundry condition is most probably the cause.

There are two schools of thoug ht concerning strain output f rom the codes.
One school of thoug ht regards the dimensional change due to j~~~~thermal
expansion as a thermal  strain , and the output strain value includes this  s t rain.
The other school of thoug ht considers  the f ree  the rmal expansion to be separate
f rom the strain , and the re fo re  outputs purely mechanical strains. According to
the f i r s t  ~choo1 of thought , a bar of material subjected to a temperature change
while held between infini tel y rig id walls and w ith no other loads acting undergoes

a iotal strain of zero. According to the second school of thought , the strain in
the bar is equal to the f r ee  thermal expansion which would occur without the

restraint  (but opposite in s ign) .  Plot 13 show s that the NEPSAP and TEXCAP

Qua d elements include thermal st rain in the output values.
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For propel lan t  gra in problems , the s tresses on a radial plane cutting the
g r a i n  a r e  pe rhaps  more s s g n if i c a n t .  A plane was passed throug h the grain at
Z = 2 .45  inches  and va lues  f o r  all th ree  s t resses  were compared (p lots 14 , 15 ,
and 16 1. it should be noted a g.iin that a Poisson ’ s ratio of .30 was used so that

all codes could ~~ t omr.~ 
,~~rI As can be seen , relative differences between the

codes have increased , but the agreement  for  all s t resses is still ve ry  good.

Resu l t s  f o r  the SIC / PG cool down problem are  shown on plot s 17 , 18 , and
19, and in Tables A l 7 - A 19 . The plot of c i rcumferent ia l  stress (plot 18) does

not conta in data fo r  NEPSAP. This  is due to the problem associated with the

addition of the orthotropic mate r ia l  model in the ax i symmet r i c  solution. This

was d iscussed  previous l y in the section descr ib ing  the installation of the codes.

The results f rom NEPSA P for  this p roblem would be expected to show
similar  relative e r r o r s  to those observed in the preceeding cool down problem.
H oweve r , examination of plots 17 , 18 , and 19 do not show the amount of d i f f e rence
observed before.  Indeed , the results for  each of the codes agree very  well. Two

possible explanations exist to account fo r  this  discrepancy.  The f i r s t  is the

magnitudes of the numbers .  The matr ix solution may be having trouble with the
small numbers  in the previous grain cool down problem.  Secondly, this problem
does not have a rigid boundary condition res t ra in ing  the outside diameter .

Next to accuracy,  run t ime , i . e .  cos t , is the most important pa rameter  to
the analyst. Table 3 shows execution t imes in seconds consumed by the central
processor (CP time ) for  each of the codes in each problem. Also shown is the
number  of equation s which had to be solved for each problem.

The fact which  immediately stand s out is the amount of t ime used by TEXGAP.
However , the numbers shown in this  table a re  not completely fa i r  to the TEXGAP
code. The tabl e shows run times for  the same number of elements that was used

for  the other codes. With the elements in the TEXGAP code , it is possible to
use a much coarser  mesh and still obtain results of s imilar  accuracy obtained

by the remaining codes using the gr ids  shown. These elements would substan-

tially reduce the run time for  TEXGAP.

A second item which can be concluded from this table concern s NEPSAP. It
is generally accepted that a general 3-D code is more expensive to run than the

2-D axisymmetric codes regardless of the problem being solved. This is caused

17
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Table 3. Run Times for  Codes

Plane Stress Cyl inder  Run Time (C. P. sec)

Number of Equations 144
NEPSAP 15. 86

NONSAP 5.82

TEXGAP QUAD 140. 38

QUAD 8 7 1.90
SAAS III 11 .05

Sphere

Number of Equations = 144

NEPSAP 14.51

TEXGAP QUAD 139.58

QUAD 8 7 1 . 75

SAAS III 11 .82

Cylinder Under Shrinkage

Number of Equations 460

NEPSAP 26.99

TEXGAP QUAD 266.02

QUAD 8 139.93

SAAS 111 17.47

P. G. Cool Down
Number of Equations = 525

NEPSA P 30. 33
TEXGAP QUAD 8 159.08

SAAS III 21 .43
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by the use of sophisticated solution technique s and core requirements needed for

hig her  order analyses  ( i .e .  3-D , nonlinear , etc. ) to solve problems which do
not require such sophistication. Although it is true that the run t imes shown are
greater for NEPSA P than for  SAAS III , the di f ference is not as great as might
be expected. Considering also that NEPSAP required only 2000 8 locations more
to load than SAAS III , the operating costs are ve ry close.

