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ABSTRACT

Theoretical calculations and experimental model studies were
conducted on the problem of temperature and stress determination in a
cryogenic tanker when a hold is suddenly exposed to the chilling action
of the cold fluid. The initiation of the action is presumed to be the
sudden and complete rupture of the fluid tank.

Model studies of temperatures and stresses were performed on
instrumented steel versions of a ship with center holds and wing tanks.
Supplementary studies also were conducted on plastic models using photo-
thermoelasticity (PTE) to reveal the stresses. Temperatures and
stresses were computed using conventional procedures for comparison with
the experimentally determined data. Simple calculation procedures were
developed for temperature prediction and for stress determination.

The highly simplified theoretical predictions of temperature
were in fair agreement with the experimental data in the transient stage
and after long intervals. The temperatures and stresses reached peak
values in every case tested and maintained the peaks for several minutes
during which time the behavior was quasistatic. The experimental tem-
peratures were in good agreement with predictions for the thin models

representative of ship construction.

Evidence was found for the importance of convective heat
transfer in establishing the temperatures in a ship. In some cases
this may be the primary process by which a thermal shock would be atten-
uated in a cryogenic tanker. It also would influence thermal model

scaling.

An important result of the project was the good agreement of
the maximum experimental stresses with theoretical predictions which
were made from the simple calculations. This agreement indicates the
possibility of developing a general design procedure which could involve
only a few minutes of calculation time to obtain the peak stress values.
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INTRODUCTION

Purpose of Project

This project was directed toward development of theoretical
procedures for the calculation of temperatures and stresses in a
cryogenic tanker when a tank ruptures and the liquid natural gas
contacts the metal of the hold. The theor~tjnal procedures were to
be substantiated through model studies.

It has been one aim of the project to reduce heat transfer
and stress analyses to simple procedures. Far this reason initial efforts
have been devoted to application of simple engineering computation
procedures although they may be lacking in fine detail and rigor.
This has been done in order to assess the usefulness and limitations
of the methods.

Approach to PrOJeC_k

The heat transfer investigations were performed on model
configurations which varied from a reasonably well scaled version
of a ship to a model in which the walls were much thicker propor-
tionately. Large variations in wing tank width were included. Both
non-boiling and boiling chilling fluid experiments were conducted.
Relatively simple heat transfer calculation procedures were developed
and were used to compare theory and experiment.

The problems relevant to convective heat transfer analysis
are ~.dentified and discussed, and the reiative magnitudes of con–
vective, radiative and conductive heat transfers are identified.
The prevalence of convection in a ship is pointed out and substan-
tiated.

An important aspect of the LNG tank failure is the prob-
ability of generation of high pressure in a hold that is not vented
properly. This would result from the vigorous boiling of the fluid
as it comes in contact with the mdtal of the hold. A discussion is
included on the character of this behavior and on the potential
danger which it presents.

The literature on thermoelasticity and photothermoelasticity
(PZ’E) contain sufficient data to allow the following two generaliza-
tions, which were used to design the approach to this project:
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1. Accurate information on temperature
distributions will permit theoretical
calculations of thermal stresses which will
be of comparable accuracy and any loss of
accuracy in a thermoplastic problem will stem
from inaccuracies in the computation of temp-
eratures from heat transfer calculations.

2. Peak thermal stresses almost invariably can
be found, to engineering accuracy, from
simple theoretical relations.

These two observations were considered axioms for
the present investigation, which concentrated on determining
how simple the computation procedure could be and still yield
good correlation with the experimental stress da-ka obtained
during this project.

The focus of the experimental stress phase was the
steel model on which strain gages and thermocouples were placed
to provide the req~ired data. Effective data acquisition from
that model depended upon placement of the strain and temperature
sensors to provide peak values and to establish the dlstrlburions
reliably. This involved some prior knowledge of the character
of the stresses to be anticipated, for which photothermoelasti-
city was used because of the total picture of the stresses which
it provides. In addition, PTE experiments provided further
checks with the simple calculation procedure for peak stress
determination to supplement the experience with the steel model.

HEAT ~RANSl?ER THEORY

lntraduction

The theoretical bases for the temperature calculations
of this project are presented in the following paragraphs. The
various degrees of approximation for the heat transfer analysis
are presented, from which calculat.ans are made subsequently for
correlation with =he experimental data.

The three elementary equations of heat transfer per unit
area are (Ref. 1) ,

conduction: q = k(T
1

- T2)\L

convection: q = h(T - T2)
1

radiatinn: q=e(T~ - T;)

They were used to develop calculation method,s
ture as a function of time and position for comparison
test data.

(1)

(2)

(3)

for tempera-
with measured
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Conductive Heat Transfer

The transfer nf heat by conduc~ion is usually considered
to occur by diffusion of energy through the conducting material.
The material thermal conductivity depends primarily upon tempera-
ture. In metals, it is essentially independent of strains. 1ne
general expression may be written in the form

Qk = kA(T1 - T2)//L (4)

The numerical analy”sis of transient temperatures in the
plane of a th~n plate with insulated faces is often accomplished
mathematically by writing Eq. (1) in difference form equivalent to
the differential equation for heat conduction,

This relation is usable for general analysis and also for
thermal scaling in heat conduction problems. lt can be
used to relate times in a model and prototype at which the
shape of the temperature distribution in each would be the
same provided convection is not a major consideration. This
is done by nondimensionalizing Eq. (5) through the use of an
arbitr~ry reference length, L, and an arbitrary
time, ~,

u = x\L, v = y/L, w = Q/5

By substitution in Eq. (5)

(cpL2/k~) 8T/~w= ~2T/8u2+ .~2T/bv2

The temperature fields will have the same shape
partial derivatives are in the same proportion,

(cpL2/k~) = (~2~/&J2+ ~2T/av2) (~ T/~w )

both for the model and the prototype. Then the
scaling law becomes (using D

(Lm/Lp)2 = (Dm/Dp)

The choice of scaling length

reference,

(6)

when all the
or when

(7Y

temperature

(8

is arbitrary, as indicated above

Representative values of diffusivity are shown in the
following tabulation.

Table 1 - D~ffusivities for Metals
and Plastics

Material

Diffusivity Alum. Maq. Steel Titan Nickel Plastic— —

D=k/cp 1.97 1.60 0.45 0.24 0.24 0.005

ft2/hr (Approx.)
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Consequently, the comparison of steel and plastic would involve
times and lengths in the following relation

~steel/a = 0.011 (L~teel/L
2

plastic plastic) (9)

If a steel ship with a 60 foot beam is compared to a plastic
model with a 3.33 inch beam (which was used in the PTE experi-
ments described below) , then similar temperature distributions
would be expected when the prototype time is 520 times as long as
the model time.

Convective Heat Transfer

In contrast to conductive heat transfer the apparently
simple relation of Eq. (2) actually involves some of the most
complex phenomena in engineering behavior. They are all em-
bodied in the convective heat transfer coefficient, h. Values
for h have been determined by a combination of dimensional
analysis and curve fitting to large quantities of data. Table

‘(from Ref. 1) contains the dimensionless groups which appear
in this report.

1

While k for a given metal may vary by percentages as a function
of temperature, h for a fluid may range over 3 or more orders
of magnitude as a function of temperature, pressure, velocity,
viscosity, pathlength and several other factors including the
state of the fluid and whether it is quiescent or boiling. In
the case of lmiling~ surface contamination is an important factor
which can affect seriously the reproducibility of data.

The convective heat transfer relation is expressible
as

‘h
= huA(Tl - T2) (lo)

TABLE I - Dimensionless Groups Used in this Report

v

Group Synbol Name

hL\k ‘El
Biot number

DQ/t2 N
F’o

Fourier number

(L3&q/p2)@&t) N
Gr

Grashof number
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The overall heat transfer coefficient, hu, iS giVen
in Figure 1. It pertains to transfer between two parallel plates
enclosed around the edges with a nonconducting material to form
a box. The Grashof number is based on the distance between the
plates. The overall heat transfer coefficient for this system
is defined as

1 1 1—= __
h ‘k;+~

(11)
u ‘1

where h
i

and h are the unit surface coefficients for free
convect, on on ?he inner surfaces of the plates and L/kArepresents
the conduction through the air between the plates.

The cell behavior (or convective flow path) for the
vertical plates consists of one major cell which forms with flow
down the chilled wall and up the warm wall. There may be small
corner eddies but the action is primarily uni-cellular.

Flow for the horizontal plate arrangements is quite
different. For laminar motion the cellular behavior looks hexa-
gonal as depicked in Figure 2. This cell action can be biased
by sin behavior induced by stiffeners. It will be affected
strongly by the stiffeners as the motion becomes turbulent.

The heat transfer per unit area as given in Figure 1
would be independent of size until the plate separation is large
with respect to the wall height (approximatley 2-1/2 to 1) .
The equation using this heat transfer coefficient would then be
used with the exterior surface heat transfer equations to complete
the total heat flow analysis.

‘“’~

10

1

VERTICAL

+ -

+ -

i

- - Q

HORIZONTAL - -

+ -

Q

103 104 105
6

!0 107

GRASHOFNLMABER BASEDONL

FIGURE 1 - Overall Convective Heat Transfer Coefficient Between Two kills

of an Enclosed Space . (Ref. 1]
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FIGURE 2 - Cellular (.Steady/State)Behavior in Horizontally
Enclosed Space Heated from Below.

Radiant Heat Transfer (Ref. 1)

Radiant heat transfer between any two surfaces of an
enclosure involves the view the surfaces have of each other to-
gether with the emitting and absorbing characteristics. This

study treated the longitudinal girder and the side shell as the
absorber and emjtter. The connecting plating was considered to
be non-conducting but reradiating. This is consistent with the
convection analysis and adequately represents the radiation
effects at the mid-plane of the hold and wing tanks away from
the end bulkheads. -

The radiation equation can

Qr = hrA(T1

for direct comparison with

be written in the form

- T2) (12)

convective and conductive heat
transfer rates. The heat transfer coefficient may be defined

hr = F#’eFT

contains the temperature factors for view, emissivity and
radiation. The radiation temperature factor is

‘T = 0.172 X 10-8 (Tl + T2)(T: + T;)

(13)

(14)

where T
1

and T2 are in degrees Rankine. The emissivity factor
is

Fe = 1
(15)~/el + l/e2 - 1

For rough steel plates the emissivity is approximately 0.95.
This value drops to 0.80 when there is a coarse oxide layer
on the plate. Painting the steel surface does not significantly
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change that range. In fact, a variety of 16 different colors
of the spectrum including white produced an emissivity range
on steel Of 0.92 to 0.96. Some exceptions were black shiny
shellac on tinned steel (e = 0.82) , black or white lacquer
(e = O-BO), and the alumln~ paints and lacquers (e = 0.27 tO 0.67).
Some red paints were as low as e = 0.75.

The view factor, FS, for this series of experiments
ranged from 0.6 to 0.9 as shown in Figure 3. The lower value
represents the greatest wall separation.

Relative Magnitudes of Heat Transfer

From Eqs. (4, Ioand 12),it is possible to estimate the
relative magnitudes of the three types of heat transfer. For
this purpose consider two walls of surface area A connected by
steel plating with a cross section area A. The r~lative heat
flows between the walls, with oneat T.l and the other at T2, would
be

‘k:Qh:Qr = (kAk\L) :(h@w):[AwF~FeFT]

Compared to conduction,

FS

Qh/Qk ‘ (huL\k)A~Ak = B Aw/Ak

(16)

(17)

.9 LONG, NARROW RECTANGLES

.8

.7

,6
SQUARE PLATES

.5 -

.4 -

.3 -

.2

.1

0

FIGURE 3 -

1 2 3 4 5 6 7

SMALLER SIDE LENGTI-I

DISTANCE BETWEEN PLATES

View Factor for RadiationB@tween Parallel Plates
Connectedby Non-Conductingbut Reradiating Idalls.
(Fief.1)



In order to obtain an estimate of the heat transfer ratios
for a ship assume the wing tank dimensions to be 40 feet high,
60 feet long and 10 feet wide. Assume a constant plate thick-
ness of l/20ft. which could account for stiffeners and ribbing.
Further assume that the hold wall and the side shell are the
two heat transfer surfaces for convection and radiat~on. The
plates that connect these two walls constitute the conduction
path. The upper and lower plates (decks) are used at full mate–
rial thickness for conduct!.on. However, the si<.e plates,
(fore and aft bulkhead) are used at 1/2 the material thickness
for conduction heat transfer to the wing tank.. This 1/2 thick-
ness assumption allows 1/2 the conduction heat transfer to go
to the wing tanks adjacent to the compartment under consideration.
This is not done with the lower plate (deck) of the compartment
because it is assumed that all the heat conducted along that
path comes almost directly from the water at the connection to
the outer hull. Assume a hull plating thickness of 1/20 ft.
The conduction expression of Eq. (4) is written

where

Qk = (kAk/L) AT (20)

1% = 2!5 BTU \hr.-ft2-0F

L = 10 feet

‘k = (1/20)(2x60)+(l/2)(1/20)(2x40) = 8 S~. ft.

This yields a randuction heat transfer of

Qk = 20 AT BTU/hr-ft~F (21)

The convection relation of Eq. (10) can involve the
establishment of a temperature differe~lce to determine the
heat transfer coefficient from Figure 1. Therefore, assume
the hold wall temperature at -259°F (methane boilinq ~oint)
and (for convenience) an outer hull Wall temperature of 41°F
for a tot-al temperature d~ffe~ence of 300QF. T&e above temp-
erature difference and the qssmed constants

kA = 0.013 BTU /ftShr-F

L = 10 feet

yield h = 1.2 B!!X1/ft~hr~F
u

The convection heat transfer becomes

%
= 2880 AT BTU/hraF (22)

The radiation heat transfer is determined from Eqs. (12) through
(14)
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Qr = AwFeFS@:r lJT (23)

The constants are chosen as ernissivitv equal to 0.9, Fe =
0.82, ‘T * 0.35 and FS = 0.85 in this wing tank

for the assumed temperature gradient. When combined above
the radiation heat transfer equation is

Qr = 580 AT BTU/hr°F (24)

A comparison of the ship heat transfer magnitudes
may be made with the aid of Eqs. (17), (18), 119), (21), (22)
and (24).

Qh/Qr/Qk = 144/29/l

Qh/Qk = 144

Qr/Qk = 29

Qh\Qr = 5

(Qh + Qr)/Qk = 173

The ratios that would be obtained in the models used
in this program for overall temperature changes of 40”F and 300°.F
are given in Tables 2 and 3 which are based on models to be des-
cribed subsequently.

General Equation for Thin Plates

A representation of a section of thin plate is shown in
Figure 4. It is assumed to have unit depth perpendicular to
the plane of the paper. The stiffener web is shown at the
midheight of the side. It is likely that little error would
accrue if the stiffener total heat flow is assumed to be
distributed over the length instead of concentrated locally
provided the areas are taken into account properly.

The heat balance is obtained by relating the heat
flows to the rate of temperature rise in the element, &T;AO,

(qL+qr)As - (q2 -ql)t = cptAs(AT/A6) (25)

The fluid end stiffener components are assumed to be constant
in time and also over the length As. In general they may vary
with respect to both.

is represented by Aq then the change in
heat flowl;a~$;l~~gthe element

qL + qR rtAq/As = c@(AT/A6) (26)
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Now employ lZqs. (1) through (3) and utilize the partial
derivative notation for the differential limits of time and
length. Then if T is the only dependent variable, the one-dimen=

sional equation becomes (recalling the sign of 8T/3s)

[(F~FeFT)L(TL-T) + (F,FeFT)R(TR-T) + hL(TL-T)+

hR(TF-T)]/t -!-k(a2T/~s)2 = cc (~T/~@) (27)

The analysis is ea~ily ~xtendable to two dimenslona~
heat transfer by adding k(a T\av ) to the left side cf Eq. (27).

