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FINAL REPORT

IIYPERVELOCITY WIND TUNNEL

COMPONENTS

‘C ABSTRACT

A structural evaluation of the large threaded Pressure

Vessels in the wind tunnel facility was performed using finite

element techniques coupled with fatigue and fracture mechanics

analyses of t-he critical locations. The results of this evalua-

Lion show that these threaded pressure vessels have limited fatigue

lifc due to high stress concentration s at the root of the thread

root rad ii in the threaded end closures. Design modifica tions

welL ’ IIIJI1L ’ ~ O Lhu nios L cr i  I j ca l  end c lo su res  (I3ot torn End of M~ich

14/ 1 8 h e a t e r  Vessc’ l and i nl e t  End of D r i v e r  V e s s e l )  to inc rease

tin ,  d e s i q u  l i f e  of these  pre s su re  vesse l s .  The d e s i g n  l i f e  of

all of the threaded pressure vessels was also increased  by re-

duc ing the maximum pressure at which they are operated . Periodic

inspection requirements which accoun t for variable pressure

cycl ing and mean stress effects were also developed for the

critical areas of these threaded pressure vessels.

The net result of the design modif ications , red uced

operatingi pressures and period ic inspection requirements is to

increase the design life and confidence in the safety related

structural integrity of the threaded pressure vessels in the

wind tunnel facil ity.
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O’ DONNELL & ASSOCIATES , INC.

1. ENGINEERING DESIGN & ANALYSIS SERVICES

FINAL REPORT

HYPERVELOCI TY WIND TUNNEL

COMPONENTS

1.0 INTRODUCTION

This report presents a safety—related structural

eval uation of the Hypersonic Wind Tunnel facility at the

U. S. Naval Ordnance Laboratory , ~1hite Oak , Maryland.  The

evaluation , based entirely upon pressure loading , con sists of

duct ile bursting sa fe ty  marg ins , f rac ture mechanics , and

fatigue life computations.

Since the service conditions of the Wind Tunnel

Components fall outside the range of applicabi lity of the ASME

Boiler and Pressure Vessel Code, determina tion of the adeq uacy
of the design is based upon sound engineering judgment wh ile

maintain ing the basic intent and methodology of the ASME Code .

A detailed discussion of this procedure is covered in Section 3

of this report. The fatigue and fracture mechanics analyses

were carried out using the ANSYS Finite Element Program. The

bursting strength analysis was performed in accordance with

guidelines established by the Pressure Vessel Research Committee

(References 6, 7 & 8).

I
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O’DONNELL & ASSOCIATE S . INC.

2 ENGINEERING DESIGN & ANALYSIS SERVICES

2 . 0  GENERAL DESC R IPTION OF FACILITY

‘l’he Hypersonic Wind Tunnel facility is located at tile

U. S. Naval Ordnance Laboratory in White Oak , Maryland .

The Wind Tunnel is a blowdown type using hi gh pressure

Nitrogen gas to achieve high Reynolds number flow . The facility

consists of hiqh pressure lines , boost compressor , s to ra ge vesse l ,

heater vessel and valves. little heater vessel is used to bring t he

gas up to the final pressure requirements prior to blowdown . At

the downstream end of th e heater vessel is the diaphram/nozzle

assembly. Flow is initiated in the system by rupture of a series

of dia phr ams. The f l ow rate is cont ro l l ed by a bank of r emote ly

operated valves.

The facility is designed for the following operating

c o n d i t i o n s :

Pressure Mass Flow Re
Run

Mach Dosign ** Max. M m .  Design Max. M m .  Temp . Design* Time
No. ATM ATM ATM PPS PPS PPS °R xlO e Sec_ -
10 4. 30 1000 100 337 780 80 1900 46 1.0

15 2365 3110 250 180 240 20 3300 30 1.0

20 3110 3110 500 27 27 4.5 5000 6.5 4.0

*J3ased on nozzle exit diameter

** I)ressure used for aerodynamic design of nozzl es

Presently, the facility consists of two test legs (Macb 10 ani Macli 15)

The test legs uti lize a common storage vessel system , compressors , con-

trol valves and vacuum sphere. Each test leg has its own heater

vessel and nozzle combination to achieve the desired Mach Number. 

- - -
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O’DONNELL & ASS OCIATES , INC.

3 ENGINEERING DESIGN & ANALYSIS SERVICES

2 .1  MATERIALS OF CONSTRUCTION

The heavy-walled threaded pressure vessels were

constructed of hi gh strengtl’T forged materials. Most of the

forged vessel bodies and forged heads were constructed of

modified AISI 4340 or “gun steele similar to what is now
known as ASTM A — 7 2 3  m a t e r i a l .

The ma te r i a l  s p e c i f i c a t i o n s  for  the m a n i f o l d s  are

l is ted below :

S ,psi S ,ps i
Component Material u 

______

In l e t  Body —— 143 , 000 131 , 000

Ex i t  Body —— 142 , 000 129 , 500

Stud s ASTM A193 , GRB — 7 125 , 000 105 , 000
Flanqe AISI  4 3 4 0  135 , 000 120 , 000

The m a t e r i a l  data  for  the MACH 10 Heater Vessel is

l i s t e d  below :

S ,psi  S , rj si
Component Material u - y

Nuts  Al loy Steel —- 100 , 000

Body A lloy Steel 135 ,000 120 ,000

The material data for the MACIl 14/18 Heater Vessel

and Driver Vessel are listed below :

S ,psi S ,ps i
Component Material u 

______

Covers CR—NI—MO 145 ,000 130 ,000

Liner CR—NI—MO 160 ,000 150 ,000

Body CR—NI—MO 145 , 000 130 , 000

I ~. ~~~~~~~~~~~~~~~~~~~ III~~~~~~~I~ - - - -
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4 ENGINEERING DESIGN & ANALYSIS SERVICES

2.2 DRAWING 1,1ST

The h ly p e r v elo c i t y  Wind Tunne l  components are described
by the followinq drawings:

DRAWING NO. TITLE

~4AN IFOLD

4— 01518  2 — f l oa t e r  I n l e t  Pipes

4— 01514  2 — Exi t  N u t s

4— 01518 4 — Threaded Flanges

4-01511 4 — Blind Flanges

4— 015 11 4 — Bl ind  Flanges

4— 01 5 14  1 — E x i t  M a n i f o l d

4-015 13 4 — In l e t  C losures

4 — 0 15 1 5  1 — T n l e t  M a n i f o l d

4 — 0 15 1 3 , H igh  Pressure  M a n i f o l d s , In le t  M a n i f o l d  —

Rev.  C Assembly  and D e t a i l s , Sheet No.  3 of 9

4—0 15 14 , High Pressure M a n i f o l d s , Ex i t  M a n i f o l d  —

Rev.  A Assembly and Detai ls , Sheet N o.  4 of 9

4—01518 High Pressure Manifolds , Mach 15 & 20 Heater
Inlet Pipe , Sheet No. 8 of 9

