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Through Manufacture: A Computer Aided
for the Manufacture of Submarine Hulls

Harry West, Visitor and Mike Gallo, Visitor, Department of Mechanical Engineering, Massachusetts

institute of Technology, Cambridge, MA

ABSTRACT

A computer graphics based advisory system has been
devel oped to aid in the design and manufacture of
submarine hulls. The design and manufacture advisor
incorporates models of the materials (steel) and
Froceslses (bump forming, roll bending. welding, and
ixturing) used for the manufacture of the hulls, and
allows the user to explore the effect of different material
qual ities (described in terms of variances of thickness
and yield strength), and different nanufacturlng
paraneters (punch penetration, punch sPau ng, an
number of fixtures, for exanple) on the resulting quahty}
circulivity) of the hull section. By “Designing throug
nufacture” in this way the resul'ting design of the
submarine hull section is not just a geometric
representation of the desired shape of the hull, but
incorporates explicit information about the materials and
processes used to create the shape, and of the quality that
results fromthe designer's choice of materials and
processes.

[ NTRODUCI TON

The desi?n engineer is responsible not only for the
fitness of the design for the function intended; but also
for its cost and ease of manufacture. The designer
cannot “throw the design over the wall” to manufacturing
and hope that they will find a way to make the part to
Prmt! but must be responsible for designing the part to
acilitate mnufacture, and assembly.

Design engineers have to understand the manufacturing
implications of design decisions.  However,
consi derabl e experience is needed for a design engineer
to gain such an understanding. Cften the interaction
between the design and the manufacture of the part is
conpl ex and product specific, and is a type of
know edge not generally featured in an engyneenng
student’s curriculum " Design engineers gain suc
knowl edge on-the-job; by trial”and error, and fromnore
experienced coworkers or their supervisor. Ow-the-J ob
training is expensive; there is a need for computer-aided-
design fools to provide an alternative route for |earning
the conplex details of howthe design of a part affects its
mnufacture, and to enable less experienced designers to
produce designs that are manufacturable.

There has been consi derable interest in devel oping such
manufacturing advisory systens [Jakiela and
Papal anbros 1985, Desa et “al. "1987]. However, nost of
these devel opments have concentrated primarily on the
purely geometric characteristics of the parts and their
effect on the ease with which the parts can be assembl ed,
without regard for the manufacturing process used to
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produce the part itself. In this paper a Design through
Manufacture (DTM advisory system is described that
provides the designer with explicit feedback of the
Interaction between the design of the part and the
manuf acturing process used to produce the part.

Design Through Manufacture

Conventional conputer-aided-design tools allow the
designer to create parts geometrically without explicit
consideration of the manufacturing process used to
produce the part. Some nore recent devel opments in
Conput er- Ai ded Engi neeri n%;, (CAE) provide the
demgner with feedback of an estimated cost of the part
based on the tolerance specified (Cognition 1988), but

the costing is done after the geometric feature is
desi gned.

The philosophi cal hasis for Design through Manufacture
is that the starting point for any design should be readily
available material's, and that the designer should
manufacture the part by performing a computer
simlation of the manufacturing process. The designer
cannot suppose the geometry of a part on the CAD
screen, but must manufacture the geonetry. SecondlK,
the model s of the engineering materials and the
manuf act unng process shoul d not he idealized, but be
realistic representations of the materials and Processes
available. The conputer simulation of the manufacturing
process should perform the manufacturing operation on
the computer with the sane tolerance and ‘quality' that
woul d be expected on the factory floor. Inthis way the
designer can visualize the effect of design decisions on
the effort required to mnufacture the part, and the effect

of the manufacturing process on the cost and quality of
the real part.

A conmputer nmodel of a part designed through
manufacture can include explicit descriptions of the “raw
material” used in its manufacture, of how the part was
manufactured, and its expected tolerances and quality.
Because all information pertinent to the design and
mnufacture of the part is included in the description of
the Part, the effect of any changes in a design or
manufacturing paraneter on the subsequent stages of
design and manufacture can be readily sinmulated.

