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A B S T R A C T

The need for intensive research on an aspect of hand-laid-up vessels was 

considered relevent for validating the theory provided in a locally used 

vessel design Standard. This resulted in the stress concentration around 

an axisvmmetrical ly placed nozzle o.. & hemispherical dome being analysed.

The 1 OS** mm diameter dome and the 100 mm diameter nozzle attachment were 

designed according to BS 4994 (1985) for a test pressure of 2 bars. The 

construction was of chopped strand mat and woven roving cloth larinated 

with Derakana -'0-3e vinyl ester resin using the handlayup manufacturing

techni^ju>-.

7h« hemisphere -as hydraulically tested up to a pressure of 1.6 bars at 

J 1 bar interv.il* Strain readings were obtained in both the hoop and the 

-!«ndtonal directions, m s i i e  and outside the vessel wall. The data ob- 

-•"'•«d parts ittei the ^termination of the the midpline strains , curva- 

^r«s, forces. uo««nts and stresses using the principles of Classical 

Lamination Theory.

Ar. ai.ilysis -is -naae of the bending and plane stress components together 

a r} ; r . s ;n of the experimental results with those obtained us in^

two isotropic computer models.

’ » fir.'i.'igs have provided information regarding the use of symmetrical

1 irr mates on the v«»s*! wall and th« asymmetrical laminate requirement of 

t-.e r.oz.-.l* overlay region. The validity of using simple FEM models to 

pr.v1i-.r *. •;« stress distribution around the attachment is shown with proof 

vhat the BS -994 vessel da'.lgn code provides theory adequate for the design 

or noz;:l« overlay* on internally pressurised hemispherical domes.



A C K N O W L E D G EM EN T .

My thanks go to the following companies ir.d members of the University for 

the assistance and generous financial support which they provided for the 

duration of my Masters Degree.

Mr. A. Mitchell 

Mr. S. Harold

Mr. R. Schaapars

:Acoustical Fibreglas? Insulation *^ty) Ltd. 

:Acoustical Fibreglass Insulation (Pty) Ltd. 

for the donation ot glass remforc^aiants 

for their encouragement and financial »s»Utanr.«

DOW Chewico1s (“ty! Ltd 

for the donation or resin

Mr. A. Carter 

nr. r. Kirkwood

Drs. R. J Fritz

• V lbrewound (Pry) Ltd 

: Fibrevound (Pty) Ltd.

* for advice and the construction of the hemisphere

School if Mechanical Engineering

• for his guidance and advice

Members of the Mechanical Engineering Workshop

- for their assistance in setting up the testing rig

Ms J. S. Attwood

Ms. J. M. Botha

Coaputer Centre

• for her assistance in software deveiopownt

• for her continual support in adittlng the thesis 

: Cooputer Centre

• for her unfailing patience in t j p t t  »y thesis

I wish to also extend wv si cere thanks to the members of the Reinforced 

Plastics/Ccraposites Facility and >arti ilarly to my supervisor. Mr C. 

Dijsnntakos who for the past two ye*rs 1 1 * been a source of unfailing en- 

coura^iiment and assistanct In the furthering of my academic career For 

this, I am extremely grateful

Acknowlodgements iv



D E D I C A T I O N

This work is dedicated to my parents, Jim and Magdeleine, for 

the abundant love and guidance which they have always given me, 

and to my dear wife, Julie, whose patience and encouraging words 

strengthened me during the difficult stages of the projcct.

To my late brother, David. The fond memories of the times we 

shared together remain. May Love never seperate us.

Dedication v



t a b L e  o f  c o n t e n t s

1 .0  I N T R O D U C T I O N  ....................................................................................... 1

1.1 L i te r a t u r e  S u r v e y  .................................................................................  3

1 .1 .1  Pressure Vessei Design Procedures .................................  3

1 .1 . 2  Stress Concentrat ions A round  Nozzle At tachments  . 8

1 .2  Purpose and Aims ...................................................................................  13

2 .0  P R E P A R A T IO N  AND T E S T  PROCEDURE ...............................  15

2.1 Design of the Hem isphere /N ozz le  test ing  r ig  .....................  15

2 .2  Determinat ion ot the Mechanical Propert ies  of  the Materials

used ................................................................................................................ 18