MACH 10 DIAPHRAGM & THROAT ASSEMBLY

77-F-l 13 1 Diap hragm & Throat  Assembly ,  Mach 10

7 7 -B — l 1 6 4  Thermocouple Tube , Mach 10

77—B—l1 63 Collar , Blowdown Pipe , Mach 10

7 7— B - l l 6 l  Pin , Mach 10

77— B—1l 60 Diaphraqm Stud , Mach 10

7 7 — B — 1 1 4 7  Bushing , Mach 10

7 7 — B — l l 4 6  
- 

Stud , Mach 10

77-B --1145 Runner , Mach 10

7 7 — C — 1 1 2 1  Flow R e s t r i c t o r  (Fron t  P l a t e)  , Mach 10 

- - 
~~~~~~~~~~~
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O’DONN ELL & ASSOCIATES . INC.

5 ENGINEERING DESIGN & ANA L YSIS SFR VICES

DRAWING N O .  TITLE

MACH 10 DIAPL2J\GM & THROAT ASSEMBLY (c on t ’d )

7 7 - C — l l 2 5  B ut t  P l a t e , R i n g  P a r t i c l e  S e p a r a t o r , Mach 10

7 7 — C — I 1 L I  E lbow , Mach 10

7 7 — C — I l  35 B u r a t  D i a p h r a g m , Mach 10

7 7 — c — l i  48 Basher  , Mach 10

7 7 — C — l l 4 9  Spacer , Mach 10

7 7 — c — 1 l 5 2  r r r i a n ql e  Backup  Seal , Mach 10

7 7 — C — 1 l 6 2  P l u g ,  Mach 10

• 7 7 — D — l l l O  T emp l at e , N o z z l e  T h r o a t , Mach 10

7 7 — D — 1 1 2 0  ‘i horm ocoup le Ring , Mach 10

7 7 — V — l 1 2 2  l’lon Re st r i ct o r  ( B a c k u p  P l a t e )  , Mach 10

7 7 — D — 1 1 2 3  Sep~~r at o r Bod y ( U p s t r e a m)  , Mach 10

7 7 — 0 — 1 1 2 4  S e par a t o r  Bod y ( D owns t r eam)  , Mach 10

7 7 — 0 - 1 1 2 6  P a r t i c l e  Separa to r , Mach 10

7 7— D - - 1 1 2 8  h ous ing  P a r t i c l e  Separa to r , Mach 10

7 7 — D — 1 1 2 9  N o z z l e  Throa t , Mach 10

7 7 — 0 — 1 1 3 9  h o u s i n g - P a r t i c l e  S e par a t o r , Mach 10

7 7 — D — i  150 1rray , Mach 10

77-E- l 130  N o z z l e  Throa t  I n s e r t  C a r r i e r

MACH 10 HEATER

E-PV - 1793-6  Navy Mach 10 Vessel < 4 9 4 0 3 6 > , Arranciement
D r a w i n g  B — P V — 1 4 0 8 — l

1 3 - P V — l 4 0 8 — 1  Genera l  J~r r an q e men t  of ~ ach 10 Gas h e a te r  Vessel

B— PV— .1409 Bod y

B— PV— 14 11—1 Ri qht End h ead

B — P V — l 4 2 0 — 1  P i s t o n  [l o c k

0 — P V — i  4 2 2 — i  Ou te r  l i n u s  i nq
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O’DONNELL & ASSOCIATES , INC.
6 ENGINEERiNG DESIGN & ANA L YSIS SERVICES

DRAWING NO. TITLE

MAC lI 10 h EATER (cont ’d)

B—i~V—l43 7 Support

E - P V - l 4 2 6  St op Block

E-PV- l~i . 7  I ndex  Block

F — P V - 1 4 l 4 — l  Ga s k e t  C a r r i e r

P -P V -l4 l 5  Gaske t  Re ta ine r

F — P V — l 4 1 7 — 1  N o z z l e  L iner  — M9

F’ —PV— l 4 l 8  F ’lange

F-PV- 142 1- 1  Bronze Shoe

F — P V — l 4 2 4 — 4  F i l l e r  Piece

F— PV— l425—l Spacer

1”—PV—l428 Pin

i- - - P V - l 4 2 9  Loca t i ng  Block

F-PV-143 0  Dr ive  Sprocket  #1

F-PV -l43 1  Drive Sprocket  #5

F— P V - 14 3 2  Shim #2

F — P V — 14 3 3  Shim #7

F — P V — l 4 3 4  Sh im #8

F — P V — 1 4 3 5  Re ta ine r

P — P V — l 4 3 6 — l  Wi per

C-P V -l 4 10 - 2  L e f t  End Uead

C -P V - i4 l 2 — l  L e f t  End Ma in  N u t

C — P V — l 4 1 3  Ri gh t  End Ma in  N u t

C — P V — 1 4 1 6 — 1  N o z z l e  Tube

C — 1 ’ V — 1 4 i 9  N o z z l e  Block

C — P V — 1 4 2 3  P i s t on

—~~~~ -— ~~~~ ~~~ ———~ —~ 
-— I.- —— —— 
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ENGiNEERING DESIGN & ANA L YSIS SERVICES

DRAWING NO. TITLF

MACH 14 & 18 h EATER

4— 01266 , Pressure Vessel Assembly, 2 — Required
Rev.  I!

4— 01266 , 2 — Bottom N u t s
R e v .  C

4 — 0 1 2 6 6 — F  Bot tom Covers
4 — 0 1 4 2 4 — 1)

4-01181 , Vessel Bod y ,  2 — Required
R e f .  F

1-01155 Round Bar Upset Threaded Rod s

4 — 0 0 6 7 3 — 1 1  & 3 — Top Covers
4 — 0 1 1 3 5 — C

4 — 0 0 6 7 3 — I l  & 3 — Bottom Covers
4 — 0 1 1 3 6 — A

1-3110 Grayloc  Flanged App l i ca t ions, Schemat ic  of
16-3/ 8” O . D .  Thrd .  Flange Conn.  for  7-1/4”
O . D .  x 2—11/ 16” I . D .  Tube w i t h  Size  27 G . S . R .

Q - 4 9 6 4  Grayloc  Ring  Seat F i t t i n g s, Machining Details
for  Size 27 G . R . S .

1-01440 Connector Tube Mod i f i ca t i on , Item 05 , 2 Tubes

1-0 1425 2 ”  Diameter  8UN-2A Hex Head Bolt , 8 - Required

1-01031 , Nut , 2 — Required
Rev. A

4 - 0 0 6 7 3 , 3 — Top Nuts
Rev.  H

4 - 0 0 6 7 3 - A , 3 — Bottom Nuts
Rev .  H

4 —0135  9
S h t . 1B & 4 - 0 l 3 6 0  2 - Top Covers

4 - 0 1 4 2 4 , Electrode & Thermocouple Locations & BTM
Rev. D Cove r , M ach in ing  Deta ils

4— 01359 , Elbow Assembly
Re v. C,

- I
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8 ENGINEERING DESIGN & ANAI..YSIS SERVICES

DRAt’IINC NO. TITLE

GAS STORAGE VESSEL ( D r i v e r  Vesse l )

4—00673 , Gas Storage Vessel
Rev . I

1-00691 Top Outer R i n g ,  3 - Requi red

1 — 0 0 6 9 0  Bottom Outer  Ring , 3 — required

4-01135 Top Cover Assembly ,  West , 3 - Required

4-0 1136 Bottom Cover Assembly ,  Eas t , 3 - Required

4—01136 , 3 — Liners  & Sleeves
Rev.  E

4—01135 , 3 — Liners  & Sleeves
Rev. F

4 — 0 0 7 6 6  Deta i l  of F ina l  Undercut  Mach in ing  for  1”
P i t ch  N Bu t t r e s s  I n t e rna l  Thd . (Also applies
to MACH 14/ 18 Heater  Vessel)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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2 . 3  OPERATING CONDITIONS

T h e  I n t e r n a l  Desi gn Pressures  for  the ori g i n a l
h l y p e r v e l o c i L y  W i n d  T u n n el  Components  are l i s t e d  below :

Component Design Pressure , psi

E x i t  M a n i f o l d  4 6 , 000

In l e t  M a n i f o l d  60 , 000

MACLI 10 h eater Vessel 15 ,000

MACH l~ /l8 Heater Vessel 46 ,000

Driver  Vessel 60 , 000

The st ructura l eva lua tion given herein ind icates tha t

the operating pressure for these threaded pressure vessels
should be reduced and l imi ted to the m a x i m u m  va lues  l i s ted  below :

F Maximum I n t e r n a l
Pressure  Vessel Ope ra t i ng  Pressure , psi

MACLI 10 I fe a t e r  Vessel 12 , 000

MACIl 14/ 18 Heater Vessel 22 , 000

Driver  Vessel 40 , 000

3 . 0  BASIC STRESS CRITERIA

In i ts  present form , the ASME Boiler and Pressure

Vessel Code contains disclaimers for application to high pressures.

In add i t ion , only Code-listed m at e r i a l s  may be used in c o n j u n c t i o n

wi th  the Code Rules .  This  mate r ia l  l is t  doe s not include a small

group of materials which are extensively used in high pressure

des ign , such as gun s teels .  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - -
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3.1 CODE DESIGN STRESS INTENSITY

The basic  desi gn s t ress  i n t e n s i t y ,  S , is spec i f i ed  by

the  Code to be the lesser of the f o l l o w i n g :

*
S UTS /3
in ASME Code

or Limi ts  on S
* 

in

S = ~/3 YSin

For the gun steels UTS is on the order of 140 ,000 psi ,

and YS is on the order of 125 , 000 psi at room tempera ture. The

Code Rules  on design s tress i n t e n si t y  would t h e r e f o r e  l i m i t  S
in

to on the order of 45 , 000 p s i  (UTS / 3)  for  the gun s teels .

3.2 MODIFIED DESIGN STRESS INTENSITY FOR H I G H  Y I E L D  MATERIALS

Reference 4 recommends t h a t  o n l y  the  l i m i t , S ~ 2/ 3  Y S ,
be used to define S .  In keeping with the basic intent of th e

i n  p a r t i c u l a r  the  C o d e — i n t e n d e d  s a f e t y  m ar q i n s  u n d e r  h y Jr c  -

t e st  c o n d i t i o n s  the  f o l l o w in g  l i m i t s  on d e s iq n  s t r e s s  i n t e n s i t y

ar e  s n q c j e st u d  by 0’ Donri el 1 & Associates , luc

5 — UT S/2
ODAI Suj~~ -stcdor

2/3 ~~ 
Lim its on S

These l i m i t s  r e su l t  in a desi gn s t ress  i n t e n s i t y  for  the

gun steels of about  70,000 Psi (UTS/2).

The suggested limits on design stress in tens ity ,  S~~,

are considered justifiable for high pressure vessels operated

under safety conditions typically observed during hydro testing

• of pressure vessels , subjected to detailed fatigue and f rac ture

mechanics evaluations , and inspected at suitable intervals.

*
UTS = ultimate tensile strength of material.
YS = yield strengLh 0 material.

_______________________
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4. 0 EVALUATION_ PROCEDURE

‘1’L~~ e v a l u a t i o n  was performed in  ccordance w i t h
st  a t  c — u I — t h e — a t  t technology as deUCL 1 bed 1 i the en e ri a out—

i 1 L i ’  ~ be 1

( a )  h ’n i i u a r y  S t r e s s  E v a l u a t i o n

‘ i h e  eas ic w a l l  th i c k n ess e s  and p r i m a r y  s t re s s
values w1~re evaluated by the des i gn c r i t e r i a

-

~ ‘ 
e:-;t . a h i i  s h L d  by the ASME as g iven i n  Eet er ences  I

an t I  2

( b )  F a t i gue  E v a l u a t i o n

‘Ihe f a t igue  d e s i g n  l i f e  was d e t e r m i n e d  in

a cc o r d a nc e  w i t h  t h e  r u l e s  as g i v e n  i n  R e f e r e n ce  13.

:la t ci ial I at i gue  da t a  was  o b ta i n e d  front
Re I t i ( : 1  iCc 4

(c) Fracture M ec han i c s  E v a l u a t i o n

‘I he c y c l ic  l i f e  of the  th readed  p o r t i o n  of
these p r e s s u r e  vesse l s  f o r  v a r i o u s  i n i t i a l

d e f e c t  d e pt h s  and cyc l i c  s t ress  l eve ls  was

ev a l u at ed  us i n g f r a c t u r e  m e c h a n i c s  t e c h n i q u e s .

4 .  1 ASSUMPTIONS

The t echno logy  is w e l l  developed f o r  e v a l u a t i n g  the

sit e o p e r a t i n g  l i f e  of t h r e a d e d  c losures  where  the m a t e r i a l s  of

c o n s t r u c t i o n  have been we l l  c h a r a c t e r i z e d .

‘l’he f r i c t i o n  f o r c e s  be tween  m a t i n g  t h reads  have been

found to d i s s ipa te  as t h r e a ded  closures are  s u b j e c t e d  to

repeated prcsstiri zations. Thus , the e f f e c ts of such f r i c ti on -

l o t  ceS a l e  ( J u l  Lu s ma l l  a f t e r  t he  f i r s t  few c y c l e s  of op e r at i o n .

-“  

I - 
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The accep tab i l ity of the f o l l o w i ng threaded end
closures was based on calcu lat ions which  assumed there was no
friction between threads:

(a) MACH 10 Heater Vessel End Closures

(b )  Top End Clos ure on MACH 14/ 18 Heater  Clos ure

The effect of friction between threads was included

in the typ ical detailed thread model wi thout an e l l iptic al
un dercut for the fo l lowing  threaded end closures :

( a )  Inlet  and Outlet Ends of Dr iver Vessel
(b )  Bottom End of MACH 14/18 Heater Vessel

Notice that friction was included only in the detai led
thread models for  these end closures. No f r iction was assumed

between mating threads in all of the overall finite element

models.

No therma l condit ions were considered in the structural
evaluation of the wind tunnel components(See Appendix 9).

5 . 0  ANALY T ICAL MODELS

For the purpose of analysis  by d ig i tal  computer
methods , several finite element models were developed for these

pressure vessels. Overall closure models were used to calculate

the thread loads in the threaded end closures. A detailed model

of one thread was then prepared and used to calculate the maximum

stress in the thread root due to the maximum thread load on each

particular threaded end closure . Most of the computer analyses

were performed using the di gi t a l  computer program ANSYS ,

Reference 5. The other analyses were performed using special

computer programs and/or hand calculations.

-- -~~ —- ~~~—- -‘ -— -- ~~~~--~~ _-s ~~~~~~~~~~~~~~~~~~~~~~~
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5.1 M~ CLl 10 ?ODELS

The f i n i t e  e lement  models used to a n a l y z e  the MACH 10
cornnonents  are desc r ibed  i n  the  f o l l o w i n g  subsect ions .

5 .1 .1  OVERALL MODEL FOR RIGHT END OF MACI-I 10 h EATER VESSEL

A f i n i t e  e lement  model of the r i g h t  end c losure  on the
MA ClI 10 h eater Vessel was prepared and used in c o n j u n c t i o n  w i t h
the  ANSYS computer  program , Reference 5 , to ca lcu la te  the max imum
loads and stresses in t h i s  closure due to the i n t e rna l  opera ting
pressure  loading.  A computer-drawn scale plot of t h i s  overa l l
model is shown in Figure  1. This mode l con ta ins  many  axi-
symmetric I soparametr ic  ( S T I F 4 2 )  e lements .  The model consists
of three  separate  p a r t s - — t h e  main cy l inde r  body ,  the nu t , and
the cover. The main  cy l inder  body is shown in Figure  2 .  The nu t
is  shown in Figure  3 , and the cover is shown in F igure  4 .

The cy l inder  par t  was modeled to a d i s t ance  of

approx ima te ly  n A  beyond the end of the taper on the c y l i n d e r ,
where A is the a t t enua t i on  length  (see F igure  2 ) :

/ R  t
, ,‘ mean

— 

1.2 85

where R is the mean rad ius  of the cy l i nde r , andmean
t is the t h i c k n e s s .

As shown in the Fi gures , the nut  and cy l inde r  t h r eads

have been modeled i n d i v i d u a l l y .  The cy l i nde r  threads  alone are
shown in Figure 5. The nut threads are shown separately in

Fi gure  6.  Typical  mesh ing  of the nu t  and c y l i n d e r  th reads  is
shown in F igure  7.

The mat ing  pa i r s  of nodes at the nu t  to c y l i n d e r

th read  i n t e r f a c e  are s p e c i f i e d  to have the same displacements

in the direction perpendicular to the thread tooth surface .
T h i s  a l l o w s  the load to be transmitted from one thread tooth

to the  o ther  w i t h  no s l i d i n g  f r i c t i o n  between m a t i n g  t h r e a d s .  

-- -~~~~~~~~ --
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An internal pressure of 15 , 000 psi . was a p p l i e d  to the
i n s i d e  s u r fac e s  of the ove ra l l  mode l .  The load on each of t he

i n d i v i d u a l  t h r eads  was then obta ined  f rom the computer r e s u l t s .
The resulting maximum thread load was then converted into an

e q u i v a l e n t  u n i f o r m  load an d applied to the tooth sur face on the
detailed thread model. In  addition , displacements from the

o v e ra l l  model  in the v ici  n i t y  of the thread  where the m a x i m u m

th read  load occurs  were appl ied as boundary  cond i t i ons  on the
edges of the detailed model.

5.1.2 DETAILED THREAD MODEL FOR RIGHT END
OF MACH 10 h EATER VESSEL

A computer-drawn scale plot of the detailed thread

model for the threads on the right end closure of the MACH 10

Heater Vessel is shown in Figure 8. This model is made up of

many axisymmetric Isoparametric (STIF42) elements. The maximum

thread load on the overall model was converted into an equivalent

pressure load and applied to the tooth surface on the detailed

~!;read model (see Appendix  2B) . The displacements from the

overa l l  model in the v i c i n i t y  of the th read  where the maximum

t h r e a d  load occurs  were applied as boundary  cond i t ions  on the
edges of this detailed model.

This detai led model was u sed to calculate the max imum
stresses in the th read root fo r the r ight end closure . The
maximum thread load on the r i gh t  end closure was applied to

th i s  model , and the r e s u l t i n g  maximum s t ress  at the thread roo t

was c a l c u l a t e d  us ing  the ANSYS computer program .

5.1.3 OVERALL MODEL FOR MAClI 10 N O Z Z L E  AREA

The MAC lI 10 N o z z l e  assembly  cons i s t s  of t h r ee  m a j o r

threaded closures. These are : (3.) Heater Body/Left End Main

Nut , (2) Heater Body/Outer h ousing, and (3) Nozzle Block/

P i s t o n  l3iock .

~ 

.
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The worst loading condition was determined to be prior

to r u p t u r e  of the  d i a p h r a g m s . At t h i s  t ime , the c losures  are
loaded by 15 ,000 psi internal pressure , as we l l  as a 4 ,000 psi

preload pressure applied by the piston block .

To de te rmine  the load pa ths  th rough  the var iou s
components , a course f i n i t e  e lement  model of tIi~ e n t i r e  area was
u t i l i z e d. This  model is shown in Fig ure 9. I t  includes  the
major components of the Nb Nozz le  Assembly .

5.1.4 OVERALL MODEL FOR DO~’1NSTREAM END
OF MACFl 10 HEATER VESSEL

The configuration of the downstream end of the MACIl 10

hleater is shown below along with the imposed loading obtained

from the overall model.

1.989 x 10~~~ ----~ Outer Ho n g . ~~~~- _____ - 1_
~~

- _ ----- -
~

- --
~

- - -
F Heater Body ~~~ 9.236 x 10

6.905 x s~~~L~~ a!d~~ 
P = 15 ,000 psi

- - - - 