USEABILIT Y OF CODES

The remarks on the useability of the codes is written from the point of view
that one person is doing both the job of the analyst who writes up the data input
in its proper forma t and the keypuncher who must punch the cards.

The simplest of the four  codes from a user  standpoint is , without question ,
TEXGAP. Its f ree- f ie ld  input makes data input much easier than any of the other
codes. The only restrictions which must be followed are  the order of the data

on each record (card)  and to separate each item on the record with a comma.
The mesh generation , element and boundary condition ass i gnments are also
much simpler than the other three codes and possibl y simpler than any other
cod e availabl e to the analyst.

The biggest  problem in using TEXGAP occurs when inputting material
proper t ies  for orthotropic materials .  TEXGA P requires manual input of the
actual s t i f fness  constants for  this  case instead of Young ’ s Modul i and Poisson ’ s
ratios for  the material  directions.

SAA S III ranks second in useability. Its method for  data input , which is
typ ical for most codes , requires the user to use specific column s for  the data.
The mesh (if generated by the code) is specified by supply ing line segments,
straight or curved , which bound the region being modeled. The elements can

only be generated internally in lines parallel to lines of constant I or J values.
This requires several ca rds of input data to generate even the simplest geometries.

Computation of the mesh in desired areas is possible , but the procedure is not
simple to understand. It would require substantial work  to become familia r
with its use and probabl y some trial and er ror  even then to get the desired mesh.

Several questions concerning some of the job control parameters came up
when lea rn ing to use SAAS III. For example , it is not clea r to the user that a
0 (zero)  for  the plane s t r e s s/p lane strain option give s an axisyrnmetric solution.
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Similarly for  the stop parameter, it isn ’t obvious that a 0 (ze ro )  makes  the

program do a complete solution . These things are minor but f rus t ra t ing  to the

user.  Much time digg ing throug h the program listin g could be avoided by

providing a complete set of option s, including defaults , for  all input parameter

in the input guide. One final item which caused some question was the magni tudes

of strain which the program outputs. After  searching  throug h the program

list ing,  it was determined that the stra in s a re  output in percent;  but ne i the r  the

user  manual nor the output states that fact. The user s guide is well wri t ten

and is reasonably easy to understand.  The only d i f f icul t ies  encountered in its

use were assoc iated with the loads data. There are several parameters  on

different  data cards which control the loads data and the instruction s lack a l i t t le

detail concern in g their  use. Also it was discovered that two blank cards  a re

needed at the end of the data to get a normal te rmination of the run .

NONSAP was used ve ry  little in this evaluation due to the problems encoun-

tered with the axisymmetr ic  solution . Two items were  discovered concern ing

the use of NONSAP. The f i r s t  item is that any load , thermal or mechanica l ,

must be converted to concentrated nodal loads externally. This considerabl y

complicates the input of loads. The second item is the lack of s t rain output.

DEFICIENCIES OF CODES

In order to be able to describe the def ic iencies  of the cu r r en t  codes , the
needed capabilities should f i r s t  be defined. The fea tures  desired in a genera l

purpose nozzle code were discussed in detail in Volume I of th is  report.  To

summarize the desired code , it would be a f ini te  element cod e with 2-D axisym-
metric and 3-D elements. It must be capable of analyzing  a var ie ty  of mater ia ls
that range from isotropic to fully anisot ropic in cha racter  .~d allow t e mp er a t u r e

dependent properties. It must be capable of handling axisymmetr ic  as well as
non-axisymmetric loads. These loads would include concentrated p ressure  and

thermal loads plus initial displacements and strains.  The code must also allow
material and kinematic (geometr ic)  nonlinearit ies.  And finally,  it must be

nonproprietary. These capabilities would form an adequate nozzle code.

There are several other capabilities deemed very desirable  for  this code ,
although they are not absolutely necessa ry. High on this l is t  would be generat ion

schemes for node. and elements plus graphics , eithe r on line or paper plot s ,
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for developing the grids and displaying output. A system that allows multiple
I - J grids and makes it possible to alter the grid of separate components without

disturbing the entire model would be useful . Boundary conditions which allow

adjacent components to slip or model gap closure would be ve ry  desirable.  Also

such things as compatible high and low order elements to allow maximum

efficiency in gridding, in dynamic analysis capability,  and in companion thermal
analyses would be useful  items.