2 .2 .1  P r e - T e s t  Specimen Analysis  .................................................. .. 18

2 .2 .2  Post -Test Hemisphere Wall Analysis .................................  19

2 .3  Prepara t ion  of the Test  Rig and Equipment ........................  21

2 .4  Test  Procedure ........................................................................................  28

2 .5  Processing of Data .................................................................................  31

2 .5 .1  Correct ion  of  the Exper imenta l  Stra ins  ........................  31

2 .5 .2  Lamination T h e o ry  ........................................................................ 33

2 .5 . 3  Element Laminate S t r u c t u r e  ..................................................  34

2 .6  B r ie f  Descr ipt ion of the Computer Models ..........................  35

3 .0  RESU LTS A ND O B S E R V A T IO N S  ..................................................  44

3.1 Dimensional  and P ro p e r ty  C h aracte r is t ics  of  the Stra in

Gauge Laminate Elements ..............................................................  45

3 .2  Midplane C u r v a t u r e  D is t r ib u t io n  ................................................ 52

3 .2 .1  Midplane S tra in  D i s t r . j u t i o n  ................................................ 54

3 .3  D is t r ibu t ion  of  Uni t  Forces ............................................................ 57

3 .4  D is t r ibu t ion  of Unit  Moments ....................................................... 59

3 .5  Stress D is t r ibu t ion  A ro u n d  the Nozzle .................................  62

3 .5 .1  Hoop Direct ion ..............................................................................  62

3 .5 . 2  Meridional D irect ion ................................................................... 65

3 .6  Contr ibut ion  of  Stress Components (B end ing  and Plane) 68

3 .6 .1  Hoop Direct ion .................................................................................  68

3 .6 .2  Meridional  Direction ................................................................... 71

Table of Contents vi



3.7 Isotropic Model Comparisons ............................  74

3 .7 .1  Hoop Direct ion ............................................................................... 74

3 . 7 . 2  Meridional  Di rect ion .....................................................................  76

4 .0  D IS C U S S IO N  .............................................................................................  77

A P P E N D IX  A.  DESIGN OF THE H E M IS P H E R E /N O Z Z L E  TEST

RIG ..............................................................................................................................  91

A. 1.1.1 Operating and design conditions .................... 95

A.1.1.2 Materials .............................................. 95

A.1.1.3 Resin ..................................................  95

A.1.1.4 Hemisphere/Nozzle dimensions .......................  96

A . 1.1.5 Material Properties ..................................  96

A. 1.1.6 Wall Structure of the Hemisphere ................... y/

A . 1.1.7 Determination of Wall Laminate .....................  98

A . 1.1.8 Nozzle Compensation ..................................  >9

A. 1.1.9 Overlay Laminate Construction .................. . 10i

A P P E N D IX  B. M A T E R IA L  P R O P E R T IE S  ................................................  103

B.1 Post test lamindie analysis ............................................. .. 109

B.2  Normalizat ion of the resul ts  .........................................................  111

AP P EN DIX  C .  L A M IN A T E  S T IF F N E S S  M A T R IC E S  AND

STRESS FACT O R S  .............................................................................................  114

C.1 Laminate st i f fness Matrices .........................................................  114

C .2  BS 4994 Stress Concentrat ions ..................................................  115

C .3  Stress Calculations Using BS 4994 ........................................  115

C . 4  BS 4994 . (1987) : Hemisphere  Uni t  Loads ........................  116

C .5  Stress Reducing Factors ( S R F )  ........................ .........................  117

A P P E N D IX  D. T A B U L A T I O N S  OF 7HC T E S T  RESULTS ..............118

D.1 T he  Tabu la ted  Exper imenta l  Results ...................................... ....119

D .2  The  Corrected  Stra in  Values ...........................................................120

D .3  T he  Tabulat ion  of the Processed Data ........................................121

D .4  The  A ,  B and D Matrices  of Arm B ...................................... ....122

Table of Contents vii



AP P EN D IX  E. P R I N T O U T S  OF THE C O M P U TE R  MODEL  
O U T P U T S  AND PROGRAMS ...................................................................

E.1 Basic Isotropic  Model ....................................................................

E.2 Basic Isotropic  FEM Model ........................................................