There is a recognized need for incorporating interactive
design aids into the design process, and many design
engineers wel cone intuitive tools that can aid their
desi gn process. [Zeid 1987, Gant 1987]. (ne of the
earliest exanples of a Design through Manufacture
system was devel oped in 1975 ?Gossard 1975], but the
conput ational conplexity of modelling real
manufacturing processes has Inhibited the continued
devel opment of "such systens.



The Manufacture of a Submarine Hull Section

The exanple of the manufacture of a submarine hull has
been chosen for the development of this Design through
Manufacture system The circul ar ?eometry Sinplifies
the system A'sinplified cartoon of the nanufacturing
process for a submarine hull is shown in Figure 1. The
process can be divided into the followng stages:

Select st eel _

Qut steel plate to size

Bend plate into arc _ ,

Fixture plates for asssenbly into circular hull

section

Asserble plates (weld) ,

« Fixture hull section for assembly with a second
secti on
to remve out-of-roundness

« Assenble hull sections (weld)

Bump _Form
SuerlTpPlates
" N
———™” R
- )
o S ~———
Asienble,
Rl Section
) /\
g \5[/:: '
K
l Fixture to

l Improve Qrcularity

Figure 1: Sketch of Idealized Hull section ,

The hull sections are manufactured fromsteel plates,
HY-80 Arnor Plate Steel [Alloy Digest 1966], supplied
directly fromthe steel nill. Waterial properties of the

input stock can vary from P| ate to plate, and from point
to point on the sane plate. Properties such as grair
structure, alloy content, and yield strength will vary dus
to process variances in the manufacture of the steel.
Local i zed stress can result fromthe rolling mlls and hea
treatment of the plate. Flame and plasm cuttmq et hod
are used to cut plates to size. The heat input will reliew
the residual stresses in the heat affected zone and m
result in workpiece distortion The anount of distortioi
depends on the residual stresses present in the
V\Drkﬁl ece, the variation in the amunt of heat generate
by the cutting heat source, and the rare of cooling of th
workpiece after cutting.

The hull section of a submarine is circular, assenble
from8 curved steel plates. The steel plates are forme
into arcs by bunp formng or roll bending. Strai
hardening, plate. thickness, naxinum moment poin
location, “and machine ggonetry my vary and affect th
resulting curvature. Sequential "bending, also calle
bunp forming, ai)p||es a three-point bending moment a
discrete intervals along the length of the viorkpi ece.

sketch is shown in Figure 2. The plate i's placed on
stationary die, wth a'spacing of 2 a. The punch is the
displaced the distance Y, Treferred to as the punc
penetration. Vhen the ﬁ.unch is retracted, the plate wl
partially springback. Tnis process is repeated at a Serie
of pornts along the length of the plate and results in
finished shape that approxi mates a smoth curve. T
mechani ¢s of this process are discussed in [Hardt
Wight and Constantine 1989].

The United States Navy imposes strict requirements fo
k htte di ma|n3| onal| tqlterancles of s%anarlne bhul[ conto|urs
oo ey e V2IRE % B bef
Greularity measurements are required at regular interval
along the pressure hull, aQ\d ?(acih hpmpt sf be Mthl\
the specified tolerance. A sketcfof a null “section
wthout stiffeners, 1s shown in Figure 3. Method:
allowed by Navy specifications to take circularit’
measur enent's t|nc| ulde tdhe_ bng%e gafuge tmet rlmd, |ntertnﬁ
swing arm internal radii, metRod of optical square
extegr}nrarln tenplate, —an pﬁot ogr%rmestry
[ Jacobson, 1985] .