TABLE II - Relative Heat Transfers, AT = 40°F

Quantity

b(f~)

b3

lk(F3TU/hr-ft-°F

Ah (~t2 )

Ak(ftz)

b/1<

A~/Ak

(b/k)(Ah Ak)

h
u

Qh/Qk

‘T

h
r

Q#Q,

Qr/Qk

(Qh+Q,)/Qk

2T8

2/3

O,296

26

0.39

0.0139

0.0255

28.1

0.715

0.43

0.307

0.92

0.736

0.585

0.525

0.832

2T4

1/3

0.0370

26

0.39

0.0139

0.0128

28.1

0.359

0.395

0.142

0.92

0.736

0. 53a

O. 263

0.405

Model

2T2

l/6

O.00463

26

0.39

0.0139

0.00642

28.1

0,181

0.36

0.065

0.92

0.736

0.490

0.133

0.198

3T12

I

1

?6

1

D.0075

Q.0385

133.3

5.13

0.44

:.26

1.92

).736

).60

!.77

).03

3T6

1/2

0;125

26

1

0.0075

0.0192

133.3

2.56

0.405

1.04

0.92

0.736

0.55

1.89

2,93

3T3

1/4

0.015625

26

1

0.0075

0.00962

133.3

1.28

0.379

0.485

0.92

0.736

0.516

0.94

1.43

2/3

O,296

26

0.856

0.0345

0.0255

24.8

0.633

0.43

0.272

0.92

0.736

0.584

0.464

0.736

TE
[Short
pa~h )

O. 208

0.0090

26

0.856

0.0345

0.0080

24.8

0.198

0.371

0.0735

0.92

0.736

0.504

0.146

0.220
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TABLE 111 - Relative Heat Transfers, AT = 300°F

CiuantlEf
—-—————.

b (ft )

b’

Ak(ft2)

b/’k

A~/Ak

h
u

Q#Qk

F~

h
r

Qh/Q
r

Q,/Qk

K3h + Q,)/Qk

—--
2 ‘H+

-—------

2,/3

c.296

26

0.39

o.rJ139

0“0255

z~.i

0,715

0.913

0.654

0.35

0.2U

3.26

0.209

0.854

214
.———

1/’3

0.0370

26

0.39

0.0137

0.0128

28.1

0.379

0.861

c.309

0.35

0,28

3.08

0.100

0,400

MoJel

Z T2

1/6

0.0046:

26

0.39

0.01s9

O. 00642

28.1

0. lHI

0.784

0.147

0.35

0. 2s

2.90

0.049

0.191

3T12
-——-
1

1

26

1

0.0075

0.0385

135.3

5.13

0.$55

4.90

0.35

0.2$

3.41

1.43

$.33
——

—.—
376

———

1/2

o.125

26

1

0.0075

0.019.2

133.3

2.56

0.888

.?,25

0.35

(3.~~

3.17

0.71

2.96

3T3
——.
l/4

O.01562!

26

1

0.0075

0.Goq62

)33.3

1.28

0.k?5

1.055

0.35

0.28

2L95

0.36

1.41

—.—
TF

(Short

j>~th)

.—

0.208

0.0090

26

0.856

0.0345

0.0080

24.8

0.198

0.800

0.158

0.35

0.28

2.86

0.0554

0..213

In a transient the temperature often is observed
to peak at which time the term on the right will vanish. Then
Eq. (27) will have khe character of a steady state relation from
which some useful calculation simplifications are possible. This
situation is relevant to the present investigation since both
temperatures and skresses were observed to reach extreme values
at approximately the same time.

Linearized Method

From the standpoint of a designer, there would be
considerable value in a reasonably reliable tiesign temperature
determination scheme that would require virtually no computation.
A straight line temperature gradient might be possible if heat
conduction predominates and if a metal temperature would be close
to the temperatures of a liquid wherever the two are in contiact.
This may “be inaccurate depending upon the amount of convection
and radiation which is present.
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q.= HEAT FLOW RATE AT 2

LEFT SIDE
FLUID

qL=q~ ‘q~
hr

L

T2

q L+

T1

f
—

‘q,

—

2

b qR

STIFFENER
WEB

3
i

~p

1

RIGHT SIDE”
FLUID

qR=qR +clR +q,
hr

+’t-
t

q, = HEAT FLOW IWTE AT 1

IF A S IS THE STIFFENER SPACING, L~, THEN AN
EQUIVALENT STIFFENER HEAT FLOW, q$MAY BE
FOUND FROM q A s = q~t5

5

FIGURE 4 - Plate Strip Element for Heat Transfer Analysis.

This linearized method is probably the simplest method.
It was found to agree reasonably well with some of the experi–
mental data of this investigation.

Quasistatic Method—

An improved method of temperature determination (relative
to the linear approximation) may be achieved through use, of the
quasistatic approximation, b~iae = O. This condition was observed
in the late stages of all the experimental transients of this
project. The following is confined to a simple strip which relates
to two dimensional heat transfer, vertical and athwartship.

From Eq. (27) with aT/aG = O,

d2T/ds2=2eT4/kt + (hL+hR)T/kt - S (28)

Where S = [ (F..~FeF~)L+ (FsFeFT)R]/kt + (hLTL+hRTR)T/kti (29)

Tf the radiation term is assumed to be a constant fraction
of the convective term, then
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s = (1 + q\qh) (hLTL + hRTR)/k.t (301
L

T = (T, + T2),\2 + RI(T2 - T1)/2 + R2~ (31)
where

1

The graphs of Rl and R in Figure 5 i~ terms
of s\L and gL. They showt~at R~ ~e;%~;rlinea. and R2 becomes
zero at very small gL which co responds ko prevalence of conduc–
tive heat tra~sfer. For that case (Figure 6al

T = T1 + (T2 - !rl)(s/L) (36)

For large gL (which would be the case in a ship with z strong
wind blowing across the deck) R and R approa~~l step functions,

&convection controls, and T appr aches & form of FigGre 6C.

Eq. (31) was compared with experimental data at long
times for all tefiiperature model tests conducted during this project.
For those comparisons it was necessary to deterniae the temperature
of the air outside and inside the wing tank- This was done by
assuming that the temperature TL was that of the Outiside air, ~
and that T (for the air inside the tank) was the weighted aver~’ge
of the tem~erature of the metal surrounding the tank. It was also
assumed that h = h with h determined as shown in the sec-
tion on experike;t;~ data.

As for the weighted average of the metal temperature,
this was estimated for each test on the assumption of a linear
variation of temperature from that of the chilling fluid to &hat
of the water. This estimate certainly is open to question. Rawever,
it is consiste~t with the desire for simplicity in CslculztiOne

Finite Difference Procedures

Eq. (27) may be written

~@@ = (l+qr\qh) (hL+fiR)T/kt - (l+qr/qh) (hLT_J

hRTR)/’L.-.+ (l/D) (AT/A@) (37)

The finite difference form is

T -%,r
+T

S+l,t S-lft T
= q2T~,t - s+ -x8t+l -T>.,t

6s2 Dl!o’
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l+R1
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R2
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gL=O </1

FIGURE 5 - Curves for’~l and R2~

As in Dusmherrs (Ref. 2) assume (As)2 = 2DhQ. Thi3n

T = (~/2) (Tx+l, t+ Tx_l, t) + (S - g%xrt) (A:5)2/2 (38)X,t+l

This is the strip tranzient equation. When S = qr,/q =Oit
becomes the Schmidt plot relation (Ref. 2). Eq. (35) ‘N~Sused
to predict transient t~~peratmes for comparison with test data-
at several locations on one of the thermal models and at one
point on the thermoplastic model. These calculations employed.
a typical value of D = 1/2 sq.ft/hr.
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+‘~q’)(hLTL+ ‘RTR)’(hL+“d T I

——— ——— ——— — ——— ——— 2L

J__
: (T2- Ti)/2

4

(T, + ~2)\2 T T = T1 + (72 -Tl)($/L)
T

1 +

T ~. gL = 0. CONDUCTION CONTR0L5,

r-~,

] , (i Fq\qh is negligibly small)
11 ——

F7&LlP,E6 - Range of Quasistatic Temperature Distributions
Along a Strip, Shown Schematically.

THERMAL STRESS THEORY

Na-ture Oi Thermal Stresses

Thermal stresses zre mechanical stresses -Ehat arise
from restraint of free thermal expansion. This is the geceric
‘cerm for di?nerLsional changes due to eithez increasing or decreas–
~..ngtemperatures. The interacti~n between the thermally induced
expansions and t“p.erestrain-k-induced stresses is ‘~b.ermoelasticiky.
?he restraints may be externaln or +Aey may be ptirely i~ternal
~ecauSe of ~~e inability of adjacent structural elenent? Zt

different temperatures tO deform freely ~eczcse th~~ zre sttached.
?hz general nak’are of thermoelasticity has beeri ~e~lnezted >Y

MeIan and T?arlws Ref. 31 !

The emphasis of this project is upon the development
cf a theoretical procedure which can be used for reliable predic-
tion of the thermal stresses in a structure which essentially is
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comprised of numerous intersect~ng plates. The thermal field
is to be assumed to originate from the sudden introduction of
a mass of cold fluid into a relatively warmer region of ~hat-
structure. That type of behavior commonly is termed “thermal
shock”. It is a loosely used term, as is discussed in Ref. 4.
Furthermore, the theories for predicting temperatures under
thermal shock necessarily have had tinassume specific forms of
the initiating temperature transient in order to achieve a
tractable closed form solution which is often mathematically
desirable.

In this repork~ as was indicated in the IntrO&QCtiOng
thermoplastic theories are advanced which are of the utmost
simplicity since experience has shown that relatively simple
theories may be employed to predict stresses in a complex
structural problem with reasonable accuracy.

Some Aspects of Thermal Stresses

It is possible to approximate the sOlutiOns tO a thermal
stress problem in various manners. A hypothetical maximum can
be computed which would be independent of all the shape and
thermoplastic parameters of the problem except for ~, E and To.
The quantity aETo may be used as an upper limit which may be
approached rather closely under certain conditions but would
never be attained. (In a tiher.ualstress field with ax = 6Y
the quantity would be increased by the multiplying factor
1/(1 - ~)]. It would be the most conservative estimated SOIUtiOE
to the edge-heated plane problem.

A closer approximation may be made through use of the
Biot number, hL/k, as will be explained later in this report.
The magnitude of B depends upon properties of the two media
which come into contact to initiate the thermoplastic field in one
of the media, such as liquid methane and steel. A relation has
been developed which delineates the ultimate fraction of ~ET
which can be attained no matter what the problem geometry ma? be.
This value would involve a lesser degree of conservatism than the
first. (See Eq. (43) and ff below).

Finallyr the precise value of the thermal stress can
be calculated from a knowledge of all the geometric and thermo-
plastic a-spects of the problem. This would ~EVOIV~ no canser–
vatism, of course.

One of the directions of this investigation has been
to explore all three of these situations and ascertain how they
are related for the cases investigated during this project.
The results of that comparison form an important part of the
report and are discussed in the Conclusions.

Discussions of Related References

Investigations of thermal stresses in ships have been
reported in the open literature (Refs. 5 through 8) . These
studies relate to the generation of thermal stresses induced in
a ship by the external environment. They involved radiation
from the sun, convection from the air, and primarily conduction
from the sea. The model studies have involved air convection
and simulated sea conduction.
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In all these s’cudies, the ship structure was tacitly
assumed to be a series of connected plates. No results were
reported on the distributions of temperatures and stresses through
the plating or across the stiffening systems in planes perpendi-
cular to the stiffened plates. As a result, none of the theore-
tical procedures discussed in the references would be completely
satisfactory in their present form for use in the analysis of
ship thermoplastic problems since the latter type of heat transfer
(and the resulting thermal stresses) could be important for
stiffened plate stresses. However, present theories could be
modified and adapted to that purpose.

In general, the agreement of theory and experiment
by Lyman and Meriam (Ref. 8) was found to be good with deviations
mostly in the order of a few percent for the ship measurements.
Howevert it is surprising to Observe that several experimental
data differed by more than 10 percent
ized predictions of thermal stress in
by Lyman and Meriam.

The most significant aspect
was the confinement of the problem to
temperatures and of thermal stresses.

from theoretical computer-
the model studies conducted

of the cited references
direct measurements of
Heat transfer calculations

were not perfcrtied, nor were measurements made, ‘codetermine
temperatures trom heat inputs.

In summary, therefore, it appears that the result of
Ref . 5 through 8 can serve only as a preliminary indication of
the general nature of the stresses in a ship resulting from
thermal shock.

Basic Thermoelasticity

The basis for almost all thermoelasticity is the
axiom that the total strain in a thermally stressed structure
is the algebraic sum of the strains arising from unrestrained
thermal expansion and from internal stresses,

~= o/E + UT (39)

Eq. (32) holds for ~niaxial stresses because the
mechanical stress is uniaxial. Otherwise it would be necessary
to employ
the total

which the
antes the
garded,

the three-dimensional stress field relations~ of which
strain in one direction is expressed

E= + - WJ/E - VuZ/E+ aTx (40)

If we return to Eq, (39) and consider a situation in
total strain is zero, then the thermal component bal-
mechanical component and if the minus sign is disre-

Ci= aET (41)

l%. (41) is the simplest possible thermal stress theoretical
relation of the induced stress to the average values of thermal
expansion, YoungFs modulus and temperature change. In the case
of a length of longitudinally restrained wire which has been
chilled through a temperature change, T6 it provides the precise
solution in the region of the wire removed from the ends.
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Supposer now, that a general three dimensional structure
is subjected to action by a fluid mass initially different from
the skructure temperature by an amount, To. If “the structural
material is homogeneous, and the structure is free in space,
then it is possible to write the thermal stress relation for any
location at any time after application of the fluid mass

where the coefficient Co, contains all the complexity of the
structural geometry and the character of the heat -transfer be-
tween the fluid mass and the structure. In fact, for initial
estimates of the magnitude of severity of a thermal stress
condition, Eq. (42) is often used with values of C fiictated by
experience. For a large range of problems C may ~e chosen to
be 1/2 (a linear gradient across a restraine~ bar, for example).

Stresses in a structure generally t;nd to peak
at discontinuities. Mechanical stress concentration factors
are well documented in the literature (for example! see Peter-
son’s compendium, Ref. (9). The situation with regard to
thermal stress concentration factors is radically different,
as has been shown by Colao~ Bird and Becker in Refs. 4, 10 and
11. One broad generalization relates to the maximum thermal
stress in a structure of any shape, with or without disconkln-
u.ities. The basic study of Ref. 4 showed theoretically and
experimentally that there is an upper bound

while mare recent studies by Zmery, Williams and Avery (Ref. 1.2)

have added more substantiation to the prediction? also through
botih “theoretical and PTE analyses,

The simplest calculation of thermal s’c~ess can be
made by substituting appropriate data in Eq. (43) , which also
‘wi%l yield the most conservative estimate Of thermal shock stress
resulting from tank rupture. If aE is assumed to be XOQ”psi/”P
then

Go = 300T0 (44)

where To is the d~fference ~n temperature between the cryogenic
fluid and the steel of the ship structure before the thermal
transient begins. Actually, heat transfer considerations (as
reflected in B) dictate the almost certain reduction of the
largest usable temperature difference to some value less than
the fluid-ship difference. In terms of maximum achievable
thermal stresses, Emery, Wiliiams and Avery have shown that for
photocla-n’ c plastics the effective difference may be only about
60 to 65 percent of the maximum (Ref. 12). Their results are
displayed in Figure 7 which indicates that for the steel model
of this investigation Cu would be less than 1/2.

The preceding reiate to a rather simple type of
structure and for a case in which the fluid temperature remains
constant throughout the thermal transient. Actually, khe
chilling of the steel will be accompanied by warming of the fluid,
thereby reducing the available temperature difference still further.
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Cu= ULTlhWTE ATTAINABLE STRESS
<1

~o

1.

c“

o.
0

(h/k)L

FIGURE 7 - Effect ~f Blot Plumberon Thermal Shock Stresses.

The coefficient, CO, may be invested with the role of reflecting
this change.

These simple talc.tilationmethods represent steps in
the approach toward determination of the precise value of thermal
stresses in the steel shi-p model. One more fac{ior is the relative
cross section areas of the cold and warm regions of the ship imme-
tiiately following chilling of the hold walls and bottom. If the
longitudinal forces are balanced and the cross section strain is
assumed to remain planar, then ( Figure 8) the force snd strain
relations are:

where T is the average temperature Of the inner structure when
the pea~ stress is reached, and T2 is the assumed uniform initial
temperature of tihe ship steel before the transient. That is not
the type of ifiitial distribution that would exist at sea. The
temperatures from the actual initial and transient conditions would
be additive if the superposition principle is operative, which i?
would be if stresses remain elastic. The combination of inelastic
thermal stress fields is a subject for a subsequent project.

It is a simple matter to combine Eqs. (45) and (46) so
that either 02 Or ~ may be found.

$enter tank,
For example, foy the model

regior. outside the
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1
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4--K-Jr’NT0uRF0I EQuAL I

I
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1

SHIP CROSS SECTION

FORCE BALANCE DIAGRAM ASSUMING CENTROIDS OF A, AND A2 ARE COINCIDENT

FIGURE 8 - Schematic Representation of the Ship Cross
Section Force Balance and Strain Equilibration,

where T (the difference between the initial fluid temperature and
the ini?ial model temperature) is introduced as a normalizing factor.
If T represents room temperature (the initial temperature of the

3mode ) and T1 is the deviation from room temperature due to chilling
in the tank region, then let T = T2-T , and the last terms in paren-
the~es are the area corrections from *he force balance relation.
Consequently

crl/oo = (T/To)(A2/A1)/(1 + A2/A1) (48)

CJ+TO = (T/T#(l + A2/Al) (49)

If Al and AZ are nearly equal, then the above-mentioned factor of
1/2 would apply as long as T is close to To.

In any structure the selection of the proper values for
A and A normally
“k

would involve some judgement based upon exper-
I rice. ?n this effort the areas were chosen arbitrarily by first
selecting the approximate location of the anticipated mean tempera-
ture between the cold and warm regions. Errors are to be expected
since the temperatures actually vary throughout a structure and are
not so simply divided.
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As a means of evaluating the general nak=re of the
stress field in the ship, a relatively- simple probl=m was chosen
?or aa initial PTE investigation as shown in Fiqure 9. In order
to compare the result with a classical closed form theoretical
solution, it was assumed that the problem could be approximated
by a cold spot in the center of a circular disk.