E.3 Lamination T h e o ry  Program -  8 IG F O O T  .........................

E .4  Graphics  Computer  Program -  B IG P L O T  .........................

E .5  O u tp u t  from the T ru n c a te d  Hemisphere  Model ( 1 . 6

bars P ressure )  ................................................................................

E .6  O utp u t  from the FEM Hemisphere Model (1 .6  bars

Pressure) ............................................................................... .............

F..7 Basic : T ru n c a t e d  Hemisphere Computer  Model . . . .

L .8  Basic : FEM Hemisphere Computer  Mcdel ............

E .9  Pascal : Lamination T h e o r y  Program .................................

E .10  Pascal : Graphics  C u r v e  Plott ing Program ................

A P P EN D IX  F.  A R T I C L E  4 - 3  A N A L Y S IS  OF S P H E R IC A L  

SHELLS ...............................................................................................................

A P P EN D IX  C.  FLOW D IA G R A M S  OF T H E  CO M PU TER  

MODELS ..............................................................................................................

AP P EN D IX  H. DRAWINGS OF THE T E S T I N G  RIG 

A P P E N D IX  I .  REFERENCE ..................................................



L IS T  OF IL L U S T R A T IO N S

L IS T  OF F IGURES

Figure 1. Nominal dimensions of the test rig ............. 16

Figure 2. Dimensions of elemt .s of the nozzle region ... 17

Figure 3. Detc Is of strain gauge arms ................. .. 26

Figure 4. Elements of the first principles computer model. 37 

Figure 5. Element dimensions for the first principles

computer model ....................................  38

Figure 6. Principle element and relevant variables for the

FEM computer model ...............................  40

Figure 7, Elements and displacement directions for the FEM

mmnttrjor nrnripl , , s ,...............................  4!

Figure 8. Layout of the strain gauge arms ................. 46

Figure 9. Distribution of the wove.i roving in the compen­

sation region .....................................  48

Figure 10. 4-Gauge bridge with one active gauge ..........  104

Figure 11. Flow chart of the first principles computer

model ............................................... 155

Figure 12. Flow chart of the FEM computer model ..........  157

JList of Illustrations ix



LIST OF GRAPHS

Graph 1. Distribution of Hoop Curvature ...................  51

Graph 2. Distribution of Meridional Curvature ............  51

Graph 3. Distribution of the Midplane Hoop Strain ........ 53

Graph A. Distribution of the Midplane Meridional Strain . 53

Graph 5. Distribution of the Hoop Unit Forces ............  56

Graph 6. Distribution of the Meridional Unit Forces .....  56

Graph 7. Distribution of the Hoop Unit Moments ...........  58

Graph 8. Distribution of the Meridional Unit Moments .... 58

Graph 9. Distribution of the Hoop Stress (inside) ........ 61

Graph 10. Distribution of the Hoop Stress (outside) ......  61

Graph 11. Distribution cf the Meridional Stresses (inside). 64

Graph 12. Distribution of the Meridional Stresses (outside) 6*4

Graph 13. Trends of the Hoop Stress Components (inside) .. 67

Graph 14. Trends of the Hoop Stress Components (outside) . 67

Graph 15. Trends of the Meridional Stress Components

(inside) .............. ..............................  70

Graph 16. Trends of the Meridional Stress Components

(outside) ..................... . 73

Graph 17. Isotropic Models Stress Comparison (Inside Hoop). 73

Graph 18. Isotropic Models Stress Comparison (Outside Hoop) 73

Graph 19. Isotropic Models Stress Comparison (Inside Merid) 75

Graph 20. Isotropic Models " ess Comparison (Outside Merid) 75

List of Illustrations



LIST OF PLATES

Plate 1. Components of the test rig ...............

Plate 2. Strain gauges attached inside the vessel

Plate 3. Strain gauges attached outside the vessel

Plate 4. Detail of nozzel backing flange .........