In addition to the Navy specified tolerances for final
configuration, there are fit-up requirements for the
assenbly and welding of the hull segments. Excessive
mesmatch at the weld joint will requife additional tim
and expense for fitting and fairing methods to be applie
to all'ow proper welding. Problems encountered during
the manuf acturing of submarine hulls due to workgl ece
deviation from nomnal include “chasing the bubble”
while assenbling two hull segnents. As the welc
?rogresses, the Tocal msmatch is corrected by fitting anc
aring nethods. If there is an excessive msmatct
between the two hul | segments being ][m ned, ar
uncorrectabl e “bubble” wil| devel ogthat mist be cut out
before the assenbly weld can be conpleted. |deal
manufacturtnq processes result in no residual stresses ir
the mterial, and yields dimensionally perfect parts,
elinnating the need for flttln? and fairing. Existing
manufacturing capabilities do not allow this goal to be
achi eved

SYSTEM QUTLI NE

The Design through Manufacture advisor is a graphics
based sXxstem_ devel oped using X-windows on”a UNIX
based VAXstation Il wth a black and white nonitor.
The programming is witten in the “C' language, and
conprises approximately 3000 lines of “code and
conments.
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Figure 3: Sketch of a Submarine Hull Section



The system facilitates user interaction with the bendi ng
and rolling models developed by [Hardt, Wight an

Constantine 1989], facilitates the display of experinental
out-of-roundness data, and helps the user to de5|?n
fixtures to improve the roundness of the submarine hull
sections. An overview of the manufacturing advisor
system is shown in Figure 4. The manufacturifg advisor
allows the design enF| neer to “experience’,” through
computer simulations, the inpact of design decisions on
the manufacturing process, and to optim ze
manufacturing decisions based on the process models.
Qurrently a“sinplified model of the hull assenbly
ﬂrocess i's used that does not incorporate stiffening
anges.

The inputs to the systemare the characteristics of the
steel ’O| ate in terms of its georretr,Y (thickness) and
material properties (modulus of elasticity, yield strength,
strain hardening be,hawor%, and the expected tolerance in
those characteristics. The geoneby of a hull section can
then be created either fromexperimental neasurements
or by using the roIImg or bending nodel s described in a
conpani on paper {Hardf, Wight and Constantine 1989].
The geonetry of the rolling or bending processes can be
specified interactively by the user, as can the allowed
variation in output (@a measure of the quality control
standard on the formng process). The output of the
formn? mdel s is elght plates of different curvatures.
The ditferent plate shapes are ?enerated by .cre,atln%q a
stochastic distribution of steel prate characteristics that
mght be expected fromthe allowed tolerances in the
sgemﬂcaﬂon of HY80, and propa?atl,ng the effects of
tnese characteristics throuqh the Tormng process Plates
that exceed the quality control limts are rejected.

The eight plates are then assembled by hutting them
together so that their tangents mtch to give a smooth
continuous curve, and then applying a combination of
forces and moments to the last two free ends to complete
a hull sectjon. This process is sketched in Figue 1 Asa
result of the non-uniformty of the curvature of the eight
plates the hull section is oit of round.

The out-of-roundness of a hull section can be improved
bﬁ changing the steel plate characterstics, by changing
the formng parameters, or by applying a fixture, “The
steel plate specifications can be changed to allow a
smaller variation in geometry or material Characteristics.
A'ternatively, the formnP processes can be modified so
that variations in the steel plate characteristics result in
smaller variations in the resulting curvature of the e|?ht
curved plates, or the quality contfol on the output of fhe
formng process can be tightened so that only more
uniformplates are assenbled Tnto hull sections.

The manufacturing advisor currently allows the user to
design 2-, 3- and 4- point fixtures,” or alternatively, the
system w Il automatically ?enerate a series of such
fixtures to mninze the ‘ouf-of-roundness of the hull
section in the least squares sense. The out-of-mundness
s described in terms of Fourier coefficients by treating it
as a purely radial distortion, By matchi nﬁ; FourT er
coefficients of the out-of-round shape of the hull section
to the Fourier coefficients of the deflections caused by
apply nF different types of fixtures, the orientatjon and
load of a set of fixtures is designed to optimze the
resulting shape of the hull.

The plate assembly model and fixturing distortion
model's have been devel oPed based on a sipplified elastic
analysis, for small deflections. The models assume that
the Section radius is Iarqe conpared to the thickness of
the dates. that the deflectirms can be described as smll
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deviations froma circular geometry, neqligi bl e hoop
stress, and that the maximmstress is below the yielo
point of the mterial.