Speaking in general t e rms , the chief def ic iency fo r  all codes appears to be
the lack of a nonlinea r anisot ropic  material  model. The DOASIS code is the only
one of the codes studied w h i c h  has a theoretically sound nonlinea r , small strain ,
anisotropic model. This  inodel assumes the material  has three mutually orthogonal
p r inc ipa l  axes , i . e .  the n i a t er i a l  must  be orthotropic.  Th~’ small strain assump-
tion is probably •u f f t c i .  t for most of the state of the a r t  materials since most
have a low s t ra in  to f ai l u r e .

Non e of the codes u r r en t l y used allow sliding contact or gap closure boundry

conditions. These would be pa rt i ularl y useful  f o r  model ing throats  made of PG
was h e r s , but the re are  numerous  places in present  nozzle designs which display
these types of behavior .

Of the four  codes which  we re  run , NEPSAP - has the fewest  deficiencies , but
it still lacks some important  capabil i t ies.  NEPSAP does not have an anisotropic

ax isymmetr ic  element and also lacks a nonlinear anisotropic model.

As for NONSAP , the deficiencies are also in the lack of anisotropic material
models. Most of the nonlinear capabilities in NONSAP are for  isotropic r r a ter ia ls
and are  useable for  2-D axisymmetr ic  elements only. In addition , none of the

material  models allow temperature dependent properties.  Finally ,  the code
permits  only concentrated model loads which , in the case of 2-D ax isymmetr ic
analys i s , must be ax isyrnmetr ic .

SAAS III is a 2 -D axisymmetr ic  code and therefore  has no 3-D capabilities.
The code ’ s nonlinea r capability consists solely of a bilinea r curve f i t  on Youn g ’s
modulus. This model must be used with much care given to de termining  its

*This refers  to the version of NEPSAP obtained from ASJAC.
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applicability. The level of anisotropy extends only to orthotrop ic materials and
they must be axisymmetric.  Finally, SAAS III does not allow non-ax i symmet r i c
loadings.

Like SAAS III , TEXGAP is a 2-D axisymmetric code and does not handle
3-D analys i s , but it has no nonlinear capability at all. Again , like SAAS III ,
its level of anisotropy extends only to orthotropic materials and they must  be
axisyrnmetric . It allow s concentrated loads only by approximation throug h a
Fourier  series expansion technique. Of most significance TEXCAP does not
allow temperature dependent material propert ies  nor analys i s  of a problem
containin g thermal gradients.
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SECTION IV

CONCLUSIONS

The only surprisin g result uncovered in the program is the reasonably good

values for displacements and strains obtained by NEPSAP with a Poisson ’s ratio

near  one-half .  The accuracy of the results obtained by each of the four  codes on

all of the problems considered in this project is good . This is true for  the

relative agreement between the codes and for the absolute accuracy of each code

in the problems with exact solutions.

Non e of the codes conta ined all nor most of the features  desirable fo r  a

gene ral purpose nozzle code, but many of these features were addressed by at

least one of the codes if only for the isotropic, elastic case. This represents

a basic understanding by the code developers for the needs of the analysts in the

nozzle  indus t ry  and provides a f ramework on which  to build better codes.

The calculated st rain values from any computer code must be viewed cau-

tiously when solving problems involvong thermal  expansion. The output values

of strain may or may not contain the thermal s t ra in  depending on which code is

being used. In one case using the TEXCAP code, these values even depended

on which element was being used.

Based on the results of this  p rog ram it is not necessar i ly true that the hi gher
order  elements give “better ” results.  While  it is t rue  that the highe r orde r
elements used in a coarser  grid will provide comparable results with the standard
elements , a blanket statement about better results can ’t be made. The dete r-
mination of the point at which these elements beg in to make visable payoffs when
considering accuracy versus  grid coarseness and run t imes deserves more
investigation.

One final item , and one that is generally accepted as t rue  but did not prove
to be very si gn i f i can t , is the increased cost which must be paid to run a general
3-D code, over that of the standard 2-D axisymrnetric codes, to analyze 2-D
problems. If NEPSAP is accepted as a general 3-D code and the problems
analyzed in this p roject considered as reasonably simila r to typical problems ,
then the concept of user cost need s to be re-evaluated.
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SECTION V

APPENDI X A

The results of the f i r s t  two problems , internally p ressur ized  cy linder and
sphere respectively, were compared to results obtained f rom the classical

solution s for tnese two problems. For convenience the equation s used to deter-

mine the exact solution s are g iven below .

