S$SC—241

THERMOELASTIC MODEL STUDIES OF
CRYOGENIC TANKER STRUCTURES

This document has been approved
for public release and sale; its
distribution is unlimited.

SHIP STRUCTURE COMMITTEE

1973



SHIP STRUCTURE COMMITTEE
AN INTERAGENCY ADVISORY
COMMITTEE DEDICATED TO IMPROVING
THE STRUCTURE OF SHIPS

MEMBER AGENCIES: ADDRESS CORRESPONDENCE TO:
UNITED STATES COAST GUARD SECRETARY
NAVAL SHIP SYSTEMS COMMAND SHIP STRUCTURE COMMITTEE
mlftr‘\mm S:Q;::ll's(rlgxmng U.5. COAST GUARD HEADQUARTERS
WASHINGTON, D.C. 2055t
AMERICAN BUREAU OF SHIPPING 20590
SR-191
1973

Anticipating one of the problems which could arise in the
design of LNG tankers, the Ship Structure Committee undertook
studies to investigate the thermal stresses that would result
if a sudden rupture occurred in the primary LNG tank.

One project consisted of experimental and theoretical
efforts to develop a simplified thermal stress analysis of LNG
tankers under the emergency, rupture condition, and to evaluate
the importance of the parameters involved.

The enclosed report contains the results of this work. Comments
on this report will be welcome.

W. F. REA, TII
T~ Rear Admiral, U. S. Coast Guard
Chairman, Ship Structure Committee



SSC-241
FINAL REPORT
on
Project SR-191, "Thermal Study
to the

Ship Structure Committee

THERMOELASTIC MODEL STUDIES OF CRYOGENIC
TANKER STRUCTURES

by
H. Becker and A. Colao

Sanders Associates, Inc.

under

Department of the Navy
Naval Ship Engineering Center
Contract No. N00024-70-C-5119

This document has been approved for public release and
sale: its distribution 18 unlimited.

U. S. Coast Guard Headquarters
Washington, D.C.
1973



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-
uat?q 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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NOMENCLATURE

Symbols

A area of cross section, in2

a,b radii in cold-spot problem, in.

B Biot number, hL/k

c o/0ET

c specific heat - BTU/°F-1%4,

D thermal diffusivity, k/cp, ftz/hr

E Young's modulus, msi

e radiation constant, BTU/hr—ft2—°F4

F factor in radiation Eq. (13)

£ material fringe value, psi-in/fringe

G shear modulus, msi

g coefficient, gz = (1 + qr/qh)(hL+hR)/kt, ft_2
Hw depth of ship bottom, ft.

h surface heat transfer coefficient, BTU/hr—ft2-°F
J tempzrature ratio, see. Eq. (63)

k thermal conductivity, BTU/hr-ft-°F

L general length, 1in. or ft. depending upon use
n fringe order

P pressure, psi

Q heat flow, BTU/hr.

q heat flux, BTU/hr—ft2

Rl’ R2 parameters defined by Eqs. (31) and (32)

T radius 1in cold-spot problem

5 constant, see Eq, (28)

s distance, ft.

T temperature, °C or °F
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Subscripts

weighted temperature, see Eq. (34)

thickness, 1in. or ft,

dimensionless lengths inm Eq. (6)

athwartship and vertical coordinates, ft.

thermal expansiomn, 1/°F

temperature coefficient of volume expansion, 1/°F
increment

Stefan-Beltzmann constant, 0.1713 x lO_BBTU/

sq. ft.-hr-°F%

normal strain

acceleration of gravity, ft/sec2

time, hr., also dimensionless time in Eq. (6)
absolute viscosity, lb/ft. sec.

Poisson's ratio

specific weight, 1b/cuft

normal stress, psi

shear stress, psi

angle of principal stress, deg.

Air

Emissivity

Fluid

Horizontal, Vertical

Convection, conduction, radiation
Initial temperature of plate
Left, right

Model, prototype

Total available, ultimate attainable (stresses,

t ture s
emperatures) —viii-



View

Temperature

Water

Wall

Coordinate directions

Inner and outer (ship sections) (Radiative surface)

Rosette strain gage at 45 degrees to the orthogonal
arms
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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 theoretical 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. For 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 Project

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 thickér 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 identified and discussed, and the relative 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-
abiliity 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 métal of the hold. A discussion is
inciuded on the character of this behavior and on the potential
danger which it presents.

The literature on thermoelasticity and photothermoelasticity
{PTE) 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 thermoelastic 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 congidered 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 data 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 required data. Effective data acquisition from
that model depended upon placement of the strain and temperature
sensors to provide peak values and to establish the distributions
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 TRANSFER THEORY

Introduction

The theoretical bases for the temperature caiculations
of this project are presented in the following paragraphs. The
various degrees of approximation for the heat transfer analysis
are presented, from which calculat.ons 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(Tl - TZ)/L (1)
convection: q = h(T1 - TZ) (2)
radiation: q = e(Ti - Tg) (3)

They were used to develop calculation methods for tempera-
ture as a function of time and position for comparison with measured
test data.
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Conductive Heat Transfer

The transfer nf heat by conducticn 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(Tl - T2)/L {(4)

The numerical analysis of transient temperatures in the
plane of a thin plate with insulated faces is often accomplished
mathematically by writing Eg. (1) in difference form equivalent to
the differential equation for heat conduction,

2 2, 2 2
(cp’k) 8T /098 = 8°T /ax" + 8" T /oy (5)

This relation is usable for general analysis and also for
thermal scaling in heat conduction problems. It 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 Eg. (5) through the use of an
arbitrary reference length, L, and an arbitrary reference,
time, 8,

uw=x/L, v=y/L, w= g/5
By substitution in Eq. (5)

(cpL2/iB) 8T /aw = 9°T /gu’ + 8°T /uv" (6)

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

(cpL® /k8) = (67T /ou’ + 85T /av2) (3 T /aw ) 7y

both for the model and the prototype. Then the temperature
scaling law becomes (using D = k/cp

2 =
= 8
(Ly/L,) " = (D,/DL) (8,/8) (8)
The choice of scaling length is arbitrary, as indicated above.

Representative values of diffusivity are shown in the
following tabulation.

Table 1 - Diffusivities for Metals
and Plastics

Material
Diffusivity Alum. Mag. Steel Titan Nickel Plastic
D=k/ep 1.97 1.60 0.45 0.24 0.24 0.005

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

)2 (9)

esteel/eplastic = 0.011 (L

/Lplastic

steel
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 1

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

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 guiescent or boiling. In
the case of boiling, surface contamination is an important factor
which can affect seriously the reproducibility of data.

The convective heat transfer relation is expressible

as
0 = hA(T; - T,) (10)
TABLE I - Dimensionless Groups Used in this Report
Group Symbol Name
hL/k NBi Biot number
D@/t2 NFO Fourier number
(LBrEC/uz)(BAt) Ney Grashof number
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The overall heat transfer coefficient, hy, 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 (11)
2

where h, and h., are the unit surface coefficients for free
convect}on on %he inner surfaces of the plates and L/kA represents
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-
genal as depicted in Figure 2. This cell action can be biased
by £in 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 uwsing this heat transfer coefficient would then be
used with the exterior surface heat transfer equations to complete
the total heat flow analysis.

10
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GRASHOF NUMBER BASED ON L

FIGURE 1 - Qverall Convective Heat Transfer Coefficient Between Two Walls
of an Enclosed Space. (Ref. 1)



FIGURE 2 - Celiular (Steady/State) Behavior in Horizontally
Lnclosed 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 emitter. 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 be written in the form

Q. = hrA(Tl = T2) (12)
for direct comparison with convective and conductive heat
transfer rates. The heat transfer coefficient may be defined

h = FF, B (13)
conFaips the temperature factors for view, emissivity and
radiation. The radiation temperature factor is

8

_ - 2 2
Fom 0.172 x 10 (Tl + T2) (Tl + T2) (14)

Ygere Tl and T, are in degrees Rankine. The emissivity factor
1

F
1 + l/e2 -1 (15)

e l/e

Fo? rough steel plates the emissivity is approximately 0.95.
This value drops'to.OQSO when there is a coarse oxide layer
on the plate. Painting the steel surface does not significantly
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change that range. 1In 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 = 0.80), and the aluminum paints and lacquers (e = 0,27 to 0.67).
Some red paints were as low as e = 0.75.

The view factcocr, 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 Egs. (4, 10and 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 rélative heat

glows between the walls, with oneat Tl and the other at T2' would
e
Q9 :Q. = (KA /L) : (hyA ) : [A_F_F _Frl (16)
Compared to conduction,
Qh/Qk = (huL/k)Aw/Ak =B Aw/Ak (17)
1
9k LONG, NARROW RECTANGLES
81
e
S
SQUARE PLATES
Fs S
Y
3¢
.2
.
0 [l L [ 1 4 L
0 1 2 3 4 5 6 7

SMALLER SIDE LENGTH
DISTANCE BETWEEN PLATES

FIGURE 3 - View Factor for Radiation Between Parallel Plates
Connected by Non-Conducting but Reradiating Wails.
(Ref. 1)
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Qr/Qk = \FerFTL/k)(Aw/Ak) (18)

Q./Qn = (F_F_Foh,) (19)

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 1/20ft. 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 radiation. 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 conduction. However, the sice 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 Eg. (4) is written

Q = (kAk/L) AT {20)
where k = 25 BTU /hr,~ft%9F
L = 10 feet
Ak = (1/20) (2x60)+(1/2) (L/20) (2x40) = 8 sg. ft.

This yields a conduction heat transfer of

o
Q = 20 AT BTU/hr-ft-F (21)

The convection relation of Eg. (10) can involve the
establishment of a temperature differeuce to determine the
heat transfer coefficient from Figure 1. Therefore, assume
the hold wall temperature at =-259°F (methane boiling voint)
and (for convenience) an outer hull wall temperature of 41°F
for a total temperature difference of 30C0°F, The above temp-
erature difference and the assumed constants

ky = 0.013 BTU /ftZhr-F
I = 10 feet
vield h = 1.2 BTU/ft2hr oF

The convection heat transfer becomes

o, = 2880 AT BTU/hr2eF (22

The radiation heat transfer is determined from Egs. (12) through
(14)



Q = AF,FF ., AT (23)

The constants are chosen as emissivitv equal to 0.9, Eé =
0.82, FT = (.35 and Fé = 0.85 in this wing tank

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

Q. = 580 AT BTU/hr°F (24)
A comparison of the ship heat transfer magnatudes
may be made with the aid of Egs. (17), (18), 119), (21), (22)
and (24).
Qh/Qr/Qk = 144/29/1
Qnh/Q, = 144
Qr/Qk = 29

(Q + 9.0/, = 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 perpenaicular 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, 5 T/AG,

(qu+q . )bs = (g, —q )t = cp tAs(AT/A8) (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.

If g q, is represented by Ag then the change in
heat flow rat alo%g the element

qL + dg <t Ag/As = cpt(AT/A0O) (26)



Now employ Egs.

length. Then if T is the only dependent variable,

-10~

(1) through (3) and utilize the partial
derivative notation for the differential limits of time and

sional equation becomes (recalling the sign of 3T/9s)

[(FsFeET)L(TL_T) + (FsFeET)R(TR_T) + hL(TL-T)+

2 2
hp (T,-T)1/t + k(37T/3s) =

The analysis is eaiily Extendable to two dimension

cr (3aT/230)

(27)

al

the one~dimen-

heat transfer by adding k(38 T/3v”) to the left side cf Bq. (27).
TABLE Il - Relative Heat Transfers, AT = 40°F
Model TF, TF
{Long 1Short
Quantity 2T8 2T4 2T2 3T12 3T6 3T3 Path) Path)
biEt) 2/3 1/3 1/6 1 1/2 1/4 2/3 0.208
b3 0.296 0.0370 0.00463 1 0.125 0.015625 0.296 0, €090
K(BTU/hr-ft-"F)| 26 26 26 26 26 26 26 26
Ah(ftz) 0.39 0,39 Q.39 1 1 1 0.856 0, 856
Ak(ftz) 00,0139 0,0139 0, 0139 0.007% 0, 0075 0, 0075 0, 0345 0, 0345
b/k 0, 0255 0,0128 0. 00642 0.0385 0,0192 0,00962 0.0255 0, 0080
Ah/Ak 28.1 28.1 28,1 133,3 133.3 133.3 24,8 24.8
(b/k) (A},1 Ak) 0.715 0,359 0,181 5,13 2,56 1.28 0.633 0.198
hu 0,43 0,395 0. 36 0,44 0,405 0,379 0.43 Q0,371
Qh/Qk 0.307 0,142 0. 065 2,26 1.04 0.485 0.272 0.073%
Fo 0.92 0.92 0.92 0.92 0.92 0.92 0.92 0.92
h_ 0.736 0.736 0.736 0.736 0.736 0.736 0.736 0.736
Q,/Q, 0. 585 0.538 0.490 0.60 0.55 0,516 0.584 0. 504
Q /Qk 0. 525 0,263 0.133 3.77 1,89 0.94 0.464 0. 146
r
(Qh + Qr)/Qk 0,832 0,405 0.198 6,03 2,93 1,43 0,736 0.220
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TABLE III - Relative Heat Transfers, AT = 300°F