The manuf acturing advisor graphically displays in 2-C
the hull segment”s initial Shape and the change in the
shape due to fixturing, The design shape and allowabl e
deviations are overlaid for conparison. An exanples
taken froman interactive session working with the
fixturing model are shown in Figure 5.

SYSTEM DESCRI PTI ON

The manufacturing processes modeled are:
| Bunp forming of plates

| Roll" bending™of plates ,

| Assemb]y of ‘plates into closed cylinder
| Fixturing to reduce circularity efors

The design parameters that may be varied are given in
Table 1

Table I Design Parameters
L The physical dinensions of the segnent

. Radius to mdFI ane ,
b. Thi ckness of plate and variance
C. Axial length of segment
d. Contour [init
2 The material ProFernes
] Nodul us of El ast

ity
varl ance

ic
Yield stren%th,and
g nodul us/ Mdul us of

C Strain hardenin
Hasticity ratio

3 The initial deviations fromtrue geometry

4, The forming model parameters
a, Punch penetration
b. Machine geonetry
C. Quality control or plate curvature

5. The fixture loading conditions _ ,
A, The angle relative to the vertical axis
for future load application for each

uture , ,
b. The oad magnitude for each fixture

Forming of Plates

Formng nodel s have been devel oged for bump formng
Hardt | W|ght and Constantine 1988] and roll bendi nP
W|ght . 1988]. These nodel s, based on given materia
ro(s), rties, plate geometry, and machine geometry
predict the final shape of the formed plate. Statistical
model s of parameter variations are used as input for
these nodel's parameters are ?I ven a uniform probability
distribution within thornﬁegnal spemh&aﬂon. The

resul tant out{put I's formed geometry t
stochastically fromthe nominal geometry.

Assembly Mdel to Cose Cylinder

A hul | segment is assenbled from8 formed plates. The
variations from desired geometry, given by the forming
model's, will result in deviations fr I

at varies

oma true circle after
assenbly. It is assuned that the plates are attached
together such that the plates for a smooth., continuous
curve. As shown in Figure 1, the variauons in plate
curvature will result ina gap betveen the free end of the
first plate and the free end of the [ast plate.

To butt the two ends together tangentially, the force
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conponents V and H and the noment My shown in
Figure 1, are applied to the ends. The radial gap, Ay, the

tangential gap, Ax, and the angular nismatch, are
derrved in terms of the unknown force and moment

conponents using. Castigliano's Theorem [Roark,
19ZB]N.D These equaEiions cagn t%en be so?ved fo[r Vo H
and M.

The submarine hull segnent is nodelled as a cylindrical
ring, as shown in Figire 6 below.

The distance circunferentially along the neutral plane of
the ﬁlate frompoint 0 is described by x, Ris the radius
to the neutral Rl ane of the FJ ate, X/Ris the angle, in
radians, fromthe diametral [ine through point 0to the
point at distance x, and r is the thicknesS of the plate.

Assuning that the shape of the hull section can be
model | ed by small deviations from this idealized CKlmder
the forces and moments necessam{ to assenble the two
free ends together can be calul ated al on? with the
resulant deflection of the hull section. The oufput of this
part of the elastic mdel is a closed cylinder with known
|ﬂ|t|a| deviations, out-of-roundness, from the desired
shape.

Applying Castigliano's Theorem [Gallo 1988], the radial
foree, 1", is given by:

t
0
h

_AyEI i
V= n R3 U)

" The tangential force, H, is given by:

___EI AR )
G- ) 2)

and the applied moment, M, is given by:
AOEI-2r HR2

M = ‘T
21 R 3)

The reactions V, H, and My necessary to connect the

two free ends are solved for using Equgtions [13, 12},

and I3] and tha racultant endial 3ol a2 o 2o oo v
= 1, @il Wit ITSulalil Tadidl aCliecuon 1S given oy:

d

EA7N

1 H X

#r | (MR- VR - E e )cos ()
3. [Xo 2

+HR 1tsm(-i)]-[—MoR -HR?