The general expression for the tangential stress IS
(Ref. 13)

0/50 = {1/2 - {a/b)2[l + (b/r)2]/4
-(1/2)ln(b/rll/ln(b/a)

Out-of-Plane Behavior

The tt,ennoelas~ic problem in a ship has been approached
in this investigation mainly as the study Of mul~ipie-plate plane
stress. However, the presence of stiffeners on one side of z
plate would induce heat flow normal to the plane of the plate.
The consequence would be out-of-plane stresses and deformations.
If the stiffener flanges were symmetric almu-k the Webfl then. the
deformations and stresses might be confined to IaendLnq. Angle
stiffeners however, might tend to bend and twistt and any ke~.dency
to buckle could be aggravated in certain cases. The buckling
process would tend to relieve &he thermoplastic field. However,
it could lead to instability strength loss against the pressure-
induced forces from the sea.

Angle-shaped Iong$tudinal stiffeners were used on the
steel model to accentuate this effect in order to assess the $mpor-
kance to ship design. In the current studyt numerical values of
stiffener stresses were obtained on the steel model. F!owever, only
a relative assessment was made of the stress levels compared to the
maximum values in the model. ,74more detailed evaluatj.o~ of stiffener
behavior was deferred to possible subsequent Investigations in which the
possible significance to structural stabil~ty nay be considered,.

Thermal Stress Scaling

If two structures are identical in shape but differ
in size and material? it iS necessary to utilize a the~retica~
relation to determine the nature of the stresses in one structure
when the stresses in the other are known in a given set of circum-
stances. Ibr mechanical loads the shapes of the stress d.iskrib~tions
in the two structures would be essentially iden’cical. Small dif-
ferences may exist at discont~nuities if POiSSQntS ratio is not the
same for the two materials~ but thxs is u?ually a negligible con-
sideration.
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CHILLED ZONE

EXPERIMENTAL MODEL CONFIGURATION

FIGURE 9 - Colcl-SpotProblem.

COLDSPOT

EQUIVALENT COLD-SPOT CONFIGURATION

The best means of relatinq the stkess fields is to develop
a non-dimensional ratio of stress;s which would have the same
value for both structures. For example, It is well known that an
appropriate scaling law for pressur~ vessels would be

(a/P~model = ‘“/~]Prototype

This means that the stress at a given point and in a given direction
on a model would be exactly the same on the prototype if the
pressures applied to each are the same and that the prototype stress
would be further increased beyond that value as the pressure is
increased.

The relation in Eq. (52) applies to static pressures.
Fbr transients a time factor must be considered. This is also

the case for temperature transients. Hcwever~ when the time factcrs
are accounted for as described for thermal scaling, Ehen an appro-
priate scaling law for therrnoelastic problems would be

or, in the form of Eq. (42) and abbreviating the subscripts,

(c ) = (co)p
(54)

Oln
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MODELS AND EXPERIMENTS

General Descriptions

Seven steel ship configuration models and two
plastic models (Table ~) were designed and fabricated to acquire
experimental data in this project. Three two-dimensional steel
models and three three-dimensional steel models were employed
solely for temperature studies while the last skeel model was used
for both temperature and stress determinations. The two photoelastic
models were tested to obtain supplementary themal stress data.

The characteristics of all models appear in Figures ~0
-Lhrouglh21 which depict the dimensional and material data as well as
the locations and types of instrumentation. Discussions of the models
and test procedures appear in subsequent portions of this section.

A flat plate was employed to measure the surface heat
transfer coefficients for the various fluids employed in these
investigations. These tests are discussed below also.

T~peratUre NIOdelS

TWO models were designed and fabricated to reqresent
z range of ship proportions and heat transfer chara~teristies. The
cross-sections appear in Figure 10. A view of both ship models
and the general experimental arrangement appear in.Figure 11.

Each temperature model consisted of one half of a
ship region. It was rendered thermally symmetric about the vertical
centerplane by 1 inch thick styrofoam plahe cemented to the steel
with RTV silicone rubber. In addition, Styrofoam was cemented to the
ends of each temperature model. AS a result the 2D models were con-
strained to essentially vertical and athwartship hezt tra~.sfer’“whe’re-
as the 311 model was free to transfer heat longitudinally for one bay
on each side of that into which the chilling fluid was,intqoduced.

As is shown in Figure 10, each model was modified
twice by halving the wing tank width so that three widths were
available for study in 2D and in 3D. Since two non-boiling and two

boiling runs were performed on each configuration, twelve Pairs of
tests were conducted to obtain experimental data for comparison with
theory. Each experiment was performed by rap~dly filling
the center hold of the model with chilling fluid. Thermoc-
ouple data were recorded for 1/2 hour after the stact of the
pour which required from 6 to 1!5seconds depending on the model
and the fluid.

Model for h

Part of the temperature investigation WES assigned
to measurement of surface heat transfer coefficients for the fluids
which were used. The experiments involved rapid pouring Cf enough
fluid into the square cavity above aplake (Figure 12) to fill
the cavity almost completely. Temperatures were xecarded from
khs beginning of the pour which required Qn:y a second to accomplish.
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TABLE IV - 140delDescriptions

Model

2T,
Three
Widths

3T,

Three
Widths

3TE

2PTE

3PT13

Flat
Plate

Figures

10

10

18

13

15

12

Use

Two-dimensional temperature distribution. Large pro-
portion of conductive heat flow compared to convection
and radiation. Thick steelplatesunreinforced.

Three-dimensional temperature distribution. Small

proportion of conductive heat flow compared to convec-
tionand radiation. Thin steelplates reinforced against
buckling.

Thermoelasticity in simulated ship. Conduction comp-
arable ko convection or radiation. ~hic~ steelplates
reinforced.

P~E local cold spot, two-dimensional problem. Single
plasiicplate.

PTE ship simulation, three-dimensional behavior.
Thick plasticplates.

Experimental determination of heat transfer coefficients

for non-boilingand boilingfluids.

Photothermoelastic Models

PTE investigations were conduc Led on a rectangular
flat plate with a central chilled spot and on a plastic simula-
tion of the steel model. one purpose was to determine how closely
Eqs. (4q) and (49) would agree with experimental data for these
cases to provide a base for evaluating the steel model results.
Another was to obtain a preliminary indication of the usefulness
of simple theoretical prediction procedures for temperatures and
stresses in the steel model. The PTE simulated ship experiment
also provided data to aid strain gage placement on the steel model.

Cold-Spot Model

The cold-spot model is a simplified delineation of
the bottom plane of the ship. The region within the dam repre-
sents the hold floor and the external rectangular annulus corres-
ponds to the remainder of the ship structure at that level, except
that the vertical walls of the ship introduce the equivalent of
additional cross section areas to the tank bottom and the external
regions.
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FREEDOM OF
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MODEL USE
(T= TEMPERATURE)

EEEEEl
MATERIALS, 2T MODELS, 1/8 IN. CARBON STEEL

3T MODELS; 0.032 IN. CARBON STEEL

ALL DIMENSIONS IN INCHES

MODEL ‘F ‘A Lw ~~ ~w L] L2 L3 L4 L5 Lb L7 “

2T8 7 12 3 1 4 11,58.04,0 0 3,4 0 4 0.5

2T4 7 8 31 4 74 40 2.0 0 3.4 0 1,8 0,5

2T2 7 6 31 4 55 2.0 10 0 3.4 0 1,0 0,5

3 T12 10 18 4 2 6 173 12.2 6.3 0 5.1 0 6.1 1.0

376 lIJ 12 4 2 6 11.1 5,8 3.1 0 5.1 0 3.1 10

3T3 10 9 4 2 6 8.1 3.1 15 0 5.1 0 1.5 1.0

FIGURE 10 - Thermal Model Data .
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FIGURE 11 - Ship Temperature iflodelsand Experimental
Equipment o

1 I
—— THERMOCOUPLES ~ STYROFOAM

/

1 1020STEEL
k=25 BTU/l-lR-FT-°F

—

●%RTV SILICONE
CEMENT

sQuARE PLANFORM

FIGURE 12 - Flodelfor Heat Transfer Coefficient Tests.

The model is shown in Figures 13 and 14 together
-with the PTE material properties. It was important, in designing
the experiment, to select a dam wall material and joint which
would not resist the deformations in the plate. Furthermore,
the joint had to prevent leakage of the ethylene glycol under the walls.
some experimentation showed that these conditions would be ~atls-
fied w-ith a fiberglas wall 0.064 in, thick and a silicone RTV
~ubber Iointr as shown in Figure 13.

!l?heexperiment was initiated by sudden int~oduction
Of the chilled ethylene 91Yc~l. Temperatures and fringe
patterns were recorded at selected intervals.
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T
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* 3.40 D

SILICON: Ri”V CEMENT
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\

T
3.40

MODEL MATERIAL,

cr,37x lo-6/OF
E, 0.36M51
f, 40 P51-lN/FRINGE
k/cp = 0.005

(COMPARED TO 0.45 FOR STEEL)

II E=13.32P51/OF

A.2\A, = 0.60

FIGURE 13 - Cold-Spot Model.

/’

FIGI.JRE14 - Photograph of Cold-Spot Model Test.
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PTE Simulated Ship Experiment

Before this project began a small photoelastic model
was built to reveal the general character of thermal stresses
in a ship with sudden chill applied to the center hold. The
model details appear in Figure 15. During this current project
the experiment was repeated for the reasons discussed previously.

The model was fabricated from flat plates of PSM-1, which
was used for the cold-spot study also. They were cemented to the
configuration shown in Figures 15 and 16. The polariscope sheets
were built into the model so as to reveal the stress field in every
plate, although polarizing sheets were located only at one quarter
of the model plates because of the model and experiment symmetries.
It was desirable to view all polariscopes s~multaneously. This
was accomplished with the experimental arrangement shown in Figure
17 which enabled the camera film to contain all the fringe pattern
images.

Thermoplastic Model

Thermoplastic studies were conducted on a welded steel
model fabricated to represent three bays of a cryogenic tanker
in general configuration.

The model is depicted in Figures 18 and 19. The size was
a compromise between a small model that would permit complete
filling of the central hold in a short time, and a large enough
model to enable the duplication of details reasonably representa-
tive of an actual ship.

The model was fabricated by TIG welding 1/8 inch thick
plates of T-1 steel. The fabrication procedure required coor-
dination of the welding and instrumentation processes in order
to permit internal installations of the strain gages and thermo-
couples. Alsot since it was important to locate strain gages close
to the plate intersections where stress gradients are greatest,
it was necessary to establish the minimum distances from the final
welds at which strain gages could be located without damage by the
heat of the welding process. These necessitated tests to establish
the smallest size weld which would provide a sound joint, and experi-
ments on gage survivability as a function of proximity to those
welds. (In spite of all these precautions, a few gages were lost
during fabrication)

Welding studies were conducted to design the
details of the model welding procedure so as to maintain
plate flatness and accurate alignment of adjacent plates.

These tests and the model fabrication schedule
consumed a large portion of the project. However, the efforts
resulted in a well–built model, optimized the gage proximity
to intersections, and minimized the number of gages.
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FIGURE 15 - PTE Ship Model.
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FIGURE 16 - PTE Ship Model Photograph Showing General Experimental Arrangement.
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E=E!EilL
TOP VIEW FRONT VIEW L

L–LIGHT FIELD D–DARK FIELD

POLARISCOPE LOCATIONS

TOP AND VERTICAL

BOTTOM WALLS

BULKHEADS

I

LIGHTING

FIGURE 17 - ship PTE Model Experimental Arrangement.

Instrumentation

The temperature sensors were fashioned from 24
gage iron-constantan thermocouple wire, beaded and wound into
a 3–turn spiral. The bead and the spiral were held in close
contact with the steel while the epoxy cement bonding agent dried
and hardened. The strain gages (Table 5) were adhered to the
steel with BLH SR-4 EPY-550 cement, Data were obtained on a
ViseCorder. The applications of the uniaxial qages are degicted
in Figure 20 while the arrangements of the others aze shown
in Figure 21.
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FIGURE 19 - Photos of Model at Different Stages of
Construction.

TABLE V - Strain Gage Characteristics and Locations

BLFI FAE-12-12S6
120 ohms, gage length= 1/8 in. r 1

Vlshay Micro-Measurements

+

90Q

WK-06-250WT- 120
120 ohms, gage length= 1/4 in.

Vi~hay Micro-Measurerrmnts
WK-06-250WR- 120

120 ohms, gage length ❑ 1/4 in. +iil!i@
450,

A
450

Locations

9,10,11

Figure 20

1,6,7,8

Figure 21

2,3,4,5

Figure 21

/1
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Experimental Procedure for Thermoplastic Model

The center bay was chosen to rece%ve the sudden
introduction of chilled fluid. A special pumping system Was
designed and constructed for rapid injection of the chilled
denatured alcohol into the center bay. A Minneapolis-Honeywell
light beam osctllograph was used to record the data throughout
each run, which was typically of 6 to 7 minutes duration.

Each experimental run was begun by cooling the denatured
alcohol by immersing the tank in chopped dry ice until a tempera-
ture of about -30°C had been reached. The recorder was activated
and then the pump ‘was started to inject 5 gallons of chilled
denatured alcohol into the center hold, Injection was accomplished
within 8 to 10 seconds, with a final fluid level of from 1 to 2
inches below the undersurface of the hold top. Appendices I and XI con-
tain temperatures and stresses obtained during all the runs.

At the completion of the tests the thermocouple signals
were converted to temperatures and the strain gage data were
converted to stresses. The culmination of the project was the
comparison of the experimental data with the predictions of the
theoretical procedures.

Five runs were required to acquire all the necessary
strain and temperature data. To varied from run to run. However,
all the principal stresses were normalized to DO.

EXPERIMENTAL MECHANICS

Introduction

Thermocouples were applied to the steel temperature
models while strain gages were used on the steel thermoplastic
model together with thermocouples. Photothermoeiasticity was
employed to obtain pertinent data from two supplementary experi-
ments, one of which was conducted On a plastic simulation of the
steel model. The three experiment types together with the theore-
tical analyses, were planned to provide the data on which to base
the prediction procedures sought as the goal of this project.

The properties of the steel model instrumentation are des-
cribed in the sections relating to those experiments. They are
in broad use and are familiar to most naval architects and
engineers. However, PTE is not in universal employment. Therefore,
a brief sketch of the technique is presented.

PTE

When transparent structures are loaded in polarized light,
interference fringes are observed~ t-he nature of which may be
related to stress through a calibration procedure. The basic
character of the process is more than 150 years old. Detailed
descriptions are available in numerous textbooks and journal arti-
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cles. Two of the best known references are the treattses by CokeE
and Filon (Ref. 14) and by Frocht (Ref. lb) . The basic relation
between stress level and fringe order is shown to W

II = ((sl- cJ2)L/f (55)

where 1 and 2 refer to the principal stresseS anti L is usually ~~e

thickness of the model. For a free edger ‘2 = ‘“

In all the work in photoelastic analysis of StFUCtUr2~
behavior the loading was a mechanical force system tintil about 15

years ago. At that time a series of invesktgatio~s was initiated
[Refs. 16 through 19 contain many of &he results) in which the
models were loaded by taperature fie2ds, most of w’hich were ~~~-

tiated by application of dry ice d?rectly to the model surfaces.

The resultant trar:sient tempe~actire fi”eids induced +’?lnge
patterns which are relateti to SK:CSS Ln exactly tk.= ~a~>kemanner
as for mechanical loads. Althouqh the s-cress d~str.~k’~:ions
generally are different for the zwo rypes of ~oadSr “~-h@,usUa~
calibration process and fringe incerpreta’kio~ of mechanical plnQ~Q-

elasticity apply without ImodificatioP. to thermally loaded struc-
tures. It is only necessary to measure the relevant model material

parameters as functions of temperature tc obtain reliable data.

Afker a series of relative~y simple inves”kig’ztions, @xperi–
mentalists found ‘chat the achievable precision of a EWE investi-
gation was as good as, or better tfizfi,that of a mechanical inves-

tigation. Correlation with theory was found to better than 1 percent
in almost every case. This success Led to the use of PTE to evaluate
the precision of thermoplastic theories, as was done by Becker and
Colao on rectangular strips (Ref. 10) . It also was used to establish

broad generalizations of thermoplastic behavior such as the lema
advanced in Ref. 4 relative to the max~mum attainable thermal stress

in a structure, and the generalization that. thermal St~eSS CQnc?n-

tration factors are nok the same as mechanical stress concentration
factors except possibly in a few spec~al cases. This latter ge~eral-

ization was established by Becker and Bird (Ref. 11) In a study of
holes in a plate.

Perhaps one of the most importa~t zspects of the PTE
investigations to date is t-he observation that s relatively smiple
theory may be found to predlck the observed stress maxima. Ip.
some cases it also was possible to gredick the stress distzibut~oris

reliably (ref. 4) . The experience ~ith pTE has provided a part of
the basis for the approach tO ths project which was focused OP

initially simple methods for calculation bf the~al stresses and

temperatures.