Model T TF
{Long ' Shore
Quantity z78 274 2712 3TI2 3T 3T3 Path) Path)
bift) 2/3 1/3 1/6 1 1/2 1/4 2/3 0.208
b2 6. 296 £.0370 | 0,00463 | 1 0.125 0.015625] 0,296 0. 0090
KIBTU/he-ftuOFy§ 26 26 26 26 26 26 26 zé
Ah(ﬂz) 0.39 0.39 0.39 1 1 ! 3,856 0.856
Ak(nz) 0.0139 | 0.0139 1 0,0139 | 0.0075 | 0,0075 | 0.007% 0.0345 | 0.0345
b,k 0.0255 | 0,0128 | 0,00642 | 0,0385 | 0,0i92 | 0.00962 | 6.0255 | 0.0080
Ah/Ak 28,1 28,1 28,1 133.3 133.3 133.3 24,48 24,8
to,/k) (A.h/Ak) 0,715 0.359 0. 181 5.13 2,56 1.28 0.633 0,198
h 0.913 0.861 0.784 D, %55 0.588 0,425 0.913 0. 800
L5y
Q,/Q, 0. 654 .309 0,142 1.90 2.25 1.055 0,578 o, 158
F 0. 35 0.35 0. 35 0.35 0.35 0.35 0.35 0.35
T
h 0. 24 0.28 0.28 0.28 0.28 0,28 0.28 0. 28
r
Q,/a 3,26 3,08 2.%0 3.41 3.17 2.9% 3.26 2. 86
r
Q_/a 0.200 0.100 0.049 1.43 0.71 0.36 0.178 0.0554
r
Q +aa/Q 0. 854 0.409 0. 191 6,33 2.96 1.41 0.736 0.213
r
In a transient the temperature often is observed
to peak at which time the term on the right will vanish. Then
Eg. (27) will have the character of a steady state relation from
which some useful calculation simplifications are possible. This

situation is relevant to the present investigation since koth
temperatures and stresses 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 design temperature
determination scheme that would require virtwally 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 liguid wherever the two are in contact,
This may be inaccurate depending upon the amount of convection
and radiation which is present.
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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
gquasistatic approximation, T/ = 0. 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 Eg. (27) with 3T/30 = 0,
a2r/ds2=2eT¥/kt + (hp+hp)T/kt - S (28)

: = o F +
where S = [ (FgFeFT)y + (FgFgFp) pl/kt + (h T +h T )T/kt (29)
Tf the radiation term is assumed to be a constant fraction
of the convective term, then
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§ = (1 + q./q) T+ hpTp)/kt {30)

If all the coefficients in Eqg. (28) are assumed constant,
when

LA / T - - T

T (Tl + Tz),2 + Rl(J.2 Tl)/z + R2L (31)
where

R1 = [sinh gs - sinh g (L-s)]/sinh gL (32)

R, = 1 - [sinh gs + sinh g (L-s)]/sinh gL {33)

g% = (L + q_/q,) (o, +hp) /kt (34)

T = A - m

T (L + qr/qh)(hLTL + hPTR)/(hE+hR’ (LL+TR)/2 {35)

The graphs of R, and R, appear in Figure 5 in terms
of s/L and gL. They show that R Becomes linear and R, becomes
zero at very small gL which co%responds to prevalencg& of conduc-
tive heat transfer. For that case (Figure 6a)

T =T, + (T, - Tl)(s/L) (36)

For large gi (which would be the case in a ship with a strong
wind blowing across the deck) R, and R, approach step functions,
convection contrels, and T appr&aches he form of Figure 6C.

Eg. (31) was compared with experimental data at long
times for all temperature model tests conducted during this project.
For those comparisons it was necessary to determine the temperature
of the air outside and inside the wing tank. This was done by
assuming that the temperature T_ was that of the ocutside air,
and that T, (for the air inside-the tank) was the weighted averdge
of the temperature of the metal surrounding the tank. It was alsoc
assumed that h = h with h determined as shown in the sec-
tion on experl%entaf data.

Bs for the weighted average of the metal temperature,
this was estimated for each test on the assumpticn cf a linear
variation of temperature from that of the chiliing £luid te¢ that
of the water. This estimate certainly is open to gquestion. However,
it is consistent with the desire for simplicity in calculation.

Finite Difference Procedures

Eg. {(27) may be written
2 -
3 T/98% = (1+qr/qh)(hL+hR)T/kt - (l+qr/qh)(hLTL+
_TR)/mi + (1/D) { 0T/ 28) (37)

The finite difference form is

_‘;T +T
Toy1,¢ ~s,u 7e-l,t 2 T pnq -T
5 = g TS £ - S5+ “X,t+l
As d DAG

¥,t
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+1 1.0

1+R,
Z
FIGURE 5 - Curves for Ry and Ry,
As in Dusinkerrz (Ref. 2) assume (As)2 = 2DAO. Then
_ - 2 )2
Tx,t+l = (72 (Tx+l,t+“ x—l,t) + (8 -9 Tx,t) (As)"/2 (38)
This is the strip transient equation. When S = g _/q. = 0 it

becomes the Schmidt plot relation (Ref. 2). Eq.r(3§) qas used

to predict transient terperatures for comparizon with test data-
at several locations on one of the thermal models and at one
point on the thermoelastic model. These calculations employed
a typical value of D = 1/2 sq-ft/hr.
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FisURE 6 - Range of Quasistatic Temperature Distributions
Along a Strip, Shown Schematically.

THERMAL STRESS THEORY

Nature of Thermal Stresses

Thermal stresses are mechanical stresses that arise
from restraint of free thermal expansion. This is the generic
term for dimensional changes due to either increasing or decreas-
ing temperatures. The interacticn between the thermally induced
expansions and the restraint-induced stresses is thermoelasticity.
The restraints may be external, or thev may be purely internal
because of the inability of adjacent structural elements at
different temperatures tc deform freely because they are zttached.
The general nature of thermoelasticity has been delingated 2¥
Melan and Parkus (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 siresses in a structure which essentially is
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comprised of numerous intersecting 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 that
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 to assume specific forms of
the initiating temperature transient in order to achieve a
tractable closed form solution which is often mathematically
desirable.

In this report, as was indicated in the Introduction,
thermoelastic theories are advanced which are of the utmost
simplicity since experience has shown that relatively simple
theories may be emploved 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
thermoelastic parameters of the problem except for g, E and T,.
The quantity OGET_ may be used as an upper limit which may be
approached rathef clcsely under certain conditions but would
never be attained. (In a thermal stress field with ox = 3§y
the quantity would be increased by the wultiplying factor
1/(1 - v)). It would be the most conservative estimated solution
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 thermoelastic field in one
of the media, such as liquid methane and steel. A relation has
been developed which delineates the ultimate fraction of dFT
which can be attained no matter what the problem geometry may be.
This value would involve a lesser degree of conservatism than the
first. (See Eqg. (43) and ff below).

Finally, the precise value cof the thermal stress can
be calculated from a knowledge of all the geometric and thermo-
elastic aspects of the problem. This would involve no conser-
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.

Digscussions of Related References

Investigations of thermal stresses in ships have heen
reported in the open literature (Refs. 3 through &). These
studies relate to the generation of thermal stregses induced in
a ship by the external enviromment. They involved radjiation
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 studies, 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 thermcelastic problems since the latter type of heat transfer
(and the resulting thermal stresses) could be important for
stiffened plate stresses. However, present thecories could be
modified and adapted to that purpose.

In general, the agreement of theory and experiment
by Lyman and Meriam (Ref. &) was found to be good with deviations
mostly in the order of a few percent for the ship measurements.
However, it is surprising to observe that several experimental
data differed by more than 10 percent from theoretical computer-
ized predictions of thermal stress in the model studies conducted
by Lyman and Meriam.

The most significant aspect of the cited references
was the confinement of the problem to direct measurements of
temperatures and of thermal stresses. Heat transfer calculations
were not perfcrimed, nor were measurements made, to determine
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,

e= 0o/E + aT (39)

Eg. (2% holds for uniaxial stresses because the
mechanical stress is uniaxial, Otherwise it would be necessary
to employ the three-dimensional stress field relations, of which
the total strain in one direction is expressed

€, = ch/E - Vcry_/E - VO'Z/E+ aT (40)

If we return to Eg, (39) and consider a situation in
which the total strain is zero, then the thermal component bal-
ances the mechanical component and if the minusg sign is disre-
garded,

o = eEET (4]—)

Eq. (41) is the simplest possible thermal stress theoretical
relation of the induced stress to the average values of thermal
expansion, Young's modulus and temperature change. In the case
of a length of longitudinally restrained wire which has been
chilled through a temperature change, T, it provides the precise
solution in the region of the wire removed from the ends.
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Suppose, now, that a general three dimensional structure
is subjected to action by a fluid mass initially different from
the structure temperature by an amount, T,. 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

¢ = C_eET_=C o (7 =BT (42)
where the coefficient, Co, containsg 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, Bg. (42) is often used with values of C_ dictated by
experience. For a large range of problems C_may be chosen to
be 1/2 {(a linear gradient across a restrained bar, for example).

Stresses in a structure generally tend 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 discontin-
uities. The basic study of Ref. 4 showed theoretically and
experimentally that there is an upper bound

g = g (43)

while more recent studies by Emery, Williams and Avery (Ref. 12)
have added more substantiation to the prediction, also through
hoth theoretical and PTE analyses,

The simplest calculation of thermal stress can be
made by substituting appropriate data in Eg. (43), which also
wiil yield the most conservative estimate of thermal shock stress
resulting from tank rupture. If cE is assumed to be 300 psi/°F
then

g, = 300T, (44)

where T, is the difference in 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, Williams and Avery have shown that for
phetozla~='c plastics the effective difference may be only about
60 to 65 percent of the maximum (Ref. 12). Their results are
displayed in Fgure 7 which indicates that for the steel model
of this investigation C; would be less than 1/2.

The preceding relate to a rather simple type of
structure and for a case in which the fluid temperature remains
constant throughout the thermal transient. Actually, the
chilling of the steel will be accompanied by warming of the fluid,
thereby reducing the available temperature difference still further.
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FIGURE 7 ~ Effect of Biot Number on Thermal Shock Stresses.

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

These sample calculation methonds represent steps in
the approach toward determination of the precise value of thermal
stresses in the steel ship model. One more factor is the relative
cross section areas of the cold and warm regions of the ship imme-
diately following chilling of the hold walis and bottom. If the
iongitudinal forces are balanced and the cross section strain is
assumed to remain planar, then ( Figure 8) the force and strain
relations are:

O1A] + 0,A, =0 {45)

il

UI/E + aT 02/E + oT {46)

1

where Ty jig the average temperature of the inner structure when

the peak stress is reached, and T, is the assumed uniform initial
temperature of the ship steel before the transient. That is not
the type of initial 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 it
would be if stresses remain elastic. The combination of inelastic
thermal stress fields is a subject for a subseguent project.

It is a simple matter to combine Egs. (45) and (46) so

that either o, or ¢, may be found. For example, for the model
region outsid& the &enter tank,



-20-

|
Q

Vo
EQUAL
LENGTHS

A

EQUAL
LENGTHS

FoA]

- CONTOUR FOR
Az

-
EQUAL

i LENGTHS\“i

SHIP CROS5 SECTION

|
|
‘I CONTOUR FOR —a
|
|

/
ap —-a ’[ / \-—0’2
7y --—L / ¥ _é—ﬁU]
o0 =2 ' §o—o,

FORCE BALANCE DIAGRAM ASSUMING CEMTROIDS OF Aj AND Ay 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 inifial model temperature) is introduced as a normalizing factor.
If T, represents room temperature (the initial temperature of the
modei) and T, is the deviation from room temperature due to chilling
in the tank ¥egion, then let T = T,=Ty;/ and the last terms in paren-
theses are the area corrections from %he force balance relation.
Consequently

i

0,/05 = (T/T.) (A,/A1) /(1 + A,/A,) (48)

n

02/0 (T/TO)/(l + AZ/Al) (49)

o)
If A; and A, 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 would involve some judgement based upon exper-
i8nce, 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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Cold Spot Problem

As a means of evaluating the general nature of the
stress field in the ship, a relatively simple problem was chosen
for an initial PTE investigation as shown in Hgure %. 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 1s
{Ref. 13}

/o, = {1/2 = (a/0)°[1 + (b/x)?1/4 (50)
~(1/2)1n({b/z) }/1n(b/a)

where ¢_ relates to the difference in temperature between the inner

cold spot and the disk exterior., Por the PTE study, one area of

interest is the outer boundary of the disk, Since r = b at that

location, then Eq, (50) becomes

0/0, = (1/2)[1 - (a/b)?1/1n(b/a) (51)

Out—-of-Plane Behavior

The thermoelastic problem in a ship has been approached
in this investigation mainly as the study of multiplie-plate plane
stress. However, the presence of stiffeners on one side of &
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 about the web, then the
deformations and stresses might be confined to bending. Angle
stiffeners, however, might tend to bend and twist, and any tendency
to buckle could be aggravated in certain cases. The buckling
process would tend to relieve the thermoelastic field. However,
it could lead to instability strength loss against the pressure-
induced forces from the sea.