Internall y Pressurized Cylinder

a2 Pi I b2
bZ-a 2 k l  -

~~~~~ +

~~~~~~~~)

E r

~~~ 

-

U r = rE9

~Theory of Elasticity,  Third Edition , Timoshenko and Goodier , pp. 70-71 and
pp. 392-395.
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Internally Pressurized Sphere
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Table A.4

Sphere  Under Internal Pressure (Nu = . 4999)
Radial Stress (P. S. I . )  Vs Radia l Position ( inches )

Radial Exact TEXGAP
Position Solution Qua d Elem.

1. 1 -74. 86 -74 .93

1.35 -39.99 -40. 49

1.7  - 19 ,47 -19. 79

2. 15 -9. 06 -9 .27

2. 7 -4. 03 -4. 09

3.35 -1 .58  -1 .60

4. 1 - . 3575 - . 3795
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Table A-6

Sphere Under Internal Pressure (Nu = .4999)
Circumferential Strain (in. u n . ) Vs Radial Position (inches)

Radial Exact NEPSAP TEXGAP
Position Solution Quad. Elem.

1.1 .05697 .05607 .05626

1. 35 .03082 .03054 .03088

1.7 .01543 .0 1528 .0 1554

2 . 1 5  . 007630 . 007527 .007672

2 .7  .003853 .003774 .003859

3. 35 .002017 .00196 1 
— 

. 002011

4.1 .001100 .001067 .001092
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Table A-8

Sphere Unde r 1n~ernal  Pressure
Radial Stress (P .S. I. ) V s  Radial  Position ( inches)

Nu • .49 99 Nu = . 30
Radial  Exact  T E X ( ~AP TEXGAP

Position Solution Quad . Elem. Quad. Elern ,

1. 1 -74. 86 -74. 9 3  -75. 11

1. 35 - 39. 99 -40 .49  -40. t 3

1.7 -19 .47  -19. 79 -19. 88

2 . 1 5  -9. 06 - 9 . 2 1  ~q . 26

2 . 7  -4 .03  -4 ,09 -4 . 11

3 .15 — 1 . 5 8  — 1 . t~O — L. .~~l

4. 1 - . 3575 - . 3795 - . ~829
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Table A-9

Cy linder Unde r Shrinkage (Nu = .4999)
R a d i a l  Disp lacement ( inches)  Vs Axial Position ( inches)

Axial NEPSAP TEXGAP Thiokol
Position Quad. Elem. 

—_
Isopara. Elern.

0. 
— 

.01499 
— 

. 0 1 12 4  
— 

.0 1350

.05  . 0 l 2~~5

. 1  .01758 .01406 .01417

.175  .0 1 h 1 8

.2 5  . 02158 .01832 
-- 

.01843

.35  . 021 17

.45 .02704 . 02403 . 02414

.5 75 .02756

.7  . 0 3 16 8  .03102 .03113

.85 .03504

1.0 .04103 .03886 .03897

1.175 .04301 
______________

.3 5  
- 

.04838 
- 

.04681 . 04697

1.55 .05082

1. 7 5  . 05506 .05430 .05440

1.975 .05769

2.2 .06063 
- 

. 06056 .06064

2.45 
- ______________ 

.O6~~L6

2.7 .06475 .06525 .06532

2. 975 .06696

3 .25  .06727 .06819 .06826

3. 55  
___________— 

.06895

3.85 .06810 .06923 .06930

A - i l
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Table A - l 0

Cy l inder  Under  Shr inkage  (Nu = - 3 0)
Radial  Disp lacement  ( inches)  Vs Axial  Posi t ion ( in c h e s

Axial NFPSAP TEXGAP TEXGAP SAAS III
Position Quad 8 Elem. Quad Elem.

0. . 008267 . 007833 .007826 .0 0 7 7 5 8

.05 . 008318 . 008310
_ —  ___________

.1  . 009 137 . 008804 . 008795 .00 870~