.As was stated in the introduct~ong there are n-amerous in-
stances in the photothermoelastic Iiterzture to demonstrate that

excellent agreement of theory and experiment is achievable when
the stress predictions proceed from the hewn temperature fields

(Refs. 16 through 19). All the observed discrepancies are directly
traceable to the heat transfer aspects of t-he problem. These lie
either in tihe errors of measurement of surface heat transEer Coef-

ficient or in the errors resulting from unwarranted simplifications
in heat transfer analysis methods. These lakter often involve
one dimensionalization of truly two dimensional problems, and the
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assmption of temperature-independe~t properties when the properties
really are temperature sensiklve. The Biot number is in this cate-
gory . Tramposch and Gerard [Ref. 17) showed “the importanc~ of
these factors when analyzing ap~ate-type Structure which is typi-

cal of aircraft wings and ship structures.

St-rain Gage Data Reduction

In terms o? mechanical strains alone, the relations .
between plane stresses and strains are (Ref. 20, for example)

- E(EY + w)/(1 - /)‘-Y-

and the principal normal stresses and
obtainable from

(58)

maximum shear stresses are

~ax ‘ [(rx - 5)2/4+T~]n@T (61)

The principal normal stress direction may be found from

In this investigation Eqs. (.53)through (59) were utilized to
yield the magnitudes of u , 0 , and ~, and the magnitudes and
directions of the princip$l n~rmal stresses and the maximum shear
stresses.

Experimental Errors

The experimental data. consisted of temperature and strain
measurements. Generally, both of these measurements may be made
to an accuracy of better than 1 percent. Another view of accuracies
achievable with these types of .;,?strumentakicn 25 k~~~~~~
identificat~on of the magmtude of the smallest measureabie
quantity. For strain gages read through a bridge balance :his
can be as Itttle as 5 microinches per Lnch under the cond~tions
which existed in our laboratory during the testing phase. For
the thermocouples the minimum measurable quantity would be l/4”F.
However, both these types of data were recorded on an oscilloqraph
and then were deduced from the recorder traces. As a result the
accuracy of reproducibility would control the accuracy of the data.

For the Minneapolis-Honeywell recorder used in this project the
strain scale was 940 microinch/inch for 1 sczle inch with a direct
reading precision of 1/100 inch which infi<cztes a maximum. precision
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of 9.4 rnicroinc12/inch. T~~ ~e~p~ra~~~e CO~~~c~i~3 char-t WaS Of

comparable prec%sion. For the thermocouples used on the kFiemo-
elastic model the scale was 7 .05 millivoltslincll directly readable
to l\100 irmil which corresponds to a precision of 1.4°C ~r 2.5°F.
On the temperature models the scale was 0.67 milli.volts\inck. The
net precision was better than 0C)5”F,

TEMPER.AT’URE INVESTIGATIONS

Thermal Models

The stx khermal model configurakignsv each tested twice
boiling and twice non-boiling, provided 24 runs with which to evaluake

the theories proposed for determination of ship strut’cu~e ‘cemDeza-
tures under cryogenic shock. The ensuing discussions have been
designed to explore the correlation cJf theory znd experiment.
This was done ~~ first examining tlqe temperatures On the deck and

upper sidewall. &fker that the inter~or-plate -Len~er2tures were

examined.

Attention is directed to ‘de tiiscuss%on of ~x~@~i~Le~ta~
errors which has been presented previously. The ranqe of kenpera-
ture error should be borne in mind when exploriq the fig7LmEs to
be presented during this discussion.

Normalized Temperatures and Distances

The initial model, air and water temperatures were close
to 708F in every model test. However~ the initial temperatures
of the chilling’ fluid var~ed from +40°F ‘to -lOO°F. In addi-kionc
the most severe test of the usefulness of the ca>culskion methods

is the reliability with whfch -Lhey may 5e used to determine the
distribution of temperature from one location to another along a

plate. The absolute temperatures are 05 little importance in this

type of evaluation. Only the change between Locak?ons is important.

For these reasons the portrayal of the temperatures on
graphs was accomplished by normalizing them with respect to TV@F.
Furthermore ~ the lowest temperatures were reached whe~ the
quasistatic behavior was observed.. This occurred at approximately
1/2 hour in every test on the thermal models. Consequently, the

graphs display the 1800 second values of

as a ‘percentage of the distance from the deck~girder joint to the
total length between the waterlize and hhe top of the Iongikudifial
girder. This completely nondimensionalizes the data. Tn z few
cases ~ther lengths were employed as references. They are des-

cribed subsequently,

Tables Al through A4 display the theoretical and
experimental temperatures, Table 7$4 contains the normalized

experimental temperatures. The theoretical curves were glots
from Eq. (S1) using Figure 5to construct the highest and ~GWE.~t
curves only.
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The theoretical and experine~tal information appear

in Figures 22 through 32. After preliminary examination of
the experiment-al data, it was apparent that there was enough
scakker ko invalidate a test-by-test compariso~ of theory with
experiment. I-Lappeared more reasonable to present all the infor-
mation for one model on one grzph znd to compare scatter bands in
the manner shown on the graphs. This manner of presentation is
consistent with the scatter. ~t also pecmits a visualization of
the range of theoretical curves for ezch model. Finally, the
clustering of the data permit a clearer observation of the trends
in the data.

Discussion of Results

The scatter of the experimental data and the general
agreement with theory are somewhat better for the 3D models than
for the 2D models. However, there does not appear to be a great
deal of difference between them.

In most cases the temperatures were higher at the girder\
deck corner and lower at the waterline than the theory predicted
based upon the use of TF and T as the Teferefice temperatures.
This was probably the result o!! the details of the convective heat
transfer process in these regions. The direct test of the predic-
tive power of the quasiskatic 2D theory mav be seen in Figures 23r
26, 28 and 30 in which the plate was analyzed between thermocouples
1 and 4 instead of betw-een the water and the girder. The aqxee-
ment with theory is considerably Tmproved but there are still some

unexplaim-” large derlatton% for kYIesE c%ses, The reference
length was changed co the distance between these thermocouples and
the reference temperature difference was 771 - T so &hat J became

#rem Table As and
‘T - ‘VT1-T$)’

The temperatures were taken
the I@ gths we e taken from Figure 10.

The quasistakic theory was derived on %he basis of a
model in which the plate length is the distance between the longi-
tudinal girder (assumed to be at TF) and the point of contact with
the wetted surface (assumed to be at TW) . In the cases of the 2D
models however, conduction controls and therefore these re$erence
surfaces would not he expected to be isothermal. Gradients would
be expected along them, as is ve~ified by comparison of the temp-
eratures at thermocouples 4, 5 and 6 at tihe top, center and inner
bottom of the bulkhead, respectively. (Table A3) The path length
was increased 3.5 inches in front of thermocouple 4 and 2 inches
beyond thermocouple 1 for model 2TS (Figure 2’4). The revised plots
of mea::ured and calculated temperatures display a better matching
of scatter bands than in Figure 2.2. I-k is apparent that the fine
de-kails of radiation and convection should be considered if better
agreement of theory and experiment is required.

Bottom Structure

There is one thermocouple at the middle of the inner
bottom (No. 7) and another at the middle of the girder between
the inner and outer bottoms (No. 8) . The temperatures at ‘these
locations appear to deviate radically from the average of the
water and chilling fluid (Table A3). Howeverr they do not depart
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as greatly from the average of the water temperature and the temp-
erature at thermocouple No. 6 as shown in Table 6. Iln these regions,
then, the thermal gradient apparerikly is predictable reasonably
well by linear theory between the fluid temperatures at the ends of
the strip. The problem (as in the corresponding case of the deck
and upper sideshell) lies in being able to predict the temperature
at thermocouple No. 6.

Transient

Transient temperatures were computed theoretically from
Eq. (38) for the first 180 seconds of run 3T6B-1. The choice of
70”F as the starting temperature was made since that was the initial
temperature of thermocouple NO. 4 which was the boundaiy value
controller for the analysis.

The results are compared to the experimental data in
Figure 33 which shows a reasonably good match. The early–time
difference between theory and experiment appeared to wash out quickly
for thermocouple No. 3, but it seems to have been retained at thermo-
couples 1 and 2.

The general agreement is good but it is clear that the fine
details of the character of the convective heat transfer affected
the correlation at thermocouples 1 and 2.



TABLE VI - Temperatures in Bottom Structure,‘F

RUR

2T8-1
2T8.2

2T8B-1
2T8B-2

2T4-I
2T4-2

2T43-1
2T413-2

2T2-I
2T2-2

2T2B-1
2T2EL2

3T12-1
3T12-2

3T12B-I
3T12B-2

3T6-1
3T6-2
3T6-3

3T6B.1
3T6B.2

3T3-I
3T3.2

3T313-1
3T3B-2

T
w

70.5

71

73

71.5

67
75

68
67

74
72

74

72

75

72

70

70

73.5

71

69

68, 5

68

78

75

71.5

72

‘6

.4
1

-16
-lo

52
53

-5
48

52
53

43
44

45
48

42
44

47
47
46

42
41

49
49

45
44

T
av

33
36

29
30

60

64

32

58

63
63

59

58

60

60

56

57

60

59

58

55

55

64

62

59

58

‘7

34
39

27
30

57

60

37

55

57

59

54

53

61

61

56

57

59

57

56

54

52

60

59

55

55

‘8

40

46

43

42

57

67

54

57
60

53

55

58

57

56

58

60

57

56
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60
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56
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Effects of Wind and Sun

A short run was made after 1800 seconds on model
2T2B-1 to assess the influence of wind and sun on the temperature
in a shtp. This involved the use of a 4-xnch-diameter fan and
a 150 watt lamp in a reflector. The lamp was 7 inches above the
deck, 6 inches outboard and 11 inches forward of the fore-and-
aft centerplaneP tilted to illuminate the model directly. The fan
was 6 inches above the deck and 18 inches abeam. It was aimed to
blow directly on the model.

At 1800 seconds the Freon 114 in the model was topped off
(about one inch) and the lamp was turned on. The fluid temperature
was 39°F and that of the water was 73°F at the start of this se-
que~ce. The rest of the test sequence is shown in Table 7. Thermo-
;o.uples 1 and 2
thermocouples 3

During
the interior of
have responded.
the temperature
8 degrees while

were at locations “losest ‘co the lamp and fan while
and 4 were successively farther away.

the test little heating or cooling penetrated to
the model, Only the deck and sideshell appear to
The largest change occurred at thermocouple 2 where

rose 14°F under radiant heating alone snd another
the fan was on. The total change of 22°F was

65 percent of TW - TF.

This result cannot be related quantitatively to the
corresponding behavior of a ship at sea. Qualitatively, howevert

it indicates that the effect would be large. Consider the convec-
tion alone. Assume again, a wing tank 40 feet high, 60 feet long
and 10 feet wi[~>,with l/20 feet thick plate all over. If a 20 kt.
W$nd ak -WE isasswmed to blow ac~os$ the deck, sw that a value
of h = 4 might be realistic, then q would be (4+1)/(25 x l/20) =
4 if h = 1 for the air in the wing tank and Eq. (34) is us.eG to detet-
mine 9~. Assume T = 30°F and assumet also that the steel girder is
at 50°F while th~ wing tank air is at O°F. ‘If radiative effects are
neglected, then T = (-BOx4)\5 - (50 + 30)/2 = -104°F using Eq. (35).
The path length would be 10 ft. plus the heiqht of the deck above
the water. If this is 20 ft. then gL = 2 x 30 = 60. The tempera-
ture would approach a step function and according to Eq. (311 the
steel temperature would be close to T = (50 + 30)]2 - 104 = -64”F.

TABLE VII - Simulated Wind and Sun 5tudy, Model 2T2B-I

HeatLamp On

Fan& Lamp Cm

FanOn,Lamp OH

Time
Sec.

~aoo
1870
2100
2220

2400
2420
%43o
2460

2700
2730
2?’60
3200

1

67
70
73
74

75
75
76

76

76
76
75
71

Therrnocoud
2 3 4 5

!
51 t 46 40 39
57 50 42 39
6.4 54 46 39

65 56 47 39

45 56 48 39
65 56 48 39
65 57 49 39

66 58 49 39

73 63 49 39

70 61 48 39
70 59 47 39

62 56 47 39

3
6 7 8

43 54 55

43 55 54

43 55 55
43 55 55

43 55 54

43 54 54
43 54 54
43 54 54

43 54 53
43 54 53
43 54 52

43 54 53
J
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Comective Heat Transfer CoefEiciEzts

An interesting sideligh-t -Lo these ex~erimep.ts was
a reduc’iion beh-w the boilirq temperature ir. me:cal

surface temperature when total C1-Jid evapora~ioc was permitted..
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1. Explosive Boiling - Enable to maintain afiy
appreciable fluid in the experimental cavity+

2. Eruptive Boiling - l’i~le?k action with excessive
splashing.

3. Active Boillng - Can be compared to boiling water.

4. Quiescent - Gentle boil~nq to none St all.

PTE AND TE

Temperature records were obtained during the IPT’E and
TE tests. The results appear in Figures 38 and 39. f40 attempt
was made ko an~lyze t%’ PTE daka. Howevert the TE results were
analyzed for the thermocouple at gage 1 using the transient cal-
culation procedure of Eq. (38) with the result shown in Figure 40.
The convective and radiative heat transfers were asssumed tiobe
l/2 of the conductive, which is the average of the values shown
in Tables 2 and 3. The differences are seen to be of the order
of a few percent. The experimental -temperatures at all the sta-
tions of Figure 40 were used to compute stresses as shown in the
following section.

80

70

43

50

40=
~

~
1-

30

20

10

0

-10

INITIAL TEMPERATURE OF ETHYLENE GLYCOL = -22°F
To = -94%

FLUID TEMP

TIME (MINuTES)

2 3 4

) 20 40 60 80 100 120 140 160 180 200 220 240

TMv4E (SECONDS)

FIGURE 38 - Temperature History in the Cold-Spot Model.
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STRESS INVESTIGATIONS

Introduction

PTE investigate.ons were conducted on a rectangular flat
plate with a central chilled spot and on a plastic qimuiation
of the steel model. One purpose was to determine how closely
Eqs. (48) and (49) would agree with experimental data for these
cases to provide a base for evaluating the steel model results.
Another was to obk~in a preliminary indication of the usefulness
of simple cneoretical prediction procedures for stresses In the
steel model. The PTE simulated ship exper~~ e. ? also prov~dsd data
to aid in strain gage placement on the steel model,

In the following descriptions each study is discussed
separately. Comparisons have been made of the PTE data w~th the
simplified predictions which are discussed in the ThPOry Section.

Cold Spot Model

The photoelastic fringe patterns are snown in Figure 41.
The results are typical of a thermal transient. The peak stress
occured at approximately 4 m~nutes af~er inception of ~he test.
Actually, tnere was little variation in the stress field from 3
minutes to almost 7 minutes.

The cold-spot and balanced force theoretical solutions were
compared to the experimental results. The magnitude of the difference
between the two theories is shown in Figure 42. The nature of the
agreement is to be expected since Eq. (48) and (49) are basi~a~lY khe
result of a force balance analysis with consideration for the
curvature of the disk.

The relevant data for the cold-spot experiment appear

in the following summary. The temperature difference, T, is the
change from room temperature to the temperature measured at the
center of the plate mctdel at the time of peak stress.

Area ratio,A2/A1 = 0.60
To.-920F

=0 = 1200 psi
Maximum model temperature change, T = 69°F
aF,T=920 psi
&iaxhnurnfringe order, n= 2.03 (extrapolated)
Loca’cion,centers of long edges

Experimental thermal stress, Eq. 55 ,U = 613 psi
co = w/r. = 0.49
c=u/aET=o.67
Theoretical thermal stresses,

Force balance, Eq. (49),u= 575 psi
Cold-spot analysis, 12q.(~~1,o-= 598psi

Percentage errors, theory compared to experiment,
rorce balance, 6.6 percent

Gold-spot analysis, 2.5 percent



-53-

FIGURE 41
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tigatbns in which. excellent agreemenz of theor:v and exper irmnt

ihaw been obtained for problems of equal or greater complexity

(Refs. 16 tbumugh 18, for example). In the cold-s~ot p,roblem the
error was slightly larger than has b~~n sustained lPJthz past in
whi~h ~eeL1ra~i~~ of the order of 1 percent ‘were conu’mn. However,
some portion ~f the difference IIIUS& be ~dent~f~ed W-~th the approxi-
maii.enatures of Eqs. (49) and (5i) as applied t-o the experiment.
ln spite of “khe size of the error 5Qr the balanced force method,~
‘&e utility of the procedure for LNZ tankers has received some

support from this relatively simple investigation.

lt is instructive to examine the various degrees of
conservatism related to estimating procedures. ~o.is seen to be
3.49 while the hypothetical uDper bo’und for a fm~te Eiot number;
Cd, is seen to be 0.57 accor6i&q to Figure ?. As a result the use

ox 5 would hav-e predicted a theoretical. peak stress Idhich would
h.ave”been m,ore tjlan twice as high as ObSErV@d V?hile & WO-Llld hav-e

been 17 percent too high.