Angle-shaped longitudinal stiffeners were used on the
steel model to accentuate this effect in order to assess the impor-
tance to ship design. In the current study, numerical values of
stiffener stresses were obtained on the steel model. However, only
a relative assessment was made of the stress levels compared to the
maximum values in the model. A more detailed evaluation of stiffener

behayior was deferred to possible subsequent iInvestigations in which the
possible significance to structural stability may be considered.

Thermal Stress Scaling

If two structures are identical in shape but differ
in size and material, it is necessary to utilize a thecretical
relation teo determine the nature of the stresses in one structure
when the stresses in the other are known in a given set of circum-
stances. For mechanical loads the shapes of the stress distributions
in the two structures would be essentially identical. 8Small dif-
ferences may exist at discontinuities if Poisson's ratio is not the
same for the two materials, but this 1s usually a negligible con-
sideration.
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FIGURE 9 - Cold-Spot Problem,
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The best means of relating the stress fields is teo develocp
a non—~-dimensional ratio of stresses which would have the same
value for both structures. rFor example, i1t i1s well known that an
appropriate scaling law for pressure vessels would be

(c/p) {(52)

(o/p) prototype

model =

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 1is
increased.

The relation in Eg. (52) applies to static pressures.
Tor transients a time factor must be considered. This is also
the case for temperature transients. However, when the time factors
are accounted for as described for thermal scaling, then an appro-
priate scaling law for thermcelastic problems would be

(o/uETO) (O/OLETO) {53)

model prototype

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

(54)
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MODELS AND EXPERIMENTS

General Desgcriptions

Seven steel ship configuration medels and two
plastic models (Table 4) were designed and fabricated to acguire
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 steel model was used
for both temperature and stress determinations. The two photoelastic
models were tested to obtain supplementary thermal stress data.

The characteristics of all models appear in Figures 10
through 21 which depict the dimensional and material data as well as
the locations and tvpes 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.

Temperature Models

Two models were designed and fabricated to represent
a2 range of ship proportions and heat transfer characteristics. The
cross~sections appear in Figure 10. A view of both ship models
and the general experimental arrangement appear in Figure il.

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 plate cemented to the steel
with RTV gilicone rubber. In addition, styrofoam was cemented to the
ends of each temperature model. As a result the 2D medels were con-~
strained to essentially vertical and athwartship heat transfer where-
as the 3D model was free to transfer heat longitudinally for one bay
on each side of that into which the chilling fluid was-introduced.

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 20 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 rapxdly £illing
the center hold of the model with chilling fluid. Thermo-
couple data were recorded for 1/2 hour after the start of the
pour which required from 6 to 15 seconds depending on the model
and the fluid.

Model for h

Part of the temperature investigation was assigned
o measurement of surface heat transfer coefficients for the fiuids
which were used. The experiments involved rapid pouring ¢f enough
fluid into the sqguare cavity above aplate (Figure 12} to fill
the cavity almost completely. Temperatures were recorded from
the beginning of the pour which reguired only a second to accomplish.
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TABLE IV - Model Descriptions

Model Figures Use

27T, 10 Two=-dimensional temperature distribution. Large pro-

Three portion of conductive heat flow compared to convection

Widths and radiation. Thick steel plates unreinforced.

3T, 10 Three-dimensional temperature distribution. Small

Three proportion of conductive heat flow compared to convec-

Widths tion and radiation. Thin steel plates reinforced against
buckling.

3TE 18 Thermoelasticity in simulated ship. Conduction com-
parable to convection or radiation. Thick steel plates
reinforced.

2PTE 13 PTE local cold spot, two-dimensional problem, Single
plastic plate.

3PTE 15 PTE ship simulation, three-dimensional behavior.
Thick plastic plates.

Flat 12 Experimental determination of heat transfer coefficients

Plate for non-boiling and boiling fluids.

Photothermoelastic Models

PTE investigations were conducted 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 clesely
Egs. (48) 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

regions.

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 eguivalent of
additional c¢ross section areas to the tank bottom and the external
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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.

Sone experimentation showed that
fied with a fiberglas wall 0.064
rubber joint, as shown in Figure

The experiment was
of the chilled ethylene glycol.

these conditions would be satis-
in. thick and a silicone RTV
13.

initiated by sudden intrcduction
Temperatures and fringe

patterns were recorded at selected intervals.
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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 simultaneously. This
was accomplished with the experimental arrangement shown in Figure

}7 which enabled the camera film to contain all the fringe pattern
images.

Thermoelastic Model

Thermoelastic 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 reguired coor-
dination of the welding and instrumentation processes in order
to permit internal installations of the strain gages and thermo-
couples. Also, 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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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 gages are depicted
in Figure 20 while the arrangements of the others are shown
in Figure 21,



NOTES:

1. MATERIAL: T-7 TYPE A STEEL
10 GA. {.1356"}

2, L'S TO BE BENT FROM T-1 MATERIAL

/16" BEND RADIUS

3. 1/4"” DA, VENT AND INSTRUMENTA-
TION FEED-THRU HOLES TO BE PRO-
VIDED IN ALL CLOSED COMPART-
MENTS OF MODEL HOLES TO BE
CONFINED TO ENDS OF MODEL WHERE
FOSSIBLE

[»]
o=6.5x108"F

E = 29 msi
ﬁ\z}fﬂ\ 1= Q.82
\\
| l
/ i
rrff_?** J_f_i,.ﬂ—r -—}I' i:_-._._., T ST T T -4_’||'.i7:*_..4 ;’J'_‘_lf . T - — l[l ;:'L‘_‘_'__’_.._—_____..._f
iy YA E5% [ O T N, SO —— i
9 f r L] 1 |# e s e e r_:1|’:: el ey (e S——— jpatiuntin gttt
| [N 10 B I 'I
| 51_1 8al }*1@ = e e e ?zlr— e g e ey | g S
| 41| . / z70 .00 | lI: 1 I
~ N | === = =mmsmee e = =T ST T T S T
| | /Q 2o r I[ ! =
'f:__: = ii‘fﬁ‘ﬁ . F== - —— f’f:i'.i T ‘__;::—‘:*f—fff‘iﬁ% s e T
...zsﬁzr*l'a 309 4*1@—’1* a.o'r-L.?.m-a )R o TTomee e aL* T H.oc ’LQ T M e _‘—F-I
e — oo - - —  ——=

FIGURE 18 - Steel Ship Model Dimensions-

_'[g_



~32-

Thermocouples Attached to Plates Before Welding

Completed Interior Structure

FIGURE 19 - Photos of Model at Different Stages
Construction.

TABLE V - Strain Gage Characteristics and Locations

Type Shape

BLH FAE-12-1256
120 ohms, gage length = 1/8 in. B

{: 90°
Vishay Micro-Measurements

WK-06-250W T-120 _I_“V_|L
120 ohms, gage length = 1/4 in.

o
Vishay Micro- Measurements ’ 453 7

WEK-06-250WR-120
120 ohms, gage length = 1/4 in. —1A

K
kN

Locations
9,10, 11
Figure 20

1,6,7,8
Figure 21

2,3,4,5
Figure 21



BULKHEAD LOCATION

FoD

LONGITUDINAL SUM-PAIRED,
BACK-TO-BACK, TO READ WALL AVERAGL
LONGITUDIMNAL MEMBRAME STRAIM

TRANSYERSE DIFFERENCE - PAIRED,
BACK~TO-BACK, TO READ FLANGE
TRAMNSWERSE CURVATURE

ALL ANGLES 1X 1K 1/8

a. INNER WALL CENTER BAY LEFT SIDE

/FWD
LONGITUDRINAL DIFFERENCE - PAIRED,

OUTER FACE ONLY, TC READ WERTICAL
BENDING

b, ININER WaALL CENTER DAY RIGHT SIDE

FIGURE 20 - Thermocouple and Uniaxial Strain Gage
Locations,

T/C A

QUTSIDE FACE OF
; 6/7 INMNER BULKHLAD OM
B LONGLTUDINAL CENTERLINE
|
|
1
Bl
|

————— 4 g ——— ]
| | \
SIDESHELL
ENED BAY CEMNTER BAY EMD BAY
]_i !
AR | st
L _tt:—_EP:_@_ I _
______ e —_ a4 —
H
—_¥_ (s
¥ ory
1 ONGITUDIMNAL BULKHEAD
21 L 1
[
I —mi | L T
_____ _l._.___[I_T________I 4}{ |
| - Ii

@ I

QUTER BOTTOM

FIGURE 21 - Biaxial and Rosette Strain Gage
Locations and Thermocouple Locations.

_S(;‘



-34-

Experimental Procedure for Thermoelastic Model

The center bay was chosen to receive 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-Honevwell
light beam oscillograph was used to record the data throughout
each run, which was typically of 6 to 7 minutes duration.

Each experimental run was begun by cocling 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 toc 2
inches below the undersurface of the hold top. Appendices I and II 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 reguired to acquire all the necessary
strain and temperature data. T, varied from run to run. However,
all the principal stresses were normalized to T

EXPERIMENTAL MECHANICS

Introduction

Thermocouples were applied to the steel temperature
models while strain gages were used on the steel thermoelastic
model together with thermocouples. Photothermoelasticity 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, the 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-

e
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cles. Two of the best known references are the treatises by Coker
and Filon (Ref. 14) and by Frocht (Ref. 15). The basic relation

between stress level and fringe order is shown to be
n = (ol - oz)L/f {55)

where 1 and 2 refer to the principal stresses and L is usually the
thickness c¢f the model, For a free edge, o, = C.

In all the work in photoelastic analysis of structural
behavior the loading was a mechanical force system until about 15
years ago. At that time a series of investigations was initiated
{(Refs. 16 through 19 contain many of the results) in which the
models were loaded by temperature fields, most of which were ini-
tiated by application of dry ice directly to the medel surfaces.
The resultant transient temperature fieids induced +Fringe
patterns which are related to stress in exactly the Same manner
as for mechanical loads. Although the stress dirstrirutions
generally are different for the two types of loads, the usual
calibration process and fringe interpretation of mechanical photo-
elasticity apply without modification te thermally loaded struc-
tures., It is only necessary tc measure the relevant model material
parameters as functions of temperature to obtain reliable data.

After a series of relatively simple investigations, experi-
mentalists found that the achievable precision of a PTE investi-
gation was as good as, or better than, 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 PIE to evaluate
the precision of thermcelastic theories, as was done by Becker and
Colao on rectangular strips (Ref. 10). It also was used to establish
broad generalizations of thermcelastic behavior such as the lemma
advanced in Ref. 4 relative to the maximum attainable thermal stress
in a structure, and the generalization that thermal stress concan-
tration factors are not the same as mechanical stress concentration
factors except possibly in a few special cases. This latter gJeneral-
ization was established by Becker and Bird (Ref. 11) in a study of
holes in a plate.

. ~ Perhaps cne of the most important aspects of the PTE
investigaticns tc date is the observation that a relatively simple
theory may be found to predict the cbserved stress maxima. In

some cases it also was possible to predict the stress distributions
reliably (ref. 4). The experience with PTE has provided a part of
the basis for the approach to this project which was focused on
initially simple methods for calculation ¢f thermal stresses and
temperatures.

As was stated in the introduction, thers are numerous in-
stances in the photothermcoelastic literature to demonsirate that
excellent agreement of theory and experiment is achievable when
the stress predicticons proceed from the known temperature fields
(Refs. 16 through 19). All the observed discrepancies are directly
traceable to the heat transfer aspects of the pioblem. These lie
e}tber in the errors of measurement of surface heat transfer coef-
flClent or in the errors resulting from unwarranted simplifications
in hegt trgnsfer analysis methods. These latter often involve
one dimensionalization of truly two dimensional problems, and the
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assumption of temperature-independent properties when the properties
really are temperature sensitive. The Biot number is in this cate-
gory. Tramposch and Gerard (Ref. 17} showed the importance of
these factors when analvzing a plate~type structure which is typi-
cal of aircraft wings and ship structures.

