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ABSTR,\CT 

The feasibility of a connected-sphere pressure hull for 
possible use in the rescue vehicle of the Deep-Submergence 
Systems Project is studied through the design and tests of a 
simple, small-scale model. Of particular concern is the 
performance of the hull at the sphere-cylinder juncture. 
The reinforcement of this jl.D'lcture in the model is accom­
plished by using a membrane design concept. The elastic 
behavior and collapse strength verify the validity of the 
design approach as well as the feasibility of the connected 
sphere configuration for pressure hull applications. 

Am!NISTRATIVE INFORMATION 

The work described in this report was conducted under Special 

Projects Office, Department of the Navy, Project Order 5-0003 of 3 
December 1964. 

INTRODUCTION 

The Deep-Submergence Systems Project (DSSP) has been established 
under the direction of the Navy's Special Projects Office to develop im­
proved systems related to location, identification, rescue from, and 

recovery of objects on the ocean floor. Two distinct vehicles, the 
rescue vehicle and the search vehicle, will be developed as part of these 
systems. Present plans are to have six rescue vehicles and four search 
vehicles operational by 1970. 

As a result of early feasibility studies, the Preliminary Design 
Group of the Bureau of Ships proposed two basic configurations for the 

pr~ssure hull of the rescue vehicle. One configuration consists of two 
7-ft-diameter spheres connected by a short, small-diameter cylinder. The 
second configuration is a 7-ft-diameter, 7-ft-long cylinder with hemi­
spherical end closures. Al.though the Navy has considerabl~ experience in 
designing cylindrical hulls, the connected-sphere design has no precedent. 
Of particular concern is the performance of the hull at the sphere-cylinder 
juncture. 

To establish the feasibility of the proposed connected-sphere con­
figuration, the Taylor Model Basin designed and teDted a simple, small­
scale model of the projected prototype. Titanium wa8 arbitrarily selected 



as the hull material. The analyses used to detennine the basic hull 
➔~ 

scantlin shave been reported in Reference 1. The procedure used to 

design the sphere-cylinder juncture is presented in this report together 

with he results of the model test. 

JUNCTURE ANALYSIS 

The design of the sphere-cylinder juncture was accomplished throJgh 

the use of a membrane design concept previously applied to cone-cylinder 

and cylinder-hemisphere junctures as well as to axisynmetric penetrations 

in spherical shell s. 2' 3 The underlying principle of this concept is that 

an effective reinforcement is one which results in zero rotation and a 

deflection which is equal to the membrane deflection of the critical 

structural element. This is achieved through an iteration process by 

successively determining the loads on the juncture assuming zero rotation 

and membrane deflection and then solving for the area, shape, and position 

of the reinforcement required to satisfy the initial aSSUJ11)tions. 

The notation used in deriving the basic equations is presented in 

Figure 1. From the assumption of membrane stresses in the sphere, the 

followin g general equations evolve: 

e = e - - e = o s R C 

R R (1 - v) sin• 
OS ms 

6R = tic = tis = --------
2 Eh 

s 

where eR is the rotation of the reinforcement, 

es is the rotation of the sphere at its juncture 
with th~ reinforcement, 

ec is the rotation of the cylinder at its juncture 
with the reinforcement, 

~ is the deflection of the reinforcement nonnal to 
the longitudinal axis, 

* References are listed on page 13. 
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.jc is the deflection of the cylinder at its juncture 
\\i.th the reinforcement nonnal to the longitudinal axis, 

~S is the deflection of t he sphere normal to the longitudinal 
a.tis at its juncture with the reinforcement, 

t ' is Poisson's ratio, and 

Eis Young's modulus. 

The deflection and rotation o:f the reinforcement may also be expressed as 

[3] 

(RCG)2 ~ 
---- = O (4] 

where ~ is the area of the reinforcement, 

IR is the moment of inertia of the reinforcement, 

FR is the resultant force on the reinforcement, and 

~ is the resultant moment on the reinforcement. 

As a result of Equations [1] and [2 ], M and H = O. M and H may 
S S C C 

easily be found for the specified deflection and zero rotation by the 

method of influence coefficients described in Reference 4. 

