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THERMAL STRTSSES IN SHIPS——

r. SYNOPSIS ,

This report reviews the information in the literature on

thermal strains and stresses in ships as well as theoretical

methods of analysis which may be applied thereto. Localized
.

heating by the sun has been observed in a number of ships.
..,.

Almost no observations of temperature effects have been made

on ships under,the weather conditions and sea temperatures

which prevailed at the time of the serious ship failures.

Evidence was found in connection with brittle fractures of

Group I severity that thermal stresses may have been a sig-

nificant factor in the failure of at least thirty tankers and

an equal number of dry cargo shi;~s. In some of these cases

thermal stresses were the prime factor. In the remainder,

h~zavyweathpr or other ~leme~ts were also effective
,/

Theoretical methods were found which would predict with

fair accuracy the nominal thermal stresses and deflections in

the hull girder of a ship if the distribution of temperature

W!??7PImown. No theoretical solutions applicable to the ship

structure were found which would yie”ldactual rather than

nominal stresses.

The small amount of information & the subject of ther-

mal stresses.applicable to ships indicates the desirability

of more research in this field.

— —. —. — .



-2-

11. INTRODUCTION

1. Earliest Interest Q Thermal Stresses. The designers

of large bridges were apparently the first to study the ef-

fects of temperature change. Molitor(W) reported that he

found temperatures of 130 -Fin the’~arts of a steel arch
.

bridge exposed $0 the sun and 104 1?in the shaded portions

when the air temperature in the shade was 90 F. These tem-

peratures were very close to those reported more recently in

ships. Molitor also indicated that stresses could arise from

this differential. The first published paper mentioning

thermal stresses in ships(45)which the writer found was

dated 1913. .Novery extensive research with respect to ships

was accomplished until about ten years ago.

2. Nature of Thermal Stresses. A thermal stress may be— —

considered to be a stress which is developed as the result of

a nonuniform temperature distribution within a body. In the

respect that thermal stresses arise”from temperature differ-

ences, they are different

exist when a structure is

tic conditions prevail in

appear upon the return to

from residual stresses which may

at a uniform temperature. If elas-
.,..

a structure, thermal stresses dis-

the initial temperature, while re-

sidual stresses remain locked in the structure. It will be...

pointed out subsequently that potential energy may be stored

in a structure as a result of thermal stresses, and therefore

some of the same effects may occur as when residual stresses

are present.

— — —



-3-

.

.

.

“

objective of this investigation was to search the literature

for all information on thermal stresses in ships and similar
,,

plate structures and for theoretical methods of analysis ap-

plicable to ships. This literature survey would indicate the

present state of knowledge on the subject and also point out

the future course of the investigation in developing further

information.

The naval architect is interested principally in five

aspects

10

2.

39

1;.

5,*

of temperature effects in ships:

Temperature gradients in the hull--their shape and
,.

magnitude.

Def’l~ctionsof the hull girder caused by thermal

expansion.

Thermal stresses in the hull structure.

Buckling of the

expansion.

Contribution of

hull plating resulting from thermal

thermal stres~es to brittle fracture.

Iilformat~oilhas been sought on these subjects in particular.

The plating in ships is sufficiently thin so that usu-

ally no significant temperature difference can exist

the plate thickness.

theoretical solutions

included which assume

Therefore, in this report only

for thermal stresses in plates

uniform temperature across the

across

those

have been

thickness.

—
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4. Definition ~ TerminoloRv. ‘The phrase l’tempe~ature

distributionllis used hereafter to @scribe the temperatures

at a given time at selected points in a structure. The term
.

~lthermalstresstlrefers to the changes in stress which are

computed from an actual or an assumed temperature distribu-
.

tion. The algebraic signs given the thermal stresses indi-

cate the direction of the change and’do not describe the na-

ture of the stress, tension or compression, unless the initial

temperature condition was accompanied by zero stress. Insola-

tion is the rate of solar radiation striking an exposed surface.

The symbols TA and TVJwill be used’’frequentlyand refer to the

air and water temperatures, respectively.

ITI. THFIWAL STPAINS AND THERMAL STRESSES

Before the magnitudes of the thermal stresses observed

in ships are discussed, it might be well to consider how ther-

mal strains are related to thermal stresses. Fig. 1 shows an

unstressed bar fitted between two rigid supports. As the tem-

perature of the bar increases, no longitudinal strain occurs

because the bar is restrained.

corresponds to the strain which

bar had been free to expand.

The thermal stress developed

would have taken place if the

Now suppose as a second example that this same bar for

the given temperature rise would elongate an amount A if free

.
b

to expand and that the distance between the rigid supports is

— .
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CompleteRe6traintinAxialDirection.
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l~nger than the bar by the amount O.%& As the bar expanded

under increasing temperature to close this gap7 a thermal

elongation of O.%~ would be observed; but no thermal stress

would be developed in the bar. However? as the bar continued

to expand beyond this paint to its final temperature, no ad-

ditional thermal strain would be observed; but a thermal

stress proportional to the elongation~ (A - O.J+JA]or 0.6J~

which the bar was ~est~ained from developing? would occur. A

smrwwhat similar situation would exist if instead of a gap

the bar was attached to adjacent deformable members. The

thermal stress in the bar wouid be proportional to the portion

of the free temperature expansion which was prevented by the

attached members from occurring.

A distinction should be made between the strains arising

from a change in temperature and the strains resulting from

sxternal loads. In the latter case, the stresses are propor-

tional to the strains. By contrast$ thermal stresses arise

when the tlnermalstrains are inhibite~. It is important to

recognize that the thermal strains obServed in ships repre-
%

s~nt the free expansion part of this process and cause no

stress but rather are manifested in elongation and bending of
.:

the hull. When considered together with the temperature dis-

tributions the measured thermal strains can be used to deter-

.

)

mine the amount of thermal strain which has been prevented

..

— — —
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from occurring by the rigidity of the surrounding

This amount determines the actual thermal stress.

structure.

As a final example, suppose that the bar in Fig. 1 was a

flat rectangular plate ~estrain~d on all four edges by rigid

supports so that expansion in its plane would be impossible..

A uniform teinperaturerise would tend to cause

the longitudinal and transverse directions and

axial compressive thermal stresses. Moreover$

Poisson effect, each longitudinal component of

expansion in

therefore bi-

because of the

stress would

.

produce an additional compressive stress in the transverse

direction, and vice versa. Thus? either of the components Of

biaxial stress ifi-%hislast case would be greater than the

lmgitudinal stress developed by the same temperature increase

in the bar in Fig. 1. Since a panel of plating in a ship ordi-

narily has restraints on all four edges, a condition approach-

ing the one just described occurs.

For complete restraint in the axial direction only, the
..

thermal stress G for uniform tempera?mre change T in a bar

wke:;’eno bending occurs is

0-= - E&T. (a1

The Sym=bolsin this equation are defined in the List of Sym-

bcIlsin Section X. For partial restraint in t~~e~ial direc-

tion Eq. [a) becomes

a= lTJ&- E@TT (b]

where E is the observed thermal strai~.

— —
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For a rectangular flat plate partially restrained on the

four edges and subjected to uniform temperature change, the

biaxial thermal stresses are

(c 9

In the case of a uniform temperature change, the thermal

stress in a fully restrained steel bar is 197.5 psi per de-

gree F, and in a fully restrained rectangular steel plate,
,.

274 psi per degree F.

A review of the theoretical solutions for stresses in

ships or flat plates is given in Appendices A and B.

IV. THERMKL STRESS PATTERNS IN TYPICAL CARGO SHIPS

Before a review of the observations of thermal strains

and stresses in ship tests, it would be well to discuss the

thermal stress patterns which may arise in the hull of a ship

under typical weather and sea conditions. Methods of comput-

ing thermal stresses are presented in Appendices A and C, and

computation sheets are,shown in Appendix C for some of the

thermal stress patterns appearing in Figs. 2--7.

Brittle fractures have most frequently occurred in ships

when the air temperature TA was lower than the water tempera-

ture TV and heavy clouds greatly reduced the amount of insola-

tion. Under these conditions, the portion of the hull below
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the waterline was at one temperature, and the main deck and

side shell plating

lower temperature.

drafts and for the

above the waterline wera essentially at a

Thermal stresses computed for several

above conditions are shown in Figs. 2--6.

Fig. 2 gives the stresses at Frame 72 in a Liberty ship

with the second deck at the same temperature as the watera

and Fig. 3, the stresses with the second deck at the same tem-

perature as the main deck. Frame 72 is 34 ft forward of mid-

ships. WmLlar plots are shown In Figs. ~ and j for the

stressss in a T--2tanker at Frame 58 (amidships) with the

longitudinal bulkheads first at the water temperature and

then at the temperature of the deck. The following observa-

tions may be made concerning these plots:

The thermal

plating fo~

small.