Strain Gage Data Reduction

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

_ A
o, = Ble +vey)/(1— v (56)
v, = Ble +ve )/(1 - v?) (57)
T=Gle_+e - 2¢ (58)

3 v 45)

and the principal normal stresses and maximum shear stresses are
obtainable from

17 (Ux + Uy)/z * [OTX - Uy)2/4 + 73]1/2 (59}
{60)
0'2 = (0_}; + Gy)/a - [(U-X - 0—y)2/4+ 7_2]1/2
2
Tmax - [(“X - UY) /4 + 72]1/2 {61)

The principal normal stress direction may be found from

tan2¢=:2wqwx-vy) (62)

In this investigation Egs. (53) through (59) were utilized to
vield the magnitudes of o_, o, and , and the magnitudes and
directions of the princip§1 nérmal 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. Anocther view of accuracies
achievable with these types of iastrumentaticn is Ehroggh '
identification of the magnitude of the smallest measureabie
guantity. For strain gages read through a bridge balance -his
can be as little as 5 microinches per inch under the conditions
which existed in our laboratory during the testing phase. For
the thermocouples the minimum measurable guantity would be 1/4°F,
However, both these types of data were recorded on an osciliograph
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 scale inch with a direct
reading precision of 1/100 inch which indicates a maximum precision
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of 9.4 microinch/inch. The temperature correction chart was of
comparable precision. For the thermocouples used on the thermo-
elastic model the scale was 7.05 millivolts/inch directly readable
to 1/100 inch which corresponds to a precision of 1.4°C or 2.5°F,
On the temperature models the scale was 0.67 millivolts/inch. The
net precision was better than 0.5°F,

TEMPERATURE INVESTIGATIONS

Thermal Mocdels

The six thermal model configurations, each tested twice
boiling and twice non-boiling, provided 24 runs with which to evaluate
the theories proposed for determination of ship structure tempera-
tures under cryogenic shock. The ensuing discussions have been
designed to explore the correlation of theory and experiment.

This was done by first examining the temperatures on the deck and
upper sidewall. After that the interlior plate temperatures were
examined.

Attention is directed to the discussicn of experimental
errors which has been presented previcusly. The range of tempera-
ture error should be borne in mind when exploring the figures to
be presented during this discussion.

Normalized Temperatures and Distances

The initial model, air and water temperatures were close
te 70°F in every model test. However, the initial temperatures
of the chilling fluid varied from +40°F fo -100°F, In addition,
the mest severe test of the usefulness of the calculation methods
is the reliabkility with which they may 5e used to determine the
distribution of temperature from one location te ancther alcrng a
plate. The absolute temperatures are of l1ittle importance in this
type of evaluation. Only the change between locations is important.

For these reasons the portraval of the temperatursas on
graphs was accomplished by normalizing them with respect to TwTg.
Furthermore, the lowest temperatures were reached when the
quasistatic behavior was observed. This occurred at approximately
1/2 hour in every test on the thermal models. Conseguently, the
graphs display the 1800 second values of

J = {T - TF)/(TW - TF) = (1+Rl)/2+ R2T/{TW—TF) {63)
as a percentage of the distance from the deck/girder joint to the
total length between the waterline and the top of the longitudinal
girder. This completely nondimensionalizes the data. In a few
cases other lengths were employed as references. They are des-
cribed subsequently,

Tables Al through A4 display the theoretical and
experimental temperatures. Table A4 contains the normalized
experimental temperatures. The theoretical curves were plots
from Eq. (31) using Figure 5to construct the hichest and lowest
curves only,
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Presentation of Data

The theoretical and experimental information appear
in Figures 22 through 32, After preliminary examination of
the experimental data, it was apparent that there was enough
scatter to invalidate a test-by-test comparison of theory with
experiment. It appeared more reaschable to present all the infor-
mation for one model on one graph and to compare scatter bands in
the manner shown on the graphs. This manner of presentation is
consistent with the scatter. It also permits a visualization of
the range of theoretical curves for eazch model. Finzlly, 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 appsar 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 T_ and T as the reference 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 quasistatic 2D theory mav be seen in Figures 23,
26, 28 and 30 in which the plate was analyzed between thermocouples
1 and 4 instead of between the water and the girder. The agree-
ment with theory is considerably improved but there are still some
unexplained lavge deviations for these cases, The reference
length was changed to the distance between these thermocouples and
the reference temperature difference was Tl - T, so that J became
{Tr - 7T )/(Tl-T ). The temperatures were taken #rom Table A3 and
the leﬁgths were taken from Figure 10.

The gquasistatic theory was derived on the basis of a
model in which the plate length is the distance between the longi-
tudinal girder (assumed to be at T_) and the point of contact with
the wetted surface (assumed to be at T). In the cases of the 2D
models however, conduction controls and therefore these reference
surfaces would not be expected to be isothermal. Gradients would
be expected along them, as is verified by comparison of the temp-
eratures at thermocouples 4, 5 and 6 at the top, center and inner
kbottom of the bulkhead, respectivelv. (Table A3) The path length
wae increased 3.5 inches in front of thermocouple 4 and 2 inches
beyond thermocouple 1 for model 278 (Figure 24). The revised plots
of meacured and calculated temperatures display a better matching
of scatter bands than in Figure 22. It is apparent that the fine
details of radiation and convecticn 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). However, they do not depart
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FIGURE 25 - Comparison of Theory with Experiment, 274, Between T= TF at s/L =
Qand T = TW at s/L = 1. Path Length from Bulkhead to Waterline.
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FIGURE 26 - Comparison of Theory with Experiment, 274, Between Thermocouples
1 and 4 Using Measured Temperatur es at Those Locations,
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FIGURE 27 - Comparison of Theory with Experiment, 212, Between T = TF at
s/L=0and T =T, at s/L = 1. Path Length from Bulk-

head to Waterline.
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FIGURE 28 - Comparison of Theory with Experiment, 272, Between Thermocouples
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FIGURE 30 - Comparison of Theory with Experiment, 3712, Between Thermocouples
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FIGURE 32 - Comparison of Theofy with Experiment, 3T3, Between T = TF at s/L =
Dand T = Tw at s/L = 1. Path Length from Bulkhead to " Waterline.

as greatly from the average of the water temperature and the temp-
erature at thermocouple No. 6 as shown in Table 6. In these regions,
then, the thermal gradient apparentcly 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
Eg. (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 boundary 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 gquickly
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.
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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 ship. This involved the use of a 4-inch-diameter fan and
& 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 centerplane, 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 Frecn 114 in the model was topped off
fabout 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-
qguence. The rest of the test sequence is shown in Table 7. Thermo-
couples 1 and 2 were at locations ~losest to the lamp and fan while
thermocouples 3 and 4 were successively farther away.

During the test little heating or cooling penetrated to
the interior of the model., Only the deck and sideshell appear to
have responded. The largest change occurred at thermocouple 2 where
the temperature rose 14°F under radiant heating alone and another-
8 degrees while 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, however,
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 wid= with 1/20 feet thick plate all over. If a 20 kt.
wind at <80°F is assumed to blow acyoss the deck, so that a value
of h = 4 might be realistic, then g~ would be {4+1)/{(25 x 1/20) =
4 if h = 1 for the air in the wing tank and Eg. (34} is used toc deter-

mine 92, Assume T.. = 20°F and assume, alsoithat the steel cirder is
at 50°F while the Wing tank air is at 0°F. " If radiative effects are
neglected, then T = (~80x4)/5 = (50 + 30)/2 = =104°F using Eg. (35).

The path length would be 10 ft. plus the height 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 Eg. (31) the
steel temperature would be close to T = (50 + 30)/2 - 104 = -64°F.

TABLE VII - Simulated Wind and Sun Study, Model 2T2B-1

Time Thermocouples
Sec. 1 2 2 4 5 6 7 8
Heat Lamp On 1800 67 51 46 40 39 43 54 35)
1870 70 57 50 42 39 43 55 B
2100 73 64 56 46 39 43 55 55
2220 T4 65 B4 47 39 43 55 55
Fan & Lamp On 2400 75 65 56 48 39 43 55 54
2420 75 65 56 48 39 43 54 54
2430 76 65 57 49 39 43 54 54
2460 76 66 B8 49 39 43 54 54
Fan On, Lamp Off | 2700 76 73 63 49 29 43 54 53
2730 76 70 61 48 39 43 54 53
2760 75 70 59 47 39 43 54 52
3200 71 62 56 47 39 43 54 53
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Convective Heat Transfer Ceoefficisnts

-

The surface heat transfer ccefficient between the
fiuid in the hold and the hold wall 1s of prime inportance for
the determination of the temperature as a function of position
and time in the ship structure. It aliso is the factor which
identifies the energy transfer to the fluid to cobtain the boil-
off rate.

- 1A

Experiments were performed during this investigation

to determine surface heat transfer ccefficients for the various
fluids used. The determination ePDWOJed the exverimental model
depicted in Figure 12 together with the theoretical scluticn

for the temperature response of a plate with an insulated back
face when there is a step function change in the fluid in contact
with the front face. The scluticns were obtained from the curves
provided by Schneider (Ref., 21). Three thermccouples were used
for the test as shown in Figure 12. One was welded to sach )ide
of the plate while the third was susvpended in the fluid cavity
Just above the plate. The thermocouple on the chilled Tace was
used for gualitsdtive data only because of uncertainties such as
the fact that the leads were in the fluid,

The data are shown in FPigures 34 through 37. They
represent the response at the insulated face which 1s sufficient
to determine the Biot number by interpolation between the
theoretical curves. Figures 34 and 35 depict fluids which de not
boil and will warm up as the plate cocls down depending on the
relative masses and specific heats. Therefore, only the initial part
of the experimental plot shows hbefore any appreciable warming of
the fluid has occurred,

The rFreor fluids boil at constant temperature at room
pressure. Figures 36 and 37 prasent the thermal responsas obtained.
Figure 37 indicates the effect of the surface-generated gas on the
neat transfer coefficient during the early stages of the event.

When the fluid was first poured into the cavity it erupted. As

time progressed and more fluid met the surface the heat transfer
coefficient rose. When the temperature of the metal approached

that of the fluid the heat transfer coefficient dropped Sldﬂlf“CanLL]
This occurred when the metal nc longer osrovided encugh energy for
phase cnange over the total surface in contact with the fluid.

The boiling action stopped when the metal was at the fluid tempera-
ture. The only phase change occurring at this timewas at the air
interface of the fluid.

An imterest%na sidelight toc these experiments was
a reducticn below the boiling temperature in metal
surface temperature when total fluid evaporation was permitted.

The temperature approached the boiling point tempera-
ture colncident with the partial pressure of the Frecn in the air.
This was eguivalent to evaporaitive cooling. Therefore, if liguid
methane were to spiash onto any metal the interface temperature
couvld fall well below the belling point of the liguid methane.

The terminoclogy used on PFigures 36 and 37 to describe
the boiling action can be defined as:
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1. Explosive Boiling - Unakle to maintain any
appreciable fluid in the experimental cavity.

2. Eruptive Boiling -~ Violent action with excessive
splashing.

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

4. Quiescent - Gentle beilang te none at all.

PTE AND TE

Temperature records were obtained during the PTE and
TE tests. The results appear in Figures 38 and 39. fo attempt
was made to analyze the PTE data. However, the TE results were
analyzed for the thermocouple at gage 1 using the transient cal-
culation procedure of Eg. (38) with the result shown in Figure 40,
The convective and radiative heat transfers were asssumed to be
1/2 of the c¢onductive, which ig 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 temperaturés at all the sta-
tions of Figure 40 were used to compute stresses as shown in the
fellowing section.
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FIGURE 38 - Temperature History in the Cold-Spot Model.
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STRESS INVESTIGATIONS

Introduction

PTE investigations were conducted on a rectangular flat
piate with a central chilled spot and on a plastic simulation
of the steel model. One purpose was to determine how closely
Egs. (48) and (49) would agree with experimental data for these
cases to provide a base for evaluating the steel modei results.
Another was tc obtaln a preliminary indication of the usefulness
of simple tneoretical prediction procedures for stresses in the
steel model. The PTE simulated ship experire. t also provaided data

to aid in strain gage placement on the steel model,

In the following descriptions each study is discussed
sgpargtely. Comparisons have been made of the PTE data with the
simplified predictions which are discussed in the Theory 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 minutes after inception of the test.
Actually, there 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 Eg. (48) and (49) are basically the
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 mcdel at the time of peak stress.