~~~~~~~~~~~~~~~~~~~~~~ 

- -

The 1~NSY S f i n i te element  model for th is  area is shown in
Ficiures 10 through 18. The model consists of 1985 Isoparametric

(STI F4 2 )  elements. The threaded connections be tween the Heat er
Body and Outer  U ous inq  and between the Heater Body and Left End
Nut are modeled by 27 element teeth shown in Figures 10 throug h

18. The nodes common between mating threads were coupled together

I I I hey wore f o u n d  to be i n  compression and l et  f r e e  i f  they were
in  t en s ion . On ly  the  norma l d i r e c t i o n  was coupled , and the  n~~ ies

3 7 , ’ 1 i t ‘~~ I ( 3  s I i t he I t Ilq&’II I. I a I I y . No li i C I I on w,t s as:; tlIIIe (I

hot W t ’ t h  t h I e a d : ;
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5.1.5 DETAILED THREAD MODEL FOR DOI~NSTRE AM E N D
OF MAChI  10 h I E A T E R  VESSEL 

——

The o v e r a l l  f i n i t e  e lement  model of the downstream end
o~ the  h e at e r  vessel  does not have s u f f i c i e n t  d e t a i l  in the
t h r e a i  areas to adequately analyze a s i n g l e  t oo th .  rI~h i s  was
accomplished by impos ing  the loading conditions (interface forces

id h o t : n d a  ~~ d i  s~ acenien t ) from t he  over a  1 1 mode l  on t;o a ~1et a i .1 ed

i n i l e e I omen L model of a single too th .  These are  sh e - r n  i f l

Figures 19 and 20. The most severely loaded tooth in each inter-

face was analyzed .

The total interface force was converted to an equivalent

pres su re  app l i ed  to the area of contact  between the two t e e t h .
‘Ihe corresponding boundary displacements were linearly inter-

polated when necessary to obtain nodal displacements for the

detailed model.

5 . 1 . 6  OVERALL M ODEL OF TIlE THREADED CLOSURE FOR TI lE
MACH 10 PISTON BLOCK / NOZZLE BLOCK

The c o n f i g u r a t i o n  of the M l0  P is ton  Block/Nozz le
Block threaded closure is shown below , along with the imposed

loading obtained from the overall model.