By combining Equations [2] and [3 J., \ may be expressed as 

2 
2 FR (RCG) hs 

"R = R R (1 - v) 
os ms 

[S] 
sin ♦ 

By asswning the shape and size of the reinforcement, FR can be estimated 

from equilibrium. The calculated area of reinforcement from Equation [5] 

may be compared with the assumed area. The correct area is determined by 

iteration. 

The reinforcement must have the proper shape in addition to the 

correct area before Equations [1] and [2] are satisfied. After a fairly 

3 



close approximation of the correct area is obtained through use of 

Equation [S J, a check should be made on the rotation of the juncture. If 

the resultant moment~ acting on the reinforcement is of significant 

value, a new shape of the reinforcement must be assumed; and the above 

procedure is repeated until the assUJ11)tions of zero r otat ion and membrane 

deflection are satisfied. 

DESCRIPTION OF MJDEL 

Model RS-1 was machined from 6AIAV bar stock having a nominal yield 

strength of 126,000 psi and a Young's modulus f 18 x 106 psi. Scantlings 

of Model RS-1 together with those of the projected prototype are shown in 

Figure 2. A slight increase in shell thickness was provided at the 

meridional joints to ensure against premature failure at these locations. 

The sphere-cylinder jmctur~s were designed according to the procedure 

described previously. A typical compressive stress-strain curve for the 

material used is presented in Figure 3. This representative curve was 

obtained by loading several uniaxial specimens at a stress rate of 250 

psi/min beyond the proportional limit of the material. 

The selection of the design operating depth and hull material was 

rather arbitrary but was based on the following considerations. The 

desired operating depth of the rescue vehicle is 6000 ft.* This depth is 

greater than required for the primary mission but is desirable for ful­

filling a secondary mission of conducting oceanographic research. Trade­

off studies indicated that if an operating depth of 6000 ft and a weight­

to-displacement ratio for the pressure hull of less than 0.4 are required, 

HY-110 titaniwn would be best suited for the hull material. 

After the operating depth and hull material as well as th~ basic 

configuration had been decided, the shell thiclmesses were determined by 

the procedures outlined in Reference 1. The shell thicknesses thus 

detennined are a function of fabrication procedures and tolerances. The 

* A factor of safety of 1. 5 is assumed. 

4 



geometry represented by Model RS-1 is for a stress-relieved hull having 
maxi.mum initial departure from sphericity of about 0.1 in.1 

TEST PROCEDURE AND RESULTS 

Two separate hydrostatic pressure tests were conducted. First, a 
test was conducted with one hemispherical end of the model removed. The 
open end was placed against a flat closure plate which was equipped to 
take out strain-gage wires, and elastic strain data were recorded. 
Measured elastic strain sensitivities, the initial slopes of the pressure­
strain plot, are presented in Figure 4. 

The second test was conducted on the complete model, and it was 
tested to collapse. Pressure increments of 25 psi were applied every 2 
min a·,: pressure levels above 4000 psi until collapse occurred. This 
represented a l0ading rate whi~h approximated that applied to the uni.axial 
specimens when ob·~aining representative stress-strain curves for the 
material. These loading procedures were used to minimize the effect of 
creep on the correlation of experimental and calculated pressure. 

Model RS-1 collapsed at a pressure of 6175 psi. A photograph of 
the collapsed model is shown in Figure 5. It appears that collapse 
initiated about 45 deg from the crown area in one of the end hemispheres. 

DISCUSSION AND CONCLUSIONS 

The test results for Model RS-1 firmly establish the structural 
feasibility of the connected-sphere configuration for the pressure hull of 
the r escue vehicle as well as for other applications. 

The strain sensitivities presented in Figure 4 indicate that 
negligible bending occurred in the spherical shell at its juncture with the 
reinforcement. This is consistent with the membrane design concept and 
once again verifies the validity of this approach. 