Area ratio, Ay/Ay = 0.60
To=-92°F
g, = 1200 psi o
Maximum model temperature change, T = 69 F
¢eET = 920 pst
Maximum fringe order, n = 2.03 (extrapolated)
Location, centers of long edges
Experimental thermal stress, Eq. 55
Co=0/og = 0.49
C=0¢/ecET = 0.67
Theoretical thermal stresses,
Force balance, Eq. (49), ¢ =575 psi
Cold -spot analysis, Eq. (51), ¢ = 598 psi
Percentage errors, theory compared to experiment,
Force balance, 6.6 percent !
Cold -spot analysis, 2.5 percent

o =613 psi

2
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The correlaticon is in accoxdance with numerous PTE inves-
tigations in which excellent agreement of theory and experiment
have been obtained for problems of eguzl or greater complexity
{(Refs. 16 through 18, for example}. In the cecld-spot problem the
error was slightly larger than has been sustained in the past in

wh

hich accuracies of the order of 1 percent were common. However,

some portion of the difference must ke identified with the approxi-
mate natures of Egs. (49) and (51} as applied to the experiment.

In spite of the size of the error for the balanced force method,
the utility of the procedure for LN tankers has received some
support from this relatively simple investigation.

It is instructive to examine the various degrees of
conservatism related to estimating procedures. C. is seen to be
0.49 while the hypothetical upper bound for a finite Biot number,
C., 18 seen to be 0.57 accerding to Hgure 7. As a result the use
oI o_ would have predicted a theoretical peak stress which would
have been more than twice as high as observed while (y would have

been 17 percent too high.

The photoelastic fringe patterns appear in Figure 43. Izt
follows that 0, = 1200 psi, as in the cold-spot test. The maximum
fringe order of 1.4 occurred at the lower corner of the inner wall.
If the fringe order is substituted into Bg. (55) the principal
stress difference is found to have been 1.4 x 303, or 424 psi, and
the principal shear stress was 212 psi. The numerical value of aEY
{Figure 33) was 813 psi using the ttom plate temperature at 4 min-

utes {11°¥F =0 that T = 61°F.
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FIGURE 43 - Photoelastic Fringe Patterns in Simulated Ship Model at 5 Minutes,
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At the centers of the inner and outer walls the peak fringe
orders were 1,0 and 0.8, respectively. These are eguivalent to
303 and 244 psi, respectively. If the inner and cuter section
areas are as shown in Fgure 15, then the application of Egs. {48)
and (49) (using the bottom plate temperature as a reference s0 that
T = 6l° Fyield predictions of the longitudinal inner and outer
thermal stresses of 426 psi and 383 psi at those locations. It
was not possiblie, 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 model.
As a result it was necessary to assume values of g, in order to
perform the correlation. Ifo,,were checsen ecualto 1/4 of o,
then'dx would be 404 and 325 Sgi at the inner and outer walls,
respec¢tively. The test data on the steel moaei 1ndicated 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 since the principal shear was 1/2 of the principal
normal stress.

The results from this study played an impertant role in
aiding the selection of strain gage locations on the steel model
in order to reveal the peak normals and the corner shears. More
importantly, however, it indicated the order of accuracy with which
the force balance relaticons of Egs. (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
principal stresses, the following summary of the various stress
bounds may be somewhat inaccurate. However, the exercise is felt
to be important to the aspect of this investigation which deals
with approximation procedures. The results above show that 5 =
455/1200 = 0,38. For the ship PTE model, F.gure 7 shows that for
the pertinent Biot number C; = 0.64., Therefore, use of Uy instead
of the observed value would have resulted in a prediction of thermal
stress that would have been about 3 times as high while the
attainable ultimate, Cu v would have been 87 percent too high.

Steel Ship Model Investigations

Thermoelastic studies were conducted on the welded
steel model described above. The gsignificant stress data are
summarized in this section.

The peak thermal stresses were observed at the centers
of the inner and cuter walls (gages 1 and 11). As shown in Figure
44, the experimental peaks were in reasonably good agreement with
the predictions of Egs. (48) and (49). The locaticns of the peaks
were in the same places as on the PTE ship model. The peak value
of Co was 5 percent smaller than theoretical on the inner wall and
6 percent smaller on the outer wall. The largest ., was 0.258
which means that the use of 0, as an estimate for +Ris 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 €7 percent too high.
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The peint~by-point comparison shows similarity of the
theory and experiment. However, the correlation becomes c¢lose
only at long times.

Vertical 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 from Figure
44, the 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 with a net tension cn 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 location 9 revealed a small amcunt of
vertical curvature which would have induced a rolling action on
the stiffener. -The relatively small compression in the flange before
reversal does not imply that this is a negligible probiem in a full
size ship. Beceuse of the time scaling law of Eq. (8) the stiffeners
may not become chilled for several minutes after the plate is chilled.
As a result the compression stresses and rolling action could be
much greater than observed in this investigation. This is an area
for possible future study.

The minimum grincipal 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 indicate
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 inguire into the reasons for the time difference
in the attainment of the peaks at the inner and outer walls.
However, the resolution of that prcoblem would require extensive
theoretical analysis in a subsequent investigation.

OTHER SHIP PROBLEMS

Local Temperature Fields

. It is apparent from Eg. (48) that a narrow longitudinal
cold strip would induce much higher tensile stress than if the
entire hold were to be chilled to the same temperature of the
strip. This follows from the area ratio term, Ay/Aq, which would
become much larger than unity for which case ¢} would come close
to

cl/co = AT/'I‘0 {64)



T max

AND

MG X

FIGURE 44 - Normalized Stresses on Steel Ship Model.

0.3

0.2

0.1

0.1

0.2

0.3

EXPERIMENT O

THEORY O USING EQS. {48) AND {49) WITH TEMPERATURES FROM APPENDIX |

a e &8 o 8 @ o B o}

i B g 2 ° o GAGE 11 ©

5] ° x

a
| oo g © 9 o © © o6 o g4
o o} GAGE 2 e © o o0 ©
o] o Tax
0%
B0
qoee g o 0 g c © o e © © g © © ©° o o
._oo Gy \
GO o GAGE 1
o)
B B o g g8 © o /
o b 8 8§ 8 e B e o B o
TIME- MINUTES Uy
1 2 3 4 5 6
1 1 1 L 1 k
I I 1 1

0 100 200 300 400

TIME-SECONDS

Az/ﬂl = 0.92.

_l‘g...



-58-

in which AT/TO would be related to Biot number and the heat
capacities of the hold and chilling fluid. 1In the thermoelastic
investigations AT/T_ was approximately 1/2. However if the con-
vective heat transfér ccoefficient is very high, as in a boiling
conditicn, then AT/To would approach unity also and therefore o1
would approach ¢_ =aET, which is the maximum possible value with
no holes, cracks or other forms of stress concentrators.

Pressure Surge

For the past two years the investigators have been con-
cerned about the pressure rise which would be caused 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
vivid visual evidence of the violent gas generation that would take
place during the assumed accident. The Freon 12 (-21°F boiling point)
fluid erupted from the container which held the heat transfer
coefficient experiment. It alsc was quite difficult to pour the
Freon 12 fluid into the hold of the 2T4B-1 model. The bhlowback
during the beginning of the pour restricted the flow rate until an
initial chill was obtained. Th2 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
orcer-of-magnitude pressure rise effect. A hold size of 60 feet
sguare by 40 feet high was assumed for the calculations. An average
wall thickness of 1 inch was chosen. However, the event would
occur sorapifly that the effect almost would be independent of wall
thickness when examining typical ship jplate thicknesses and
construction.

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

The initial conditions considered were liguid 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 orders 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 Buring 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 mag-
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 4 inch 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 pressure, p, the flange stress would be 6240y, tension.
If the seaway stress is assumed to be 10,000 psi and the thermal
stress is chosen at 20,000 psji,then a stress ol 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 sg. ft. to meet the
bottom of the range shown on the figure and 110 sg. 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
Tn 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 guasistatic procedure described in
this report. Some additional effort may be required toresolve
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 accuracy may be achieved
and some of the large discrepancies between theory and experiment
may be identified, if path-length-dependent properties are used and
if the influence of tank shape and si%e 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 magnitide less and conduction will be two erders 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

or
0 = aET/(1 + A,/Aq) (49)
7. If the hypothetical limit,o. = oET,. were to be used
to calculate the peak stress, the result would bé conservative by
a factor as large as 4. If the ultimate attainable stress from

Figure 7 were to be used in an attempt to consider the influence
of surface heat transfer, the result alsoc would be conservative,
but of the order of 17 percent to approximately a factor of 2.
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8. Out-of-plane bending of the tank hold walls
apparently is not a problem for a ship with the proportions of
the thermoelastic model. However, it might be significant in
an-actual ship.

Other Ship Problems

9. I the fluid boils after being poured from a
ruptured tank intc contact with the hold the resultant pressure
surge could lead to destructicn of the ghip. A large venting
area must be available to aveoid 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 AZ/A would be large and the thermal stress in the chilled
zZone woulé approach aET_ if the fluid boils on contact with the
steel of the hold. The®influence of pregssure surging may modify
this effect by rapidly enlarging the leak in which case the time
of the thermal transient will control the stress level.

RECOMMENDATIONS

1. Further studies should be performed on convective
heat transfer in ship-detail configurations to increase the accuracy
of prediction procedures of this report and to nelp find reliable
modeling laws for this mode of heat transfer,

2. Analyseg, experiments and design studies should
be conducted on the proklem of presgure surge. These should include
measurements of the convective heat transfer coefficients of various
liquid natural gases.

3. Local thermal shock problems should be investigated
experimentally and the data should be compared to theoretical
predictions (such as Eqgs. (48) and (49)).

4. BAn examination should be made of the effect of
ship motion on convective cell stability and the relationship to
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 two stresses in
some cases to complete neglect of the thermal stresses in others.
From the standpoint of stress analysis, the stresses shcould be added
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 that an exploratory study be made to determine the
proper approach for ship design.,
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EXPERIMENTAL TEMPERATURE DATA

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

Model 2T8 274 272 3Ti12 371 3T3

L (ft) 1 273 1/2 1.5 1.0 0.75
At 407 AT, h) (BTU/hr-t-CF) | 0.4 0.4 0.4 0.4 0.4 0.3
At 90° AT, hZ(ETU ‘hr-ft-°F) | 0,54 0, 54 0.54 0. 54 0, 54 0.59
KWBTU/hr-ft-9=) 25 25 2" 25 25 25
t (ft) 0,010 0.010 0.610 0. 00267 0.00267 0, 00207
Zhl/kttﬁ'zb 3.2 3.2 3.2 12,1 12,1 12 i
th/kt\ﬂ'z 4.32 4,32 4,32 16,2 16,2 | 1h.2
(Q /Q 0.3 0.3 0.3 0.3 0.3 0.3

r el
Q /o) 1.2 1.2 1.2 1.2 1.2 1.2

r' el
g, =1 2,12 z.12 212 3,96 3.94 3. 96
g, it 3.08 3,08 3. 0% 5.97 5,97 & 97
g, L 2,12 1,42 1,06 5,95 3.96 2.97
g, L 3.08 2. 06 1.4 8,96 5, 97 4,47
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TABLE A-II - Temperature Data for Theoretical Profiles, OF

. . : ¥ + T TW - T T 1 1 + T ? B :1::
Run R F A w 2 2 1 2 T, =T
2T8-1 3,08 | -43 78 70.5 13.8 56. 8 20.3 49,1 35,3 0.311
2T8.2 3,087 -27 74 71 22 49 26.8 50,4 28.4 0.292
2T8B-1 | 3.08 | -38 80 73 17.5 55,5 22.8 51,9 34,4 0.314
2TBR-2 | 3.08 | .38 81 71,5 16, 8 54_8 24,6 52,8 36,0 0.329
2T4-1 1.42 37 74 67 52 15 53,5 6378 11.8 0.393
2T4-2 1.42 4z 74 75 58, 5 16.5 58,3 66.2 7.7 0,233
2T4B~1 | 2.06 | -21 74,5 | 68 23,6 44,5 24,9 49,7 26,2 0,245
2T4R-2 | 1.42 38.8| 72.5 | &7 53 14,1 54, 1 63.3 10,3 0.365
|
L 2T2-1 1.06 43 76 74 58.5 15,5 57.9 67.0 8.5 0.274
1 27222 1,06 43 73 72 A7, 6 14. 5 57.1 66.1 8.6 0,297
2T2RB-1 | 1.06 38.81 7= 74 36, 4 17. 6 CLI 65.2 8.8 0.250
2T2DB-2 06 38.8] 72 72 55,4 16. 6 54.3 63.2 7.8 0.235
37T12-1 | 5.95 39 74 75 57 18 58,2 66,1 9.1 0,253
3T12-2 ' 5,75 36 72 72 54 18 55.5 63.8 9. 0.272
3T12B-1] 5.95 3B 8] 74 70 59,4 15. 6 56.7 65.4 11,0 0.353
3TI2R-2| 5.95 38.8 73 70 54,4 .6 56,5 64.8 10,4 0.334
3T6e1 3,96 39 73.5 | 73.5 St 3 17.3 56,3 64.9 8. 6 0.249
3T6-2 3.96 35 70 71 53 18 52.8 61.4 8.4 0.233
3T6-3 3.96 35 70 69 52 17 52,2 61.1 9.1 0.268
ST6BR-1 | 3.96 3,81 71.0 1 68,5 53,7 14,9 54,2 62.6 8.9 0.299
1T6HB-2 | 3.96 Y. R | T73.0 | 68 53,4 14,6 54, 6 63.8 10,4 0.359
3T3-1 2.97 34 T7.5 | 78 5¢ 22 54, 4 66,0 10.0 0,227
3T3-2 2,97 36 75 75 55,5 19. 5 54;2 64, 6 9.6 0. 246
1T5R-1 | 2097 3s.u b 75.5 | 71,5 53,2 .4 54,9 65,2 10,0 0.305
| 3T3B-2 | 2.97 .8 75 72 55, 4 L6 54,9 65.0 9.6 0. 259
[ —t
1
Weivhted averape of » vlal temperatures assumine linear variation between chilling fluid

hr— o —

aned water,

TABLE A-V - Temperature References for Thermoelastic
Model
Fluid Initial Temp. T

Location Model Initial Termm.
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TABLE A-III - Experimental Temperature Summary, 6 = 1800 Sec
AT Temperatures °F

Te
Run 1 2 3 4 5 6 7 3
2T8-1 60 | 54 | 39 10 1216 | <4 |34 | 40
2T8-2 67 | 56 | 44 18 | -11 1 139 | 46
2T8B-1 52 | 41 | 26 i -6 |.31 {-16 27_5 43
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APPENDIX II
EXPERIMENTAL STRESS DATA

The following pages contain the stresses for the
thermoelastic model experiments. The strains were computed
after the appropriate correctiors 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 of 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 ¢, 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
petween 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.