Outer Housing 7 ~~~l.989 x b0~

Pis ton _____________________ 

Block 
before_Rupture

x b0 11
N o z z l e  Block

LI 
• ,

~~~~~~~~~~~~~~~~~~ 

.-— 

, 

- - -~~~~~~~~~~ •~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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The A N S Y S  f i n i t e  e l ement  model of t h i s  area  i s  ~h~~’,’ t t
i n  F l qur e s  2 1 through 25. The mode l cons i s t s  of 1027 I s o p a r a —
metric (STIF42) elements. The method of handling the threaded

closure is the sam e as for the downstream I~’ACH 10 heater model ,

Section 5.1 .4. The Nozzle block conta ins 8 — 2 ” diameter holes
on a 17 — 1/ 2 ”  d i a m e t e r  bolt  c i r c l e.  To accoun t  f o r  the  increased

flexibili t y of nozzle block due to these holes , t h e  mod u l u s  of

elasticity, E, was adjusted as follows :

Area exc lud ing  holes 6ENOD 
= Area i n c l u d i n g  holes  X 30 x 10 ~ si

EMOD 
= ( 0 . 7715)  ( 30 x iü 6> = 2 3 . 14  x io 6

This  m o d i f i e d  E was used for  those e lements  of the n o z z l e  block
which are within the annulus formed by the holes. To account

• for the resistance to rotation imposed upon the n o z z l e  block by
the nozzle thread insert carrier , all nodes along the inboard
s u r f a c e  of the n o z z l e  block were required to have the same
r ad ia l  d i sp lacement .

5 . 1. 7  DETAILED THREAD MODEL OF A SINGLE TOOTH
FOP THE MACH 10 HEATER VESSEL NOZZLE AREA

Following the same procedure outlined in Sec tion 5 .1.5 ,

a detailed model was developed of a single buttress tooth. The

max imum loaded tooth was evaluated using this model, shown in
Fi gure 26.

5 . 2  ~-1a\C1! 14/ 18 11E3\TF.P. VESSEL MODELS OF ORIGINAL DESIGN

The finite element models used to analy~ e the ori ginal

MACI l 1.4/ 18 Hea te r  Vessel desi gn are  de sc r ibed  in the f o l l o w i n g
subsections.

—~~~~~~~ - - . -. ~~~~~~~~~ • - • • — l-~~~ •- 
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5 .2 . 1 o V I : i : A i i, N UI’f FOE 1’~ ‘ ‘!‘T~ ~‘ -2 :0 OF ’
M~e ’ Ii 14 ~~l8  hIEA ’l’I•:R ‘.‘1-20;L!.

A f inite i..? I t  ~I~L ’ ‘0 t miiode 1 of t 1 .  t end cl Os u re  on
the  ~‘~A C1h 14/18 he ater Vessel e~io  p r e ! ar e d  and used in L~(J1i J U:i(0 ioi1

wi th  the 1\2,SYS comput ~‘r p rogram , He fe rt mIee  5 , Lu ca l  cii  1 a t e  t h e

m a x i m u m  loads and t rio;ses in tli i S c I due  t t l i e  i i  I - ri ot I

design pressure lcLoIinq . I~. computer— .Ir uai scale r ‘ ot of t I i s
overall model is shown in  Fi gure 27. The nte0el C O n S )  S t  S O~

f o u r  u ar t s  — —  t he  l i n e r , the  n~ tin cvi indur , t he  r u t  , t he

cover. There is a shrink fit of 0.017” ui the  r a d i u s  L~’t’.:.t-t i,

the liner and the main cylinder. The line r and the main cylirdei -

are shown in F i gure 28. The nut is nho’.’n in Ri Hire 2~ . The
cove r is sliu ’,-ai in F i gu r e  30. This model is made u: 01 2~i 9 8
Isoparametric (STII- ’42) elements.

The c\’linder part was modeled to a d i s t a n c e  of

~pproxim~mt ely _ ir \ b L ulo n d  the c i i i of t h e  t l l d e r  on the cylinder ,

where is the attenuation length (see Fi gure :18)

/~~/ mean
- 1.285

where R is the mean r ad i us of the cy linder , andmean
t is the thickness.

As shown in the Figures , the nut and cylinder threads

were modeled individually. The nut threads alone are sh oI ,. I : i n

Figure 29. !\ detail of one cylinder thread is shown in Figure 31 ,

and a detail of one nut thread is shown in Figure 32. The thread

mesh i n g is similar to that shown in Figure 7. The mating pairs

of nodes be tween the nut and cylinder threads are s~.ecified t o

have  the same d i s p l a c e m e n t s  in th e  d i r e c t i o n  p e r p e n di c u l a r  to

the  tooth surface. This transmits the load f rom one t h r e a d
toot ii t o the  o the r without any frict ion between mat.i mi g Lh r e ,iIo .

An i n t e r n a l  p r e s su re  of 46 , 000 psi  wa s  a p p l i e d  to Ui ’.:
iris i d c  nur fac e s  o!~ the over,i11 model . The load on each of t h e
i n d i v i d u a l  t b r o i L;  wa S then  o b t a i n e d  f r o m  the comput or io’uu lts .

ih I u ,  r 1 ou !  t i m i g  n i x  i m n u m  t h i r id lead  w as t h e n  conv (’m t ed i n t o  an

e j u i v a  l e n t  i i m i i  I orrn load 110! a p l t l  med t o  t h e  t o O  ii surface on t h e  

-~~ I -- I .~~~~~ ~~~~~ .. , I —— — -
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‘.I~~t am it ’d t li i e i i l  110)1101. In add i Lion , di sp i ac e m en L s  from t h e

overall model in the vicinit y of the t h re ad  where the m a x i m u m

t h r e a d  load occur s  were  a1 plied as boundary cond i t i ons  on the
e lOes ol t h e  d e ta l  loLl  m o d e l .

5 . 2 . 2 DE:T AT 1, 1:0 TftREAD MODEL OF 1:1 RS’I’ Th I  R E A L )  (iN
I3OTTOM E N I )  OR MACh I  14/ 18 h E Ar E R  vi : ss i : i,

A computer—dra’- ’n scale plot of the detailed thread

model for the first thread with an elli ptical undercut for the

bottom end of the MACI! 14/18 h eater Vessel is shown in Figure 33.

This model is made up of many two-dimensional I soparametric

(ST1F42) elements. The thread load on the first thread from

the o v e ra l l  model was converted into an equivalent pressure

load and applied to the tooth surface on the detailed model
(see A p p e n d i x  C A )  . The displacements rom the overall model in

the area  a round  the f i r s t  t h r ead  were appl ied  as boundary condi-
L i o ns on t h i n -  ed ges ol t h i s  d e ta i l ed  model .  Th i s  d e L a i l e d  model
,I’ L e  u sed  to c a lc u la t e  t h e  m a x i m u m  s t r e sses  in the e l l i p t i c a l
u n d e r c u t  reg ion of the first thread on the MACH 14/ 18 H e a t e r
Vessel Bottom End Closure.

5.2.3 DETAILED THREAD MODEL OF A TYPICAL THREAD ON
BOTTO1’i E N D  01-’ MACH 14/18 h EATER VESSEL 

—

A computer—drawn scale plot of the detailed thread

model for the MACU 14/ 18 Heater  Vessel is shown in Figure 34.

This model is made up of many two—dimensional Isoparametric

(STIF42) elements. The maximum thread load on the overall model

was converted into an equivalent pressure load and applied to

the LooLli surfac e on the detailed model (see Appendix 4B) . The

d i s ~~iao ’~n o n t s  from the overall model in the vicinity of the

thread where  the maximum thread load occurs were applied as

b o u n d a r y  conditions on the edges of this detailed model.

T h i s  de t a i l e d  model was used to c a l c u l a t e  the m a x i mum

stresses in the thread root for the bottom end closures. 
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5 . 2. 4 OVERALL 1-1ODEL FOR TOP END OF N/e’Il 1 .1/18 h EATER VINISEL

A finite element model of the outlet end of the 1/?~CI i

14/18 h eater Vessel was used to evaluate the m a x i m u m  loads and
stresses existing in the c losure  due to desi gn p ressure  lo~~iinq .

The overall model, is shown in Figure 35 and is shown broken down

into various sections in Figures 36 , 37 , 38 , and 39. The model

consists of four parts——the liner , the main cylinder , the top nut ,

and the lower portion of the elbow assembly. The total model coo-

sists of 3914 isoparametric (STI1- ’ 42) 21~~ .2nts.

The straight section of the cylinder vias r.\o leled to a

distance of 2.5A beyond the end of the taper.

As shown in the figures of the overall model , the

threads were modeled individually. Figures 40 and 41 show a typi-

cal male and female tooth. The interface between teeth was re—

iiuired to have the same normal displacements , while being allowed

to slide tangentially. No friction was assumed between the matinq

- surfaces,

The other boundary conditions imposed upon the model
were an internal design pressure of 46 ,000 psi , no rotation at
symmetry lines at the end of the cylinder , and at the end of the

elbow section . An end load was applied to the end of the elbow

section to account for the vertical pressure force not included

in the model. This force was computed as an equivalent negati~.’o

pressure as follows:

AM = Area of end of elbow section = ii~~l2.O68
2 

- 5 . 0 2 )
- -  

A
M 

= 378.991 in 2

= Area riot included in model = ~~ (5 2 ) = 78.540 in 2

- (46 ,000)(78.540)F
E = End load on elbow section = ( 3 7 8 . 9 9 1)

FE 
= 95 32 .7 6 psi

The shrink fit between the liner and the vessel was

h~ifl d1C d in the same me thod as fo r the bottom closure.
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SECTION 3 OF MACI l 14/18 h EATER VESSEL
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5 . 2 . 5  h I U ’ I ’ A ~~ LEI )  ‘J ’ I I N I - : P D  M~ ’DI’IL 1-nE TOP FIN ) OF’ MnL’Ih 1 .1/18
1 1 1 1 / N I E R  VFI S 1;I J , 

— ______ -

A detailed niodel of an individual tooth ~-,u s  use d to

detc’i;~, Inc t h e  d e ta i l e d  sti ess S ta t e  e x i st  i n g  i n  the  most  s e \ — e r C l y
1 eaded ee Lii . T h u s  model i s shown in 1-iq u r ( -~~~2 .  ‘lb’ - lI L T ‘ose i

lo a d  ~nqs  and  b o u n d a r y  d i s p l a c e m e n t s  were  h a n d l e d  in t he  same man-

ner as described in Section 5.2.3.

5.3 DRIVER VESSEL MODELS FOP, ORIGINAL DESIGN

The finite element models used to analyze the orig inal

driver \‘essel design are described in the f o l l o w i n g  s u b s e c t i o n s .

5 . 3 . 1  OVERALL ~ODEL FOR INLET END OF DRIVER VESSEL

A finite element model of the inlet end closure on the

driver vessel was  prepared and used in conjunction with the ANSYS

computer program , Reference 5 , to calculate the maximum loads and

st r esses in  this closure due to the internal operating : ressurc-

loading . t computer—drawn scale plot of this overall model is

shown in Fioure 43. This model is made up of m a n y  t w o - d i m e n s i o n a l

isoparametric (STIR 42) elements. The model consists of five

parts--the liner , the main cylinder , the outer ring, the  nut , asid

the cover. There is a shrink fit of 0.021” on the radius between

the liner and the main cylinder. There is a shrink f i t  of 0.010”

on the radius between the outer ring and the main cylinder . The

liner , main cylinder , and outer ring are shown in Figure 44. The

n u t  is shown in Figure 45. The cover is shown in Figure 46.

The cylindar p a r t  was modeled to a distance of approxi--

ately -
~~~~ beyond the end of the Leper on the cy linder , where is

t~ l I L i  a t t en u a t ion l e n g t h  (see 1-’iqure  44)

t
v mean

- — 

1 .2 85

where F is the mean radius of the cv) inder , and t is the
a ii -

L l t i  ckness.
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As shown i n the F iqurc’~; , th e n u t  and cy 1~ i nder  threads

have 1 Ren ST o le led i nO i vi d un  1 lv . ‘i’he nu t threads a lone are Si i O \ - ,ri

in 1’ i g ilIt’ 4’i , . 5 1 ) 1 1  t h e  tT’ 1’l in tl er threads are sliuwn in Figur -e 44.