. 1 7 5 009535 . 009527 
________ —

. 25  . 0 10 52  . 0 1 02 7  . 0 1 0 26 . 0 1 0 l . S

.35  . 0 1 1 2 5  .0 1 1 24

.45 . 0 1 2 4 2  .01222 . 01221  . 0 1 2 1 4
---- I

.5 7 ~ . 0 1341 . 0 1 3 40

.7  . 0 1 4 7 4  .01456 . 0 1 4 5 5  . 0 1 4 5 0

.85 .0 158b  .01585

1.0  . 0 172 8  .01707  
- 

. 0 1707 . 0 1 7 0 S 1

I . 1 7 ~’ .0 1836 . 0 1 X 3 5

—__
1 .3 5  .0 1 9 7 7  

—- 

. 019 50  .01949

—_
1.55  

__________ — 

. 02063 
- 

.02062

1 .75  . 0 2 1 9 2  .0215 8  
_ _ _ _ _ -  

.0 2 1 58  
— — - _. O Z l t l

1.975 .02246 .02Z4~

2 . 2  .0f l56  . 02315 . 02 3 1 5  . 0 2 3 1 8

2.45 .02375 .02375

2.7 .02465 
— 

.02419 .02419 
- 

.02422

2.975 
____________- 

.02453 .02453

3 .25  . 02523  
— 

. 02476 . 02476 . 02478

3.55 .02490 .02490

3.85 . 02538 . 02495 . 02495 . 024%

A -12
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Table A - l 2

Cy linder Unde r Shr inkage (Nu = .4999)
Circumferential Strain (in. un . ) Vs Axial Position (inches)

A xial NEPSAP TEXGAP Thiokol
Position Quad. Elem. Isopara . Elern.

.05 .01432 .01112 .01144

.175 .01731 .01443 
- - 

.01470

.35 .02143 .01910 .01935

.575 .02694 .02508 .02532

.85 .03284 .03205 .03230

1.175 .03923 .03948 .03974

1. 55 .04460 .04652 
— 

.04694

1.975 .04923 .05299 .05327

2. 45 .05207
__—- .05799 

— 
- 0582~

2.975 .05374 .06145 .06169

3 . 5 5  . 05338  . 06324 .0b 346

A-14

a’



-

C
. 5

~ I-. .,.,
4’ * a’ 0 ( ‘( N CC CC CC 0 *4: ,~~ U) (9 0 0 f~I -.0 N * ‘.0 * N

0 .-‘ o N 0) 0 N * ‘0 CC 0 — N N
(5 — N N N N N mfl.~~E C  0 0 0 0 0 0 C C 0 0 0

L1.0
H

C
It

— 0 * N In N — N — * N; 4: U) 
~ in In a’ N CC 0’ N 0 f’ - 0’ in

V — o N CC 0’ — e’~l in N 0’ C’ 0’ C
04 Ct ~-. — — — N N N N N N N N

C 0 0 0 C 0 0 C 0 0 0 C

~~ 
. . - . . . . -

H
4_h — —

C
I—

In 0 — -0 N N in in N 0
— c~ 0’ 0’ N -.0 N ~~‘ —0 ~~ N

i i -. U) N 00 0’ — * ‘0 CC C -. N N
4 4: — — — N (“4 N N ~‘.1 r ’l ~~

; ) ~ 
0 0 0 0 0 0 C 0 CD C C

— 4: U) . . . . . . .

=
~— _ _ _ _  

It
4:
V — CC

— 
- 
~. 4: V * CC 0 i”l ~~ N 00 CC CO C *

•~~ ~~~ ~~
- 0 N m 0 0 i4’C ‘0 N * -.0 -P N

Ct (/) . N CC 0 (9 * ‘0 CC 0 — N N
F-’ ~ 0 0 — — — —. — N N N NC-. . .  14 C C 0 0 0 0 0 0 0 C 0

- . . -

0’
_ _ _ _ _  

‘0~~~C I t
04 4)

C 4: — 0’ * in CC N 0 — — — In 0’o , .~ 14 (9 * 0 0 m N CC In N * NI.. ‘-‘ N CC 0 N * -.0 CC 0 — N N
~< CO — — N N N N N c”C m
14 .~ 0 0 0 0 0 0 0 0 0 0 0

0 —

04 a’ — o
4: 0 0 * N in N — N — * N
U) In in 0’ N CC a’ N 0 N a’ In

N CC 0’ — ~~ in N a’ 0’ a’ 0’
0 0 0 — — — — — — — —14 0 0 0o e oo o eo o

C
In in in In( 5 .  in N in N in f’- in I— in N In

0 — m in ~~ — In 0’ * a’ In

4:
5 . . . . . . . .

A- 15

a’ 
- 

- - -



-4

4:
U)

S

U
C

• 4: In in * (9 * In * -C N
-~~ ~~~~~ 

In — C’ N .1* 0 C’ ‘0 r~C —

-~~~~ ~~~~~~~ ,~ ~~~ ~~ r rn
0 ,, 14

H 0
II -~~.

~
- It _ _ _

14,>
E

* -
~~~~ 0 4 V