-65-

TABLE A-1V - d = (T - T.)/(T, - T¢)

W
Thermocouple i

Run gL 1 2 3 4 5 6 7 8 Tw-T
2T8«1 3.08 {0.907 0, 855 0.722 0.467 0,238 0,344 0.678 0,731 0,311
2T8.2 3.08 | 0.959 0. 847 0,724 0.459 0.163 0.256 0,673 0,745 0.292
2T8R-1 3.08 0.811 0,712 0.577 0.288 0. 063 0,198 0,586 0.730 0.314
2T8B-2 3.08 [ 0.858 0,776 0.621 0.311 0.119 0. 256 0.621 0,730 0.329
2T4-1 1.42 0,833 0,533 0.333 0 0, 200 Q. 500 0. 667 0. 667 Q. 393
2T4~2 1.42 0,788 0,515 0. 333 0.091 0. 091 0,333 0, 545 0.758 0.233
2T4B-1 2.06 - ' 0,528 0.315 0.067 0. 056 7,180 0. 652 0,371 0,285
2T4B-2 1.42 | 0.823 0.433 0.291 0,007 0.007 0,326 0,574 0. 539 0. 365
2T2-1 1.06 | 0,613 0,323 0,129 | -0.194 0 0,290 0.452 0.452 0.274
2T2-2 1.06 0.759 0.414 0.241 0.138 0.103 0,345 0,552 0,586 0,297
2T2B-1 1.06 0. 915 ! 0, 659 0.489 0,233 0. 006 0,119 0.432 0.403 0,250

2T2B-2 |1.06 [0.789 0,337 0.187 0.036 0. 006 0.157 0.428 | 0-488 0,235

3T12-1 5.95 1 0.750 0,722 0.528 -0.056 -0.056 0,167 0,611 0,528 0.253
3T12-2 5.5 0.861 0,778 0. 694 0.083 0. 083 0,333 0. 694 0, 583 0.272
3T12B~1 (5. - 0.872 0,744 0.712 0.295 0.038 0,103 0.551 0.551 0,353
3T12B-2 15,95 | 0.840 0,744 0.583 0,038 0. 006 0.167 0,583 0.615 0,334
3T6-1 3.96 | 0.899 0. 667 0,464 -0.145 -0, 087 0,232 0.580 0. 609 0.249
3T6-2 3.96 10,833 0. 667 0.472 0.028 0 0,333 0.611 0,611 0,233

3T6-3 3.9¢ | 0.882 0,765 0. 559 0.059 0.029 0,324 0.618 0.618 0.268

3IT6B-1 3.96 {0,882 2. 680 0,478 0.040 0. 040 0.108 0,512 0.613 0.299
3T6B-2 3.96 | 0,829 0. 658 0.452 0.007 -0, 062 0,075 0.452 0.452 0.357
37T3.1 2.97 0. %41 0. 568 0.1549 0.205 0,091 0,341 0.59¢ 0,614 0.227
3T3-2 2,97 o646 0 0,538 0,333 0.128 0,051 0.333 0.590 0.615 (. 0.2

J
3T3B-1 2.97 0. 862 0. 557 0.434 0.251 0, 037 0.190 0.495 0. 557 0,305
3T3B.2 2,97 0.8409 0. 488 0. 247 0.127 0. 036 0,157 0,488 0.519 0.289

TABLE A-V - Temperature References for Thermoelastic

Model
Location Model Initial Temp. . Fluid Initial Temp, T0

°c °r °c °p °c °F
A +23.0 +73.4 -39.0 -38,2 62,0 111. 6
1 +23.0 +73.4 -30,0 -22,0 53.0 95.4
2 +23.0 +73.4 -23.5 -10.3 46,5 83.7
3 +23.0 +73.4 -39.0 -38.2 62.0 111.6
4 +23.0 +73.4 -39.0 -38.2 62.0 111.6
5 +23.0 +73. 4 -23.5 -10.3 46.5 83.7
6 +23,0 +73.4 -24.5 -12,1 47.5 85.5
7 +23.0 +73.4 -30.0 -22.0 53.0 95.4
8 +24. 0 +75.2 -32.5 -26.5 56.5 101. 7
9 +23,0 +73.4 -24.5 -12.1 47.5 85.5
10 +24.0 +75.2 -32.5 -26.5 56,5 101.7
11 +24, 0 +75.2 -32.5 -26.5 56.5 101.7




TABLE A-VI - Normalized Temperatures for Thermoelastic Mode]

Time Model A T/T Mode! T/1 Mode) T/T Model T/T Model ! T/T Model ? T/T
Sec. Temp. ° Temp. ° Temp. ° Temp. ° Temp. ° Temp. °
o 23 0 23 ) 23 0 23 o 23 o 23 o
5 17 0. 097 23 0 23 0 23 0 23 0 23 0
10 12 177 23 0 23 0 23 0 23 0 23 0
15 9 226 23 0 23 0 23 0 23 0 23 0
20 8 . 242 23 [ 23 0 22 . 008 22 . 003 22.5 L011
40 3.5 . 315 23 [} 23 0 21 .024 21,5 .024 21.5 .032
60 0.5 . 363 23 0 23 0 20 . 048 20 . 048 20,5 .054
80 -2 L411 23 0 23 0 19 . 065 19 . 065 20 . 065
100 -4 . 444 22,5 . 009 23 0 18 L 081 18 . 081 19.5 .075
120 -5.5 . 460 22.5 . 009 23 1 17 . 089 1?7 . 097 18,5 . 097
140 -6.8 .47k 22 . 019 23 v 16.5 . 105 16,5 121 18 .108
160 7.5 L4492 22 . 019 22.5 .011 15,5 121 15 . 129 17.5 .118
180 -8 . 500 21,8 . 028 22 . 022 15 .129 14 . 145 17 .129
200 -8.5 . 508 21.5 .028 22 , 022 14 . 145 13 . 161 16~ 151
220 -9 .516 21 . 038 21.5 L0532 14 . 145 12.5 . 169 15 L1172
240 -9 516 21 .038 21 . 043 13 . 161 12 L 177 15 L172
260 -9 .516 20.5 047 2) . 043 13 . 161 11.5 . 185 15 L172
280 -9.5 .524 20 . 057 21 L0403 12.5 . 169 10.5 . 202 14 . 194
300 -9.5 . 624 20 . 057 2i . 043 12 177 10 .210 13.5 204
320 -9.5 . 524 19.5 . 066 20,5 054 12 177 10 .210 13.5 .204
340 -9.5 . 524 19.5 . 066 20 065 11 . 185 9 L218 13 L2158
360 19 . 075 20 . 065 12.5 .226
380 18.5 . 085 19.5 .075 i2 .237
400 18 . 084 19.5 . 075 12 .237




TABLE A-VI (Cont'd) - Normalized Temperatures for Thermoelastic Model

10 11
Time Model T/T Model T/T Model T/T Mode! 1T Model T/T Model T/T
Sec. Temp. ° Temp. ° Temp. ° Temp. ° Temp. ° Temp. °
0 23.0 ] 23 0 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 o 24 0 22.5 .ol 21 . 053 23.0 .018
15 23 0 23 0 24 0 21.5 032 19.% . 08O 21 . 053
20 23 0 23 o 24 0 20 . 063 17 124 19 . 088
40 22 .021 2i 5 .028 23 .018 16 147 1 , 230 4 177
60 21 . 042 20 . 057 22 035 13 . 202 7 . 301 10 . 248
80 20 . 063 18.5 . 085 20 071 10 274 4 .354 7.% .292
100 19.5 074 37 .13 18.5 097 8.5 .305 1.5 .398 5 .336
120 18.5 . 095 i5 5 L142 17 124 7.0 337 0 425 3 372
140 18 . 105 14 .170 i6 142 5.5 368 -1.5 . 45) 2 .389
160 17 .126 13 . 189 1S 159 5.0 .379 -3.0 . 478 .5 . 416
180 16.5 3 1.5 .27 13 195 4.0 . 400 -4.0 . 496 -5 . 434
200 16 147 10.5 . 236 12 212 3 . 421 -4.5 . 504 -1.0 . 442
220 15 . 168 9. . 264 i 230 2.5 . 432 -5.0 . 513 -2, . 460
240 14.5 179 8.5 274 10 248 2 . 442 5.5 822 -2.5 460
260 14 . 189 7.8 .292 9 . 265 1.5 . 453 -6.0 . 531 -3 .478
280 13.5 . 200 7. .302 8.5 274 1.5 . 453 -6.5% . 540 -3 . 478
300 13 20t 6 .321 8 283 1.0 . 463 -6.5 . 540 -3.5 . 487
320 12.5 .22l 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
160 11.5 242 4. .358 6 319 1.0 463 -7.5 . 558 -4 496
380 1 . 253 3.5 . 370 5 . 336 474 -1.8 . 558 -4 4%
400 11 253 3 3917 L .336 0 . 484 -7.8 . 558 -4.5 a04
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APPENDIX II
EXPERIMENTAL STRESS DATA

The following pages contain the stresses for the
thermoelastic model experiments. The strains were computed
after the appropriate corrections had been made to the gage
readingsaccording to the curves in Figure Al. The stress com-
ponents were derived from the strains and the mechanical prop-
erties of 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
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-VII - Thermoelastic Model Stresses (PSI)

Tihe
5

Tihe
5

STRAINS:
X Y
-47 v}
=57 0
=66 Q
-66 ]
-85 1]
=54 0
=954 0
=113 0
-123 [t}
=118 S
=127 S
136 5
=13V S
=136 5
=-l46 b
=143 g
=150 10
=150 0]
=150 L0
=150 10
=125 i3
=125 5
=155 15
STRAINSS
X
- -6
-6 =le
-6 -2
-G e
=16 =
=16 =35
-ed =35
=-z5h =35
-2 =35
=53 =545
=35 =35
-4z ~33
=42 -33
=5u =da
=49 =il
=49 =31
~45 =40
—~49 =40
-47 =38
-45 =36
=55 =536
-4y =30
-49 =30
sInalts:
A Y
B.5 =Y
5 -ed
) ~33
2> =-4r
30 =43
55 -3§
qu =33
37 =28
37 =28
z9 =36
34 =40
34 ~45
30 =43
ol =43
21 =43
15 50
15 =50
18 =47
13 =47
1§ a7

LOCATION No, 1
OUTPUT; STRESSES

CcocccoccroCocococooOooOOC OO OO

LOCATION No. 2

TENSILE
X b

-1499 =435
-1818 =527
-2105 -611
-2105 =611
-2710 =786
-2997 -870
~2937 =8w0
~3605  =~1045
~3922 -1138
“3716 _-932
-ap03 " -1015
-4250 1098
-4250 =109%
-4290  -108%
-4608  -1191
-4486 =163
-485U - 1045
-4690 - 1U6&3
-4650 = 1065
-4690 =106
-4¥03  -555
«agG3 =555
-4803 =955

SHEAR

CcoCoOoQCoCC OO0 oo ooOOC

OWTPUT: STHESSES
TenolLE ShEAK
A Y

=Eal —z4ad 45
54l ~566 153
~4ED -853 56
-4ed -853 26
=74z =945 =57
—Eda -lz64 =170
el =1347 =23
=llal  =1347 =&&
=llel  +1a47 =z
=laub =l440 -136
=tdal =144 U
=1645 =144 -lg
=1645 =144) =l=
=lésu =1488 =114
-1845 =144z -1l4
-1845% -1442 =117
=1933 =179 33
-1933  -1729 33
-1850 =1647 33
=176 -1564 33
-20X7 =167 =80
-12840 =-1410 =50
-1&4L  =-1410 =30