T p  1 cal  n u t  and cy i i si t e  r L breads a xe shown i n Figures 47 and  4 ~
respect ivclv . A let nil of one cylinder thread is shown in J ig—

ure  49 , and a de ta  1 of one nut t h re a d  is shown in Figure 50.

1 1 1 1  m e s h i n L i  of the first nuL and cylinder thread is shown in

1-igure 51. The meshing of the threads shown in Figure 51 is t~-’p i-

cal for all of the threads.

The mating pairs of nodes at the nut to cylinder thread

i n t e r s e c t i o n  a re  specified to have the same displacements in t h e

direction perpendicular to the thread tooth surface. This trans-

mits the load from one thread tooth to the other with no sliding

friction between mating threads.

An internal nressure of 60 ,000 psi was applied to the

inside surfaces of the overall i~iodel . The load on each of the
j nO iv i dun I Us s cads -.n i i  Lh se Il (> 1. t . ii  ned from the computer results

The resul t m g  maximum thread load was then used to calculate the

maximl.im stress in  the threads of the inlet end closure by ratio—

ing the stress results obtained from the detailed thread model

for the maximum load on the outlet end closure threads.

5.3.2 DETAILED THREAD MODEL OF FIRST THREAD ON INLET
END OF DRIVER VESSEL

A computer-drawn scale plot of the detailed thread model

for the first thread with an elli ptical undercut for the driver

vossel is shown in Figure 52. This model is made up of many two—

dimensional isoparametric (STIF 42) elements. The thread load on

the first thread from the overall model was converted into an

c ( J u i v a l en t  pressare load and applied to the tooth surface on t:he

detailed model (see Appendix 7A) . The displacements from the

overall model in the vicinity of the first thread were applied

as boundary conditions on the edges of this detailed model. This

detailed model was used to calculate the maximum stresses in  the
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eli i p t i  cal u n der c u t  region of the first thread on the D r i v e r  Y e s —

sc I Inlet l- :rid Closure .

5. 3. 3 D1~ rA I L E D  T I I R E A D  P~~DEL OF A TY P I C~0 ‘ T h R E A D  F O E  D R I V E R

T h i s  detailed model  w as  used to calculatci the ma:-: i

at resses i n  the  t h r e a d  root f o r  both the olitlet and inlet end

closures. The IIIOX i rum thread l o l l  on the outlet ~~sd closure ,., j5

applied to this model , and the r e s u l t i n g  m a x i u , in s t r e s s  at the

thre ad root on the outlet on:l was ca l ac u i ct e d  us tug the Z~NSYS

- . 
‘ co:o-uter program. The maxlmum stress in the thre s: root or t he

inlet end was  o b t a i n e d  l v  r a t i o i n g  the stress res~,1 1)5 ohta I ned

for t h e outlet end using ti-se maximum t h r e a d  l o ad  ~I 1 t  ~ 1 1 0 1 1  1 rom

th e  overall model of t he  inlet end closure .

A c o mp u t e r— d r a w n  scale  plot of the detail ed thr ead :r- E l

f or t l i -  gas a t o raci e vessel  i s shso~-’n in RI gun . 53 , III 5 s mo E- i is

mache up of m a n y  L o ~ dimens tonal isopar metric ( s T I R  4 2 )  el ements
Tue maximum t h r e a d  load on the overall model ~-;as converted i n  to

an eeu~ valont pressure load and appl~ cd to the tooth sun ace on

the detailed model (see Appendix 5B) . The displacements fros: the

o v e r a l l  model  in the v i c i n i ty  of the thread where the maximum

thread load occurs were applied as boundary conditions on the

edges of this detailed model.

5.3.4 OVERALL MODEL FOR OUTLET J-~ND OF DPIYL:R VESSEL

A finite element model of the outlet end closure on the

driver vessel was prepared and used in conjunction with the ANSYS

(:c mJ )ster program , Net e rence  5 , to calculate the m a x i m u m  l o ads  a n d

St r e n s es  Iii Lhi s closure due to the internal operating piossune

loading . A compu t er—drawn scale plot of this overall model is

s1 o\-;n in Fiuure 54 . The model c o n s i s t s  of five parts——the liner ,

the m a i n  cyl incler , the outer ring, the n u t , and the covur . T h e re

is a shrink fit of 0.021” on the radius between the  l i n e r  a n d  the

fl~ 1 Jfl cyl s nder. There is a shrink f it o~ 0.010” on the r a d i u s

- 
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hc t \ -h ’ Is t i s e oiItoi- [1 5 ng ari d the main cylinder. The ii  rs~-r ,
cyl 1 rider , and outer r i r l u are shown in Figure 55. The n u t  is shown

i i i  [-‘inn s 0 Sn , Th e coven is shown in Fi gure  57 .  T h i s  model  con-
sists Ct liIa [IV isoparameLnic (sTIF 42) elements.

The cylinder part was modeled to a distance of a p p r o x i —

niatel’1 ~\ beyond the end of the taper on the cylinder , where  ‘ is
the attenuation length) (see Figure 55)

f ~~~~~~~~~~~~~~~t
- ‘~ mean
I — 

1.285

where R is the mean radius of the cylinder , and t is the thick-mean
ness.

As shown in the Figures , the nut and cylinder threads

have been modeled individually. The nut threads alone are shown

in Fi gure 56 , and the cylinder threads are shown in Fi gure 58.

detail of one cylinder thread is shown in Figure 49 , and a

detail of one nut thread is shown in Figure 50. The meshing of

t u e first nut and cylinder thread is shown in Figure 51 . The

thread meshing shown in Figure 51 is typical. The mating pairs of

nodes between the nut and cylinder threads are specified to have

the same d i sp lacemen t s  in the d i r ec t i on  perpendicular to the tooth

surface. This transmits the load from one thread tooth to the

other  w i t h o u t  a n y  f r i c t i o n  between m a t i n g  t h r e a d s .

An internal pressure of 60 ,000 psi was applied to the

i n s i d e  s u r f a c e s  of the overall model. The load on each of the

individual threads was then obtained from the computer results.

The resulting maximum thread load was then converted into an

ecuivalent) uniform load and  applied to the tooth surface on the

d e t a i l e d  th r ead  model .  In a d d i t i o n , d i s p l a c e m e n t s  f rom the o v e r —

all model in the vicinity of the thread where the maximum thread

load occurs were applied as boundary conditions on th e edges of

t he  d et a i l e d  model .
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5 . 4 MAClI 14/1 8 h EATER VESSEL MODEI ,S I -OR 011Sf GN M01fl 1- I C I - ~i i O I - I S

The finite elements models used to analyze two differ-

ent  d esi q n  m o d i f i c a t i o n s  t h a t  were made Ito increase  the  d e s i g n
life of the bottom end closure on the MAC’h1 14/18 Heater Vessel

are described in the following subsections.

5. 4 . 1 DESCRI I “l’l ON OF DESIGN MODIFICATiONS

Two different bottom end desi gn modifications , which

u t i l i z e  var ious  u n d e r c u t  c o n f i g u r a t i o n s  on the inside end of the

main nut on the bottom end of the M A C I l  14/ 18 Hea te r  Vessel , were
evaluated. The Rev. 1 design modification is shown in Figure 59.

The Rev.  2 desi gn m o d i f i c a t i o n  is shown in Fi gure  6 0 .

5 . 4 . 2  OVERALL MODELS OF’ BOTTOM E N D  D E S I G N  M O D I F I C A T I O N S
FOR MACH 14/ 18 HEATER VESSEL

The ove ra l l  f i n i t e  e lement  model used in the o r i g i n a l

analysis (see Section 5.2.1) was modified in accordance with the

revised d e s i g n s .  Ficiures 61 through 65 show the  revised model
for  the Rev. 1 design m o d i f i c a t i o n . F i g u r e s  66 through 71 show

the revised model for the Rev. 2 design modification . All other

components of the over all model wer e unchanged from the ori ginal
analysis.

5.4.3 DETAILED THREAD MODELS

The same detailed thread models as described in Sections

5 . 2 . 2  and 5 . 2 . 3  were used to ca lcu la te  the maximum stresses in
the  th reads  for the design modifications on the MAChI 14/18 Heater

Vessel bot tom end c losu re .

5 .5  D R I V E R  VESSEL MODElS [-‘OR DESIGN MODIFICATIONS

The finite element models used to analyze four differ-

en t  i n l e t  end design mod i f ication s that were m ade to increase t he

des ign  l i f e  of the  d r i v e r  vessel i n l e t  end c losure  are descr ibed
I n  Use fo l  1o~-i i nq subsec t i ons .

_ _   
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5.5.1 DESCRIPTION OF DESIGN NODIFICATIONS

Four different inlet end design modifications , which

util ize various undercut configurations on the inside end of the

main nut on the inlet end of the driver vessel , were eva lua ted .

These design modifications are shown in Figures 72 through 75.

5.5.2 OVERALL MODELS OF INLET END DESIGN MODIFICATIONS
FOR DRIVER VESSEL

The overall finite element model used in the original

analysis (see Section 5.3.1) was modified in accordance with the

revised designs and used to analyze each one of the design modi-

f i c at ions .  These rev ised models for  each one of the design
modification s are shown in Figures 76 through 85. All other corn-

ponents of the overall model as described in Section 5.3.1 were

unchan ged f rom the orig inal analysis.