(3-3u(32)
+(VR(2"45“‘ B

()
+TR cos| |

X
+HR2(7°+%sin
Fixturine "

Priorto welding two hull sections,the out-of-roundness
of the hull section must be reduced. Fitting and fairing of

conponent s for assembly may accounts for up to 25% of
the fabrication costs of Targe structures [Mbshaiov
1988]. Fitting and fairing aids arc used to align mting,
workplaces fof proper welding fit-up. Fitting and fairing
aids in common use in US shipyards are described by
Macial 1984]. The devices modeled for application to
subnarine hull se~ment circulan deviations are those
capabl e of two-point diarnerncal oading and three-point
radial | oad nE, such as hydraulic rans, “come al ongs, and
push-pul || acks.

sylindrical structure under two-point diametra! louding
shown in Figure 7 below.

Figure 7: Two-point Diametral Loading

* ‘he radial deflection of each point x, is given by:
- e @) -Fe ()2
W‘TI‘[‘”S RAR-Z\R T

R R=n xY, R . (x
+(-E'+—8-)COS R +;t-sm i3
(5)

nmilar equations have been developed for three and four
»int loading [Gallo 19881.

ot serics Description of Fixture Loadin

* he deviation of the actual hull segment from the desired

et ora



shape can be described by the equation:
f(x)=r(x)-R

)
where r(x) is the actual radius at circumferential point x,
R is the nominal radius, and f{x) is the deviation. For a
closed circular hull segment, f(x) will be periodic, and
can be decomposed into its Fourier series components. If
we assume that f(x) is known for a discrete number of
points, m, then the coefficients of the series can be
evaluated numerically [Acton, 1970]:

Jf(x) is given by:

N N-1
f(x)=-;a22+2bnsin(nx)+2ancos(nx) v)

n=1 =l

The components ai and b can be converted to their
magnitude and phase components; the magnitude
component is given by:

ck=4\/ () + (by)?

The phase component is given by:

b

= tar | X 1
= tan ( a ) (
The Fourier Series Decomposition for two-point hixture
loading is shown in Table 2. The fundamcntal,. the
component with n equal to the number of fixture points,
is significantly larger than the other components:

®)

Table 2: Fourier Series Decomposition for a Two-point

Fixture
Number (n) Cn (ind fo Deg)
0 34 x10-5 0.0
1 3.6x10-17 1.94
2 72x104 -0.656
3 -1.6x10-16 <2512
4 -55x10-5 -1.311

To demonstrate the Fourier decomposition, a hull
segment is analysed with initial deviations from a
nominal radius of 192 in., as shown in Table 3. A
smooth curve has been fitted through these points with
the Cardinal Spline Formulation.

Table 3: Initial Deviations of Hull Segment

Angle Deg) Initial Dev, (o)

0 -1.0

45 0.0

90 1.0

135 0.0

180 -1.0
25 0.0
270 1.0

315 0.0

The result of the Fourier Series Decomposition of these
initial deviations is shown in Table 4:

Table 4: Fourier Series Decomposition of Out-of-

Roundness
Number (n) Cp G &p ep)
0 1.9 x 102 0.0
1 1.0x 102 18.1
2 1.0x 100 0.6
3 1.9 x 102 53.8
4 1.7x 107! 714

In order to compensate for a given out-of-roundness
Fourier series component, a fixture must be chosen that
has a significant component of the same period, and
oriented so that the phase angle of the fixture Fourier
series component at the desired period matches the phase
angle of the out-of-roundness Fourier series component.
The fundamental of the Fourier series components is
much larger than the other components so the effect of
the fixture loading can be approximated as:

p,o o o] [w ¢, ]
0 D, 0 O Wa c, 09
0 0 D; O w| |
00 0 D |w c,
= N I L J

where D;, is the magnitude of the fundamental of the
Fourier series component for a unit fixture load, and W;
is the fixture load. The magnitudes of the fundamentals
of the Fourier components for two-, three-, and four-

point fixtures are given in Table 5:
Table 5: Magnitude of Fundamental Fourier Series
Components
Component Magnitude
Dy 72x 104
D3 2.1x 104
D4 1.1x 104 .