LOCATION No, 3

JUTPLT: STRESSES

45

-17
-4z
=55
-65
-7
5L
~104
-107
=115
=124
~11s
=119
=1U5
=55
=85
-87
=87
-84
-84
-4

TENSIL
X

157
562
451
4=7
558
754
sIP
920
920
551
T14
640
558
271
271

E
Y
=177
=566
-8zl
=1045
-1P94
ht-1:1:
=683
=551
=551
=580
=561
~1z16
-1094
-1177
-1177
~1456
=1456
=-1332
~l133e
-135r

ShEAK

350
550
1247
1369
1T&0
2048
2433
2523
2704
z727
“625
2535
2229
1765
1785
1575
1573
1573
1573
1573

AX

551
645
148
746
962
1063
1063
1278
1352
1352
1493
1585
1595
1585
1708
1708
1810
1810
1810
1&1P
1S&4
1524
iSz4

Liax

45

194
eee
zre
116
73
115
115
115
135
11

10
132
33
ed3
233
107
107
107
107
229
229
229

HAX
432
1106
1407
1US54
1677
220X
2565
2628
2803
2825
2756
2699
23717
1508
1908
1736
1736
1736
1736
1736

o = 18603
O
Linn GIN ANGLE
NOKI: NOK, (DEG) Ci
=435 -14YS 0 0254
527 ~l8lz 0 -.0284
=611 -zlus o} ~.0329
-6la  -L10¥ 0 -,0329
=788 =710 0 -.0423
-§70  -=E%%7 0 ~, 0468
~870 =-z957 O ~. 0468
~1045 =3e03 0 -.0562
-1138 -3s:2 0 -.0612
=93z =376 0 -.0501
-lUly  -40L03 0 -. 0546
-1098  =~250 0 -.0591
—luSX -4&50 0 -.0591
=1U%8 =-4.20 4] ~.0591
=11%1  =4609 0 =064
-1068  --4a8 D -.0574
=106y -4650 0 -.0575
-llay =4n%4 0 O =.0575
=l0es  =405Q 0 -,0575
=106 -4050 0 -.Uu575
=555 -4l @ -.0514
-855%  =48L3 0 0514
=5h5  =48L3 0 -,0514
o = 16322
[o
LinX L ANGLE
NORl  NORL. (DLw)  Cl
-20¢ -253 4%, =.llea
-z58 -648 L7423 =uU15H
sdale  -B&0 7.37 =a0255
-4ub -840 7.37 =u0i25%
=721 =560 -14,53-.0448
=775 -13Ed o1y, 15-.0475
=111% =14850 =5,66 =.Uohb
=119 —1390  sh_ a8 =.loon
=119 1350 5. ae =.068Y
=130a  =1578 45,0 -,075%
=134 -155Q 4u.  =a0BzT
=la4y =loal 3,17 —.0883
=14l =1645 3,17 ~.0BB3
=1454 =150 14.52~.0091
=14l =lgly 14.52=.0066
-1413  =1572 14,52, 00VE
17283 =538 =5,uk -.1056
=1723 -1938 -5,22 -.1056
-1641 =1858 =5,2¢ -.1006
=155% =1774 =-5.2& ~.0555
-1643 =2101 10.11=.1007
=139V =Is%4  10.11-.0855
-1396 -~lg24 10.1]=.085%
o = 21762
[e
[:AX lilN ANGLE
NORY, NOriy (Ucy) Ci
443 =423 Si.ke J0ELD
1106 =1107  zg5,5] .0ULUB
1842 =157 31,05 .0571
le4b =-1863 30,87 L0572
1410 =1945 30,24 .0648
2147 =2271 34N01 JLSBE
2713 =2486  35.¢2 .1246
2813 -24T4 36,57 L1293
2388 -261%  37.35 ,1375
2681 -2970 37,45 .l1232
2632 -2BBO0  35.15 .120Y
2411 =2988 34,94 L110%
2110 -2646 34,83 .09VS
1455 =236]1 33,84 0669
1455 -2361 33.84 .0663
1016 =2457 32,46 .0487
1016 ~2457  35.46 .D467
1140 -2334 32,46 0524
1140 =2334 32,46 .05&4
1140 -2354 32,46 .0524

cz

-.0806
-.0577
U132
L1132
. 1457
L1601
L1611
- 1837
-.2l98
-« 1558
-.2152
- 250V
-.2306
-~ 2306
-.2478
-a2411
-.2521
~.zo2!1
+azbzl
—.ehél
Y 1-¥4
- 2582
-, 2582

LI I T I |

Ce
=Ll
- ud387
- usg7
=aJhe7
=.UhyE
-.0811
-.Voi?
- bbbl
= uBe7
=506
-.U834d
=.100s
-« i0Ub
-.117a
L0151
W1151]
«l18s
~allbn
= 1137
1087
1287
« 1136
. l136

LE
-.ulss
-.U508
-.uNZ3
-.0857
-.08%4
-.1l44
=eilid
—.1123

-. 1073

i

OO OO0 0COoO0 Do oo 0O C o0

(o)
a7
-00Y7
+U034
U034
=, 0035
=L 105
=.Ll1g
= Ul1ly
- U014
. 0054
20055
-.0007
=.0007
-, u07
«,007
-~ L07
UbE
LU0
602
002
-.0049
~.00T9
=-,004%

c3
L0179
0436
«0572
0629
067
L0541
1118
- 115%
PR
1253
« 1206
<1164
L1024
JUS LY
0811
L0728
0722
072
20722
+U7RE
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TABLE A-VII (Cont'd) - Thermoelastic Model Stresses (PSI)

ItE

10
15

AD

60

B0

10G
120
140
160
18G
200
220
240
260
zBo
300
320
340

TIWE
E
10
15
20
ar
ol
-17]
100
120
140
le0
ibu
€00
el
z40
&60
280
Jue
320
4L
117
380
400

TIME
5

i0
15
20
40

STRAINS:
X Y
g ~18
21 ~36
36 -43
36  ~55
41 -59
55 =63
56 =62
65 =62
£5 =62
61 -57
51 -57
66 -6l
6B =59
87 =59
90 -56
90  -56
95 -5l
99 =51
95 -60
100 =5%

STRAINS:
X Y
28 =15
28 -1%
2B -1%
-3 =15
£ =30
Iy -43
18 =51
13 =57
15 =55
5 bl Y
9 -6z
4 -69
5 -3
U =gUu
1] 3
u -89
] -84

=12 =34

=10 -3z

-5 =50

-5 =50

=1 ~97

-7 =57

STRAINS:

-56 )

=85 18

=85 I8

=85 18

=90 44

98 23

53 z8

=103 2B

~108 32

=lu7  2a

-106 2%

-ilz &9

=1zl o9

=117 P2 ]

=116 25

=114 &7

=11y Z9

=10 30

- 120 21

-1l9 &

~127 24

=125 26

-12» 26

LOCATION No, 4

OUTPUT? STRESSeLS

45
5
0
0
0
14
[&]
29
29
3]
34
34
29
Az
35
35
31
31
31
36

LOCATION No. 5

45
Sg
71
71
71
13
55
L))
Az
35
e?
z?
1s
44
51
=
5
20
-9
-7
-t
-6
-14
-14

LOCATION No. 6

OCOOOCOOOOCC\ODOOOCOOC’OO:

TENSILE
X

407

527

131

639

761

1170
1212
1455
149%
1417
1417
1540
l6ze
228
2351
F3-3-|
2507
557
Z473
2679

Y
=~408
-899
=110z
=14C1
=1502
=1501
=-1459
-1376
-1376
=-1254
~1254
=-1335
~hedd
-1071
=954
954
~748
=748
=1035
=829

SHe Ak

~204
=102
=10z
=216
~521
=521
=125
=623
=&zd
=75
~725
=87
-623
=408
=408
=408
-204
-z04
=306
=306

QUTPUT: STKESSES

TENSILE
X Y
753 -2l
753 =2Zu
153 ~220
155 -220
4e4 =154
-75 ~1e7s
lue -6y
-113 -1698
=31 =16l
el =894
=zl -1854
=575 =218e
“L35 =2345
=740 -z521
-3z3 =2zdo
=5ed -zbib
~Ll& =2632
~ll6L =~27H89
=1077  =&7G7
=120 =2953
=120 =953
-1120 =3158
=1120 =315

SHEAR

-1030
= 1460
=146u
= 1460
-1743
-1709
= 1483
= 1448
~12A%
~lzle
-121e
~1169
-1291
=lz4d
-1347
-t121
=-1347
=8K3

=583

=565

=9B%

=861

=~£61

OUTPUT: STRESSES

TENSILE
X Y

~1703 =231
-2544 -213
-25%44 =213
~2544 =213
-2666 ~13|
=Z9lE =173
-2707 ¥
~30E5 =60
~3148 21
=3190 ~225
=3149% =183
-3303 -111
~3590G  -95
=350 =317
=3468 -27¢
~33gh =194
~3526 =176
=3549 =154
=3632 =~440
=3591 =399
=328 ~410
=3745 =327
=3745 =327

SHEAR

CoOCODOoDOOOCODDOoODDEOoO0oO0COn

LiAX

45%

720

SLE

105%
1245
1433
1519
1066
1566
1513
1519
1657
1566
1751
1701
1701
1664
1664
1750
1780

AKX
1139
1538
1538
1238
1839
isll
1675
1651
1475
1453
1453
1434
1576
1538
1681
1506
1681
1201
1201
1345
1345
13335
1333

MAX
13%
1165
1165
1165
1267
1369
1369
1482
1584
1482
1482
1595
1697
1595
1585
1595
1675
1697
1595
1585
1708
1708
1708

T
0

LAX

NOni,
~55
535
157
661
875
1268
1355
162
1626
1601
1601
1760
175}
211
c4ul
e4G1
2568
el
2200
=706

o
O

LinX
NORY
1406
1606
1806
13006
1675
Hsz2
997
T46
653
363
363
1)
130
=lue
=145
=324
al
=773
=651
651
=651
=-Boe
~806

o
O

FAX

NORM
231
~213
~213
=213
=151
=173

~60

21

-22%
- 183
~11t
=195
=317
216
194
-176
=154
=440
~399
=-41P
~327
~327

= 21762
i ANGLLE
Hani. (DEG)
—4h8 =13.29
-5 Lt -4.07
-tlus =3.18
~lusy =59
=lele =12.3V
~15%r ~10.65
=1éad —14.24
-160% =11.71
=150 =11.71
1435 ~l4.24
1438 =~14.24
—1a%6 =14.95
-14d. =11.71
=1le! -6.93
=fvug =6.93
~lUus =6.53
-7l ~53.52
-7ul =3.52
=lual =4.85
“g3e  =4.95
= 16322
(Y Allul B
Nunl (DEWL)
=57z «32436
~lele =35.7%
=127 =35.79
=leTe =35,79
~ELuy =35,6H
=24Y0 =35.33
=23sy ~=5l.le
—ebah =30,67
~2299% ~EB.T7
—Zadu =CBa.Ce
—than —ZBece
-ebl3d -27.917
=30le =27.4b
=31dy -£6.95
=3%1L =e6.61
~3337 =4.Ud
~3307 -c6.ol
=317y ~zd.65
=duSw -23.65
=3den =2d.53
~330c -23.53
=34we "LULUY
=381l =z0,09
= 16673
nlN ANGLE
NORl  (DEG)
-1703 G
-2514 0
-2o44
~2544 ¢
-2666 0
-1z 0
-2707 g
=30z> 0
=318 ¢
=3150 0

=3 148 0
-3303 0
=35%0 g
=3509 0
~la6g o
-3385 0
=3526 0
=354% U
~3632 0
-3591 0
~3828 0
-3745 o
~3745 i}

o]
L0209
0245
.0338
L0303
«0402
L0583
.064])
0748
0748
0735
0735
LUg0s
-0B04
« 1046
1103
1103
RaL:]
RRE)
1148
1243

Cl
0861
«110e
1106
PRI
-1Gés
0693
061
407
JU4
L0222
Lz22
0034
WUl
=sW0a>
=, 0051
~. 0199
L0035
- 0474
" U424
-.0424
=.0424
~.0454
= 0454

Cl
~.0139
~.01kB
~.0128
-.0128
-.0079
~.0404

.0019
-,0056

0013
-,013%5
=.011
-.006a7
~011w
-.019
~.0166
=0l
=.6106
- 0092
-.0204
~ U4
= Uz46
~.0196
~.019%