The experimental collapse pressure can be accurately calculated by 
the Model Basin empirical analysis for near-perfect spherical shells. 5 A 
collapse pressure 3 percent below the experimental collapse pressure is 
obtained by use of this analysis. Since this same analysis has been used 

5 



to consistent ly predict the collapse strength of near-perfect spheres and' 

hemispheres with ideal boundaries, it can be concluded that the sphere­

cylinder juncture did not affect the strength of Model RS-1. The apparent 

location of failure lends additional support to this conclusion. 

AJ.thow ,h the test of Model RS-1 establishes the feasibility of this 

configuration,, there are several significant areas in which a test of this 

nature does no t provide sufficient infonnation. First, the model was too 

small to permit ctrtailed evaluation of stresses, particularly in the rein­

forcement and i ts connection with the sphere. In addition, the complete 

model was machinc:d and thus did not reflect the presence of bending, which 

would be introduc~d if mismatch were present in a welded connection. 

Lar er models fabr i cated according to full-scale procedures are required 

to adequately project these effects to prototype performance. 

lhe collapse pressure of Model RS-1 is not indicative of the 

strength of a prototype hull. This is rather obvious since (1) the yield 

strength of the material used in the model was considerably greater than 

the assumed yield strength of the prototype (110,000 psi), (2) the model 

was free of most of the structural details which are necessary in the 

prototype, and (3) the model possessed near-perfect geometry, whereas a 

prototype would most likely have initial departures from sphericity as 

well as possible residual stresses. With the possible exception of Item 

2, each of the above factors contributed to the additional strength of the 

model when compared to that of the projected prototype. These factors 

are discussed and evaluated in detail in Reference 1. The effect of such 

structural details as hatches, viewing ports, and rescue skirts (Item 2) 

on collapse strength could also be significant if proper attention is not 

given to them in the design process. 

Finally, it is worth noting that the same analysis used to design 

the sphere-cylinder juncture of Model RS-1 may be used to design the 

juncture of nested spheres which do not have connec~ing cylinders. The 

performance of nested spheres designed according to this procedure should 

be similar to that of Model RS-1. However, large reinforcing rings and 

associated weight penalties will result for relatively large openings.1 

6 
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Figure 1 — Notation and Calculated Distribution of Loads for Sphere-Cylinder Juncture

I,-;
8



§
-8s
I
' i5 2

ei 
I I
e
ft

• • •Ml
■sz

I
IM
®

u
fZ

a. M

'Z i 
S £ S 111 
i H
t ’_ 2
• I I
C ^

I << j 

l|i• a o
E .+1 
J 2 S
“If2 i



iii 
~ 

~ 

"' :3 
II:: 
~ 

80 ~-----,t,-+--.,._---~-----+-------f 

"'60 ..... ---..--+il~----..-------+--------t 

0 0.005 0.010 0.015 0.020 

STRAIN IN INCHES PER INCH 

Figure 3 - Typical Stress-Strain Curve for 6AL4V Titanium Alloy Used in Model RS-1 

10 



I-
' 

I-
' 

~
 

.....
.....

.... 

-
~ 

O
U

T
 •

 ..'II
~ 0

.6
' 

';
\\

.;
 

~
 

~

0.
5

5
0

-
-
-
.;

 

'S
il 

I 

~
 

o 
.,.

 
o

· 
~
 

o 
-~

 
n.

5
1

\ 
I 

-
0 ·

" 
~ -

-
· 

·-
~
 

1
6

 
·

o :....
 .. 

I 

~
 .\
0

 

{ 

o
l 

O
.l

t 
• 

I 
o 0.
19

 

_ 
T

0
~

9
 

( 
~ 

I 
'-

0
 1

0 
i 

I 
~ 

I I 

~
-
-
-
-

-
~

 
• 

..
_

0.
10

 
I

o 

I 

F
ig

u
re

 4
 -

S
tr

ai
n

-G
ag

e 
L

o
ca

ti
o

n
s 

an
d 

S
tr

ai
n

 S
en

si
ti

v
it

ie
s 

fo
r 

M
od

el
 R

S
-1

 

•A
st

e
ri

sk
 i

n
d

ic
a
te

• 
a
v

e
ra

c
e
 o

f 
tw

o
 c

a
c
e
• 

lo
c
a
te

d
 a

t 
O

 a
n

d
 9

0
 d

ee
, 

In
 n

o
 c

a
s

e 
is

 t
h

e
 

a
v

e
ra

c
e
 m

o
re

 t
h

a
n

 0
.0

3
 µ

-i
n

./
in

. 
fr

om
 m

ax
im

u
m

 o
r 

m
in

im
u

m
 s

e
n
s
it

iv
it

ie
s.