5.5.3 DETAILED Th READ MODELS

The same detailed thread models as described in Sections

5.3.2 and 5.3.3 were used to calculate the maximum stresses in

the threads for the design modifications on the driver vessel

inlet  end closure.

6.0 RESULTS

Most of the detailed calculations and results are given

in the Appendices. These results are summarized and evaluated

herein.

6.1 DUCTILE BURSTING ANALYSIS RESULTS

The PVRC ductile bursting pressure formula for thick-

walled cylinders development effort is described in Reference 6 ,

7, and 8. A pressure-expansion relation for an anisotropic thick- -

walled cylindrica l vessel under internal pressure was obLained

based on true—strain considerations. The elastic strains were

- - - - - - --- -~~ . ~~~ - - - _  
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REV . 1 DESIGN
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REV. 3 DESIGN
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REV . 4 DESIGN
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negl ected since they were assumed to be small compared to the
plastic strains; consequently, a l l  ax ial str ain s were neglec ted.
The cylinder was assumed to be of sufficient length so that end

effects could be neglected. The true stress-strain relation was

assumed to have the form o = C
1

I ° + C
2.

Because of the limited material data available , the
material properties are assumed isotropic , and the true stress—

strain relationship is assumed to he a = C1
1~~. A maximum non-

conservative error of ~ 10% can be exoected by mak ing these
simplificat ions. The PVRC formula reduces to:

n
~og ~7

0 ,— *3
ID = 

u v3 (y 2fl 
—

~1 2n- 
— 1

whe re : = bur s t ing  pressure (psi
= ultimate strength (psi)

n = stra in  h a r d e n i n g  exponent
W = wall ratio O.D./I.D.

It can be shown that at the beginning of necking (insta-

bility) , n = c. Therefore , the t rue  u l t imate strain , C
u
, is an

approx imat ion  of n .  Since e = ~og~~( 1+e ’ ) ,  i t  is thus  poss ible
to obtain a fair approximation of n from L

~~~
, the nominal  ul t imate

strain , also called the uniform elongation :

n = ~og~~(l  +

Table 1 contains  the duc t i le  burs t ing  da ta for  the MACH

10 components. All safety factors (ratio) exceed 1.0 , with the

storage vessels having the lowest values (1.6)

6.2 P~ SULTS FOR r~’~\nIFoT Ds

The results for  the h igh pressure  man i f o l d  indicate  a
f a t i gue l i f e  of 1 ,350 cycles based upon a peak stress con d i t i o n
at t h e  intersection of the radial and axial penetrations of the 

— . - - - -~~~--- --- -
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exit m an i f o l d  body .  These r e s u l t s  i n d i c at e  a f a t i gue l i f e  of ¶ O O
cyc les  fo r  the  m a x i m u m  peak s t ress  c o n d it i o n  a t  the i n t e r s e c t i o n
of tf1e r1odial and axial penetrations in the inlet manifold body.

6. 3 RESULTS FOP. MJ~C1I 10 HEATER VESSEL

6. 3. 1 PRIYARY STRESSES IN CYLINDER

The calculated primary stress intensities in the cylin-

der due to an internal pressure of 15 ,000 psi are listed and com-

pared to the allowable stress values in Table 2. As shown in

Tab le  2 , the primary stresses satisfy the basic primary stress

l imi ts.

Table 2

PRIMARY PRESSURE STRESSES IN C Y L I N D E R
COMPARED TO THE ALLOWABLE STR ESS ES FOR

MACH 10 HEATER VESSEL

Stress Calculated Stress , Allowable Streois,
Category psi ps i

P 53 ,128 S = 67 ,500m m
+ ‘

~b 
67 ,897 1.5 S~ = 101 ,200

Stresses in cyl inder are due to an internal  pressure
of 15 ,000 psi.

6.3 .2 FATIGUE EVALUATION OF THREADS

The f atigue desi gn l i f e  ca lcu lated fo r  the hi ghes t

stressed point for the threads on the right end closure is 640
cycles.

The left end closure (nozzle end) had a fa t igue desi gn
Ufe of 1900 cycles based upon the  peak  stress which occurred i n
t h e  b u t t r e s s  t h r e a d s .

____________________ — 
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U. 3.3 FRACTURE MEC H ANICS EVALUATION OF TIIH EADS

A c u r ve of c y c l e s — t o — f a i l u r e  ve r sus  i n i t i a l  de fec t  s i ze
was calculated for the threads on the right end closure . The

r e s u l t i n g  curve  is shown in F igure  86 .

In F ’ i qu r e  86 , the c r i t i c a l  crack depth  ~s 0 . 0 4 8  i n . ,

~~~~~~~ = 100 ks i  /Ii~. These r e s u l t s  i nd ica t e  t h a t  even smal l
i n i t i a l  s u r f a c e  d e f e c t s  on the order of 10 m i l s  deep w i l l  cause

failure in about 400 cycles. Each cycle was assumed to have a

pressure range of 15 ,000 psi.

A curve of cycles—to-failure vs. initial defect size

for the nozzle end of Mach 10 Heater is shown in Figure 87. Fig—

ure 87 shows that a 10 mu initial defect will cause failure in

about 2200 cycles.

6.4 RESULTS FOR MACH 14/18 HEATER VESSEL ORIGINAL DESIGN

6.  4 . 1 P RIM A P Y STRESSES IN C Y L I N D E R  AND LINER

The calculated primary stress in t e n s i t i e s  in the cyl-

inder and liner of the Mach 14/18 Heater Vessel due to an inter-

nal pressure of 46 ,000 psi , and a shrink fit of 0.017” on the

radius between the liner and the cyl inde r are listed and compar ed
to the allowable stress values in Tables 3 and 4. As shown in

these tables , the primary stresses in both the liner and the

cyl inder exceed the basic  primary  st ress l imi ts .

Table 3

MAClI 14/18 HEATER VESSEL LINER STRESSES
COMPARE D TO TIlE ALLO~-?ABLF STRESSES

Stress Calculated Stress , Allowable StroCs ,
Category Psi

P 95 ,5~~8 S = 80 , 000
in m

P + P 121 , 560 1 . 5  S = 120 , 000m b m

~ I re ; ; ( C ;  i n  .1 i i i e i  1 I e  Clue h o i n te r n - il ; ‘ I c ; n u r e  oh 41 , 000
p~ i a n d s h ri n k f i t  of 0.017’ ( I f l  r a ( 1 I u s .

__________________ —-- -- — -~~~~ --~~~ - ~~-- - - - -— - ‘ -  —- ---- --~~~~~~~~~~.--. - - - - - - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Table 4

MACH 14/18 HEATER VESSEL CYLINDER BODY STRESSES
COMPARED TO THE ALLOl-TT~BLE STRESSES

Stress Calculated Stress , Allowable Stress ,
Category psi psi

P 82 ,886 S 72 , 500
in m

p ÷ p 107 , 086 1.5 S = 108 ,750in b m

Stresses in cy linder body are due to internal pressure
of 4 6,000 psi and shrink fit of 0.017” on radi us.

6 . 4 . 2  FATIGUE EVALUATION OF THREADS

The fa tigue design lives calcula ted for  the th reads  on

the top and bottom ends of the MACH 14/18 Heater Vessel are

listed in Table 5. As shown in Table 5, a f a t i gue de sign life of
70 cycles was obtained for the threads on the top end , and a
f a t i gue desi gn l i f e  of 136 cycles was obta ined f or the bottom end.

These des ign lives were calculated ass uming that in ea ch pressure
cycle , the pressure changes f rom zero to 4 6,000 psi and back to

zero.

Table 5

FATIGUE DESIGN LIFE OF THREADS
ON MACH 14/18 HEATER VESSEL

Stress 
— 

Calculated Fatigue
Location Range , psi Desi gn Life , cycles

Top End Inner  4 67 ,501 70
Plug (1s t Thread)

Top End P.V. 204,127 650
Wall (1st Thread)

Bottom End P.V. 378 ,338 136
Wa l l  ( 2nd Thread )
Or i ~~~~~~~~D~~~~cj n 

_ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
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6.4.3 FRACTURE MECHANICS EVALUATION OF THREADS

Curves of cycles to failure versus initial defect size

were calcula ted for the threads on the top and bottom ends of the

~-IAChI 14/18 Heater Vessel.

The res ulting curve for the bot tom end is shown in
Figure 88. in Figure 88, the critical crack depth is 0.01779 in.,

and K
IC = 100 ksi /Th~ .

The resulting curve for the top end is shown in Figure

89 . In Figure 89 , the critical crack depth is .0116 in., and
= 100 ksi /in.

6.5 RESULTS FOR DRIVER VESSEL ORIGINAL DESIGN

6.5.1 PRIMARY STRESSES IN CYLINDER AND L I N E R

The calculated primary stress intensities in the cylin-

der and liner of the Driver Vessel due to an internal press ur e of
60 ,000 psi and a shrink fit of 0.021” on the radius between the
liner and the cylinder are listed and compared to the allowable
stress v a l u e s  in Tables 6 and 7. A s shown in these tables , the

prima ry  stresses in both the liner and the cyl inder  exceed the
basic primary stress limits.

Table 6

LINER STRESSES COMPARED
TO THE ALLOWABLE STRES SES

Stress Calculated Stress , A l l o w a b l e  St ress ,
Category psi Psi

94 ,677 S = 80 ,000

132 ,750 1 .5 S 120 ,000

St r ( - ) ; s C s  i n  l in e r  ~i re  duo to i n t e r n a l  p r e s s u r e  of
60 ,000 p s i  and s h r i n k  fi t of 0.021” on radius.

L _ _ _ _ _ _ _— - S -- — - - - _~t~~~~4_ ~~~ - - 
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Tab le  7

CYLINDER BODY STRESSES COMPARED
TO THE ALLOWABLE STRESSES

Stress Calculated Stress , Allowable Stress ,
Category psi

73 ,604 S = 72 ,500

“ rn + 
~ b 100 , 363 1.5 S = 108 ,700

Stresses in cy l i nder body are due to in t e r n a l  pressure
of 60 ,000 psi. and shrink fit of 0.021” on radius.