The maximum

stresses in the main deck and bottom

the 10 F differential are relatively

tension stresses occur just above the

waterline$ and the maximum compression stresses~ just

below.

The maximum tension stresses range from JO to 75 per

cent of these rcz”respending to full restraint against

thermal strain.

In Figs. 2, 49 and ~, the maximum tension stresses

are developed at,the smallest draft? while the
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6.

stresses in the deck and bottom plating are not

greatly affected by the draft.

In Fig. 3, where the second deck is at the same tem-

perature as the main deck, the maximum tension stresses

occur at intermediate drafts.

The effect of having the”longitudinal bulkheads of the

T-2 tanker at different temperatures was a small

change in the values of the thermal stresses (see

Figs. ~ and s).

The thermal stresses for a C-2 dry-cargo ship with the

‘tween decks at water temperature are plotted in Fig. 6 and

are similar in pattern to those for the Liberty ship in Fig. 2.

Ships have suff<red severe fractures when the early morn-

ing rays of the sun were directed at the side of the vessel

%bu did not strike the main deck. Thermal stresses for a T-2

tanker under such conditions of insolation are shown in Fig. 7.

The maximum tension stresses occur in the vicinity of the bilge

and in the main deck, in each case on the side of the hull to-

ward the sun. At these two locations they are approximately

25 and 20 per cent, respectively, of the stresses for full re-

straint of thermal strain. The appreciable amount of energy

stored in the relatively warmer side shell can be seen.

The temperature distribution in Fig. 2 is such a common

one that the variable coefficients for Hurst~s equation‘3) have

been plotted in Fig. 8 for the Liberty ship at various drafts.

—. .—— — —
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TEMPERATURE EFFECTS OBSERVED IN SHIPS

1. Qervations Q Shi~s Heated & the SUUEA Ravs. The

first reference to the deflections caused in ships by thermal

(45)strain was made by Smith , who found that a temperature dif-

ferential of 7 F between the bottom and deck of the JOO-ft

collier ‘PNeptunevvproduced a maximum deflection of about one

inch in the hull: One of the discussers of his paper stated

that the thermal deflections of a floating dry dock were SUS-

pect-edof being greater than those caused by docking a ship.

The first theoretical analysis of hull deflections was

made by Suyehiro and Inokuty‘2] in 19160 Their temperature

measurements were cmdely made, and no satisfactory results

were obtained from the anslysis of them. They did conclude,

however, that thermal deflections were large enough to merit

serious consideration in the design of a large ship.

In 1915 Everett(46) reported a 1.7-,in.deflection in a

388-ft cargo ship as a result of a 50 F differential between

the deck and water temperatures which occurred between times

0430 and 1330.

Rmtner and Tingey(21 repor”tedin 1927 that a maximum

deflection of 2.76 in. was found in a car float on a windy

day when the sun shone intermittently and the air tempera-

ture varied between 36 and 42 F. The deck temperature in-

creased from 35 to 60 F. The deflection was computed and

found to be in good agreement with the observed value. They

.
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.aIsom~r.tioneda ca~ float in dry dock which lifted several

.

.

inches c:~ar of the ‘midshipkeel blocks when the sun shone on

the deck.

cTGss~47J in 1928 observed a ~ l/2-in. deflection in a

6G0-ft Gneat Lakes freighter between 0~00 and 1900. The air

temp;ratfirewas PO F in the morning and 8J F in the afternoon.

The wate~mtemperature was around 72 F. Bennett found that

the fore and aft drafts of Great Lakes freighters were in-

creased as much as six inches by the hogging deflections re-

sulting from tk~ermalstrain.

Lin2ted observations of the temperature distribution and

the corresponding strains were made on the German riveted dry-

cargc vessel M. S. I~Duisburg~~(49)●

This ship was transversely

Rotterdam. The ~eadings were begun at 0700

the port side of the vessel, the side on

wzre

when

from

this

‘Ocated.A The maximum terlperaturewas

the weather turned foggy. The air tem-

48 to ~~ F, and the water temperature

period.

— — —. —
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.

The stations located below the waterline and cn the weather

d’eck$howed such small thermal strains that their values were

not computed. In the side shell above the waterline~ a maximum

temperature of 104 Fwas found at Station IT~ or a rise of 46 F$

and a compression stress of 2400 psi. The same temperature in-

crease oa’curredat Station III? and the corresponding compression

stress wa’s5300 psi. This portion of the side shell~ restrained
,.

above by t~e weather deck and below by the main deck and the part

of the hull below the waterline develqped ncmpression stresses

of appreciable magnitude when warmed by the sun. The Longitudi-

nal deflection of the hull resulting from these thermal strains

was not meastied. “ ‘ .
,,

In 1946~’Howe,Boodberg$ and O~Brien(5) completed the mcst

.

.

extensive obseTvati~ns made .todate ‘oftemperature gradients and
..

thermal stresses in ’ships. Tests were made on four ships. Typi-

cal temperatures found in the Liberty ship S. S. “hT~ll~am Sharontt

are shown in Fig. 10. Here may be s~en both the diurnal tempera-

ture fluctuation and the variation in temp~rature distribution on

a cross section of the hull as the position of the sun changed.

The pattern of the temperature change was unsymmetrical about the

vertical centerline of the cross section at all times except in

the middle of the night. The temperature differences between

points on the hull and the water as comput~d from these data

are shown in Fig. 110 The maximum difference in temperature

— — .- —.
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between the main deck plating and the-bottom plating was 48 F,

while between the side shell plating receiving the morning sun

and the bottom plating, it was 32 F. The heading of the ship

was south. These observations were made in late May when the

maximum air temperature was 78 F, the sky was obscured by high

fog and Cloudsa and the relative humidity ranged from JO to 90

per cent. Under these conditions the insolation was far from

being as intense as would be found on a clear day when higher

temperatures could be expected in the hull.

The phenomenon of nocturnal radiation is discussed in Ap-

pendix D? and an example of it appears in the diurnal tempera-

ture variation at the top of Fig. 10. The temperature of the

deck around the hours of 2400 to O\OO was 5 to 7 F below the

air temperature. Under clear skies and low humidity this dif-

ference would have be~n larger.

Thermal biaxial stresses in the S. S. ~lWilliamSharontt

and in a C-2 refrigerated ship? the S. S. llGoldenRocket,tl

were computed. Unfortunately, in these computations the last
. .:

t~rm in Eqs. (c) on page ~ of this ?eport was neglected and

all the computed stresses are in error. The writer hopes that

the stresses can be correctly computeda as these data represent

the most extensive investigation to date.

Bassett’50) measured the diurnal temperature gradients

amidships in an LST vessel; these data are shown in Fig. 12,

. — — — —
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l’heheading of the ship was south. During the day the tem-

peratures of the deck and the side shell were always different

except around noon. The same pattern of variation may be seen

in Figs. 10 and 11.

Thermal stresses were also computed in thes~ tests. tJnf-

axial stress conditions were assumed~ but in the computations

the last term in Eq. (b) on page was neglected and the

calculated stresses are therefore in error. However, the

writer scaled the necessary data,from the plate to compute

the correct thermal stresses which ‘ar&shown in Figs. 13 and

14● These figures show the diurnal variation in thermal

stress. The weather conditions from a weather station some

fifteen miles away are also given. Compression stresses o:

11,000 psi were developed in the main deck and side shell and

temperature gradients as high as 73 F in the

though the air temperature did not exceed 71

ity was at all times above 30 per cent. The

in early April. The tension stresses in the

side shell, al-

F and the humid-

tests were made

hull were rela-

tively small. Thermal stresses approaching 100
,.

those for full restraint of thermal strain were

these tests.

It should be pointed out that the draft at

per cent of

developed in

.
the gaged

cross section Of the hull was 4 ft, 7 in.7 and the molded depth

25 ft, 2 in. The ratio of the draft to the molded depth amid-

ships in these tests was about half of that for a cargo ship
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in ballast condition. Thus the results of this test are not

typical of those which might be found under service conditions.

The tests on the M. S. DUISHZRG9 the S. S. WILLIAIV1SEARON,

and the LST were made in either April or May. In the first two,

atmospheric conditions reduced the intensity of insolation. In
.

all three cases there were not present the very clear skies and

low humidity which have accompanied some still-water failures

of ships on cold mid-winter days. With the data of Fig. D-1,

Appendix D9 in mind, it would be plausible to conclude that

higher temperatures and thermal stresses in the main deck might

be found in the side shell plating at midday in the summer and

on very clear winter mornings.

From these ship tests it is possible to picture the tem-

perature distribution to be expected in a shipls hull. At all

times the shell plating below water attained the water tempera-

ture up to a level within one or two feet of the waterline.