The phokoelastic fringe patterns appear in Figure ‘3 . lt
follows that 00 = 1200 psit as in the cold-spot test. The maximum
fringe or~,er of 1.4 occurred at the lobje~corner of the inner wal~..
lf the fringe order is substituted into Eq. (!55)the principal
stress difference 5s found to have been. 1.4 x 303, or 424 psi~ and.
the principal shear stress was 212 psi. The numerical value of UET“,
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At the centers of the inner and outer walls the peak 5zinge
orders were 1.0 and 0.8, respectively. These are equivalent to
303 and 244 psi, respectively. If the inner and outer section
areas are as shown in Figure 15, then the application of Eqs. [48]
and {49] (using the bottom plate temperature as a refezence so thst
T = 61°~yield predictions of the longitudinal inner and outer
thernal stresses of 426 psi and 383 psi at those locations. It
was not possible, in the current PTE tests, to separate the prin-
cipal stresses and obtain the two values experimentally because
of the manner in which the polariscopes were built into the v.odel.
As a result it was necessary to assume values of o in order to
perform the correlation. IfU were C~SS~ e~llal$~ 1/4 of ‘Xn
then”ux WOUl~ be 404 and 325 &i at the i~ner and outer wal~s,
respectively. The test data on the steel moaei xn~icated that
this assumed order of the ratio of vertical-to-horizontal stress
night not be improper.

The simulated ship experiment revealed no stress concen-
tration at any location. It did demonstrate the presence of signi-
ficant shears cince the principal shear was l/2 of the principal
normal stress.

The results from this study played an important role in
aiding the selection of strain gage locations on the steel moclel
in order to reveal the peak normals and the corner shears. yore
importantly, however, it indicated the order of accuracy with which
the force balance relations of Eqs. (48) and (49) can predict the
peak stresses in a shiplike structure subjected to thermal shock
in one hold.

Because of the uncertainties. in the values of the separated
principsl stresses, the followinq summary of the various stress
bounds may be somewhat inaccurate. However, the exercise is felt
to be important to khe aspect of this investigation which deals
with approximation procedures. The results above show thaE ~ =
455/’1200 = 0.38. For the ship PTE nmdel, Figure 7 shows that for
the pertinent Biot number ~ = 0.64. Therefore, uSe of 00 instead

of the observed value would have resulted in a prediction of thermal
stre>s that would have been about 3 times as high while the
attainable ultimate, ~i would have been 87 percent too high.

‘Steel Ship Model Investigations

Thermoplastic studies were conducted on the welded

steel xnodel described above. The significant stress data are
summarized in”this section.

The peak thermal stresses were observed at ‘the centers
of the inner and outer walls (gages 1 and 11) . AS shown in Figure
ddr the experimental peaks were in reasonably good agreement with
the predictions of Eqs. (4S] and (49). The locations of the peaks
were in the same places as on the PTE ship model. The peak value
of Co was 5 percent smaller -khan theoretical On the inner wall and
6 percent smaller on the outer wall. The largest C was 0.258

which means that the use of O. ‘R”as an estimate for k ~s case would
have been too large by a factor of nearly 4. If the Biot number
estimate of 0.43 were to be used (figure 7) then the prediction
would have been 67 percent too high.
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The po~nk-by-point comparison shows similarity of khe
theory and experiment. However, the correlation becomes close
only at long times.

Vsrtical shear was observed in the corners, as in the
case of the PTE model. The largest value of the principal shear
was half of the peak principal normal stress.

The peak stress on the inner wall was measured on the
outstanding leg of the angle stiffener. As can be seen frqm Figure
44t t-he stress started as compression and then reversed after about
5 seconds. This may be explained by assuming that the temperature on
the wall plate caused shrinkage relative to the stiffener and induced
a combination of compression and bending k-ith a net tension on the
flange. Then the temperature reached the stiffener after which it
began to act in concert with the inner wall, The differentially
connected strain gage at locatign 9 revealed a srfiall amount of

vertical curvature which would have induced a rolling action on
the stiffener. -The relatively small compression in the flange before
reversal Eoes not imply that this is a negligible problem in a full
size ship. Because of the time scaling law of Eq. (S) the stiffeners
may not become chilled for several minutes after bhe plate is chilled.
AS a result the compression stresses and rolling action could be
much greater than observed in &his investigation. This is an area
for possible future study.

The minimum principal stress at the center of the wall
was approximately 1/4 of the maximum. The minimum was oriented
vertically and the maximum was horizontal. This result provided the
basis for the assumption made for the PTE ship model to indicabe
how the photoelastic principal stress difference could be converted
into separated stresses.

Some other features of the steel model response
may warrant subsequent investigation. For example, the plateau
at 10 to 20 seconds may reflect the finite injection time for the
chilled alcohol. The reversal in sign at gage location 5 indicates
the adjustment of the model to the changing temperature field. It
may be important to inquire into the reasons for the time difference
in the attainment of the peaks at the inner and outer walls.
However, the resolution of that problem would require extensive
theoretical analysis in a subsequ~nt i~vesk<ga’cion.

OTHER SHIP PROBLEMS

Local Temperature Fields

It is apparent from Eq. (48) that a narrow longitudinal
cold strip would induce much higher tensile stress than if the
entire
strip.
become
to

hold were to be chilled ~o the same temperature of the
This follows from the area ratio term, A2/Al, which would

much larger than unity for which case ~1 would come close

C@. = AT/T.
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in Wihich AT/T would be related to Biot number and the heat
capacities of”the hold and chilling fluid. In t-he thermoplastic
investigations AT/T was approximately l/2. However if the con-
vective heat transf$r coefficient is very high, zs in a boiling
condition, then AT/T. would approach unity also and therefore Gl
would approach o = BETO which is the maximum possible value with
no holes, cracks”or otner forms of stress concentrators.

Pressure Surge

For the past two years the investigators have been con-
cerned about the pressure rise which would !OGcaused by rapid gas
generation during the assumed tank failure. If a small amount of
cryogenic fluid were to come in contact with any part of the much
warmer hold structure enough pressure could be generated to initiate
a chain reaction failure of the tank container and, soon after~
failure of the hold if inadequate venting is provided.

The experiments which utilized the Freon fluids provided
viv~d visual evidence of the violent gas generation that would take
p;ace during the assumed accidenk. The Freon 12 (-21°F boiling point)
flti<d erupted from the container which held the heat transfer
coefficient experiment. It also was quite difficult to pour the

Freon 12 fluid into the hold of the 2T4B-1 model. The blowback
during the beginning of the pour restricted the flow rate until an
initial chill was obksined. Ths Freon 114 (38.8°F boiling point)

exhibited the same behavior but at an understandably reduced level.

Some simple calculations were performed to yield an
ortier-of-maqnitude pressure rise effect. A hold size of 60 feet
square by 40 feet high was assumed for the calculations. An average
wall thickness of 1 inch was chosen. However, the event would
occur sorapi!~-y that the effect almost would be independent of wall
thickness when examining typical ship ~-late thicknesses and
construction.

The heat transfer coefficient was based on the Freon
12 data. The vent size was assumed circular in order to provide
simple supersonic nozzle flow calculations.

The initial conditions considered were liquid methane
at atmospheric pressure {-258.5°F boiling point) in the tank and
a hold metal temperature of 41.5°F for an initial 300°F temperature
difference.

The result of the calculations is depicted in Figure 45
which indicates the pressure to be expected during the first 10
seconds. The average wall temperature rise in the assumed 1 inch
thick wall is only 22 percent of the total temperature change
available.

For more precise calculations the surface heat transfer
coefficients obtained for the Freon fluids during the program would
have to be obtained for the various cryogenic cargo tanker fluids.
The surface heat transfer coefficient would vary by nrders of mag-
nitude during the transient and the variation as a function of
metal surface condition would be important for further design
calculations.
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FIGURE 45 - Hold Pressure Versus Accessible Vent Area During the First 10
Seconds of a Liquid Methane Accident for a Ship with the
Configuration Described in the Text.

A calculation was made to demonstrate the order of nag-
nitude of the venting area. The hold side plate was assumed to be
1/2 inch thick, longitudinally stiffened near the deck by angles
with 6 inch webs and flinch flanges, also 1/2 inch thick. The
vertical spacing was chosen to be 36 inches and the transverse web
spacing was assumed to be 12 feet. Under the action of the
internal pressurer p? the flange stress would be 624G?, tension.
If the seaway stress is assumed to be 10,000 p~iand the thermal
stress is chosen at 20,000 psi,then a stress oi only 10~000 psi
is available to bring the total to yield for a 40,000psi steel.
Therefore, the surge pressure cannot exceed 1.6 psi before tension
yielding will occur at the flange. According to Figure 45 this
means a required effective vent area of 74 sq. ft. to meet t~e

bottom of the range shown on the figure and 110 sq. ft. at the top
of the range.
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CONCLUSIONS

Temperatures

1. The determination of temperatures due to thermal
shock in a ship hold may be performed to engineering accuracy
(+ 10 percent precision) using 2-dimensional heat transfer analysis
~n vertical and athwartship coordinates only, The heat flow
fore and aft does not appear to exert a significantly large in-
fluence on ‘the temperatures at the transverse centerplane of the
ship where the peaks would be.

2, The prediction of peak temperatures can be made to
engineering accuracy using the quasistatic prozedur~ described in
this report. Some additional effort may be required to=solve
details of convective heat transfer at corners and at boundary
changes (the air-water interface,for example) .

3. The quasistatic procedure assumes convective and
radiative heat transfer properties which are constant along the
length of the heat transfer path and independent of the shape and
size of the wing tank. Greater prediction accllra.cy may be achieved
and some of the large discrepancies between theory and experiment
may be identified, if path-length-dependent ~ropcrties are used and
if the influence of tank shape and size are considered.

4. The calculation procedures are applicable with
engineering accuracy to any heat transfer problem in a ship includ-
ing transients.

5. Convection will dominate the heat transfer process
over large regions of a ship. Radiation will be approximately
one order of magnitude less and conduction will be two orders of
magnitude less.

Stresses

6. The calculation of the peak thermal stress in a ship
subjected to the thermal shock in a hold may be performed to satis-
factory engineering accuracy by use of

o = aET(A2/Al)/(1 + A2/Al) (48)
or

o = aET/(1 + A2/A1) (49)

7. If the hypothetical limit, oo = UETO were to be used
to calculate the peak stress, the result would be conservative by
a factor as large as 4. If the ultimate attainable stress from
F$.gure 7 were to be used in an attempt to consider the influence
of surface heat transfer, the res]lt also would be conservative,
but of the order of 17 percent to approximately a factor of z.
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Out-of-plane bending of the tank hold walls

a pr0131ern ~Or a s~ip with ti~e proportions of
model. Howeverr it might be signiEicank in

an-actual ship.

Other Ship Problems

9. If tihe fluid boils after being poured from a

ruptured tank into contact wikh the hold the resultan-b pressure
surge could lead to destruction of the ship. A large venkinq
area must be available to avoid a large pressure surge.

10. In the case of a leak, instead of a catastrophic
tank failure, the chilled zone of the hold could be small in which
case A /A would be large and the thermal stress in the chilled
zone w&l* approach uET if the fluid boils on contact with the

steel of the hold. The”influence of ~ressure su.ruins mav modifv
t-his effect by ““-

l—–— .,<.4 .

of the thermal

heat transfer
of prediction
modeling laws

rapidly enlarging the leak in which case the time
transient will control the stress level.

RECOPU’MENDATIONS

1. Further studies shculd be performed on convective
in ship-detail configurations to ip.crease the accuracy
procedures of this report and to help find reliable
for this mode of best transfer.

2. Analyses, experiments and desig~ studies shoulti

be conducted on the problen of pressure surge. These shoulti include

measurements of the convective heat transfer coefficients of various
liquid natural gases.

3. Local t~errnal shock problems should be investigated
experimentally and the data should be compared to theore-kical
predictions (such as Eqs. (48) and (49)) .

4. An examination should be made of the effect of
ship motion on convective cell stability and the relationship t-o
the heat transfer process.

5. One problem which in the past has received con-
siderable attention with little in the way of a satisfactory con-
clusion is the behavior of a structure when mechanical stresses are
applied in conjunction with thermal stresses. The range of current
practice extends from algebraic addition of the kwo stresses in
some cases to complete neglect of the thermal stresses in others.
From the standpoint of stress analysisf the stresses should be zdtied

if superposition holds. Otherwise the addition process must be modi-
fied. From the standpoint of failure of the ship structure the proper
procedure probably would lie between the two extremes mentioned here.
It is suggested khati an exploratory study be made to determine the
proper approach for ship design.
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APPENDIX I

EXPERIMENTAL TEMPERATURE DATA

The following pages contain the temperatures for all model experiments.
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TABLE A-1 - Basic Calculation Data for Temperature Models

&ladel

At40°AT, hl~BTUjh,-ft-OF)

At 90°AT. h2(BTUl~,-~t-OF)

k(BTU/hr-ft-(’Fj

t (ft )

2hl//kt (ft-2}

(Q /Qc)2
r

El (ft
-1,

g2 (ft-1)

2T8

1

0,4

3,54

!5

0,010

3.2

4.32

0.3

727+

2 /3

0.4

0.54

25

0.010

3.2

4.32

0.3

3.08 ~ 3.08

2.12 1,4,2

3.08 2, 36

l/2

!

1.5
I

1,0

0.4 9.4

0.54 I 0.54

2. 25

0.010 1 0.00267

\
3..2 12. 1

4.32 16,2

0.3 0.3

1.2 1.2

2. iz 3.96

3.08 5.97

].06 5.95

1.54 \ 8.94

0.4

0.54

25

0.00267

11.1

16+?-

0.3

1.2

3.9A

5, 97

3,90

5.97 1
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TABLE A-II - Temperature Data for Theoretical Profiles, ‘F

‘L

3.08

3.08’

3.08

3.08

1.42

1.42

2.06
1.42

1.06
1.06

1.06
1.06

5.95
5.Q5

5.95
;.91

3.94
3.96
3.96

3.96
1.96

2.97
2.97

2.,)7
2.97

T
F

-43

-27

-38

.38

37

42

-.21

3H.8

43

43

38.8

38.8

39
Bb

38.8
38.8

39

35

3$

38.8

38.X

3+

3L

3H.H

31i. t!

——

T
A

78

74

80

81

74

74

74.5

72,5

7 [)
7<

7=

72

74

72

74

73

73.5

;:

71.0

73.0

:7.5

75

75.5

75

‘w

70.5
71

73

71.5

67

75

68
67

74
72

74
72

75

72

70

70

73.5
71
69

68.5
68

78
75

71.5
72

TFt Tw

z
— .—

13.8

22

17.5

16.8

52

58.5

23.<

53

58.5

57.5

56. 4

55.4

57

54

54.4

54.4

5t>. 3

51
52

53.7

53.4

5L

55.5

55.2

5<.4

Tw - T
F

z

56.8
49

55.5
54.8

15
16.5

44.5
14.1

15.5
.14.5

17.6
16.6

18
18

15.6
15.6

17.3
18
17

14.9
14.6

22
19.5

16.4
16.($

1

T
1

20.3
26.8

2?. H

24.6

53.5

58.3

24.9

54.1

57.9
57.1

55.5
54.3

58. Z

55.5

56.7

56.5

56.3
52.8
52,2

54.2

54..4

54.4

54,2

<4.9
54.9

T1 + TA
—

z

49. 1

50,4

51.9

52.8

63:8

66. Z

49.7

63.3

67.0

66.1

05.2

63.2

66.1

63.8

65.4

64.8

64.9

61.4

61.1

62.6

63.8

66.0

64.6

65.2

65.0

T

35.3

28.4

34.4

36.0

11.H

7.7

26. Z

10.3

8.5

8.6

8.8
7.8

9.1
9.8

11.0
10.4

8.6
8.4
9.1

8.9
10.4

10.0
9.6

10.0
9.6

—.—

Y.—.,—-
Tw . TF

——

0.311
0.2’)2

0.314
u. 327

0.393

0.233

0.285

o.3b<

O. 274

0.297

0.250

0.235

0.253

0.272

0. )53

0.334

0..249

0.233

0.268

0, 299

0.359

0, 227

0.246

0.305
0. ~u,[j

———. . ..

TABLE A-V - Temperature References for Thermoplastic
Model

Lticatian M CJdel Triitial T-ma. Fluid Tnitial T-mu. T
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TABLE A-111 - Experimental Temperature Summary, e = 1800 Sec
All Temperatures ‘F

‘c

Run 1 2 3 5 6 71~

2T8-1 60 54 10 1-16 -4 34 4~
2T8-2 67 56 :: 18 -11 ~ ! 30

!; 1

46

2T8B-1 52 4.1 26 -6 -31 -16 J.?....j43 _..... . ...... ----___— ——.-

——— — ——— -—,.. — ..—.
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APPENDIX II

EXPERIMENTAL STRESS DATA

The following pages contain the stresses for the
therrnoelastic model exper~ments. The strains were computed
after the appropriate correctlom had been made to the gage
readings according to the curves in figure Al- The stress com-

ponents were derived from the strains and the mechanical prop–
erties O-T T-1 steel utilizing the appropriate equations shown
in the previous section. The principal normal stresses and
maximum shears were then calculated.