6 . 5 . 2  FATIGUE EVALUATION OF THREADS

The fatigue design lives calculated for the threads on

the outlet and inlet ends of the driver vessel are listed in

Table 8. A s shown in Tab le 8, a fatigue des ign l i f e  of 680

cycles was obtained for  the threads  on the out let en d , and a

fatigue design life of 133 cycles was obtained for the inlet end .

These design lives were ca lcu la ted  assuming  that  in each pressure

cycle , the press ure changes from zero to 60 ,000 psi and back to

zero .

Table 8

FATIGUE LIFE OF THREADS IN
DRIVER VESSE L

Stress Calculated Fatigue
Location Range , ps i Des ign L i f e , cycles

Outlet End 215 ,192 680
( 2nd Th read)

Inlet End 380 ,900 133
(2nd  Thread)  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Table 9

FATIGUI~ LIFE OF THREADS ON
UNMOE-IFI~~D DRI V E P~ VESSEL FOR

PRESSURE OF 60 ,000 psi

Location Stress Fatigue Design

____________________  

Range , psi Life

Outlet End
(No Friction) 215 ,192 680 Cycles

Outlet End
- ‘ With Friction 238 ,968 532 Cycles

Inlet End

—_
(No Friction) 380,900 133 Cycles

Inlet End
With Friction 

423 ,060 100 Cycles

Table 10

FATIGUE LIFE OF THREADS ON
UNI’~ODIFIED DRIVER VESSEL FOR

PRESSURE OF 47 ,500 psi

Locat ion Stress Fat igue Design
-___________________ — 

Range , psi Life

Out let End -

(No F ri ct i on)  170 ,360 1,000 Cycles

Outlet End
N~~th Friction 

189 ,183 856 Cycles

Inlet End
(No Friction) 

301 ,54 6 27 0 Cycles

in l et  End
W i t h  1-’riction 

334 ,923 195 Cycles 

, i.I .~~~~~
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‘ J i l l -  et tec t 01 t i  i c t  ion l I et w e e l l  t h r e a d s  was also inve s—

t i ~j a t e . i .  T h e  Iaticjue desjqn life results for a coefficient of

tr ict ion eq u al  to Tan (7°), (0.122785) , are listed with the

results ter no f r i c t i o n  fo r  p re s su res  of I~0 , 000 psi and 47 , 500
j ) S 1 in  T a b l e s  q and  10. Th ese results indicate that friction bUS

a deleterious effect on the fati gue design life of the threads.

A curve of remaining fatigue desi gn l i f e  vers us ap p l i ed
internal pressure was calculated and plotted for the existing

outlet end driver vessel design using a coefficient of friction

of 0.122785 (Tan 7°) between the threads. The resulting cur\’e

is shown in  F i g u r e  90 .

6. 5 . 3  FRACTURE M E C H A N I C S  EVALUATION OF TH READS

Curves to cycles to failure versus initial defect size

were calculated for the threads on the outlet and inlet ends of

the  d r i v e r  vesse l .

The resulting curve for the outlet end is shown in  Fiq-

ure  91. In Fi gure 91 , the c r i t i c a l  crack dep th  is 0 . 0 5 4 9 9  i n . ,
an d K IC = 100 ksi ~

,

The r e s u l t i n g  curve for  the i n l e t  end is shown in F ig -

ure 92. In Figure 92 , the critical crack d e p t h  is 0.01755 in.,

and K IC = 100 /in.

These results indicate that initial surface defects on

the  order of 10 mi l s  deep w i l l  cause f a i l u r e  in abou t  500 cyc les

fo r  the ou t l e t  end thread s ari d in about 48 cyc les  f o r  the  i n l e t

end t h r e a d s .  Th i s  assume s t h a t  the p re s su re  r ange  is  ~I 0 , 000 psi
in each cycle.

A curve of cycles to failure versus initial defect size

for the existing outlet end driver vessel design based on an

in te rna l  pressure of 45 ,000 psi and using a coefficient of friction

e~~i i.t1 to 0. 1227H5 (T an 7°) is shown in I-’igure 93.

_______  ____________  _- - - - —~~~~~~~~~~~~~~ -~~ - -~~~
_
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6 1?I~ iULT S FOR BOTTOM E N D  D E S I G N  MODI F IC ~~~TI TONS ON MACli 1 4/1 8
I I F A T E R  V 1- S SE L

Two d i f f e r e n t  d e s i g n  m o d i f i c a t i o n s  to the bottom end of
the M A ClI  14/ 18 Hea te r  Vessel were e v a l u a t e d .  The d i m e n s i o n a l
detail s ot~ the  design m o d i f i c a t i o n s, wh ich  employed two dif ferer t

undercut confi gurations on the inside end of the main nut on the

bottom end closure , are shown in Figures 59 and 60. In this c-’-.’al —

untion , the remaining fatigue design life for each desi gn modifi-

cation was calculated. This was accomplished by calculating the

current usage factor for the critical thread for each design mod i-

fication . Then , a usage factor of 1.0 minus the current usage

factor mul ti plied by the fatigue design life of the d e s i g n  modi-
fication being considered determines the remaining design life

for each particular design modification . The current usage factor

for each thread was determined from a curve supplied by the Naval

Surface Weapons Center.

In the initial evaluation of these design modifications ,

the same calculation techniques that were used in the orig inal

analyses were employed. Fatigue des ign life predictions were
made for the unmodified design and for the two design modifica-

tions using the same detailed finite element thread model with

geomet ry typical of the second and subseq uen t thre ads .  Thus ,

the elliptical undercut for the first thread was not taken into

account in the initial evaluation of these design modifications.

The results obtained from this initial evaluation are

shown in Tables 11 through 14. The thread load and maximum

stress range for selected threads for each particular design are

shown in Tables 11 t h rough  13 . The resul ting fa tigue desi gn lif e
S remaining on the MACH 14/18 Heater Vessel Bottom End for each

desi gn modification is summarized in Table 14.

— Since the results shown in Table 14 indicate that

the re is no f a t igue life remaining in any  o f these de signs due
to the hi gh stresses in  the first thread , the ori ginal desi gn

~

-- -- -

~

- - - --~~~~~~~~~ —-----~~~ -.- - - - ~~~~~~ - -— —~~~~~— ~~~~-- ~~~~— - -  —-.--— 



130 O’ DONNELL & ASSOCIATES. INC.

ENGINEERING DESIGN & ANA L YSIS SERVICES

T~~I,lc 11

~ 14/18 }I1 ..r ’ l J S R  VFSS~I - ; I ) BO’1’T~ I 7 . ~ 1 : - n )
()“I GLNA! , I - f  IGN — -1 6 ,000  psi

I’hre~~d ‘l’hread Load St r u S s  Ran g e
No . (lbs/Rad Lin) (ps i )

1 I 351 , 4 6 8 .  765 , 5 3 2 .  
— — — - - 

-—______________

352 , 199.  378 , 338 .

4 265 ,715. 281 ,467.

7 2 0 0 ,3 5 0 .  2 0 2 , 2 4 2 .

10 154 , 211. 144 , 921 .

Table 12

M 14/18 h EATER VESSI-:L i~flT’1’OM END
Rev.  1 Design — P = 46 ,000 ps i

1~~~ 
—

~~~~~~~

‘l’hread Thread Load Stress Range
No.  ( l b s/ R a d i a n )  ( p s i )

1 61 , 2 0 8 . 4  568 , 60 8.

7 270 ,307. 312 ,939.

Table 13

N 14/18 h EATER VESSEL POTTOM END
Rev. 2 Desiqn — P = LtE , 000 psi

rllhread Thread Load Stress  Range
No .  ( l b s/ R adi an ) (ps i )

1 0 487 ,929.

4 115 , 7 5 3 . 2  300 , 9 4 8 .

10 270 , 0 6 6 .  311 , 3 2 6 .

- -- -~~~ - 
~~~~~~~~~~~~~~~~ .. - - . - ~~~~~~~