The fixture loading, W, can be calculated directly by
inverting equation (12). For the example shown in
Tables 3 and 4, the optimal fixture loading is:

Table 6: Calculated Fixture Loading

Eixture Type Angle (Deg) Load (bs)
Two-point 0.3 -1413.25
Three-poi 17.9 v -88.606
Four-point 17.8 155.031

If the fixture loading shown in Table 6 is applied to the
hull segment with initial deviations as shown in Table 3,
the resulting final deviations from nominal radius are
shown in Table 7, which are within spec.

Table 7: Final Deviations of Hull Segment

Angle (Deg) Einal Deviation (in.)

0. -0.07

45. -0.13

90. 0.15
135. -0.10
180. -0.03
225. -0.10
270. 0.33



USER | NTERFACE

The interactive graphl ¢S programis to be used as an
analysis tool by design engineérs to determne the effect
of design decisions on the manufacturing process, The
.de3|T r} p?mreters that mybe changed have been [isted
in Table I.

The program graphically outputs the resulting deflections
of the workpi ece as each, de3|%n change is made,
al | ow n% Imediate evaluation of The change's inpact
The workpiece's geonetry is graphically displayed by
exaggerating the out-of-roundness errors so thaf they can
be Teadi |y preceived by the desi ?ner, and the contour
limts are plotted on the same scale to allow comparison
wth the design tolerances, as shown in Figure 8.

Figure 8: Gaphical Display of Initial Deviations

The programis designed to be interactive with the user,
and will pronpt the user to make key decisions. The
program is menu driven, and displays a menu listing
several choices. The choices will either 1) lead to a
submenu 2) perform a desired function or 3) go back to
a hi ?he[ evel menu. The user selects the desiTed option
b% praci ng the mouse cursor in the box adjacent to the
choice and pressing any button on the nouse.

Changing any design paraneter will cause the program
to, récalcul ate the new shape of the hull section using the
existing fixture loading conditions and qraphl cally
display the results. To view the numerical values of the
final deflection, the user chooses the “Disulay Final
Deflections” option fromthe “Main Menu™. The

DAL B g e o

CONCLUSI ONS

A conputer graphics based advisory system has been
devel oped t0 aid in the design and manufacture of
submarine hull's. By “Designing through Manufacture’
in this way the resulting design of thé submarine hull
section is not just a geometric representation of the
desired shape of the hull, but incorporates explicit
information about the material's and processes used to
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Figure 9: Display of Final Deflections

create the shape, and of the tiuahty, as neasured by the
out-of -roundness of the hull, that results from the
designers choice of materials and processes. The
| nteractive graphics program provides a convenient tool
for the design engineer to analyze the inpact of his or her
decisions on the nanufacturing process. By using this
tool, potential Rrobl e faced by the manufacturer Tan be
recogni zed at the design stage, and may be ameliorated
by sel ect|n? alternative materials or processes. TM
advantages of Design through Manufacture are:

o It is not possible to design parts that cannot be
manuf act ur ed , ,

« The designer understands the effect of his design
decis{ons on the mnufacture of the part and on Its
ual ity

- The designer can be assisted by-the conputer to
explore different design and ranufacture options

« The effects of materials and processes on
tolerances are explicit .

« The cost of the design can be made explicit

The system that has been devel Of)ed is an incomplete
Prototype and does not include all materials or process
that the demqner m%ht consider. In particular, it does not
include models of Tlame-cutting or welding processes.
As an inconplete systemit |imts the fréedom of the
desi gner and may give msleading results.

Future devel opment is directed at incorporati n_q fmor e
materials and processes into the system but is limted by
the lack of available process models. To be useful as a
design aid process model's mist be sufficiently faithful to
the “process to Erow de meaningful results, “and yet run
suffcrently quic Igf that they Can be used interactively.
The devel opment of fast process nodels is an area of
current research [Eager and Mbshaiov 1988]

An inportant use of Design through Manufacture
systems will be in education. The problem in design
education is feedback working interactively with a DIM
systemis a way for desuin engi neers to accelerate their
I garning experience, allow nq the designer to make

mstakes with silicon instead of Steel.
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