All data were normalized for assessment of uniformity.
Some of the resul~s are plotted in the section discussing the steel
model. The results are copies of the printout of the computer
program used to convert the raw data. The minimized stresses em-
ployed a. as the reference. The three coefficients Cl, C2 and C3
are the normalized principal normal stresses and the normalized
maximum shear. No significance should be attached to the relation
between the magnitudes of the normalized principal normals and
the subscripts 1 and 2. The directions and magnitudes of the
maximum values were identified through logic and not through a sign
convention.
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TABLE A-I.V- J = (T - TF)/(TM - T+

—

Thermocouple

8

0.731

0.745

0.730
0.730

0.667
0.758

0.371

0.539

0.452

0.586

0.403

0“488

O. 528
0, 583

6.551
0.615

0.609

0.611

0.618

0.613

5 6gL 1

0.907

0.959

0.811
0.858

0.833
0.788

0.823

0.613

0.759

0.915

0.789

0.750

0.861

0.872
0.840

0. x99

0.833

0.882

0. 8s2

o. 8ZQ

0.441
,. ‘+46

T -T
w F

0.311

0.292

n. 314

0.329

0. 3Y3

0.233

0.285

0.365

0.274

0.297

0.250

0.235

0.253

0.,272

0.353

0.334

0.249

0.233

0.268

0.299

0.357

0.227
~, ~+j

0.305

0.289

2 3 4 7

0.678
0.673

0.586
0.621

0.667
0.545

0.652
0.574

0.452
0.552

0.432
0.428

0.611
0.694

0.551
0.583

0.580
0.611
0.618

0.512

Run

2T8-I
2T8-2

2T813.1
2T8B-2

2T4-1
2T4-2

2“i4B-1
2T4B-2

2T2-1

21-2-2

2T2B-1

2T213-2

3T12-1
3T12,-2

3T12B. I
3T12B-2

3T6-1

3 T6-2

3T6.3

3T6B-I

; r6 B-2

37-3-1
;T3-2

3T3t3-1
3T3B-2

3.08

3.08

3.08
3.08

1.42
1.42

2.06
1.42

i.06

1.06

1.o6

1.06

5.95

5. ~5

. .
3.,-
5.95

3.96

3.96

3.96

3.9tl

3.96

2.97
2.97

2.97
2, 97

0.855

0.847

0.712
0.776

0.533
0.515

0.528

0.433

0.323

0.414

0.659

0.337

0.722

0.778

0.744
0.744

0.667

0.667

0.765

3.680
0.658

0.568
0.’538

0.722

0.724

0.577
0.621

0.333
0.333

0.315

0.291

0. 129

0.241

0.489

0.187

0.528
0.694

0.712
0.583

0.464

0.472

0.559

0.467

0.459

0.288
0.311

0
0.091

0.067
0.007

-0.194

0.138

0.233

0.036

-0.056
0.083

0.295
0.038

-0.145

0.028

0.059

0.238

0.163

0.063
0.119

0.200
0.091

0.056

0.007

0

0.103

0.006

0.006

.0. 056

0.083

0.038
0.006

-0.087

0

0.029

0, 344

0, 256

0, 198

0.256

0.500
0.333

3, 180
0.326

0.290

0.345

0.119
0. 157

0.167
0.333

0.103
0.167

0.232

0.333

0.324

0.108

0, 075

0.341
0.333

0.190
0.157

I
0.478 0.040
0.452 0.007

0.159 0.205
0.33: 0.128

UIIIZ

0.040

-0.062 0.452 0.452

0. 59* 0.614
0. 59(3 0.615

0.495 0.557
0.488 0.519

0.091
0.051

I
0. 862

i

0. 557
9. 84Q O. 488

0.037
0.036

TABLE A-V - TemperatureReferencesfor Thermoplastic
Model

Model Initial Temp. Fluid Initial Temp. T0Location

‘c ‘F ‘c

-39.0

-30.0

-23.5

.39.0

-39.0

-23.5

-24.5

-30.0

-32.5

-24.5

-32.5

-32.5

‘F ‘c “F

-38.2 62.0 111.6

53.0 95.4

46.5 83.7

62.0 111.6

62.0 111.6

A

1

2

3

4

5

6

7

8

9

10

11

+23. O +73.4

+23. O +73. 4

+23. O +73. 4

+23. O +73.4

+23. O +73.4

+23. O +73.4

+23, O +73. 4

+23. O +73. 4

+24. O +75. 2

+23. O +73. 4

+24. O +75. 2

+24, O +75. 2

-22,0

-10.3

-38.2

-38,2

-10,3

-12.1

-22.0

.26.5

-12.1

-26.5

.26.5

46.5 83.7

47.5 85.5

53.0 95.4

56.5 101.7

47.5 85.5

56.5 101.7

56.5 101.7



TABLE A-VI - Normalized Temperatures for Thermoplastic Model

Time
sec.

.—— .
0

5

10

15

,?0

40

60

80

100

120

140

160

180

200

2.20

.?40

260

z 80

300

320

340

360

380

400

——

A
Mcdel T/T
Temp. 0

23 0-

17

12

9

8

3.5

0.5

-2

.4

-5.5

-6.5

7.5

-8

-8.5

-9

-9

-9

-9.5

-9.5

-9.5

.9.5

0.0Y7

,177

,226

.242

.315

.363

.411

444

4(IO

.4-6

.492

.500

.508

.516

.516

,516

.524

,524

.524

.524

1

M.d~ I T/?

Temp.
0

23
23

23

23

23

23

23

23

22.5

22.5

22

22

21.5

21.5

21

21

20.5

20

20

19.5

19.5

19

18.5

18
—

o

0
0
0
0

0

0

0

.009

.009

.019

.019

.028

.028

.038

.038

047

.057

.057

.066

.066

.075

.085

.084

2
Model T/T
T,mp.

0
——

23 0

23 0

23 0

23 0

23 0

23 0

23 0

23 0

23 0

,23 1

23 u

22.5 .O11

22 .022

22 ,022

21.5 ,(7{Z

21 .043.

2“1 .043

21 .043

21 .043

20.5 .054

20 ,065

20 .065

19.5 .075

19.5 .075

3
Model TjT
Temp.

0

23 0

23 0

23 0

.23 0

22 .008

21 .024

.20 .048
19 .065

18 ,001

17 .089

16.5 .105

15.5 .121

15 .129

14 .145

14 .145

13 .161

13 .161

12.5 .169

12 .177

12 .177

11 .185

4
Mod,l T/T 0
Temp.

’23

23

23

23

22

21.5

20

19

18

17

15.5

15

14

13

1’?.5

12

11.5

10.5

10

10

9

.—

0

0

0

0

,003

.024

.048

.065

.081

.09?

.121

129

,145

.161

.169

177

.185

.202

.210

.210

.218

5
Model TIT.
Temp.

“

23

23

23

23

22,5

21.5

20,5

20

19.5

18.5

18

17.5

17

16-

15

15

15

14

13.5

13.5

13

12.5

12

12

0

0

0

0

.011

.032

.054

.065

.075

.097

.108

.118

.129

.131

.172

.172

.172

,194

.204

.204

.215

.226

.237

.237

,, ,,, ,,, ,,,,,,, ,,, ,,,



TABLE A-VI (Cent’d) - Normalized Temperatures for Thermoplastic Model

6 7 8 9 10 11

Time Model T/T Model T/T Model ~ ~~ Model 1 ‘T

&c. Temp.
0 0 ModeI T /TO Model TIT

Temp. Temp.
0

Temp.
0 0

Temp. Temp.

o 23.0 0 .?3 o 24.0 0 23 0 24.0 0 24.0 0

5 23 0 23 0 24 0 23 0 21.5 .044 .24.0 0

10 23 0 23 0 .24 0 2.2.5 .011 21 .053 23.0 018

15 23 0 23 0 24 0 21.5 .032 19.5 ,080 21 .053

20 23 0 .23 0 24 0 20 .063 17 !24 19 .088

40 22 .0.21 21 5 .028 23 .018 lb .147 II ,230 14 177

60 21 .042 20 .057 22 .035 13 .202 7 .301 10 .248

80 20 .063 18.5 .085 ?.0 .071 10 .274 4 .354 1.5 .292

100 19.5 074 J? .113 18.5 .097 8.5 .305 1.5 .398 5 .336

120 18.5 .095 15 5 .)42 17 .1?.4 7.0 337 0 .425 3 .372

140 18 .105 )4 .170 16 142 5.5 368 .1.5 .451 2 .389

160 17 .126 IJ .189 Is 159 5.0 .379 -3.0 .47a ,5 .4}6

180 16.5 ,137 II 5 .217 13 .195 4.0 .400 -4.0 .496 -. 5 ,434

200 lb .147 10,5 .236 )2 .212 3 .421 -4.5 , 504 “.1.0 .44.3

220 15 .168 9. .264 11 .230 2.5 . 43?. -5.0 513 -2. .460

240 14.5 .179 85 .274 10 .248 2 442 -5.5 .522 -2.5 460

260 14 .189 7.5 .292 9 .265 1.5 .453 -6.0 .531 -3 .47a

2ao 13.5 . zoo 7. .302 8.5 .274 1.5 .453 -6.5 .540 -3 .478

300 13 .Zll 6 .3zl 8 .283 1.0 .463 -6.5 .540 -3, 5 .487

320 12.5 .221 5 .340 7 .301 1.0 .463 -7.0 .549 -4 496

340 12 .232 4, 5 .349 6.5 .310 1,0 .463 -7,0 .549 -4 496

360 11.5 242 4 .358 6 .319 1.0 463 -7.5 .558 -4 496

380 II . Z53 3.5 .370 5 , 336 5 474 -7 5 . 55a -4 4*

400 II .253 3 .377 5 .336 .0 .484 -7.5 .558 -4.5 =.04

—.

z
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APPENDIX II

EXPERIMENTAL STRESS DATA

The following pages contain the stresses for the
tnermoelastic model experiments. The strains were computed
after the appropriate corrections had been made to the gage
readings according to the curves in Figure Al. The stress com-
ponents were derived from the strains and the mechanical prop-
erties OC T-1 steel utilizing the appropriate equations shown
in the previous section. The principal normal stresses and
maximum shears were then calculated.

All data were normalized for assessment of uniformity.
Some of the results are plotted in the section discussing the steel
model. The results are copies of the printout of the computer
program used to convert the raw data. The minimized stresses em-
ployed O. as the reference. The three coefficients Cl, C2 and C3
are the normalized principal normal stresses and the normalized
maximum shear. No significance should be attached to the relation
between the magnitudes of the normalized principal normals and
khe subscripts 1 and 2. The directions and magnitudes of the
maximum values were identified through logic and not through a sign
convention.
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- Thermoplastic Model Stresses (PSI)TABLE A-VII

LOCATION No. 1 u= i8603
oUTPUT: STRESSES
TENSILE ShkAn

o
AtJbLZ
(DEb) Cl
o ..0234
0 ..02S4
o ..0329
0 -..0329
(1 -.0423
0 -.0468
0 -.0468

0 -.0562
0 -.0612
0 -.0501
0 -.0546
0 -.0591
u -.0591
0 -.0591
0 ‘.Ub4
o -.0574
0 -.0575

STRAINS:
IIh E x Y

Idm ,,1 N
t4fJ.kl, NOhl,
-43> - 14Ys
-521 -181P
-611 -L1U5
-61J -2107
-786 ->710
-670 -2991
-870 -299 i
-IU45 -3b03
-1138 -3s>2
-932 -3716
-lU1> -41JU3
-lU9b -.290
-1b9x -42s0
-1U9S -4,,90
-11$1 -4 bL!9
‘lbbE -.460
-lb69 -4690
- 1L2L -4u5b
-lUO> -Lb90
-Iobg -40>0
-555 -401J5
-955 -4bb3
->5> -4sb:

C3
o

45
0
0
0

:
0
0
0
0
0
0
0
0
II
u
u
u
II
u
u
u
o
0

x
-1499
-1018
-2105
-2105
-2710
-2997
-2997
-.3603

‘/
-435

P,#)x
531
645
746
746
962
1063
1063
127B
1392
1392
1493
1>95
1595
1595
1708
1708
lEIU
1s10
1810
161P
i5k4
1s24
J$~4

I,lix
45
194
2.22
2L2
llb
273
115
115
11>
13>
50
102
132
233
235
233
107
1U7
1(I7
107

229
229
>29

hAX

C2
‘.08Ub5

10
-47
-57
-66
-66
-65
-94
-94
-113
-123

0
0
0
0
0

:
0
0
5
5
5
5
5
5
d
IU
[U
10
10
15
15
15

-527
-611
-611
-7BC
-870
-$UO
-1045

-.0977
-.1132
-.1132
-.1457
‘.16il

-.1611
-.1937
-.21(J8
-.1996
-.2152
-.230V
-.2306
-.2306
-.2478

15
20

b
o
0
G
o
c

100
120 ‘3922 -lIii

-3716 -932
-4P03-.-1015

140
160

-118
-)27 b

o
0
0
0
0
0
0
0
i
J
o
0

180
.200

-136
-13u
-136
-146
-143
-150
-15U
-150
-150
-155
-155
-155

-4290
‘429U
-4290
-4609
-448b
-469U
-4bY0
-469b
-4690
-4603
-4UG5
-4bu3

-1098
-lti9b
-lo9b
-1191
-Idf)z
-104$
-1U69
-lGW
‘1069
-s55
-555
-955

2.20
240
260
2$G
3(IO
3.21J
34U
360
3SIJ
4ub

-.2411
-.2521

0 -. U575
o -. U575

‘.2521
-.2521
-. L>21
-. L582
-.2582
-.2582

0 -. U575
(1 -.u5i4
o -.0514
0 -.0514

LOCATION No. Z o- = 16322
0

oUTPUT: STRESSES
Iii,hl LE ShLAt(

x Y
-L*7 -247 45
-54L -566 158
-4’2s -653 56
-4L3 -853 56
-742 -945 -57
-8$. -1264 -170
-nil -13’17 - 2s
-11<1 -1347 -25
-lIL1 -I J’+7 - Ld
-l -l-u - 14*U ’136
-14+0 -1440 90
-164> -1441 -12
‘lb45 -1441 -,k

-Ic>b - 146A -114
-i!54s -1442 -114
-1$4$ -1442 ‘IIT
-1933 -1729 33
-1533 -1723 33
-lb50 -1647 33
-1760 -1564 33
-20X7 -1657 -Go
-1?.4(! -1410 -60
-1L4L -1410 -ah

STRAINS:
Ill’Ii x Y

14,+X
NW,
-20L
-.258
-41b
-4u6
-727
-77>
-1115
-1119
-ill Y
-1304
-13.19
-1.140
-1.140
-1454
-141.!
-1413
-1723
-1723
‘1641
-1559
-1643
-139V
‘139b

1<1N
NUNI.
-.293
-bk%
-660
-g<o
-560
-13.23
-1.$50
-13>0
-13>0
-1> 7+2
-1530
-1045

-16*5
-1$20
‘lb-i>
-1379

-!53:
-193a
-185.5
-1774
-211JI
-lb5L
‘lb>4

AIJbLi
(DLu) Cl

~~. -. L1L4
L7. z3-. bl>B
7.57 -. U25>
7.37 -.0255

-14.53-.0446
-19.15-.0475
-5. bb -.uobb
-5.66 -. booe

->. DCI -.lJbsu

-4>. (J -.07s9
4b. -.obz”i
3.17 -.0883
3.17 -. IIUSS
14.5 L-. UO91
14.52 -.00L6
14.52 -. UbV6

-5.22 -.1056
-> .22 -.1056
-s .22 -.1OU6
-> .22 -.0s55

lU.11-.1UO7
10.11 -.0s55
lG.ll-. OS55

45
-k
-1.s
-1s
-Ii
-la
-IL
-29
-2$

-2s
- 2s
-39
-3-I
-3 7
‘3b
-J5
-~>

-46
-46
-44
-42
-42
-3W
-36

c.

-. L175
-. JS97
-..527
-.d527
-.u5dh
-.0811
-.u027
-. bbL’/
-.ut12-7
- .b$b6
-.u93d
-.1008
-.luub
-.117s
-.1151
-.11>1
-.1180
-.ll Oh
-.1137
-.1067
-.1287
-.1136
-.1136

Ci

.bL27
.UOY7
.U 034
.U034

-. G035
-. IJ1U5
-.u L14
-. bb14
-. L! IJ!4
-.0W4

.0055
-.00L7
-.tillo7
-.(I07
-.007

5 -i
Ill -b
J> -b
Lb -L
4U -16
nb ’16
bu -25

-6
-16
-’25
-25
-25
-.55
-35
-35
-35
-35
-35
-33
-33
-3.2
-3 1
-31
-40
-40
-38
-36
-36
-30
-30

-25
-25
-35
-35
-42
-4.2
->b
-49
-49
-49
-49
-47
-45
-55
-47
-49

-.U07
.ub2
.UO.2
.L(lz
.UU2

-.0049
-.0019
-.0049

LOGATION No. 3
0- = 21762

0JUIPIJT: SIKESSE5
TENSILE ShEAn -lhciLi

(JLG) c1 L2
32. !LL .02b3 -. UIS>
2g. bI .0L05 -. U509
31. LS .0571 -.dk23
3b. d7 .L1572 -.0s57
3u .24 .0648 -.0894
341J01.09$6 -.l~4’i
35.02 .1246 -.,11>
3b,h7 .1293 -.1123
3?.35 ..1373-.120+
37.45 .1232 -.i365
36.15 .120Y -.1324
34.94 .llOb ‘.1373
34.83 .09W ‘.l~lb
33.84 .0669 -.1065
33.84 .0669 -.li105
32.46 .0467 -.L129
3!2.46.0467 ‘.1129
32.46 .0524 -.1U73
32.46 .0524 -.1073
32.46 .0524 -.1073

18AX I,lti
Ni)kll I NIJKIIY 45

-17
-42
- 5s
-68
-71
-5~

1:7
Y

-177
’566
-821
-1045
-1P94
-8$s
’683
-551
-551
-s80
-s61
-1216
-1094
-1177
-1177
‘1456
-1456
-1332
-1332
-13SR

C3
.017Y
.0436
.0572
.0629
.067

A
n.5
25
25
25
30
35

:;
37
29
34
34
3U
21
2;
1>
15
18
Id
lb

-i
-25
-33
-4?
-43
-36
-33
-28
-28
-36
-40
-4s
-43
-43
-43
-50
-50
-47
-47
‘7-.