 
A

ll
 s

tr
a
in

 

se
n

si
ti

v
it

ie
s 

a
re

 c
o

m
p

re
ss

iv
e
 e

x
c
e
p

t 
fo

r 
o

n
e
 a

ss
o

c
ia

te
d

 w
it

h
 +

 s
ig

n
. 

W
ir

e
-r

e
a
is

t-
c
e
 s

tr
a
in

 c
a

c
e
• 

w
it

h
 a

 
p

g
e
 l

e
n

c
th

 o
f 

0
.0

3
1

 i
n

. 
w

er
e 

u
se

d
 o

n
 t

h
e 

sp
h

e
ri

­

c
a
l 

p
o

rt
io

n
 o

f 
m

o
d

el
. 

T
h

e
 s

a
m

e
 t

y
p

e 
c
a
c
e
 w

it
h

 a
 c

a
c
e
 l

e
n

c
th

 o
f 

0
.0

6
3

 i
n

. 
w

a
s 

u
se

d
 o

n
 

th
e
 c

y
li

n
d

ri
c
a
l 

p
o

rt
io

n
 a

n
d

 a
ro

u
n

d
 j

u
n

c
tu

re
. 

A
ll

 d
im

en
si

o
n

s 
ar

e 
in

 i
n

c
h

e
s.

 

I I I I 



m "m

m
PSD 316370

Figure 5 - Model RS-1 after Collapse



REFfflFNC&5 

1. Krenzke, M., et al., "Potential Hull Structure for Rescue and 

Search Vehicles of the Deep'"'5ubmergence Systems Project," David Taylor 
Model Basin Report 1985 (Mar 1965). 

2. Nott, J. A., "Structural Design of Viewing Ports for Oceano­

graphic Vehicles," David Taylor Model Basin Report 1737 (Feb 1963). 

3. Kiernan, T. J. and Krenzke, M.A., "An Experimental Investigation 
of Closures and Penetrations for Pressure Vessels of Composite Con­

struction," David Taylor Model Basin Report 1732 (Feb 1964). 

4. Raetz, R. V. and Pulos, J. G., "A Procedure for Computing 
Stresses in a Conical Shell near Ring Stiffeners or Reinforced Inter­

sections," David Taylor Model Basin Report 1015 (Apr 1958). 

5. Krenzke, M.A., "Tests of Machined Deep Spherical Shells under 
External Hydrostatic Pressure," David Taylor Model Basin Report 1601 

(M~· 1962). 

13 



INITIAL DISTRIBUTION 

Copies 
17 

10 

2 

2 

CHBUSIUPS 
2 Sci & Res Sec (Code 442) 
1 Lab Mgt (Code 320) 
3 Tech Lib (Code 2101) 
1 Struc Mech, Hull Mat & 

Fab ( Code 341A) 
1 Prelim Des Br (Code 420) 
2 Prelim Des Sec (Code 421) 
1 Ship Protec (Code 423) 
1 Hull Des Br (Code 440) 
1 Struc Sec (Code 443) 
1 Sub Br (Code 525) 
1 Pres Ves Sec (Code 651F) 
1 Mat & Chemistry Br 

(Code 634) 
1 Polymer, Fiber & Packing 

Sec (Code 634C) 

CHBUWEPS, SP-001 

CHNAVMAT 

CHONR 
1 Struc Mech Br (Code 439) 
1 Undersea Programs (Code 466) 

4 

20 

1 

1 

1 

CNO 
1 Tech Anal & Adv Gr 

(Op 07T) 
1 Plans, Programs & Req Br 

(Op 311) 
1 Sub Program Br (Op 713) 
1 Tech Support Br (Op 725) 