At night the temperature of the portion of the side shell plat-

ing more than four or five feet above the waterline was the

same as that of the air, while the temperature of the deck was

lower than the air temperature as a result of nocturnal radia-

tion. During the day the temperatures of the above-water hull

structure were related to the position of the sun and the head-

ing of the ship. These observations are useful for one who

wishes to develop a typical temperature distribution to be used

for computing thermal stresses in a shipis hull.

.

.

— — —. — __—



.

.

-$q--<,/

During the course of extensive hogging and sagging tests

on the %0-ft tanker M. V. NEVERITA(511~ some observations of

hull temperatures were made and thermal stresses computed.

However, the number of gaging stations was not sufficient to

give an adequate picture of the temperature distribution on

the cross section. The ship lay approximately in a north-

south direction.

The maximum hogging deflections during a warming up and

cooling down cycle appear in Fig. 15. The hysteresis in this

curve was undoubtedly the result of the slower temperature

change in the two longitudinal bulkheads. The observed maxi-

mum deflection (hog) between 0930 and IJOO was 1.28 ino9and

the computed deflection 1.88 in.a the discrepancy between

the observed and the computed deflections being attributed

by the investigators to the sheltering effect of th~ midships

deckhouse on the temperatures below it, as well as its stif-

fening effect upon the hull. Neither of thsss factors would

appear to account for all the difference between the figures

of 1.28 and 1.88 in.

on which to base the

factor.

The effect upon

Tinelack of adequate tem~erat.uredata

computations would seem to be an important

the thermal stress distribution of the
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IJnfortunately9no gages were located In the immediate vicinity

of these trunks.

Fig. 16 shows the temperature gradients in three ships as

(4)
measured by Corlett . The observations for Ships 1 and 3 are

similar to those reported.byother investigators. However, the

effect of the color of the paint upon the temperatures was the

primary object in the case of Ship 2. At the junction of the

white and black painta the temperature changed IJ F in a dis-

tance of only three feet, this change being about 45 per cent

of the maximum temperature difference.

Temperature gradients were investi~ated in the h16-ft

riveted ship S. S. CLAN ALPINE by th~ Admiralty Ship Welding

Committee(6). The general arrangement of this vessel and the

gaging stations are shown in Fig. 170 This vessel is similar

in.construction to the American Liberty class ship. The temp-

erature gradients and the thermal stresses comput~d by Hurst”s

method(3) appear in Fig. 18. The temperatures were measured

at fifty points on the cross section at Frame 90 just forward

of the midship deckhouse. The shapes of the temperature and

thermal stress gradients are similar to those found by other

investigators. However~ it should be noted that cloudy weather

prevailed and the air temperature was “belO%Jthat of the water.

The

was

700

maximum temperature differential developed in this test

only 7’.5F and the maximum tension thermal stress around

psi in the second deck.

.
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During structural tests on the Liberty ti%ipS. S. PHILIP

’52) observed the effect of temperature changeSCHUYLER, Vasta

on hull girder deflections shown in Fig. 19. An increase of

12 F in QJ.Ztemperature producedahogging deflection of one

inch. The water temperature was constant at 70 F. The air

temperature just above the deck plating was frequently found

to be as high as 116 F. Temperatures of the hull plating

were not measured.

Strain measurements were made at a point six inches

board from the hatch corner. An interesting observation

out-

was

that the observed thermal strains were greater’in the athwart-

shlps direction than in the fore-and-aft direction. If the

deck plating is assumed to have had the,same temperature as

the air just above ita namely 116 F9 the change in strains at

this point between 1500 and 2SO0 would correspond to thermal

stresses of about 6600 psi in the fore-and-aft direction and

2200 psi in the athwarthships direction. While the observed

thernal strains were larger In the athwartkships than in the

fore-and-aft direction the magnitudes of tke thermal stresses

were in the reverse order.

(54)On the S. S. OCEAN VULCAN ~ a dry-cargo vessel and a

we~ded sister ship of the S. S. CLAN ALPINE7 a maximum thermal

stress of 700 psi was developed by a temperature difference

between bottom and deck plating of 4 F. The observations were

..
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made at Frame 84 just forward of the midship deckhouse. The

conditions prevailing at the time of the test were not given

in the report(54)0

2. Observ~ Q Q SM M&Q W!L!, Conditions Unknom.

Jasper(J3) reported thermal stresses in a T-2 tanker at sea.

These were observed at two stations, on the port and starboard

stringer plates, 7 in. from the gunwale and amidskips. This

writer was unable to correlate the results of this investiga-

tion with those of previous investigations(5710)@ Moreover,

the pattern of thermal stresses bore little resemblance to

those shown in Figs. 10--14, inclusive. The greatest diurnal

variations in thermal stresses which occurred in any 2k-hr

period were -10,900 psi at the gage on the port side and 1000

psi at the gage on the starboard side. These maxim.unstress

variations occurred in the period prior to time 1500.

It is difficult to correlate these data with those of

past investigations for the reasons which follow. The maxi-

mum air temperature was approximately ~~ F; the minimum was

not reported. The weather conditions and the heading of the

ship during the

If the sun were

ship portion of

shipo For this

psi between the

time of the observations are not described.

out, it would have shown on the entire mid-

the deck, no matter what the heading of the

condition, a difference as great as 10$000

port and starboard sides of the deck would

(11)not be expected$ as Jasper himself has shown. He

.

-— — —.-—
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computed thermal stresses for essentially this condition~ using

a maximum temperature difference in the hull of ~0 F and obtained

stresses at these points of -3700 psi and -1400 psi. On the

other hand, if the sun were not out, the stress variation in the

deck would be very small, as Figs. 4 and 5 indicate, regardless

of the difference between the air and water temperatures. The

writer is therefore of the opinion that the stresses reported

are not of the magnitude of the nominal stresses which could be

expected and either reflect the effect of stress concentration

or include stresses which are not thermal in origin. He also

expresses the hope that these data can either be substantiated

or corrected by the investigator, as they are the only thermal

stress data for a ship at sea over an extended period of tire.

3. ~servatio ~ w ~~e.! Shi=. All but one of the

observations just presented entailed atmospheric conditions

where the air temperature was greater than the water temperature

and the interior of the ship was free to seek its own tempera-

ture level. Howe, Boadberg~ and QfBrien(5) report temperatures

and thermal stresses developed in the C-2 refrigerated ship

S. S. GOLDEN ROCKET when the hold temperature was reduced from

100 to 10 F. Unfortunately, the stresses were In error as

previously noted. The heading of the ship was 17~ true. With

a temperature of 10 F in the holds, of about 63 F for the

waterq and approaching 70 F for the air, a maximum temperature

of about 113 F was developed in the deck in mid-afternoon on

.

.
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a very

cast.
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humid July day. In factq the morning skies w~re over.

The diurnal variation of temperature in the hull plat-

ing was very similar to that shown in Fig. 10. The tremendous

temperature difference between 213 F in the main deck and lC)F

in the

of the

i13 F.

second and third dqcks should be noted. The temperatures

other portions of the hull girder lay between 63 and

These gradients would cause very large th~rrnalstresses.

40 SummarY & ~a~- Temnera&ure.s,an~ Q- ~0

Table I summarizes the maximum hull temperatures and thermal

stresses found in the ship tests. All maxima occurred in the

middle of the day.

months. The amount

full cloud cover to

Most of the tests were made during the spring

of insolation ranged from a minimum under

maximums at Berkeley9 Calif0rnia9 and Wales9

United fingdc~main mid-summer. None of the observations were

taken at times of very int~nse insolation. Thereforea the maxi-

mum temperature difference of 73 F between bottom and main deck

plating is probably less than the maximum possible.

Since these tes:;swere made ‘todetermine the effect of

insolation the maximum stresses were compression and occurred

in the main deck or the side shell in or adjacent to the sheer

strake. Thermal stresses of ~000 to 119000 psi were found in

five ships when the maximum temperature difference ranged from

46 to 73 F. These stress~s are of too large a magnitude to be

ignored.

. .-
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Full-scale ship tests have not been made under the condi-

tion prevailing during=many ship casualties: cloudy skies and

air temperature below that of the water.

s. Effect Q Insolation Q ,Sideof Vessel. A n~ber of

ships have sustained serious fra$tures in mid-winter when the

early morning sun shone upon the side of the vessel. These

failures will be discussed in a subsequent section of the re-

port. However, at this point the data from a

tests will be examined to see how rapidly the

sel is heated by the morning sun.

number of ship

side of the ves-

The analysis presented in Fig. 20 was developed by deter-

mining the difference between the temperatures of the side shell

plating and the air at intervals after sunrise. The table on

this figure gives the conditions under which the data were ob-

served. Fig. 20 would indicate that, when the sun had risen

above the low-hanging fog on the horizon, the temperature of

the side shell plating would exceed that of the air at a rate

of 20 to 45 F per hour. These rates of heating are significant

because in these tests there were present

which would keep the amount of insolation

on very clear winter days. Moreover, the

atmospheric conditions

below that prevailing

sun would rise more

.

slowly in the winter than in April and May and therefore strike

a vertical surface at angles near normal incidence for a longer

period of time. It would appear logical therefore to conclude
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that greater rates of heating could occur under clear skies

on winter mornings.