390
950
124T
1369
lT60
204S
2433
2523
2704
2721
2625
2535
2229
1765
1765
1573
1573
1573
1573
1573

432
1106
1401
1U54
1677

443
1106
1242
1246
1410

-423
-1107
-1572
-1E63
-1945
-2271
‘2426
-2414
‘2619
-2g70
-2880
‘298S
-2646
-2361
-2J.61
‘2457

56>
4s i
427
558
764 220X

2569
2628
2803
2825
2756
.2699
2377
1908
1906
1736
!736
1736

.0941
1118

:1159
. IL4k
. 1Z53
. 1206
.1164
. 1024
.061!
.0611
.0722
.0122
.0722
.0722
.l!7t12

.104
-107

9?P
920
920

28i3
29’s8
2681
2632
2411
2110
1455
1455
1016
1016
1140
1140
1140

-115
-124
-11s
-119
-IU5
-69
’89
-87
-87
-84
-84
-84

591
714
640
55b
271
271
15
15 ‘2457

-2334139
139
139

1736
1736

-2334
-23 S4
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TABLE A-VII (Conttd) - Thermoplastic Model Stresses (PSI)

STRAINS:
IF,E x
5 1s -;s
10 27 -36

-43
:: :: -55
40 -59
60 ;; -63
60 56 -62
IOG 65 -62
120 65 -62
140 61 -57
160 61 -57
lBG 66 -61
201J 6B -59
22U 87 ->9
240 90 -56
260 90 -56
260 95 -51
300 95 -51
320 95 -60
340 100 -55

sTRAINS:
TIhE X
5
10
15
20
4?
Qu
H(J
Itiu
120
140
Ibo

lb~
200
k2ti
240
k60
Mu
3UIJ
320
34b
360
3s0
4UU

28
28
28

Id
18
13
15

9
9
~

5
u
o
u

-;2

-15
-15
-1>
-15
-30
-43
-51
-57
-55
-6~
-62
-69
-75
-Bu
-89
-89
-84
-84
-82
-90
-90
-37
-91

STRAINS:
TIRE X Y

5 -56
10 -85
15 ’85
20 -85
40 -90
60 -98
bo -93
100 -103
I 20 -106
140 -1U7
1Ou -I(J6
Ieu -112
LUG -121
i2 (1 -117
k41J -116
Lbb -114
knb -119
*UU -120
32U -120
34U -119
36U -127
3bu -125
4U0 -12>

LOCATION No. 4
OUTPUTZ ST HE5SG5
TEN51LE 51!~Ah

45 x Y
s 407 -40B -204
0 527 -999 -102
0 731 -11OZ -102
0 639 -1421 -216
14 761 ‘1502 -521
19 1170 -1501 ’521
29 1212 -1459 -72>

1499
1499
1417
1417
1540
1622
2228
2351
23>1
2>>7
2557
2473
2b79

‘13?b
-1376
‘1254
-1254
-1335
-1253
-1077
-954
-954
-74s
-748
-1035
-829

-623
-623
-7:5
-72>
-8.27
-6k3
-40B
-40H
-406
-204
-204
-306
-306

1,.4X
455
720
S2.2
1052
1245
1433
1>19
156b
156b
1>1~
1519
lb>7
1566
Ilbl
1701
17ul
1664
1664
1780
1780

u ❑ 21762
0

14AX
bLlill#
+>5
335
737
661
B7>
12bS
13s>
lh2b
162b
Ibol
1601
1761J
17>1
>>77
2401
L4GI
25~9
L>Q5
25(IO
2706

ANbLE
( OEti)
-13.29
-4.07
-3.1s
-5.9
-l2.3v
-1(1.65
-14.24
-11.71
-11.71
-14.24
-14.24
-14.95
-11.71
-6.93
-6.93
-6.93
-3.52
-3.52
-4.95
-4.95

LOCATION No. 5 r= 16322
IJUIPUT: SIkLSSLS

o

45
52
71
71
71
73
55
49

::
k7
27
1s
22
1>
15
5
20

-9
-7
‘b
-6
-14
-14

TLNSILE
x Y

753 -L2U
7>3 -22b
753 -220
753 -220
424 -754

-7s -1279
Iuk -146u

-113 -lb9n
-31 -Ibl>
-Lol -1894
-kbl -1694

->7> ‘2182
->35 -2345
-74b -25>1
-a23 -W$o
-bL3 -2b3h
-Ll& ‘2632
-Ilbb ‘27k9
-1!377 -L7G7
-1120 -29>5
-1120 -2>53
-1120 -3 15h
-1120 -31>6

45
0
0
0
0
0
0
0

:
0
u
o
0
0
0
u
o

cl
.0.209
.0245
.0336
.0303
.0402
.05!33
.0641
.0748
.0748
.0735
.0735
.U409
.UE04
.1046
1103
:1103
.116
.11s
.114s
.1243

~L

-.021
-.0417
-.0509
-.0664
-.0743
-.0735
-.0755
-.U6Y2
-.0692
-.0661
-.0661
-.07i5
-.0635
-.0518
-.0461
-.0461
-.035
-.0s5
-.0486
-.0394

Cs
-.0094
-.004”I
-.0047
-.0G99
-.024
-.024
-.0533
-.0287
-. U2B7
-.03$3
-.0333
-.038
-.0287
-. Llltib
-.0188
-.lllti6
-.0J94
-.0094
-. G141
-.0141

SHEAfi l,”X I<lti AtduLk
1.8AX Noill, Nufil (Dib) c1 C2 CA

-1030 1139 1406 -67.2 -32.36 .0s61 -,053> -.063c
-1460 1538 1606 -IL-IL -35.79 Ilob -.07s -.ok95
- 146b 1530 1806 .I 106-i L7.L -L5.79 . -.078 -.0b95

‘1460 1>38 lao O -IL7L -35.79 .llQh -.018 -.0895
-1743
-1709
- 1483
- 144s
-1245
-1212
-1212
-1 169
-1291
-1245
-1347
-1121
- 1347
-883
-U63
‘Sb5
-9B5
-86 1
‘S61

LOCATION No. 6
OUTPUT: STRESSES
TENSILE SHZAR

x Y
-1703 -231
‘2544 -213
-2544 -213
‘2544 -213
-2666 -131
-2912 -173
-2707 32
-3025 ’60
-314s 21
-3190 -225
-3149 -183
-3303 -111
-3>90 -195
-35U9 -317
-3468 -276
-s38> -194
-3526 -176
-3549 -154
‘3632 -44o
-3591 -399
-3n26 -410
-3745 -327
‘3745 -327

0

:
0

;
o
0
0

i’
:
:
0
0

1!
o
0
0
0

lb39
lBll
1675
16>1
1475
1453
1453
1454
1576
1>35
1601
1506
1661
1201
1201
1345
1345
1333
1333

1675
I 132
997
74b
653
363
363
>6
130

‘Illb
-14s
-324

>7
-773
-6s 1
‘b$ 1
‘6S 1
-804
‘EOb

-’2LU>
‘24Yu
-23>>
-k>>b
-2299
-Z>4*
-2>. +
‘kb13
-3019
-315>
-3>12
-333-1
-331J7
-517b
-:U5.
-33d#t
-.sk.
-341dL
-3+7:

-35. W .1026
-35.33 .0b93

-31 .1.2 .(J6I
‘3 U,b7 .b4>7
-: b.77 .U4

-26. L2 . U,422

-28. LL .llz22
-27.97 .0034
-27.4b .tib B3

-k6 .99 -. UOG>
‘kb .61 -.ullsl

-24. L3 -.0199
-L6. .3 I .U035
-23.65 -.~474
-k3 .65 -. U4.24
-k3 .53 -.0424
-L3 .53 ‘.0424
-LU. UY -.0494
-ku. u9 -.U494

P)AX
735
I 165
1165
1165
1267
1369
1369
1482
15B4
1482
1482
1595
lb97
1595
1595
1>95
1675
1691
1>95
1595
170s
1706
1708

0- ❑ 16673
0

hAX mlM ANKI F
NORP,
-231
’215
’213
-213
-131
-173

32
-60

21
’225
-IB3
-111
-195
-317
-276
-194
-116
-154
-440
-399
-41P
-327
‘S27

NORI,A
-1703
-2514
‘2544
‘2544
-2666
-7s12
-271J7
-302>
-31TS
-3190
-3149
-3L03
-3590
-3509
‘3468
-3385
‘5526
-3>4s
‘3632
-3591
-382s
-3745
-s74>

...----
(DEG)

G
0
0
0
0
0

:
0
0
0
0

:
0
u
0
u
0
u

:
u

c1

-.0139
-.0126
-.0128
-.0128
-.0079
-.0104
.U019

-.0036
.0013

-.0135
-.011
-.0067
-.OIIU
-.019
-.0166
-.ollb
‘.0106
-.ul19k
-.02h4
-.uk4
‘.0246
‘.0196
-.o19b

-.1228
‘.15Zb
-.1443
-.1>66
-.14(39
-.1559
-.1559
-.1724
-. 184.5
‘.1s52
-.21>2
-.2045
‘.2026
-.19.16
‘.169b
-.ib7<
‘.2072
-.2128
-.212&

-.1068
-.lo4b
-.ti909
‘. U8Ufi
‘.ti7b3
-.11742
‘.ti742
-.0729
-.0791
-.0793
-.ub2b
-. U6db
-. G626
-.0541
-. U>41
‘. U6b4
‘.06b4
‘.0527
-.0527

C2
-. I021
‘.1526
‘.152c
‘.1526
-.1599
-.1747
‘.1624
-.1s15
-.188X
-.1913
-.1669
-.198Q
-.2153
‘.2105
-.2UB
‘.2031
-.211>
-.2129
-.2179
-.21>4
‘.2k9b
‘.2247
-.2247

C3

:
0
0
0
0
0
0
0
0
0
0
0
0
0
0

:

:
0

:
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TABLE A-VII (Cent’d) - Thermoplastic Model Stresses (PSI)

LOCATION No. 7

OUTPUT: sTRLsSES
TkNSILE ShEAh

x I.(AX

-22.64 -:51 0 b(J3

‘2>b3 -?4s u 916

-2902 -642 0 1029

‘2902 -042 U 1029

-$047 -738 C 1154
-3271 -1007 0 1131
-3167 -1152 0 1GU7

-30X5 -107; u lJ07

-339 1 -14h L o 9s4
-32h 7 -1567 0 B60

-3(Iu2 ‘1361 O 86G

-2958 ‘1230 O $6(I
-2946 -1497 0 724

-.2781 -1.!32 o 724
-2704 -1369 G 667

-2677 -147h b >s5

-259> -13s5 b 599
-2>85 -1654 b 4b4

-2377 -1449 41b4

‘233b -1408 : 464
-2218 -14b3 o 407
-kd73 -1594 L 339
->b$4 -1279 u .G1

TltiL
5
Iu
15
20
40
60
80
100
I 20
!40

sTitAIl15:
C3
o
u
Q
o
0
0
0
0
0
0
0

:
0
~

:
G
G
o
0

:

C3
o
0
0
0
0
0
0
0
a
o
0
0
0
0
0
0
0
0
0
0
0
0
0

C3
o
0
0

:

;
o
0
0
G
o
G
0

u
u
G
G
c.
u
o
G
c

kulw iii, (DEG) Cl L2
-.0394 -. 13um

Y-;1 o -651
-749
-8q2
-U4!L

u
IJ
u
u

-.045 -. 154Y
-.0505 -.1741
-. UU05 -.1741
-.044: -.1828
-.0604 ‘. 1962
-.0691 -.19
-.0642 -.185
-.0653 ‘.2034
-.094 -.1972
-.0817 -.1848
-.0743 -.1774
-.089X -.1767
-.0799 -. 166s
-.0s21 -.1622
-.0686 -.1606
-.0837 -.155”1
-.0993 -..1549
-. U869 -.14k6
-.0845 -.1411
-.0841 -.133
-. L1956 -.1363
-.0767 ‘. 1256

-8 1 0

-91 0
-9: b

-91 5
-102 -2
-97 -0

-95 -6
-102 -15
-9 7 -21
-92 -16
-69 -13
-86 -22
-s2 -18
-79 -20
-77 -24
-75 -22

-72 -31
-67 -Z6
-66 -25
-62 - ib
-62 -3L
-59 -23

-738
-1OP7

-3U+7
-3271

0
0

-11>2
-luko
-1422
-1567
‘1361
‘lL3b
-1497
‘1332
- i.f69
-147d
- 13!7U
‘1b>4
-1449
-14P8
-1403
-15s.
-127s

0
0160

180 0
0

8
0
0
0

200
220
240
26(I
2s0
3Gb
320
34U
360
3bU
40U

LOCATION Nom 8

OUTPUT: 5ThFSS13S
TENSILE SH Fn13

= 198320-
0

sTRPINst ANGLEPax
NOW

55
- 19
- 19
-102
-185
-IE5
-259
-254
-137
-137
-13-I
-137
-137
-424
-424
-424
-300
-670
-661
-505
-505
-505
-505

HIN

NOW
.-/14
-969
.969
-1256
-1s43
- 1 543
-1798
-17V6
-1880
-1880
-1.9E0
-aauo
- 1s60
- 1963

“- 19e3
-1963
- 1R39
-$!QIo
-2176
-1840

- 1$40
- 1840
- 1s40

TIFF X
5 -25
10 -33

-33
;: -42
40 -51
60 -51
so -59
100 -s9
120 -63
I 40 -63
160 -63
180 -63
200 -63
2i?o -63
24o -63
260 -63
fmo -60
300 -69
320 -68
340 -5a
360 -52
380 -M
400 -52

Y
Q
9
9
9
9
q
v
9
14
14
14
14
14
5
5
5
s

-1
-1

)
1
1
1

45 X-” Y
o -714 $5
0 -969 -19
0 -969 - 19
0 -1256 -102
0 -1543 -1s5
o -1543 -1s5
o - I WE -25q
o -17Q8 -259
0 -1880 -137
0 -18$0 -137
0 -1880 -137
0 -1s80 -137
0 - lMO -137
0 -1Q63 -424
0 - 1963 -424
0 -1963 -424
0 -183~ -300
0 -2210 -670
0 -217s -b&l
o - 1040 -505
0 -IR40 -505
0 .1s40 -505
0 - 1640 -505

WAX
o 384
0 475
0 475
0 577
0 &m
o 679

769
; 76Q
o 871
0 871
0 871
0 871
0 8?1
o ?69
o 769
0 769
0 76Q
o 769
0 752
0 667
0 667
0 667
0 667

(DEG) Cl C2
. 002U -.0360

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

-.001 - .04UQ
-.001 - .04s9
- .00s2 -.0634
-.om4 -.0778
- .om4 -.0778
-.0131 - .W07
-.0131 -.0907
-.0069 -.0946
-.0069 -.W4U
-.0069 - .m48
-.0069 - .W48
-.0069 -.wJ48
-.0214 -.cmq
-.0214 -.m9
-.0E14 -.W9
-.0152 -.meu
-.0338 -.1114
-.0334 --IWO
-.0255 -.~28
-.0255 -.m2u
-.0255 -.W28
-.oi?55 -.W9S

LOCATION No. 9 u = 16673
0

WJTPUTI STRESSES
TENSILE ShEAtl PIAx hl~

Nom NORII,
o 0
0 0
0 0
u

‘i -:22
-1 -322

-497

:: -427
-1 -427
-1 -497
-1 -497
-i -497

-672
:: -672

-I -612

-1 ’672
-1 -672
-1 -672

-1 -*72
-1 ’672
-1 -672

-1 -h72
-1 -672

ANGLE
(DEG) Cl C2
-45.01 0 a
-45.01 0 0
-45. (JI o 0
h45. Gl O 0

-.0001 -.0193
-. GOOI -.0193

; -.0001 ‘.0296
o -.0001 -.0298
IJ -.0001 -.029S
b -.dbul -. U29M
L -. UUO1 -.uk9Ci
c -. UOOI -.on90
u -.ouud -. G403