CDR, DDC 

CO & DIR, USNMEL 

CDR, USNOL 

DIR, USNRL (Code 2027) 

1 CO & DIR, USNUSL 

1 CO & DIR, USNEL 

1 CDR, USNOTS, China Lake 

1 CDR, USNOTS, Pasadena 

1 CO, USNUOS 

2 NAVSHIPYD PTSMH 

2 NAVSHIPYD MARE 

15 

Copies 
1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

NAVSHIPYD CHASN 

SUPSIUP, Groton 

EB Div, Gen DynCorp 

SUPSHIP, Newport News 

NNSB & DD Co 

SUPSHIP, Pascagoula 

Ingalls Shipbldg Corp 

SUPS HIP, Carmen 

New York Shipbldg Corp 

DIR, Defense R & E 
Attn: Tech Lib 

CO, USNROTC & NAVADMINU, 
MIT 

0 in C, PGSCOL, Webb 

DIR, APL, Univ of Wash, 
Seattle 

NAS, At~n: Co11111 on Under­
sea Warfare 

WHOI 
1 Mr. J. Mavor 

Dr. R. DeHart, SWRI 



Unclassif fod 
Security Claaai fication 

DOCUMENT COHTROL DAT A • R&D 
(Security c leulll cetlon ol title , body ol ebatrect end lnd••lnl -notetlon muat lie entered..,..,, die onrel/ report l a cleulfled) 

1. Q!qlGINA TI N G ACTIVl:Y (Corporeta euthor) Ze. " E"O"T 11:CU"ITY C LAlll,..ICAtlON 

David Tceylor Model Basin 
Unclassified 

21>. G"OUP 

J . AtPOl'IT T I TLE 

FEASIBILITY OF A CONNECTED SPHERE PRESSURE HULL FOR THE RESCUE VEHICLE OF THE 

DEEP-SUB~GFNCE SYSTOO PROJECT 
4. O£SCAIPTIV£ NOTES ( Type ol report end lnc/ualve detH) 

Final 
5. AUTHOA(S) (LHt n_,,e, llral neme , lnllle/) 

Krenzke, Martin A., and Ward, Gerald D. 

I . A£1"0 AT OA T£ 7e . l'OTAL. NO . 0" ,-AQIU I'"· NO . 0~ "l["I 

July 1965 15 
le. CONTRACT 0" GAANT NO . le. O"IQINATO lll' I "1:PO"T NUM■ l:"(S) 

5-0003,3 Dec 1964 2007 
b. ""OJl:C T NO . 

c . I I>. OTHI:" AJPOAT NO(S) (Any other numbera thet mey be eHIFed 
Ihle report 

d . 

10 . AVA IL ABI LI TY / LIMITATION NOTICES 

(No Restri ction) 

11 . SUPPL 1:Ml:NTAl'IY NOTts 12. Sl"ONIOIUNG MILITAl'IY ACTIVITY 

Special Projects Office, 

Department of the Navy 

13. ABSTAACT 

The feasibility of a connected-sphere pressure hull for 

possible use in the rescue vehicle of the Deep-Submergence 

Systems Project is studied through the design and tests of a 

simple, small-scale model. Of particular concern is the 

performance of the hull at the sphere-cylinder juncture. 

The reinforcement of this juncture in the model is accom-

plished by using a membrane design concept. The elastic 

behavior and collapse strength verify the validity of the 

design approach as well as the feasibility of the connected 

sphere configuration for pressure hull applications. 