6. Deflections ~f the Hull Girder ResultinE from Insolation.

Various investigators have attempted to relate the maximum hog-

ging deflection of the hull girder to the maximum temperature

difference between the main deck and bottom plating. A summary

of their results appears in Table 110

The writer first applied Eq~ (1] of Appendix A to these

data and found that the temperature difference causing a l-in.

deflection was not related to the quantity L2i’D~where L iS the

length of ship and D its depth. Hurst(s) points out that the

deflection of the hull girder may be computed directly from the

“virtual temperature~~distribution on the hull cross sectio~19

the portion of the temperature change which produces thermal

strains$ but no thermal stresses. The virtual temperature line

must be computed from the temperature distribution on the cross

section. It can be seen therefore that the deflection of each

hull is an individual case and that it can be related to the

length of ship and the molded depth in only a general way.

(Hurst 3) indicates that the equation for the deflected position

of the hull is
L=lL .----

d

L=o

,

—- . — —.
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The virtual temperature S/Tv~ Top and Tv, Bet. are those at

the top and bottom of the beam.

It should be pointed out that thermal deflection curves

are not usually smooth or almost symmetrical, as are those re-

sulting from hogging or sagging tests. Fig. 21 shows the di-

urnal deflections of two dry cargo ships, the S. S. WILLIAM

mARON and the S. S. GOLDEN ROC~T(5). The first had a head-

ing of south and the second of 17° true. The shading of the

midships deckhouse probably accounted for the irregular shape

of the deflection curves in Fig. 21 and probably also for a

part of the variation in deflections indicated in Table 11.

This surmise is strengthened by the smooth symmetrical de-

flection curves obtained for a bare hull with no deckhouse(55)~

TO Summarv m Information= Te~~erature and Thermal Stress

Gradientq ~ Shinfi. The temperature gradients found in a number

of ships have been described. In many cases these were taken as

an afterthought in connection with hogging and sagging or sea-

way tests and are inadequate to give a clear picture. All the

observations but one took place when the air temperature was

higher than the water temperature and solar radiation warmed the

region of the hull exposed to it. No information was found where

the air temperature was much lower than the water temperature

and the sun was heavily blanketed by clouds. This latter weather

condition has accompanied most brittle fractures in ships.

—— —
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(52) placed gagesNone of the investigators except Vasta

at points where stress concentration would be expected. Also,

the thermal stresses were computed on the assumption that tem-

perature change caused only fore-and-aft stresses. Thus the

stresses reported are more likely to be equal to the nominal

instead of the actual stresses.

The diurnal pattern of the temperatures and the thermal

stresses as a result of solar radiation was clearly shown.

Jus-bafter sunrise when the sun strik~s the side shell of the

ship on one side, the deck being shaded, the portion of the

side shell above the water is restrained by the cooler deck

above and the underw~ter shell plating below; and compression

stresses which may be fairly high are developed. This condi-

tion tends to place the adjacent part of the deck in tension

and to lock up energy which could be released to propagate a

fracture across the deck if such a fracture were initiated by

ot~hercauses. Examples of this type of failure were found

among the ship casualties.

As the sun’s rays strike the deck, it expands and develops

compression stresses with tension stresses appearing in the

upper side shell strakes~ As the sun is about to set, the

stresses are similar to those occurring just after sunrise ex-

cept for being reversed from port to starboard. Moreover, be-

cause the deck is relatively warm, the stresses in the side

shell are much lovTerthan those in the early morning. The

— — .
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lack of symmetry in the temperature distribution at all times

except in the middle of the night would of itself tend to in-

crease the magnitude of the thermal stresses.

Most of the observations were made in the spring on hazy

days when the temperature differential developed in the hull

was not very great. The maximum of 73 1?is probably smaller

than is possible under severe solar radiation. The effect of

black paint in intensifyin~ the temperature differences as

noted by Corlett(q) indicates that a spot of black paint or

similar heat-absorbing material or a shaded spot is a potential

stress raiser. The rapid cooling caused by shade is shown in

Fig. D-3 of Appendix D.

The magnitudes O: the thermal stre:;sesappearing in Table I

and those indicated by the stress distributions in Figs. 2--7

are appreciable. When it is realized that these are nominal

stresses and that higher stresses would exist at points of stress

concentration such as openings and right-angle junctions with

other mmbers~ it would appear that thermal stresses can be

large enough to merit earnest consideration in the design of a

ship.

The high thermal stresses which would result from lower-

ing the hold temperature in a refrigerated ship are indicated

by the large temperature gradients found in the hull of a

refrigerated ship.

.
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The early investigators concluded that the thermal deflec.

tions of the hull of a cargo ship were not large enough to have

any appreciable effect on the draf s of the shipy except in the

case of Great Lakes ore carriers.

I

Later observations would not

appear to alter this conclusion.

.,. LVI. THERMAL STRESSES AND BRITTLE FRACTURE IN MERCHANT ~“IPS

1. Sourc~s ~ Nat ~Ifai Use~ QAna3vsiS. A

(40--43, 55, 57--62)number of reviews of brittle fracture in ships

have appeared. These are excellent sources of information which

have been drawn upon heavily in this investigation of thermal

stresses. The writer has also had the assistance of files of

’39) and Conversations about particular failuresship casualties

and the problem in general with many persons. The results of

the analysis of this information follow.

Reference willf!requentlybe made to Appendix E, which con-

tains a brief summary of the circumstances under which a number

of ship casualties have occurred. These have been selected as

cases where thermal stresses would appear to be an important

factor. The material in this appendix has been developed from

the sources just mentioned.

The four reports of casualties(~0--q3) lis~ 250 Group I

casualties. In less than half of this number, the writer found

enough information to permit some sort of appraisal of the

causes of the failure. About fifty cases were selected where

—- — — — —
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thermal stresses would appear to be significant. Another ten

cases, where less information was available, occurred under

similar circumstances. It is interesting that in approximately

50 out of 125 cases, or around one-third to one-half of the

sampling of cases with which the-writer worked, circumstances .

prevailed which

magnitude to be

The larger

heavy weather.

would produce thermal stresses of sufficient

an important factor in the failure.

part of the ship casualties have occurred under

However, the term t~heavyweatherllis used to

describe quite a range of intensities of wind and sea. Some of

the failures were undoubtedly the result of heavy weather alone,

but most of the so-called heavy weather failures would appear

to entail other factors, one of which was thermal stresses.

2. Tem~eratures Prevailinq & the Time ~ ~ Casualtv.

In the study of thermal stresses as related to ship failures,

the investigator is faced with the fact that reduced air tempera-

ture is likely to increase the temperature difference TW - TA,

but it also increases the tendency towards brittleness in the
.

steel. The analysis in Fig. 22 was developed to study these two

trends. All the ships covered by this analysis were built in or

prior to 1945 and therefore were constructed of wartime steels.

The data were found in References 40--43.

The upper plot in Fig. 22 gives the frequency of fracture

at aky air temperature for casualties of different severity.

— —
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The shapes of the curv~s for the Group I and combined Group II

and 111 casualties are similar~ but the curve for the former

is displaced about 10 F lower on the temperature scale than

that for the latter. When there is considered the fairly wide

range of operating t~mperatures in which the wartir~eship steels

of shell plating thickness could exhibit brittleness, this 10 F

difference does not appear ‘cobe of great significance. It would

seem that air temperature was not the only important factor in

determining the severity of the fracture.

The lower plot in Fig. 22 relates the temperature gradient

to which the ships were subjected wj.ththe frequency of casual-

ties of different severity. The Group II and 111 casualties

were most frequent when the temperature gradient was close to

zero. The Group I casualties were most frequent when the air

temperature was lower than that of the water by around,8 F. This

difference may seem small until it is realized that temperature

gradients of 20 F or more are rather infrequent in ships at sea.

AS cracks usually occur at points of potential danger, it is more

often the length of the crack rather than its location in the

structure which determines the classification of the casualty.

The presence of a temperature gradient, and therefore thermal

stresses, would appear to support the conclusion that thermal

stresses tend to encourage the propagation of a fracture and in-

crease its severity.