_ 
~~~~~~~~~~~~~~~~~ -
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and the  Rev .  2 design modification were re-evaluated using a

detailed finite element model of the  f i r st  t h r ead  which  accounts
fo r  the  e l l ip t i c a l  u n d e r c u t .  The de t a i l ed  th read  model descr ibed
ii i  Sect ion  5 . 2 . 2 , which  i nc ludes  the e l l ip t i ca l  u n d e r c u t  on the
f i r s t  t h r ead , was used to c a l c u l a t e  the m a x i m u m  s t resses  in the
first thread . The same de ta i led thread mode l , which has geometry

typical of~ the second and subsequent threads , was used to calcu-
late the maximum stresses in the threads other than the f i r s t
th read .

The results obtained from this evaluation procedure

are shown in Table 15 through 17. The thread loads and maximum

s t ress  ranges for  the ori g ina l  desi gn and the Rev. 2 design mod i-

fication are shown in Tables 15 and 16. The resulting fatigue

design life remaining on the MACH 14/18 Heater Vessel Bottom End

for these two designs is summarized in Table 17. Comparing these

resul t s w i t h  those given in Tables 11 , 13 , and 14 indicates that

the  maximum ca lcu la ted  s t ress  in the f i r s t  thread is sig n i f i c a n t l y
reduced when the e l l ip t i c a l  undercu t  on the f i r s t  th read  is t a k e n
in to  accoun t .  When the e f f e c t  of the elliptical undercut is

in cluded in the st ress  ca lcu la t ions, the cr it ical  stress no longer
occur s in the f i r s t  thread but s h i f t s  to the second and f o u r t h

th read s as shown in Tables 15 , 16 , and 17.

The ef fect of friction between threads was evaluated

fo r the Rev. 2 des ign  m o d i f i c a t i o n  and also fo r the orig ina l
desi gn. T1ie effect of friction on these two designs , based on a
cc)efficient of friction of 0.122785 (Tan 7 0) is shown in Table  17.

A s shown i n Table 17 , th i s  evalu ation was based on a pressure of
28 ,000 psi,

The average bearing stress across the lower face of

the Rev. 2 Bottom End Nut  des ign must be less than the yield
strength of the nut material. To meet this bearing stress limit ,

th e maximum operating pressure must be reduced to 28 ,000 psi.

For an internal pressure of 28 ,000 psi , the tot al pressure load 

-—- - - - ~~~~~~~- -- ~~~---~~~ -----— —-- - -- -—- -—-~~~~~~.- - ,~~~~~~~~~~~~~~ - -~~~~~~~ --— —- 
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Table 15

M 14/ 18 h EA TER VESSEL BOTTOM END
Original Desiqn — P = 46 ,000 osi

Thii~~ad Load Stress Range
No.  ( lbs/ Rad i a n )  ( psi)

1 356 ,468. 308 ,628. *

2 352 ,199. 378 ,338.

4 2 65 ,715. 2 81 ,467.

I

7 200 , 350.  202 , 2 4 2 .

10 154 , 211. 144 , 921 .

*Maximum Surface Stress I n t e n s i t y  From Model
W i t h  E l l i 1it ical Undercut

Table 16

N 14/18 HEATER VESSEL BOTTOM END
Rev.  2 Desi gn — P = 46 , 000 psi

Thread Load Stress Range
No. (lbs/Radian) (psi)

1 0 l19 ,5 4 7 . *

2 0 168 ,191.

4 115 ,753.2 300 ,948.

10 270 ,066. 311 ,326.

*Maximurn Surface Stress Intensity From Model
W i t h  E l l i p t i c al Undercut
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on the lowe r face  of the  n u t  is:

F = ~~( 2 4 ) 2 (28 ,000) 12 ,666 ,901.58 lbs

Therefo re , the bea ring stress is :

12 ,666 ,901.58 -C) . — -  - - = 129 ,823. Isibearing I I [ ( 1 3 . 7 5 ) ’  — (12.57)~~]

T h i s  i s  si i c jh t l y  less t h an  the y i e ld  s t r e n g t h , S :

= 130 , 000 psi

Th us , th ìe  m a x i m u m  operating i ressure must he limited Is o 28 ,000
• psi , to sa t i sf y  t h i s  h e a r i n g  s tress l i m i t .

U ti l i z i n g  the mod i f ied des ign stress intensity limits

of Section 3.2 , the l ineari zed membrane an d membr ane p lus  bend in g
stress intensities for Section A-A in Fi gure 60 fo r  i n t e r n a l  pres-
sures of 28 ,000 psi and 22 ,000 psi are

PRESSURE

28 ,000 psi 22 ,000 psi

= 88,605 psi 69 ,618 psi < 1.5 S~ = 116 ,250

+ 
~b 

= 167 ,07 3 psi 131,272 psi > 1.5 S

UTS*Sm 
= = 77 , 500 psi

At 22 ,000 psi internal pressure the comb ined stresses
are always compressive , less than ultimate and about equal to the

yield stress. Furthermore , the bending stresses are of a second-

ary classification. It is concluded that the design is satisfac-

tory for internal pressure not exceeding 22 ,000 psi.

A f r act ure mech anics  e v a l u ati on of the Rev. 2 Bot tom
End des i gn was performed for the reduced operating pressure of

28,000 psi. The resultinq curve of cycles to failure versus

m i t  i a l  d e f e c t  s i z e  fo r  t h i s  d e s ign  is shown in Fi gure  9 4 .  The 
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ef f e c t of f r i ction using a coeff icient  of f r ict ion equa l  to

0 . l 2 2 7 ~~5 (Tan 7 0 )  is inc luded  in t h i s  curve .

A curve of rema ining f a t igue desi gn life versus applied
internal pressure was calculated and plotted for the Rev. 2
Bottom End design using a coefficient of friction of 0.122785

(Tan 7°) between the threads. The resulting curve is shown in

Figure 95.

The detai led calculations and results fo r the MACH
14/18 Heater Vessel Bottom End design modif ications including the
resulting thread load d is tribut ions for each desi gn are g iven in

• Append ix 6A.

6.7 RESULTS FOR INLET END DESI~ N MODIFICATIONS ON DRIVER VESSEL

Fou r d i f f e rent inlet end des ign modifications , which

ut i lize various undercut conf igurations on the inside end of the
main nut on the inlet end , were evaluated. In this evaluation ,

the remaining fati gue des ign life for  each design modi f ication

was calculated . This was accomplished by calculating the current

usage-factor for the critical thread for each design modification.

Then , a usage factor of 1.0 minus the current usage factor multi-

pl ied by the f a t i gue design l i f e  of the design modif ica tion be ing
con sidered determines the remaining design life for each particu-
lar des ign modific ation. The current usage factor for each
thread was determined from a curve supplied by the Naval Surface

Weapons Cen ter .

The resulting fat igue design life remaining on the
dr iver vessel inlet end for each des ign modification is summa r-

ized in Table 18. The dimensional details of each design modi—

fica tion are also shown in Table 18. The results given in

Table 18 indicate that the Rev. 4 design modification Produces

the largest increase in the rema ining fatigue desi gn life on
the d r i v e r  vessel i n l e t  end .  The e f f e c t  of f r i c t i o n  between

thread s was eva luated for this Rev. 4 design modification and
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al so  t or  t h e  o r i g i na l  Ces o w.  The i - t I  / 1 ~~~t o~ f r i c t  ion on t Ilese

t wo  desi-ins , based ( - I i  a c/ ef f i c ie nt 01  I i  iction ‘ I! 0.122785

(Ta n 7° ) , i s shown i ri ‘i si L I e  18. As shown in T a b l e  18 I I i  S

evaluation was bas~-d on a pressure o f  47 ,500 I S ! .

For an i n t e r n a l  prl- Ssure ot 1 0 ,000 ,‘si , the :4 / - I  d ( J O

l a - a t  m u  S t  ross across the lower f~ m c o  of th e  }
~ev . 4 Inlet End l I l t

d e s i gn exceeds y i e l d .  1-or an in t e rn ~~1 ~, r ( - r S ~ I r t -  of 4 0,000

the to t a l  pressure i c / a d  on t h i s  s u r fa c e  is  27 , 1 4 3 , 31 - 0 . 5 3  l L n .
Therefore , the bearing stress is:

‘7 1.13 361) 53= , 
— 

, . = l ’F’ 000 si Sbearing ~ (J5 .755 - 14.252) - ,  

~ACT
= 141 ,570 psi

ACT
S~ = Act u a l  Y i e l d  S t r e n g t h  of the  ~ u t Ns~t er i ai

ACT

To isseet the bearing stress limit , the maximum operatin~ prersore

mus t be reduced to the f ol l c~u- ing:

(P - ) = 
l4 1

~~
570 (6o 000) = 4 4 ,2 4 0 . 6  D S i

design 192 ,000new
This is almost 45 ,000 psi. Therefore , the fracture mechanics

evaluations of the Rev. 4 Inlet End design was based on ari inter-

na l  pressure of 45 ,000 psi.

The resulting curve of cycles to failure - craus initial

defect size for this design is shown in Figure  96 . ~he e f f e c t
of friction using a coefficient of friction enua l to 0.122785

(T an 7°) is included in this curve .

A curve of remaining fatigue design life versus a:olied

internal pressure was calculated and elotted for the Rev. 4 inlet

End desi gn using a coeffic ient of friction of 0.122785 (Tan 7°)

between the threads. The resulting curve is shown in Fi gure ~7.

The detailed calculations and results for the inlet

end design modifications including the resulting thread 1 (101

dist r ibut ions for each design are given in Appendix 7.’~. 
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6.8 PERIODIC INSPECTION OF CRiTICAl. A R E A S

I t  is rec orwnec lL ic - Li t h at c r it  i c a l  a reas  of the  d r i v e r
and h e a t e r  vesse ls  be i n s p e c t e d  p e r i o d i c a l l y  to increase  conf i -
dence t h a t  no flaws near critical size are present. Based on the

a s s u mp t i  eu t h a t  an in~ t i a l  f l a w  d e p t h  of 15 mils is I-resent and

that I. l i i  s d e l c o  C i ~-; c l o t  f o u n d  on the  f i r s t  i n s pe ct i o n  , it is

recom m ended t h a t  i n s p e c t i o n  he p e r f o r m e d  ‘.- .hc-n

0.5 a - a .  n
i max ,i — 

* 1 / 1
1n/2  ~ 0 fref  o *

Table 19 i n d i c a t e s  wha t  va lues  are to be used in the above equa-

t ion . Also shown are  the number of f u l l  p res su re  cycles r e q u i r e d
to ex tend  a 15 mi l  d e f e c t  to the critical size. The detailed

d e r i v a t i o n  of the above e q u a t i o n  is g iven in A p p e n d i x  BA.

7.0 SUMMARY AND CONCLUSIONS

Based on the r e s u l t s  g iven in Sect ion 6 . 0  ol t h i s  r epor t ,
it is concluded t h a t  the th readed  pressure  vessels  in the wind
t u n n e l  f a c i l i t y  have l i m i t e d  f a t i g u e  l i f e  due to the hi gh s t ress

c o n c e n t r a t i o n s  at the root of the t h r ead  root r a d i i  in the
threaded end closures. Desi gn modi f i c a t i o n s  we re made to the
most critic al end closures (Bottom End of MACI-I 14/18 Heater Ves-
sel and Inlet End of Driver Vessel) which increased the design

life of these pressure vessels. To further increase the desi gn

life of these threaded pressure vessels , the operating pressure

was reduced to the maximum values listed below :

t-’ 51x!fl’flm T n t  c - m r / I
Pr e s su re  Vessel Op e r at i n y  Pressure , psi

Mach 10 IIea~~cr Ve~;scl 12 ,000

Nacl ~ 14/18 heater Vessel 22 ,000

Dr i ver Vesse l 40 ,000 
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U s i n g  the r e s u l t s  for  the  modified pressure vessel
des i gn s oper ated  a t the foregoing reduced operating pressures ,

1:L- riodjc inspection requirements were established which account

for variable pressure cycling arid mean stress effects.

The combined e f f e c t  of the des ign modifications , reduced

operating pressures , and periodic inspection requirements is to

il/ cr ease the desi gn life and confidence in the safety related

structural integrity of the threaded pressure vessels in the

wind tunnel facility.
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