1st of Illustrations





1 .0  I N T R O D U C T I O N

South African industry over the past decade has xperienced 

substantial growth in the use of Glass Reinforced Plastics (GRP) 

in the chemical process industry. To a large extent this can 

be attributed to the chemical resistant properties of the resin 

systems used and the versatility of the material, which permits 

a vast range of applications in this sector of industry. The 

question which remains however is, " What is the design basis 

for the introduction of GRP to the chemical industry, partic­

ularly in the vessel and tank market ? "

Considerable progress has oeen made in the development of math­

ematical models for analysing the fibre/matrix systems in aero­

space technology. These theories may involve invariant 

stiffness matrix theory or the theories enclosed in classical 

lamination theory for examining the behaviour of orthotropir and 

anisotropic materials under load. The theories form a sound 

foundation for the designer of GRP products but their complexity 

provides little grounds for use in the general industry.

It was with this in mind that various countries in the late 

1960's and early 70's formulated GRP pressure vessel design 

standards. The most widely known being the German Merkblatt 

(1969), the American ASME X (1973) and ASTM D3299 (1975) and the 

British BS 4994 (1973). It became possible for more consistency 

to be maintained in designing with GRP for a particular appli­

cation.

To a large extent, the standards are applicable mainly to their 

country of origin. i.e. ASME X deals with the vacumm bag and 

filament winding processes whereas BSA994 is primarily orien­

tated towards the handlay up process. Local industry is thus 

in the position where the necessity arises to gravitate toward

Introduction





1.1 L I T E R A T U R E  S U R V E Y

The survey provides an overview of international vessel and tank 

design procedures applicable to glass reinforccd plastic (GRP) 

materials. This is followed by literature which pertains more 

directly to the stress concentrations found around nozzle at­

tachments on pressure vessels and tanks. The difficulty in ob­

taining literature which deals specifically with this aspect of 

GRP vessel design has led to the use of information on research 

undertaken on steel vessels.

The details on stress concentrations cn steel vessels has been 

compared to the relevant GRP vessel analyses where applicable.

1 .1 .1  PRESSURE VESSEL DESIGN P R O CEDURES.

The anisotropic nature of GRP has caused the development of 

various theoretical approaches for its analysis. These partic­

ularly in GRP vessel design, have varied from the isotropic thin 

shell theory approach to macromechanical theories. The study 

of GRP laminates in chemical environments however, has further 

necessitated the addition of safety factor considerations for 

pressure vessel design. These account for the mate-ial strength 

losses due to chemical stress corrosion and material defects.

Safety  Factors:

BS 4994, has approached the design safety factor aspect as fol­

lows. It considers vessel lining, manufacturing technique, 

temperature, cyclic loading and cure applicable. A factor of 3 

is included to account for material strength losses due to long 

term loading. The German Merkblatt (1969) however, suggests a

Introduction
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safety factor together with a material factor. The effect of 

cyclic loading, inhcmog».neities and temperature are contained 

in the material factor together with an additional anisotropy 

contribution. The American ASME X (1971), using data accumu­

lated over 15 years, suggests that a laminate stressed at 25% 

to its tensile strength will have fatigue life of 250 000 cy­

cles. It also includes that the maximum design tempereture is 

limited to 65 Celsius BS 4994 however, permits temperatures 

up to 120 Celsius with a respective temperature factor consid- 

fctation which is dependent on the heat distortion temperature 

of the resin.

Anisotropy is not dealt with in BS 4994 and Owen.M.J. (1982) 

considers this a shortcoming of the Standard. However, as con­

servative materifll Unit Strengths and Extensibilities are ad­

vised, the transverse and longitudinal material strengths are 

similar when using balanced woven rovings as glass reinforce­

ment. Owen states that the Standard is solely applicable to the 

use of balanced woven roving mats and chopped strand mats as 

vessel reinforcement materials.

The standard further remains unique in that it utilises a unit 

loading method tor determining the laminate thicknesses re­

quired. This is as a result of theor> derived from BS 2782 

(1982). ASME X provides minimum design tensile strength values 

which correspond to the particular type of vessel manufacture 

to be used ie. Bag moulding, Centrifugal Casting and Filament 

Winding. The ASTM D3299 similarly provides a minimum design 

tensile strength for contact moulding. These are related, in 

Table 1 of the Standard, to the expected thickness of the lami­

nate. These figures also show an increa^fc in the tensile valur 

with thickness. V'hilst these expected strengths may be valid 

in the short term, none of the standards provide safety cri­

teria for vessels in aggressive chemical «aviroments over long 

term periods. This would largely be dependent on the type of 

liner used and its material and method of construction.
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