.
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The thermal stresses in Figs. 2--6; when combined with

bending stresses of the same sign, would tend to maintain high

stresses in the hull for some distance in from,the extrene fibers

in bending. When this combination of stress is tension, the con-

ditions would be present for continuation of propagation of a

fracture.

Tables V and.VI list cases of Group I fractures for which

temperature data were available.

Temperatures of the air and water are ordinarily logged

every four hours. The water temperatures recorded in the casu-

alty lists(39--43) were sometimes higher than the location of

the ship and the prevailing sea water temperature(68) would in-

dicate as the probable one. In some cases this difference can

be attributed to the variation between the actual sea and water

temperatures and the long-time average reported i.nthe isothermal

charts. The reported temperature was probably the one observed

at the latest four-hour interval preceding the time of the castualty.

3. Classificationq ~ ThermaJ Stress Lffect& ~ ~ wit~~

&2.Q Casualties. The role of thermal stresses in connection with

brittle fracture is not entirely clear. However, there is a fairly

large number of low-temperature casualties where they appear to

have played a significant part in the initiation and propagation

of the fracture. The circumstances attending these casualties can

be classified as follows:

— — — —
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I. Localized artificially induced temperature change.

A. Heating of fuel oil in the double bottom of trans-

versely framed ships.

B. Heating of liquid cargo in tankers.

C. Cleaning with boiling water of liquid cargo spaces
.

in tankers.

D. Refrigeration of cargo spaces in dry-cargo ships.

E. Loading or discharging of liquid cargo or water

ballast.

2. Rapid change in water temperature.

3. Rapid change in air temperature.

~. Temperature of air well below that

SO finshine m the side of the vessel

latitudes on winter mornings.

of water.

only in northern

6. Combinations of any of above five circumstances.

70 Wavy weather coupled with any of above conditions.

Examples of these various types will be discussed

4. -~?s~~i~ with Localized Artific$allv

Q@@ T@m~erature Change. A fairly large number of Group I

and II casualties have developed shortly after or during the

heating of fuel oil or liquid cargo or the washing with hot

water of tanks in tankers. Since other conditions surrounding

the ship often remained constant, the inference would appear to

be that thermal stresses raised the total str~ss level to the

point of failure.

.

.
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(65)A Liberty ship , Casualty No. 147, was entering Schelde

River in Belgium from the somewhat warmer waters of the North

Sea and developed fractures in the shell plating around both

bilges and into the tank top on the starboard side in the

of No. ~ deep tanks. Oil was being heated in these tanks
,

discharge.

Heating of oil to 115--12O F in the double bottom of

way

for

the

Victory ship sustaining Casualty No. 229* resulted in a 66-ft

fracture across the bottom plating in the way of the heated

tank. The fracture occurred shortly after the ship had gotten

under way. While at the pier, the water around the heated area

was probably also warmed, but when the ship was in motion, it

moved into colder water and the temperature gradlent in the

hull was increased.

Casualty No. 2kk* and Casualty B* occurred under similar

circumstances as described in Appendix E.

The heating of oil cargo was a circumstance present in

the case of fifteen Group I casualties in tankers. The tem-

perature of the oil usually falls in the range of 90--135 F.

Since the temperature of the wing tanks is fifteen to-twenty

degrees lower than that of the center tanksa thermal stresses

are induced in the hull because of this difference as well as

*Casualty numbers or letters followed by an asterisk are
those for which the circumstances surrounding the failure are
given in Appendix E.

—. — -. — —
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by the large differences between the oil, water, and air tein-

peratures. The temperature in the wing tanks being lower

than that in the center tanks would tend to put tension stresses
.

in the shell in the region of the bilges. It is in this location

that most fractures have occurred in tankers. These c~mbine with

the horizontal and vertical bending stresses in the bilge area.

In a loaded tanker, the stresses in the bottom caused by vertical

bending are usually tensile.

Casualty Nos. 118 and 225* in light weather and Nos. 77* and

239* in heavy weather are typical cases of the above kind of fail- “

ure where the air and water temperatures were fairly constant for

the period preceding the fracture. Casualty Nos. llOa 226*$ and

232* in light weather and NOS.1083 112*S 189*? 205q 233*3 and

238* in heavy weather took place with the additional circumstance

of changing water temperature. Since the combination of heating

oil and changing water temperature was found to be so frequent a

circumstance in the failure of tankers, it will be more fully

discussed in a later section.

One of the effects of heating oil is to cause the longitu-

dinal framing in the hull to attain a different temperature from

that of the shell to which it is attached. The effect of this

temperature difference is illustrated by the fourteen cracked

longitudinal found in the vessel suffering Casualty No, 233*.

Three Group I casualties in tankers, Nos. 48$ 90*~ and 2117

cccurred while cleaning cargo tanks with hot water. Water at

— . . —.
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210 F was being used when Casualty No. 90* occurred? and frequent

mention of this temperature was found in other records. The rec-

’67) in otiy z65--I85F.ommended wash water temperature It iS

~ls. recommended that adjacent tanks be washed one after the

other so that the heat from one helps to warm and adjacent one,

that the tanks be pumped steadily so as to keep the bottom as

free as possible of the slops, and that the cleaning be done at

sea where the slops can be pumped overboard.

the intense heating of one part of the hull,

tanks which permits the bottom plating to be

These three factors--

the pumping of the

chilled, and the

greater cooling effect of the water moving past the hull when the

ship is at sea--combine to increase the temperature gradients in

the hull.

The large temperature gradients set up in the bull of a

refrigerated ship were demonstrated by full-scale tests(5)

Acker(55) hasdescribed in a previous section of this report.

ccmparet.the locations of the fractures in C-2 cargo and C-2

refrigerated ships. A summary of his study is shown in Fig. 23.

Tne absence of cracks in the second deck of cargo vessels and

their prevalence in this deck in refrigerated vessels is easily

explained by the low temperature at which this deck is held.

Since the surrounding hull structure is insulated and is con-

siderably warmer, this deck must contain high tension stresses.

On the oth~r hand, the tension stresses in the second deck

would work to place the surrounding hull structure in compression.

.

——
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Only two Group I casualties~ Nos. 158* and 244*, were

found in refrigerated ships, and one, No. 8*, in the way of a

refrigerated space. Other factors seemed to be important in

these failures, and the temperature gradients produced by

refrigeration of lesser significance. However~ the continual

occurrence of minor fractures in the ‘tween decks as shown in

the record of Casualty No. 158* was found to be duplicated in

the cases of a number of other ships. It would seem that

thermal stresses have been an aggravating factor In refrigerated

ships rather than a danger.

The discharging or loading of heated cargo oil or the taking

on of water ballast were connected with seven casualties. Group

II casualties occurred in two tankers loading oil and one unload-

ing oil; and Group I casualties~ Nos. 123* and 12k*, occurred in

two tankers unloading oil. Taking on water ballast just preceded

two Group I casualties, Nos. 25* and 240. In the latter the frac-

ture occurred in the tank adjacent to the ballasted tank.

50 ~~ualtieg ~ QZlZ4EA&QQQQQ!LS ~ Jlater

Te~. A rapid change in water temperature was found to

be associated with more casualties than any other type of tempera-

ture gradient. It was found that the geographical location of

the ships at the time of failure was frequently in a region where

the surface water temperature changed considerably over a relatively,,

short distance.

-— -.. --—
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One such region is the confluence of the warmer Gulf Stream

the colder coastal waters along the Atlantic Coast of the

United States and Canada in the midwinter months. Ships sailing

across the Atlantic or on route to coastal ports from the Carib-

bean Sea experience this change in temperature. Table III lists

the temperatures experienced on a trans-Atlantic voyage by the

ship sustaining Casualty No. 171*. The rapid rise in temperature

upon entering the Gulf Stream on January 11 on the eastward

voyage and leaving it on February 9, the day before the failure,

are shown by this table. Two ships, those sustaining Casualty

NOSO Ilo and 232*, reported drops of water temperature of 21 F

in the four hours and 27 F in the six hours just preceding fail-

ure while leaving the Gulf Stream.

A plot of the location of ships sustaining Group I casualties

was made, and thirty-seven were found to have occurred in this

area. The locations of these ships, the mean surface water iso-

therms, and the harbor water temperatures for the month of January

are shown in Fig. 24. Since this area of the worldis oceans is

the only frequently navigated region where a change-of 25 F in

water temperature takes place in two to three hundred miles and

because ship failures in all other ocean areas occurred in

random locations, this belt of ship failures would appear to be

closely linked with this unusual and large change in water tem-

perature. Table IV gives pertinent information on the casualties

noted on Fig. 24 and includes fifteen tankers and twenty-two

dry-cargo vessels.