< 
~~in 

4 : 1 4  ~~ * 
(‘4 — -.0 r~C 0 -.0 N 00 -.0 ~‘ — C- In — 0 .0 ~~ N

U) . . . . - - . .
,
~
j  

~~~~~ 
— in 0’ — ~~ *

I-’ ~~~~ , H~~
0 

4: ‘0 CC C C (‘I CC In ~~ (9 .0

~ ~~ 
0 -.0 In 

~~ — N N -r (9 CD

~~
U) Z
It

It

C— o
In in in in in in

.
~~ 

--. 0 (‘-4 * CC N N N in CC a’

A-16

- - Id _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



-4-I-I

~~
4: - - — — ( 9

Cl)

S ____ —4)

U

C V
0 4 : — U  — ‘0 CC (‘1 In (“C -r ~r N

~ 0~~ ‘0 0 CC (‘4 (‘4 (9 N In

~~~~ ~~ -_
~; ~~o o  14~~(“

~2 H &
I I  It

_ _

~~

~~ r.j ~~~~~~~~~~‘ 
* L t ~C . 0 C C_ * . 0 x

H
C 0

-~~ 
-;

;-.U) 040 -~~04 -
~ N ~

..j CC 0 N in in N CC -.
— 0) in In — m N (‘.1 N * in
S . . . . - . . .
(a) 14 N 1’C * ‘.0 CC .-. -3 CC a’

Z

_~~~~~~~~~~~~11111
0 N * CO N N N 1(1 CC a’

f (‘4 ( ~~ (f)

A- 17

a’ --- -- - -  - - - - -----



..-

-4

d d d  d(-~ r”( N N N N (‘3 (‘4 ~ 3 (‘3
t) U)
.~~U
C

4.
VI
0 04 4)
~ 4:- ~~ N 0 CC CY 0’ In N f
— 0~~ 

N N — ~ ‘C - 0  N r”~ — C C-
_~~~~ 

~~~ ~~~ -.~~ ~~ -~ ~ d d
0 

.
~~ 14 It C* ’ C (“3 (‘4 (‘4 “.1 N (9 (‘4 ~~ —

I, VI

____ — — -— -— --— — — — - — —
— C

14~in(5*—

~~~ 
.~~~~(9 ~~~~~~
L u  4:14 

~~ in in 00 r”~ N 0 ‘0 (‘3
-

~~ i~ N 
CC ~~~ 0’ ~~ in 30 CC * — 0 0’

.0

F- .~~ ~ F-’ ~ 
(“C N N (‘3 N (9 (9 ~4 N

C -  0

L U)
4. .

-— — -  -—- — ----- —
C —

— U)

C 1— 0’ — in CO N r~’C —
U) ~~— 14 0 CC in N — 0 0 0 0’ 0’

-~ rn (‘-3 N N N N N N — —
44
C
4)
C-.

I ~~J T J J~0 (9 * CC N N N In CO 0’

A- lB

a’ - - -



Table A-17

SiC/PG Cooldown (Throat  plane)
Radial Displacement (inches) Vs Radial Position (inches)

Rad ial NEPSAP TEXGAP SAAS III
Position Quad 8 Elern.

.810 -.005401 -.005395 - .005400
81o5 - . 005447 

—_________

.823 
— 

- .005506 -.005499 
—- 

- .005501

.8355 -.005600 
— - -______

.848 - .005707 -.005700 
— 

- 005701

.8605 -.005800

.873 - .005907 -.005900 - .005901

.8855 -.006000

.898 - - 00t107 -.006100 
— 

- .006101

.91 05 -.006199

.923 - .006 rn7 -.006299 -.006301

9355 - . 006399

. 948 - - 006506 - .006498 
— 

- . 006500

.954 
— — - 

-.006548

.960 - . 00(~602 - 006598 -.006600

.9665 -.006635

.973 - . 006678 - . 006672 - . 006673

.9885 -.006764 
- -  _____________

1.004 
— 

- .006862 - .006856 - . 006857

1.068 -.007218

1.1 32 -.007629 
— 

-.007581 - .007629

1 . 1 93  
______________  — _

- . 007947 
— ____________

1.254 -.008369 -.008314 -.008367

1. 313 
— —____________ — 

-.008683

1 .372  - .0 09089 - .009053 - . 009086

1.430 - . 009424 
____________

1.488 - . 009801 - . 009796 - . 009798

1.494 - .009833

1.500 -.009875 -.009870 - . 009875

A- 19
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Table A- 18

SiC/PG Cooldown (Throat  pl an e l
Circumferential Stress (P.S.!. ) Vs Radia l Position (inches~

Radial TEXGAP SAAS 111
Position Qua d 8 Flem.