DD l'OltM 
1 JAN .4 1473 Unclassified 

Security ClaHification 



Unclassified
Security Classification

KEY ^OROS

1. Connected Sphere Pressure Hull

2. Sphere-Cylinder Juncture

3. Membrane Design of Shell Junctures
4. Deep Submergence Hulls

5. Deep-Submergence Systems Project

6. Collapse of Spherical Shells
7. Rescue Vehicle

LINK A
BOLE

LINK B

ROLE
LINK C

t. ORIGINATING ACTIVITY: Enter the name and address 
of the contractor, subcontractor, grantee. Department of De­
fense activity or other organization (corporate author) issuing 
the report.
2a. REPORT SECURITY CLASSIFICATION; Enter the over­
all security classification of the report. Indicate whether 
"Restricted Data" is included. Marking is to be in accord­
ance with appropriate security regulations.
26. GROUP: Automatic downgrading is specified in DoD Di­
rective 5200.10 and Armed Forces Industrial Manual. Enter 
the group number. Also, when applicable, show that optional 
markings have been used for Group 3 and Group 4 as author­
ized.
3. REPORT TITLE: Enter the complete report title in all 
capital letters. Titles in all cases should be unclassified.
If a meaningful title cannot be selected without classifica­
tion, show title classification in all capitals in parenthesis 
immediately following the title.
4. DESCRIPTIVE NOTES: If appropri ate, enter the type of 
report, e.g., interim, progress, summary, annual, or final.
Give the inclusive dates when a specific reporting period is 
covered.
5. AUTHOR(S): Enter the name(s) of authoKs) as shown on 
or in the report. Entei last name, first name, .-"iddle initiaL 
If military, show rank and branch of service. The name of 
the principal author is an absolute minimum requiremenL
6. REPORT DATE; Enter the dote of the report as day, 
month, year; or month, year. If more than one date appears 
on the report, use dote of publication.
7a. TOTAL NUMBER OF PAGES: The total page count 
should follow normal pagination procedures, Le.. enter the 
number of pages containing information.
76. NUMBER OF REFERENCES: Enter the total number of 
references cited in th. report.
8a. CONTRACT OR GRANT NUMBER: If appropriate, enter 
the applicable number of the contract or grant under which 
the report was written.
86, 8c, U Bd. PROJECT NUMBER: Enter the appropriate 
military department identification, such as project number, 
subproject number, system numbers, task number, etc.
9a. ORIGINATOR’S REPORT NUMBER(S): Enter the offi­
cial report number by which the document will be identified 
and controlled by the originating activity. This number must 
be unique to this report.
96. OTHER REPORT NUMBER(S): If the report has been 
assigned any other report numbers (either by the originator 
or by the sponsor), also enter this numberfs).
10. AVAILABILITY/LIMITATION NOTICES: Enter any lim­
itations on further dissemination of the report, other than those

INSTRUCTIONS
imposed by security classification, using standard statements 
such as:

(1) "Qualified requesters may obtain copies of this 
report from DDC”

(2) "Foreign announcement and dissemination of this 
report by DDC is not authorized. ’’

(3) "U. S. Government agencies may obtain copies of 
this report directly from DDC. Other qualified DDC 
users shall request through

(4) "U. S. military agencies may obtain copies of this
report directly from DDC. Other qualified users 
shall request through

(5) "All distribution of this report is controlled, 
ified DDC users shall request through

Qual-

If the report has been furnished to the Office of Technical 
Services, Department of Commerce, for sale to the public, indi­
cate this fact and enter the price, if known.
IL SUPPLEMENTARY NOTES: 
tory notes.

Use for additional explana-

12. SPONSORING MILITARY ACTIVITY: Enter the name of 
the departmental project office or laboratory sponsoring fpaj-- 
ing for) the research and developmenL Include address.
13. ABSTRACT: Enter an abstract giving a brief and factual 
summary of the document indicative of the report, even though 
it may also appear elsewhere in the body of the technical re­
port. If additional space is required, a continuation sheet shall 
be attached.

It is highly desirable that the abstract of classified reports 
be unclassified. Each paragraph of the abstract shall end with 
an indication of the military security classification of the in­
formation in the paragraph, represented as frs;, (S). (C), or (V).

There is no limitation on the length of the abstract. How­
ever, the suggested length is from 150 to 225 words.
14. KEY WORDS: Key words are technically meaningful terms 
or short phrases that characterize a report and may be used as 
index entries for cataloging the report. Key words must be 
selected so that no security classification is required. Identi­
fiers, such as equir.uient model designation, trade lume, military 
project code name, geographic location, may be used as key 
words but will be followed by an indication of technical con­
text. The assignment of links, roles, and weights is optional.

Unclassified

Security Classification






	0001
	0002
	0003
	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021