— — — .- —
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The combination of heating cargo oil and experiencing a

dr~p in water temperature was a common cause of failure in

fully loaded tarkers~ Such failures include Casualty Nos.

llOj 226*5 and 232X in light weather and Nos. 108, 112*, 163x,
.

205~ 233*? and 238* in heavy w~ather. No data were found to

indicate how many of the other tankers listed in Table IV

were heating cargo oil also. Most of the American tankers

sailing the Atlantic load oil in the Caribbean Sea area, fol-

low the warm Gulf Stream waters northward to a point near

their destination? and then cross from the warm waters into

the cold coastal waters in a ra-thershort period of time.

other fully loaded tankers suffering failures in this

area included Casualty Nos. ~79 137’*9I\8, 213~ 236x, and

23?’*o The last two were cases of ships that b,rokein two.

It is interesting that no Group I casualties were found in

tankers traveli.n~southward in ballast in this region.

Besides the Liberty ships sustainin~ failures at the edge

of t“heGulf Streama others which failed in coastal waters in-

. elude Casualty Nos. 2 and 7 near Cape Horn, 18 off Norwayt 34

and 35 off East Greenland~ 31 approaching Tasmania, and 39 and

45 off the Aleutian Islands.

The rapid change in water temperature occurring when a

ship enters or leaves a harbor or river mouth has also been a

significant factor in ship failures. Casualty No. 128* occurred

..- —— —..
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to a T-2 tanker entering Boston Harbor~ No. 49 to an outbound

Liberty ship at the mouth of the James River estuary? No. 24

to an outbound Liberty ship five miles out of Dutch Harbora

Alaska, No. 209 to a tanker at the mouth of the St. Lawrence

River, and No. 239* just outside of Golden Gate. Two T-2

tankers? those suffering casualty Nos. 212* and 227*? were

just entering the mouth of the Columbia River. In the latter

case the river temperature was reported to be 10 F lower than
.

that of the ocean.

60 &Q@Xies Occurrin.12UkzA W chan~e iI’J~

T~ ~ Rapid change in air temperature was associated

with Casualty NOS. 13*, 15? 95*, and 101* which occurred under

falling air temperatures in ships moored or anchored in still

water, and Nos. 137* and 187* in heavy weather. The drop in

air temperature ranged from 15 to 35 Fo

7. Inso-nuwwa ~~o Three failures
.

of ships were found wh~re the fracture occurred shortly after

the sun had risen and shone on the site of the ship. All of

these failures took place during the winter on clear days in

New York or Boston. In all instances the fracture was origi-

nated near the gunwale of the ship on the side opposite that

warmed by the sun. Casualty Nos. 16* and 17* occurred on the

same morning in New York to two Liberty sk,ips~and No. 155*

to a T-2 tanker(63) which broke in two in Boston (see Fig. 25).

.

.
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The observations in Fig. 20 indicate how quickly the side of

a ship can be heated.

The conditions under which Casualty No. 155* occurred are

interesting. The vessel was loaded forward and aft in a manner

which placed the midships deck in tension. The hull girder was
.

also bent horizontally by the combined wind forces and moorage

in a manner which developed tension stresses amidships in the

starboard side shell. The combined effect of the vertical and

horizontal bending moments produced the maximum tension stresses

at the starboard gunwale where the”brittle fracture had its

source in a crater in the weld joining a chock bracket to the

deck. However, the fracture traveled across the deck and com-

pletely down both sides of the ship. The tanks in the vicinity

of the fracture were empty.

The possible contribution of the energy locked up in the

hull by thermal stresses in the sun-warmed port side shell in

propagating the fracture should be considered. Fig. 25 indicates

that the fracture occurred at 0815 and that the water temperature

was 41 F and the air temperature 34-F. The data in Fig. 20 in-

dicate that the port side shell may have attained a temperature

of 80 F. Figs. 4 and 7 show that the thermal stresses in the

deck for the above conditions would be small, but the compression

stress in the side warmed by the sun might approach 6000 psi.

The writer suggests the following explanation of this failure.

— — .—— —
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This compression stress would cause this region to store energy

in the manner of a compressed spring, the colder deck and bottom.

of the ship supplying the restraints which would prevent the ex-

pansion of the side shell. It is likely that the symmetrical

nature of the fracture, which was initiated at th~ starboard gun-

.-

.

wale and traveled across the deck and down both sides of the ves-

sel, was made possible by the energy stored up as a result of the

thermal stresses in the port side shell. This conjecture does
J

not ignore the fact that the hogging moment produced by the load-

ing of the ship was also a factor in producing a symmetrical frac-

ture.

8. Location ~ Fractures IPVO]vinK~ Stresses. Figs.

2--6 indicate that tension thermal stresses of appreciable magni-

tude areadeveloped in the side shell of the ship when the skies

are cloudy and the air temperature is lower than that of the

water, while the thermal stresses in the deck ar,elow in ua.gni-

tude. The combination of this thermal stress distribution with

the bending stresses resulting from a hogging moment would tend

to initiate and propagate fractures in the vicinity of the gun-

wale. The analysis in Fig. 26 was made to determine whether

the location of the origin of the fracture was dependent upon

the temperature difference TW - TA. This figure indicates that,

as this difference increased, the incidence of fracture origin

.

.

in the vicinity of the gunwale increased sharply. The casual-

ties listed in Table V were used for this analysis.

— — —— —
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9. Summarv~ This section of the report has presented ship

casualties in which thermal stresses appeared to be an important

factor. Usually other factors also played a part in the failure.

Still-water failures occurred under falling air temperatures
.

when the difference between the temperatures of the water and the ,

air ranged from 15 to 35 F and all other conditions remained con-

stant. Heavy weather reduced the temperature difference necessary

to produce failure. Decreasing water temperature was also the

cause of a number of failures and was an important factor in the

failure of tankers. Localized thermal stresses from heating fuel

cr cargo oil, wash.ingtanks in tankers, refrigeratin~ the holds,

or loading or discharging heated cargo oil also were found to

have contributed to failure. The risin~ sun sl~iningon the side

of a vessel.in northern latitudes in mid-winter was associated

with three still-water failures. About one-ttird to one-half of

the casualties for which the writer found sufficient information

to make an analysis appeared to involve thermal stresses to a

significant degree.

VII. RECOMMENDED TESTING PliOCEllURhFOR
GBSIiRVINGTEMPERATURE EFFECTS IN SHIPS

10 G2wZ4 ~omme~tsoThe writer has formed the following

opinions about the testing procedure to be used in full-scale

tests of ships for the purpose of observing th~rmal effects.

TWO types of vessels should be tested: the transversely

.

framed dry-cargo ship and the longitudinally framed tanker, For
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the first tests the headin~ of the ship sho~izdbe kept at 3.p-

prcximately 90e to the azimuth of the SUYJat sunrise~ and <he

tests should extend over a period embracing the months of July

through December or December through June, Tne ship shm~l~.be

located so that no surrounding structures wi~l shade it a~d so

that there are about 1000 feet of open water on either side.

The water temperature should not vary more than ~ F in any one

day.

Thermocouples and strain gages should.be insklled o~i four

cross sections of the ship spaced within ths midtle half of the

length of the vessel. A minimum of thirty gaging stations on

each cross section is necessary. The gages sk.ouldnot be covered

by boxes or other coverings which worLidproduce a shaded spcJt.

The gage readings should be recorded continuously along with the

observations of the air temperatures in the shade and in the

cargo spaces and the insolation on surfaces parallel ‘toths deck

and to the two sides of the s~,ip. The deflections Gf the hull

at seven or mere stations along the length should bs read at

hourly intervals.

Weather data should include hourly observations of the

relative humidity? clcuclconditions? and wind velocity and

direction.

Careful observations of miscellaneous conditions af’fe:tin~

the readings include such items as shaded ai*easo.fthe hull?

wave height~ and tides. A competent engine~r should be in

.

.

—,-—
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attendance throughout 2khour periods on a sufficient number

of days to obtain a complete picture of the diurnal and sea-

sonal variations.

The observations should be taken in such a manner that ap-

parent anomalies in the data can be explained. Fancy gaging

arrangements which electrically combine the readings of more

than one gage should be avoided, as one bad gage can nullify

the readings of the other gages.

The shortcoming of previous tests has been the failure

take enough data to provide a reasonable explanation of the

nature of the experimental observations.

to

Model testing has been only moderately successful in the

field of thermal stresses. If the dimensions of,the prototype

are N times those of the model, the temperatures generated in

the model must be N* times those in the prototype(70)0 ~~e

very steep gradients necessary in the model because of the

above fact can usually be maintained in only a transient state

of heating. The best model would be one made of a material

with a low coefficient of thermal conductivity. Such a model

may therefore be impractical.

VIII. CONCLUSION

The most important finding of this investigation was the

observation that conditions which would produce thermal stresses

of moderate to severe intensity were present in the case of one-

.