.8165 1920.

.8355 1774. 1804.

.8605
_ —  ____ 

1589. 
-- 

1612 .

.8855 141~i. 1432.

.9105 USa. 
-_____  

12~- 3 .

.9355 
- — 

1096. 
— - — —  

110$ .

. 954 983.

.9665 -680. - t 7 q .

- 9885 -658. -6 u .

1.068 —5 9’ ) . _ s~~.
1 .193 -5fl. - 52 1 .

1 .313 -467. -467.

1.430 
— 

-425.  -42h . 
—

1.494 -404. -40 7.

A-20
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Table A -19

SiC/PG Cooldown (Throat Plane)
Circumferen t ia l  Strain (in. f in . ) Vs Radial  Position ( inches)

Radial  NEPSAP TEXGAP SAAS [11
Position Thermal  Strain Quad. 8 Elem.

Re n-j ove d

.8165
__—— 

. 000420 . 0004308 .00042

.8355 . 000383 . 0004001 . 00039

. 0 5  . 00034 5 
— 

.0003614 .00035

.8855 .000309 
— 

.0003256 . 00032

.91 05 .000277 .0002923 .00029

.(4355 .000246 .0002609 .00025

.954 .000227 . 0002384 . 0002 3

-.000669 -. 0006628 - .00067

- • -~~~~~ -.000645 -.0006432 -.00065

1.0* 8 -.000580 -.0005844 
— 

-.00058

L 
1 .191 -.000502 -. 0005063 - . 00050

1. sI I - . 000446 -.0004480 -.00045

1.410 -. 000403 - .0004034 - . 00040

1. 494 -.000385 - .0003823 -.00039

A-21
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Table A-24

Relative Error (%) Based on TEXGAP Quad E1en~ent~Cylinder Under Shrinkage (Nu . 30) - Radial  Disp lacement

Axia l  NEPSAP TEXGAP SAAS Ill
Location Quad 8 Elem .

0. 5.6 .1 -.8

.7 1. 3 .1 -.3

2.2 1.8 0. .2

3 .85  1 . 7  0. 0.

- The TEXGAP Quad Element  was  chosen as the n o r m  sincc it
consis tent l y had the sn i a l l e s t  e r r o r  in the first two problems.

A -26
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Table A-25

Relative Error (%) Based on TEXGAP Quad Element
Cylinder Under Shrinkage (Nu = - 30) - Circumferential Stress

Radial  NEPSAP TEXGA P SAAS III
Location Quad 8 Elem.

1. 05 -7.0 .2 -.7

2.25 -1.6 .7 1.4

3.95 -.5 0. .3

A-27
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Table A-26

Relative Error (% ) Based on SAAS 1lI~
SiC/PG Cooldown (Throat plane) - Radial Disp lacement

Rad ia l ‘ NEPSA P TEXGAP
Location Quad 8 Elem.

.810 0. - .1 
-

.848 .1 
-— 

0.

.923 .1 0.

— 

.960 0. 
_ _ _ _- 

0.

1.004 0. 0.

1.372 0. 
— - 

- .4

1.500 0. 0.

.:
~The TEXGAP Quad element could not be used for this problem due
to the lack of an Orthotrop ic material model. Therefore , SAAS 111
was chosen as the  basis .

A-28 
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Table A-2 7

Relative E r r o r  (%) Based on SAAS III
SIC /PG Cooldowi-i (Throat  plane) - Circumferent ia l  Strain

Radial  NFPSAP TEXGAP
Location Quad 8 Elem.

.8 16 5 
—— 

0. 2 .6

. 8605 - 1.4  3.6

.9105 
- 

-4.5 .8

.954 -1.3 3.7

.9665 -.1 -1.1

1.068 0. 
— — 

.8

1 .313  - .9  - .4

1.494 -1.3 -2.0

A-29
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