Ce
=021
=.0417
=, 0509
-, 0664
- 0743
=.0735
-.075%
=069
-.065%
=066}
~.0661
-.0715
=.0635
~.0518
-.046]
=.0461
=035
-+055
~.0488
=.0394

ce

-,0535
-,078

~.078

~.078

-. 1228
. 1526
=, 1445
~. 1566
=. 1408
=.155%
=~ 1559
= 1724
~« 1840
=. 1552
~.2l5g
“,el4s
=.2026
=« 1546
=+ 1890
~ael?e
~.2072
~.2128
-.2128

Ce

~. 1021
~. 1528
~.152&
=~ 1526
. 1399
1747
1624
- 1815
. 188X
1913
« BB
=+ 1584
~.el53
~.2105
-.zUB

=.2051
=205
-.2129
-e&l79
=ailb4
- 2296
~ei247
=~ 2247

cs

-,0054
= 0047
-.0047
-+ 006429
~.024

=.024

~.0333
-, 0287
- UZK7
-.03533
-,0333
=.038

~0:87
= Ul80
-.018%
EFY'RE-1.)
=. 0054
=, 0054
—allal
=014l

(W]
=, 063
=, 0895
~,0855
=.08%5
-~ 1068
=. 1048
=.0509
~. 088y
-.U763
- 074z
= U742
=079
= U751
-.07s3
=uUbzo
=.Ubow
-.0Bes
=.0541
=.0541
- 0604
-, 0604
=.0527
-.0527

(2]

SO OO CCOoOCoODDOoOoC OO0 oO0O 0
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TABLE A-VII (Cont'd) - Thermoelastic Model Stresses (PSI)

Tink

10
15

40
&0

100
120
140
160
180
200
220
240
260
¢80
3oL
Jzu
S4v
360
3pu
400

TIMF

10
1%

40
60
80
100
120
140
160
180
200
280
240
260
280
aoo
20
340
360
aso
A00

TIME

15
cl

60
-14]
16C
120
140
160
Ief
Luu
Leu
F2 14
zou
F3.1%
dyu
3z
Sav
360
dbu
4Ly

STRAINS:
A
=71 0
=81 0
=91 0
-9 [
=51 5
=102 =2
-97 -8
=95 -8
-102 -15
57 =21
-92 -16
-89 -13
-86 =22
~82 ~18
-79 =20
-11  -24
-75 -2z
-7z =31
-67 -c6
-66 -z5
L1 -zt
ELYS -3z
-59 -ed

STRAI NSy

=25
=33
=33
-4z
=51
=51
-5

LI I I - - 4

-63 14

=63 14
=63 14
-63 14
-63 14
-63
-63
~63
=60
-69 -
-8 -
38
=58
-55
~55

e e AR

STRAINS

r
—_-ooCo oM

=11
=17
=17
=17
-17
-17
=17
a3
-zd
L3
-zd
-zd
-£3
=23
-23
-23
-z3
-23

CCCoCCOCCCCODCOCcl COCOODOoOOO €

LOCATION No, 7

VUTPUT: STRESSES

TENSLLE ShEAR
42 X Y FenX
(] -2264 =651 4] b03
0 =gobd  -74% 1} 916
0 +2902 -B4Z 0 1029
Q =2502 -B4Z 1] 1029
L -3047 =738 c [RE]
o =327t =1007 0 1131
0 =3le? =~=il15z O 1607
0 =30xs =1070 0 1ud?
o =3351 =14 0 584
o =3pB7 -1567 0 B60
0 =302 =~1361 0 866
s} -29%8 =123 0 B660
4 =2946 ~1457 [ Tz4
G -z78) =153k [} 124
u -£T04 =136% v 667
v =2677 ~1478 7 255
i ~£595 —135% [ 249
. -z585 ~—1654 u 464
- =577 =1445% u 464
- =:336 -1402 O 464
g ~2E218  -1l4Ud 0 407
U =zeTd -1%54 O 339
u “rub4  =1279 o w7
LOCATION No, 8

OUTFUT: STHESSES

TENSILE SHEAR
45 X i 4 MAK
0 -T14 55 0 ana
0 -969 -19 o 475
0 -969 =19 a a7
0  -125% -102 o 577
0  «1543 ~-)8S [] %,
O -1543 =185 [ 679
0 -1798 -2%9 1] 769
0 =1798 =299 0 769
9 -1880 =137 o] a7
0 -1880 =137 1] 871
0 -1880 =137 [+] AT1
0 -1=E0 -137 [1] aTi
6 -i1a80 =-137 1] 871
0  =1963 -~aRa s} 169
0  =1963 -ala 5] 769
QO  =1963 ~-A4Ra [} 769
© -1829 -300 o 769
0 -2210 =670 [4] 769
0 -2178 -661 0 758
0 -1840 -50% 1] 667
0 -1Ra0 =505 1] 667
0 -1840 -50% 4] 667
0 =-)R40 =505 [} 687

LOCATION No. 9

OQUTPUT; STRESSES

TENSILE SHEAR

45 X Y kAX
0 0 0 0 0

U 0 0 0 0

o [ ¢ 0 0

u 0 0 0 0

v =322 [ 0 160
0 -3z 0 1 160
6 497 0 [ 248
0 -49. ¢ 0 248
U =487 0 0 4B
0 =457 A 0 248
U =457 0 0 248
0 =497 0 0 248
U =672 0 0 335
0 ~67c 0 0 33%
0 =67 ¢ 0 335
0 =87 2 f] 335
U =67 ¢ 1 335
0 =67z 0 0 338
0 =67 0 ¢ 345
¢ -67% G 0 355
0 ~6wz 0 0 335
L =67 " ¢ M 335
0 -e72 v ] 3355

F = 16673
o]

FiAX tilh ANGLE
fe UK NURI. (DEG) ci
=657 “riba 0 ~,03%4
=749 13- 1Y “ 045
=84z —ehuz u =.0a05
LV -Lbua L] - Uuo0s
-138 =307 Q =.0445
-10P7 =371 0 -.0604
=152 =3low= 0 -.0651
=10l =3ub> u =, 0642
-1422 =3351 Q -.0853
~1567 =587 Q -.,094
«136] =3Uze 0 -.0817
~138 -255d 0 ~.0743
-1497 -c8un 4] -.089X%
=1332 =-:781 0 =-.079%
~i569 -oTua 0 -.0821
=147 -zoule 0 -.DE86

=ldsu  =iob. Q -, 0837
—l654 -Z%83 ] -. 0993
=144y =377 0 ~ U565
=14PB  =o330 1] -.084%
-1403 =-zzlg 9] =. 0841
195w =Lalo s} - 0996
=1275 =zuba g -.0787

o = 19832
(o
MAX MIN ANGLE
NORM NORMm ¢DEGY C1)

55 714 0 0028
-19 -969 ) -.001
=-19 ~969 2] -.001
-108 -1256 0 -.005%2
~ 145 ~1543 4] =.0094
=185 ~1543 Q -.0004
-2%9 -1798 0 -+0131
-259 =179 [+] -.0131
-137 - 1880 o - 0069
-137 -1880 0 - 0069
=137 =-1880 ] -+0069
=137 - 18680 [+] =~ .0069
=137 -1580 0 -. 0069
-~agH =1962 [+] -.0214
-424 -1943 Q =eD214
-A24 -1962 Q ~+0214
-300 -1%39 [+] ~«0152
=670 -2210 [+ --0338
661 -2178 4] -.0334
-505% -184a0 [+] -.0255
=505 - 1840 s} -.02%%
=505 =1840 0 -+ 0B5%
-%0%  =1840 o - 0255

o = 16673
[
tHAX tIn ANGLE

NORM  NORM (DEGY (€}

0 ] -45.0F 0

0 0 -45.01 0

0 0 ~45.01 0

0 " M45.G1 0
i -322 =-.0601
-1 -322 v -,5001
=1 =497 Q =.0001
=1 497 Q =-.0001
=1 ~497 u -.0001
=1 ~497 U =l
-1 -49 7 G - Lol
-4 -497 ¢ -.0001
-1 -672 u =000
-1 -672 4] -.0001
=1 ~§72 [1] ~.0P0
=1 -§72 ] BT
=1 =672 3} - 0001
-1 =672 % =,0001
=1 -a72 " ~.0001
=1 =672 v =-,0001
=1 -§72 w =-,000})
-1 -872 [ =-.L001
-] -672 u ERY IV IV

c2
-.t3ug
=, 104Y
-.1741
~. 1741
-.1828
. 1962
-. 18
-.18%
-, 2034
-, 1572
« 1848
774
.1767
« 1668
. 1622
. 1606
- 1597
=+ 1549
~. 1446
- 14P1
s 133
-. 1363
=, 1256

(L I B |

cz2

- 036

=+ 0489
- -0489
=0634
-+0778
-.0778
~«0907
- 0907
~=0948
=048
- 0948
- 00AK
--0948
~+099

=099

=« 099

-+0908
~a-1114
--1098
--0928
~+ 092K
-.0928
= Q0928

cz

0

-.0193
= 0193
~.0258
-.0298
-.0258
=.02%8
~.UgS8
-.0n98
=-. 0403
~.0403
~b403
=.040%
~.040n
- W43
-.0403
- 04Pd
-.U4U3
-~ DAL
=, 0403

ocoDoCoCcoO oD oo oo o C o0

000CSCoOCOoO00000D00QO0C0O000O0ON

L)

w

cCoococooocCooooocoococTCocooOon

w



TABLE A-VII (Cont'd) - Thermoelastic Model Stresses (PSI)

TIME

10
15
20
40
60

100
120
140
160
180
200
220
BAD
260
880
300
20
340
360
380
400

TIuk
>

lu

1>

ol

40

60

Blw
lae
120
140
160
180
200
2z0
240
260
260
300
320
340
360
380
400

STRAINSy

DO0000 000X

=13
-13
=13
~13
-13
-13
-13
~-13
-13
=13
-13
~13
=25

i
Lo
v

[~R-R-RegoR-g.Rel-R-N-F-R-F-N-N-R-N-N-F- NN F-E_ ]

STralNa:

A
=4
5
17
Sz
Tz
Sl
109
124
143
145
153
158
163
159
164
156
156
161
152
144
144
l4s
145

COoOD0o0DoOoOOoC0OoO000L 0T C o O o<
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LOCATION No, 10

OUTPUT: STRESSES

TENSILE SMEAR

45 X Y

0 0 ] 4]
(1] 0 0 0
[} 0 0 0
0 1] 0 o
o 0 o a
o0 0 1] [v]
] 0 [} 0
0 0 0 o
Q o 0 1}
[} =380 0 0
(] =380 a Q
0 +3%0 0 0
0 =380 0 0
0 =380 Q (i}
4] =380 Q [}
0 =380 0 0
1] =380 o [
0 =380 4] 0
0 =380 L] 0
[+] -380 o (1]
o =380 Q [+]
Q =730 0 Q
[i] ~-730 a o

LOCATION No, 11

GUTPUT: STRESSES
TENSILE SHEAR
«
=263
145
496
534
aloz
2657
3182
3620
4175
4233
4T67
46135
4755
4642
4788
4555
4555
4701
4438
4204
4204
4204
4550

o
n

COoOoCCOCOoOCOCOCoOOoOoDD DO CODOD OO C
CoOCDOoOOCOoODCooODOoOOOoC OO O On

oL oDl oD ocoocCcocCcoac o

=

(=N =]
;;; OO0 OO c»c»i
LB}

189

-
&
©

189
189
189
189
189
189
189
189
365
365

Faulty Teleprinter

HWlwpOH" 2
[ 1]
B W N~ O

o = 19832
O
MAX MIN ANGLE
NORM NORM (DEG)
1] 4] =45.01
[+] 0 -45-01
[} 0 =45.01
1] [+] =-45.0)
o [4] -45.01
[} [+] 45,01
o (1] =-4%.01
a (4] =-45.01
[} o =45.01
-1 =380 0
-1 -380 4]
-1 =380 0
-1 =380 0
-1 =380 0
-1 -380 0
-1 =380 ]
-1 -380 o
-1 ~380 [+]
-1 =380 [+]
-1 =380 1)
-1 -380 4]
[v] =730 o]
o =730 0
o = 19832
0
{inX ] ANGLL
NORL  NORL  (Dew)
=1 203 1]
14 Y] o
456 0 U
S3a G 7}
eluz [ 0
2607 L U
318 u [4
3620 o .
4175 0 (&
4233 1] U
a487 [} 0
4613 [¥] [}
w759 G 0
464L [% Q
41788 [} 0
“555 [% 1]
4555 4] 0
4701 G 0
4438 % 1]
4204 " "]
4204 7] 4]
4204 [t} 1]
4350 [¥] u
Translation
Uu=5
V=6
w=7
X=28
Y=9

OOOOOOOGOE

g

-+0001
=+0001
=«0001
-.0001
-«0001
-.0001
- 20001
=+0001
=000}
-+0001
-.0001
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