,
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X. LIST OF SYMBOLS

The symbols used in this report are defined as follows:

Area.

Half the width of plate.

Depth of the beam.

Modulus of elasticity.

Moment of inertia.

Total length.

Radius of curvature in bending.

Thickness

Temperature change

A uniform temperature

Rectangular coordinat.es~ x along length of member,
y across brsadtha z across depth or thickness.

Components of displacement in X2 y~ and z directions,
respectively.

Thermal coefficient of expansion.

Vertical deflection

Poisson”s ratio.

Unit elongation

Unit shearing strain.

Normal Stress.

Shearing stress.

Subscript i denotes praperty at the element i.

Subscripts x, y~ z denote property in the direction of the respective
axesb

. . — — — — ---



-72-

X1. REFERENCES

1. Suyehiro. K.. and Inokuty. T. ‘tSome Hints Regarding Deflec-
tion o< Ships Due to T&rnperatureDifference,llJour. Sot.
Nav. Arch. Japan, vol. XIX, 1916.——

“Car Float Strength and De-2. B“urtner?E., and Tingey, R. H.
‘1Trans. S. N. ~. ~. ~.,flectlons, _ _ VO1O 35, p. 1, 1927.

.
.

3. Hurst, 0. llDeflectionof Girders and Ship Structures--A
IITrans. I. N. &., p. 7k, 194-3.Note on Temperature Effectsa _ _

4. Corlett, E. C. B. llThermalExpansion Effects in Composite
l!Trans. ~. NO &O ?Ships, 1950.

5. Howe, E. D. , Boodberg, A. , and OTBrien, M. P. ‘temperature
Studies of Liberty, Victory, and Refrigerated Cargo Ships,i9
OSRI)Report No. 6~90, Feb. 26, 1946.

6. Admiralty Ship Welding Conmittee. ‘lS.S. CLAN ALPINE Static
Experiments,IIH. M. Stationery Office, London~ 1953.

7. Timoshenko, S., and Goodier~ J. N. Theory of Elasticity.
New York: McGraw-Hill Book Co., 2d ed.j 1%1 o

8. Cross, H. ‘lAnalysisof Continuous Frames by Distributing
“ Trans. ~~ ~. ~. ~. $Fixed-End Moments, VO1. 96, p. 1, 1932.

9. Grinter, L. E. ~ of Modern Steel Structures. The
Macmillan Company~ 19~e

10. Mar, J. W., and Engel~ S. J. WZxperimental and Analytical
Determination of the Transient Thermal Stresses in a One-
Cell Box Beam; Aeroelastic and Structures Research Labora-
tory, Wssachusetts Institute of.Technology, T. R. 25-13~

. May 1954.

11. Jasper, N. H. I’Temperature-InducedStresses in Beams and
Ships,11Renort 937, David Taylor Model Basin? Washington,
D. c., 1955.

12. Goodman, S., and Russell, B. S. ‘lTransientTemperature and
Stress Distributions in Beams,ttN. B. S. Report 3630,
August 1954.

.

.

13. Wise, J. A., and Anderson, P. I!ThermalStresses in BOX
Eeams,\*University of Minnesota? Jan. 1954 (to be re-
leased by NACA).

— — — — .



.

.

.

— .

* 16.

1’9.

15.

.

.— — — — —



-74.

29. Handq I. F. llInsolationon Cloudless Days at the Time of
Soistices and Equinoxes,11Heatin~ and Ventilating, Feb.
1954, p. 97.

30. Byers, H. R. General
Book CO, 1944.

kteorolo~va New York: McGraw-Hill

31. Berry, F. A., Bo~l.:,yJ., and Beers, N. R. Handbook ~
}&teorOlogy. ?ork: McGraw-Hill Book C~.

32. Ge~y5r,R. ~
a

Climate Nea~ the Ground. Harvard Hess,.—. —

and Queerq E. R. “Surface Absorption of33. Hechler, F. G.,
Heat from Solar Radiation,llRefrigerating Engi~eerin~,
p. 86, 1933.

34. Weather Bureau, U. S. Dept. of Commerce, Weather Reports.

35. Houghton, F. C., Blackshaw, J. L., Pugh, E. M., and ~~c~errnott ? p.

llHeatTransmission as Influenced by Heat Capacity and Solar
‘tTrans. A. S. Q. ~. ~. ~Radiation, _ _ _ vol. 38, p. 231, 1932.

36. Crabb, G. A. (Jr.). ~lSolarRadiation Investigations i.a
Michigan,1’Tech. Bull. 222, Mich. State Col., 1950.

37. McAdams, W. H. Heat Transmission, 3d ed. New York: McGraw.
Hill Book Co.,~fi.

38. Rowley, F. B., and Eckley, l~T.A. “Surface Coefficients as
Affected by Direction of Wind,ttTrans. ~. ~. ~. ~. ~.,
vol. 38, P. 33, 1932.

39- U. S. Coast Guard Headquarters, files on ship casualties.

40. Final Report QZ ~ Board ~ Invest~gation ~ Inauire into
the Desi~ ~ ~thods ~ Construction of Welded Steel— ——
Merch~ Vessels,.

—— —
Washmg~D~~~:-”Government Print-

~Office7 July 19~6.

41. Ship Structure Committee. First Technical pro~ress Report,
1 March 1948.

42. Ship Structure Committee. Second Technical Progress Report,
1 July 1950.

43. Ship Structure Committee. Third Technical Progress Report,
1 August 1953.

.

.

— ——



-7’5- ‘

’44c MoHfm’ $ D o A o Annales des Pants et ChausseesP vol. 11, p. k38,——— —.
18930

45. S~ith7 S. F. ‘lChangein Shape of Recent Colliers,tlTrans.
go .~o”~= M. g. y vol. 212 p. 1%5, 1913.

47. Cross3”A. W. .WReeent Developments -inShipbuilding on the
Great lakesY1’Tra.n~.”~.~. ~. ~. ~.~ vol. 36, p. 51, 1928.

49. DahZmann~ W,,~ and Remmers~ K. ltBeitragzur Festigkeitsmessung
am Fahrenden Schiff2 Schiffbau, Schiffahrt und Hafenbau,tf
Jan. 1, 19400 Translation 97, David Taylor Nodel Basin,
Washingtm7 D. C.

.

50. Bassettf W. V. ‘fStressesin LST Hull Due to Diurnal Tempera-
ture Variations~~’Jan. 289 1946 (unpublished).

51. Admiralty Ship Welding Committee. “Hogging and Sagging Tests
1~.W. NEVERITA,glH. M. Stationery Office9 London? 1946.

s~. Jasper~ N,,H. l’Ser~7iceStresses and Motions of the lEsso
Ashevilleji .4T2 Tanker? Including a Statistical Analysis
of Experimental Data~?lDavid Taylor Model Basin Report 960,
~955.

J~. Admiralty Ship Welding Committee. “S. S. OCEAN VUICAN
Static Experiments$‘1H. M. Stationery Office, London? 1953.

55. Aeker~ H. G. ~~Reviewof Welded.Ship Failures,+tReview Re-
port~ Ship Structure Committee Report Serial No. SSC-63,
Da~amber ~~y 1953,

.
56. 13urtiner~E. ~ and Ramsay? D. C. “Investigation of Deflec-

tim of Cargo Steamer ATLANTIC,llThesis$ Massachusetts
Institute of Technology May 1915.

.— .. —



-76=-

57. Williams, M. L., and Ellinger, G. A. ‘lInvestigation of
Fractured Steel Plates Removed from l~eldedShips,itShip
Structure Committee Report Serial No. NBS-1, February 25,
1949.

58. Williams M. L. Meyerson, M. R., Kluge, G. L., and Dale, L. R.
llExami~ations’and Tests of Fractured Steel Plates Removed
from Welded Ships,

.
‘1Ship Structure Committee Report Serial

ITo.NBS-2, September 221 I*9. .

59. Williams, H. L.$ Meyerson, M. R., KLuse, G. L., and Dale, “L.R.
“Investigation of Fractured Steel Plates Removed from t!elded
Ships,tlShip Structure Committee Report Serial No. NBS-3$
June 1, 1951.

600 Williams, M. L. ‘rAnalysisof Brittle Behavior in Ships,i’
Symposium on Effect of Temperature on the Brittle Behavior
of Metals with Particular Reference to Low Temperatures,
A. S. T. M., 1954, p. 11.

61. (k.good,W. R., (cd.). Residual Stresses in Metals Q Metal
Construction. New Yo~k: Reinhold Publi~i-p ~195~

62. Evans, J. H. ‘t?astStructlmal Studies Related to the Ship
and Ship Components and for Determining Loads and Strains
on Ships at Seay11Review Report, Ship Structure Committee
Report Serial No. SSC-62,December 15, 1953.