-. WLJOI -.0403
: -.o Pill -.&403
u -. U”UUI -. U4U3
u -. OUQ1 -.04ba
L -.0001 -. U4U3
. -. U0411 -.040A
. -.UOO1 -.lJ4Ph
. -.oultl -. U4LM
(1 -. LUO1 -. U403
IJ -.00U1 -.0403

TIIIE X
5
lu :
15 0
Lb o
40 -11
60 -11
&u -17
1OL -17
Izll -17
14U -1?
16U -17
Ibp -17
kuu -k3
“iLb -k3
24P -23
kbU -25
&&u - 2A
$Ub -L3
3ZU -23
34U -23
36u -23
3bu - k5
4UU - U

x

:
0
0

-322
-322
‘-497
-49 I
-497
-497

-497
-497
-672
-67k
-67i
-b7;
-67L
-672
-672
-672
-6w
-67k
-672

hhx
o

;
o
160
160
24s
248
240
240
248
248
335

G o
0 0

o 0
b o
0
0 :

: :
0 0
2 J
o G
o 0

L
: 0
0 0
Gu
b u
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TABLE A-VII (Cent’d) - Thermoplastic Model Stresses (PSI)

LOCATION No. 10 0- = 19832
0

OUTPUT: STRESSES
TEUSILli sNEhIi

x Y
o 0
0 : 0
0 0 0
0 0 0
0 0
0 0 ;
o 0 0
0 0 0
0 0 0

-300 0
-380 0 :
.380 0 0
-3s0 o 0
-3s0 o 0
-360 0 0
-380 0 0
-380 0 0
-3s0 o 0
-380 0 0
-3ao o 0
-360 0 0
-730 0 0
-730 0 0

HAX
Nom

o
0
0
0
0
0
0
0
0

-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1

0
0

0-

MI N AN@E
NONPI (DC13> C:

o -45.01 0
0 -45.01 0
0 -hs.ol o
0 -45.01 0
0 -45.01 0
0 -45.01 0
0 -45.01 0
0 -45.01 0

-45.01 0
-;80 -.0001
-360 : -.0001
-330 0 -.0001
-380 0 -.0001
-3ao o -.0001
-3s0 o -.0001
-3s0 o -.0001
-380 0 -.0001
-380 0 -.0001
-380 0 -.0001
-380 0 -.0001
-3s0 o -.0001
-730 0 0
-730 0 0

STRAINS:
T!H1 X C3

o
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

C3
o
0

:
0
0
0
0
0
0

b
o
0
0
0

:
0
0

0
0
0
0

Y
o
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

45

:
0
0
0

:
0
0

:
0
0
0
0
0
0
0
0
0
0
0
0

M*
o
0

0
0
0
0
0
0
0
189
189
189
189
189
189
169
1s9
189
1s9
189
1s9
365
365

CR
o
0
0
0
0
0
0
0

-:0102
-.019s
-.0198
-*o19t!
-.01-s
-.o19i?
-.0192
-.0192
-.019s
-.olqP
-.01!J2
-.01*2
-.0349
-.0369

Gi
-.0133

0
u

:
.0
0
0
u
o
0
0
0
c
b
(J
u

;

:
0
0

5 0
10 0
15 0
20 0
40 0
60 0
so o
100 0
lQO O
140 -13
160 -13
180 -13
200 -13
220 -13
*4O -13
*6O -13
aso -f3
300 -13
320 -13
340 -13
36o -13
380 -25
400 -Es

LOCATION No. 11 = 19832
0

II*X
hOHl,
-1

14>
+ 6
53+
.21U2
26>7
3182
362C
4175
4233
4467
4613
-759
464k
4186
4555
*555
4701
4438
42114
4204
4204
4350

(Illi
NIJitl,
-2G3

u
o

c1
-.0001

.0073

Tll,k
5
lu
1>
LO
41J
bfi
8bw
lmo
120
140
160

1s0
200
220
240
260
2b0
300
320
340
36u
;60
4U0

I,HX
151
72
248
‘.67
!L!>l
Iikb
1591
1s10
2087
.2116
2233
2306
2375
2321
2394
2277
2k77

h
->

5
1132
7!?
$1
1U9
124
143
145
153
158
163
159
164
156
156
161
152
144
144
144
14s

-263
1+5
496
>34
.210.2
2657
3182
3620
4175

L. o
G ti
L
IJ :
G
o :
0 (1
b o
0 0

.U25

.0471

.106

.1339

.1604

.1825

.2105

.2134

.2252

.2326

.2599

.2341

L!
u
o
L
IJ

4233
4T67
4613
4759
4642
47kE
4555
4555
4701
443b
4204
4204

u
o
0

.2414

.2296

.2296

.237
0
02350

2219
2102
2102
2102
2175

.2237

.212

.212

.212

.2193

0
u
o
0
b

4204
4s50

Faulty Teleprinter Translation

N=. U.5

P=o v=6

Q=l W=7
R=2 X=8
S=3 y.9

T=4



.73.

RE FFXENCES

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

“Heat Trarismission”r Y&raw-Hill, 1954 \YcAdams, W. H.)

“Numerical Analysis of Heat Ilow”, !loSraw-Hill, 1949
(Dusinberre, G.M.)

“Waermespannungen,” Springer - I@rlag, 1953 (Yelan, E.
and Parkus, H.)

“An Exploratory Study of Stress Concentrations in Thernai
Shock Fields,” Trans, AS4E, 3ournal of Engineering for
Industry, Val.84, Se$ies 33,No. 3, pp. 343-350, August 1962
(Becker, H.)

“Temperature-Induced Stresses in Beams and Ships,” Xaval
Ship Research and Development Center Report - DIWB No. 937,
June 1955 (Jasper, Norman H.)

“Service Stresses and Totions of the ESSO Asheville, A T-2
Tanker, Including a Statistical Analysis of Experimental
Data, “ Naval Ship Research and Developme~,t Center Report -
DIMB No. 960, September 1955. (Jasper, Norman H.)

“Thermal Stresses in Ships,” Ship Structure CoriunitteeReport
SSC-95, October 30, 1956 (Hechtman, R. A.)

“Temperature Distribution and Thermal Stresses,” Ship Struc-
ture Conunittee Report No. SSC-152, June 1964. (Lyman, P. T.
and!leriam, J. L.)

“Stress Concentration Design FactOrs,” John Wiley, 1963
(Peterson, R. E.)

“Pho~othermoelastic Investigation of Thermal Stresses in
Flat Plates,” Trans. AWE, Journal of Basic Engineering, VO1.
85, Series D, No. 4, pp. 566-568, December 1963. (Becker, H.

and Colaa, A.)

“Thermoplastic Stress Concentrations.”, American Institute of
Aeronautics and Astronautics Weeting, January 1966 (Becker,
Hand Bird, F.)

“Thernal Stress Concentration Caused by Structural Discon-
tinuities,” Experimental Mechanics, ml. 9, No. 12, pp.
558-564, December 1969. (Emery, A.F., Wiiliams, J. A., and
Avery, J.)

“Thermo-Structural Analysis “4anual”, WADD-TR-60-517,
Vol. 1 (AD 286908), August 1962. (Switzky, A., Forray,
M.J. and Newman, M.)

“A Treatise on Photoelasticity,” Cambridge University
press, 1931 (Coker, E. 5- and F~lonr L.N-G.)

“Photoelasticity ,“ John Wiley, 1941 (Frocht, Y. Y.)



16.

17.

18.

19.

20.

21.

-74-

*’M Exploratory Study of Three-Dimensional Photothermo-
elasticity, “ Journal of Applied Yechanics, Vol. 28,
No. 1, pp. 35-40, Yarch 1961. (Tramposch, H. and Gerard,
G.)

“Physical Properties of Plastics for Photothermoelastic
Investigations,” Journal of Applied Vechanics, Vtil. 25,
No. 4, pp. 525-528, Decembe,r 1958. (Trans. A91E, Vol. 80,
PP. 525-528, 1958 (Tramposch, H., and Gerard, G.)

“Photothermoelastic Investigation of Transient Thermal
Stresses in a Yultiweb Wing Structure, 0 Journal of the ‘eroi

Space Sciences, VO1. 26, No. 12, pp. 783-786, December 1959
(Gerard, G., and Tramposch, H.)

“Photothermoelastic Investigation of a Tri.metallic Strip,”
Part 11 New York University Report EM 60-4, July 1960.
(Becker, H. and Celtic, A.)

“A Nomographic Solution to the Strain Rosette Equations,”
Proc. of the Sot. for Exper. Stress Analysis, Wbl. 4,
No. 1, 1946, pp. 9-26 (Hewson, T. A.)

“Temperature Response Charts”, Wiley 1963 (Schneider, P.J.)



SecurityClassification

DOCUMENTCONTRoL DATA - R & D
(Security Classification 01 title,body ofabstract and indexing annotation mu,. ! 6C entered when the overall report i. classified)

ORIGINATING ACTIVITY (Corporate aurhor) 2a. REPORT 5ECUel TY C~AS51F[C AT ION

Llnclassified
Sanders Associates, Inc. 2b. GROUP

Nashua, New Hampshire
REPORT TITLE

THERMOPLASTIC MODEL STUDIES OF CRYOGENIC TANKER STRUCTURES

DESCRIPTIVE NOTES(TYpe ofreprxt andinclusiv. date.)

FINAL
AuTHOR(S) (Fipf name, middle initial, lasf name)

H. BECKER
A. COLAO

REPOe T DATE 7.. TOT4L NO, OF PAGES

August, 1973
7b.NO, OF REF5

74 21
-.CONTRACT OR GR ANTNO. W. OR IGINATOR*S REPORT N“MBER[5)

NOO024-70-C-511!3
b. PROJECT No.

SSC-241

c.

d,

3b, OTHER REPORT NQ(S) (Any other numbc,s thet msy be assi@ed
this reporr,l

1.

0. DISTRIBUTION STATEMENT

DISTWBUTION UNLIMITED

1,SUPPLEMENTARY NOTES 12. SPONSORING MILITARY AC T! VITY

Naval Ship Systems Command

1
3. ABSTRACT Theoxet.icr.l calculations and experimental mod~~ ~tudle~

were cond~cted Gn the ~Lob]em of temperature and stress deter-
mination in a cryocjenic tanker when a hold is suddenly ex~ascd
t.0the chilling action of th= cold fluid . The initiation of the
action is presumed to be the sudden and complete rupture of the
fluid tank.

Piodel studies of temperatures and stresses were performed
on instrumented steel versions uf a ship with center holds and
wing tanks. Supplementary studies aLSO weze conducted on plastic
models using ph~tothSrmoe lasticitY (pl,~)to reveaI the stress== .
Temperatures cnd stresses were computed using conventional proze-
tiurc!sfor comparison with the experimentally determined data .
Simple calculation procedure were developed for temperature pre-
diction and for stress determination.

The highly simplified theoretical predictions of tmmpera-
tUr@ were in f~ik aqrccment wifh thr cx~eri~ent,al data in the
transient sta~c and after lcJnq inter,~als . The t.%mperatures and
SLrexscs r“cached peak values in every case tested and maintained
the pe.a}:sfor several minute: during which time the behavior was
quasiztztic. Tha experimental temperatures were in good aqreemcnt
with predictions for the thin mm?,~lsrepres. er,t+kive of shi~ Con-

struction.

Evidence was found for the im~ortancc of ~~n”ective heat
transfer in establishing the temperatures in a ship. In some cases
this may be the prizldry process by wh,>ch a thermal shock would be
attenuated in a czycqenic ta],!<==. It also would influence ‘chenna~
model SCAling.

An im~ortant rcsNlt of the project was L],e good agreencnt
of the ,naximum experimental stresses with theoretical. ~rcdictions
which were m?de from the simple calcclatior. s . This agreement
indicates the possj,bility of developing a gcner21 dcsigp. proceduce
which could involve only a fe” minutes of calculation time to
obtain the peak stre~~ Values .

DD ,F:::.,1473(r~btI) GPO 867.822

SIN 0101.807.6801
I Securitv Classific~tiOn



SHIP RESEARCH COMMITTEE
Maritime Transportation Research Board

National Academy of Sciences-National Research Council

The Ship Research Committee has technical cognizance of the interagency
Ship Structure Committee’s research program:

PROF. J. E. GOLDBERG, Chairman, School of Civil Enqkwring, Purdue University

DR. H. N. ABRAMSON, Tdz. Vice President, Dept. ofMeeh. Seiances, S. W. Re.s.Institute

% PROF. R. W. CLOUGH, Prof. of C{viZ.tigineering, Unive~sity of California

PROF. M. J. HALL, P~of. of Civil Engineering, Univamity of Illinois

DR. S. R.

MR. G. E.

MR. R. C.

MR. H. S.

HELLER, JR., Ctman, Cioi% & Mech..Eng. Dapt., The CathoLie Univ. of America

KAMPSCHAEFER, JR., Manage~, Technical Sexwices, ARMCO Stw2 Co~po?ation

STRASSER, Dixweto~ of Research, Neupo?t lvewsShipbuilding & D?y Dock Company

TOWNSEND, Vice P~esident, U. S. Salvage Association, Inc.

DR. S. YUKAWA, Consulting Engineer, Genara2 Electric Company

Advisory Group II, “Ship Structural Design Procedures and Analysis”,
prepared the project prospectus and evaluated

Dr. S. R. HELLER, Jr., Chairman, C-iv.dl%elz.

MR. C. M. COX, Asst. Yaval Axch{tee-t,l!Jewport

MR. C. R. CUSHING, President, C. R. Cushing &

PROF. J. KEMPNER, Dept. of Aerospace .Engrg.&

the proposals for this project:

Eng. Dept., The Ca-tholikUniv. of Ame?ieu

NeLJsShipbuilding & Dry Dock Company

Company

Applied Md-z., PoZ@ohnie Inst...oB’Zynyn

PROF. J. R. PAULLING, JR., Dept. of FJauaLArehitatum, Unive~sity of California

MR. D. I?.ROSEMAN, Chi~f Nava2 Arehiieet, Hyd~onauties, Inc.

The SR-191 Project Advi~ory Committee provided the liaison technical
guidance, and reviewed the project reports with the Investigator:

CAPT. R. M. WHITE, USCG, Chairman, chief, App2i@d Eng~g. Sect., U.S. Coast Guard Aead.

Mil.D. P. COURTSAL, Chiaf Ma~ine Engin+?w, DRAVO Co~poration

MR. M. L. SELLERS, Naval Architect, Newport News Shipbuilding & Dry Dock Company



55c-~~9,

SSC-230,

SSC-231,

SSC-232,

SSC-233,

SSC-234,

SSC-235,

SSC-236,

sSC-237,

SSC-238,

SSC-239,

SSC-240,

SHIP STRUCTURE COMMITTEE PUBLICATIONS

These documents ape dist~ibuted by the National Technical
Information Service, Sp~ingfieZd, Va. 22151. These doc-
uments have been announced in th~ CZe~inghouse Journal
U.S. Govament Resea~ch & Development Reports (USGRDR)
unde~ the indicated AD numbers.

Evaluation and Veyifieation of Computer Calculations of Wave-Induced
Ship Stxvmtupal Loads by P. Kaplan and A. 1. Raff. 1972. AD 753220

Progrwn SCORES - Ship Stxwetural Response in Waves by A. 1. Raff,
1972. All752468

Further Studies of Computer Simulation of Slming and Other Wave-
Induced Vib~atopy Structural Loadings on Ships in Waves by
P. Kaplan and T. P. Sargent. 1972. AD 752479

Study of the Factors Which Affect the Adequacy of High-Strength, Low
Alloy Steel Weldhents for Cargo Ship MJZLS by E. B. Norris,
A. G. Pickett, and R. D. Wylie. 1972. AD 752480

Comelation of Model and Full-Scale Results in Predicting Wave
Bending Moment Trends by D. Hoffman, J. Williamson, and E. V. Lewis.
1972. AD 753223

Evaluation of Methods fop Extrapolation of Ship Bending Stress Data
by D. Hoffman, R. van Hooff, and E. V. Lewis. 1972. AD 753224

Effect of !’empe~atupeand Strain Upon Ship S&ee2s by R. L. Rothman
and 2. E. Monroe. 1973.

A Method fop Digitizing, Prepoing and Using Libra?y Tapes of Ship
Stress and Environment Data by A. E. Johnson, Jr., J. A. Flaherty,
and I. J. Walters. 1973.

Computer tiograms fo? the Digitizing and Using of Library Tapes of
Ship Stress and Environment Data by A. E. Johnson, Jr.,
J. A. Flaherty, and I. J. Walters. 1973.

Design and Installation of a Ship Response InstrumentationSystem
Aboard the SL-7 Class ContainepshipS.S. SEA-LAID McLEAN by
R. A. Fain. 1973.

Wave Loads in a Model of the SL-7 ContainershipRunning at Oblique
Headings in ReguZar Waves by J. F. Dalzell and M. J. Chiocco. 1973.

Load Criteria fop Ship Structural Design by E. V. Lewis, R. van.
Hooff, D. Hoffman, R. B. Zubaly, and W. M. Maclean. 1973.