63. Wallace, J. F. ltNktallurgicalInvestigation of the Failure
of the S. S. PONTAGAK.SETT,liRe ort No. WAL 310\102, Watertown

tArs~nal, Watertownl WSS.9 19 8.

64. Williamst M. L., and Meyerson, M. R. “Investigation of Frac-
ture in the T1 Tanker CAPITAN,lJPart I. Origin and Pro~aga-
tion of the Fracture; Part 11. Properties of the Fractured.
Plates. National Bureau of Standards Report, May 1949.
(Also issued as a Ship Structure Committee Report, Septem-
ber 27, 1949).

65. Audige, A. ItEtudedlu Cas de Rupture Fragilej L’Avarie du
GREN?NE,” ASSOC. Tech. Maritime et Aeronautique, Symposium
1953.

.

660 Akita, Y., and &hi, K. ‘lModelExperiment on the Strength
of Ships Moving in Waves,ttReprint, S. N. A. M. E. Annual
Meeting, New York, 1955.

— — — —. — —.



.

.

670

68●

69.

700

-77-

Bu~terworth System, Inc., Bayonne, N. J. ItTheButter~~orth
System.l’

Hydrographic Office, U. S. Navy, World
Temperatures H. o. NO. 225, 1944.

U. S. Coast and Geodetic Survey, Dept.
face TlaterTemperatures.tl

Atlas of Sea

of Commerce.

T?ater

“sur-

Chur,chill,R. V. I’Comparisonof Temperatures in Solid
Bodies and their ScaledModels,llHeat Transfer, A Symposium,
Univ. of Mich., 1952.

.

.

-. —



.7& a
cd
:
s
r-l
!34J-E.IJ

maul

&
GO
%’ ‘

o
0
2

I

H

w-l
m
D.

El I
Im

m
m
Cf5
la
c1
z

1
I ~

!2
4

1 I
I I

o
<
m

1
I

F1 1
17- 1 2

u

h
o
(-f-l



, ● , ,

TABLE I (cont.)

MAXlllUMTEMPERATURE I?IFF??REINCEAND TH??RMALSTRESSES IN HULLS UNDqR INSOLATION

Vessel and Max. Fraction ~ Max. Temp. Location ~rmal St~ess
Reference Air of- Below Max ● Difference of Wx. Stress Location

Temp. Pos~ib~e k?.z. above W. L. Temp.
F Sunshine F F psi

515’x69’x39’
Tanker (k) 91 10!10 66 116 50 Deck

WI’X57’X378
Liberty (52) -= -- 70 116 46 Deck -6600 Deck

441’X57’X37’ Below
Liberty (6) Water Cloudy -- -- 8 Deck +700 Second beck

441’X57’X37’
Liberty (54] W- Cloudy -- -. 4 Deck ‘-700 Deck
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TABLE II

MAXIMUM HOGGTNG DEFLECTIONS UNDER INSOLATION

Vessel and Fraction of Max. Temp. Temp. Diff. to
Reference Possible Difference Cause One Tnch

Sunshine in Hull Deflection .
F F

520f

405’

388’

4851

~1 t

459‘

x 651 x 281 Collier (45)

x 54! x 311 Cargo (46,561

Cargo Ship (46)

x 591 x 341 Tanker (51)

x 571 x 371 Liberty (5)

x 631 x 411 C-2 Cargo (5)

.- 7 .

3/10 40 27

-- 50 29

Overcast 33 21

Overcast 46 37

Clear 50 39

—
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TABIE III

Date.

I/Io/48

UIU48

1/12/48

l/13\k8

1/14/h8

,

1/15/48
.

.

.

UM)/48

l/17/h8

VARIATIONS IN TEMPERATT~P EXPERIENCED
BY CASUALTY NO. 171 ON TRANS-ATLaNTIC VOYAGE

Hour

Okoo
0800
1200
1600
2000
&

0800
1200
1600
2000
2kOo
0400
0800
1200
1600
2000
24oo
0400
0800
1200
16OO
2000
,2koo
Okoo
0800
1200
1600
2000
2hoo
0400
0800
1200
1600
2000
2400
0400
0800
1200
1600
2000
g&:

0800

New York to Ie Havre

Air—.

34
34
35
27
24
24
25
27
32
33
32
29
3:

1
b;
40
43
46
46
54
52
52
50
54
54
54
52
!7+
50
52
52
58
58
58
57
57
57
;;

57
56
57
56

Water

k~
46
44
44
w
46
48
46
66

::
57
58
%
63
69
66
63
64
64
64
60
56
62
66
72
57
56
60

62
64

%

%
60
60

::
62
60
58

Date

1/18/48

1/19/48

1/20/48

1/21/48

1/22/48

1/23/48

Data from log of ship. Casualty No. 171.
- ..— —.....—..— —--

Hour

120(3
1600
2000
2400
0400
0800
1200
1600
2000
2\oo
0400
0800
1200
1600
2000
2400
0400
0800
1200
16oo
2000
24oo
0400
0800
1200
1600
2000
2400
Okoo
0800
1200
1600
2000
24OO
0400
0800
1200
1600

lli~

60
54
52
52
50
50
53
%
51
51
50
50
44
53
51
51
53
54
53
55
54
57
55
56
53
52
49
$8
50
50
4-9
48
47
47
42
40
40

57
60
58
57
58
56
57
56
56
57
56
56
55
56
56
57
56
55
56

52
52
52
52
52
52
50
50

-.
--

At Dock



Date

1/31/+8

2/@8

2/2/k8

2/31k8

2/4/k8

2/5/’+8
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TABI.E111 (Cont.)

VARIATIONSIN TEMPERATUREEXPERIENCED
BY CASUAIJTYNo. 171 ON TRANs-AT~NTIc VOYAGE

k Havre to Point of Failure 400 Miles

East of St. Johns, ~Tewfoundland

Hour

1200
16OO
2000
2400
0400
0800
1200
1600
2000
:&

0800
1200
16OO
2000
24oO
0400
0800
1200
16OO
2000
24oO
0400
0800
1200
1600
2000
24oO
0400
0800
1200
1600
2000
24oO

&

56
53
50
52
53
53
g

52
;:

56
56
55
~h
52
52
53
51
51
Jo
50
Jo
51
52
52
52
52
5+
54
5k
53
53
52

Water

--
--

;j

52
52
52
52
52
52
52
52
54
5+
54
9
%
P
53
52
52
53
5
d
54
5+-
53
54
5+
%
53
55
5+

Date

2/6/k8

2/7/48

2/8/48

2/9/b8

2/1olk8

Hour

0400
0800
1200
1600
2000
2400
0400
0800
1200
1600
2000
m:

0800
1200
1600
2000
2ko0
Okoo
0800
1200
1600
2000
2400
0400
0600

0800
1200
1600
2000
2400

~

51
52
52
54
53
53
52
52
52
k6
44
44
44

?2
41
;g

36
42
45
33
30
28
27
27

Water ‘

53
5
5?
53
53
52
51
51
5+
5+
48
*
5+
52
;!

54
54
44
40
48
~;

42 “
42
42

(Fracture)

,

.

.— — —.
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TABLE m
GROUP I CASUALTIES ALONG THT CONTLTUENCEOF T~ GULF STHFVIMWITH COASTAL WATERS

/

Casu- Type Casualty Lat. N Long. W Course ~ Wind Drafts
alty Date Deg.=-Min.Deg.-Min. Deg. Afr R?ater oil Ft*-Tn. Remarks
NoG FF F

I

I

1

1

I

29-4\29-4 Drop of 27 F in TM

29-10/29-10 100 mi.E. of Cape My

30-0/30-0 Broke in two

29-3 Broke in two

29-3/31-1 Off Cape May

~

4-7 T2 12/11/%3 1~0 mi. S. Halifax Inbound 32 ~~ Crude 6

108 Not 3/8/%5 168 mi. S. Halifax 010 so 47 110-114 5
M.C.

110 Not 3/17/45 41-50 64-48 014 40 37 95
M.C.

3

112 Not ~111/k5 41-25 63-25 045 43 42 108 5-6
M*Cc,

137 T2 3/19~6 38-17 74-11 Inbound 46 48 7

148 T2 2/’jb7 43-31 70-05 290 33 kc 4-6

263 T2 3!19~6 39-00 73-00 336 48 50 100 5-6

205 ‘T2 2/’27/S0 37-53 73-38 N 32 56 100-112 8

213 T2 I#z.4151 42-57 70-35 333 46 43 6

226 T2 1~/’52 100 mi. S.Block 1s. Nvly 4-0 59 120 %

232 ~00‘ 1/23!~2 Non. Block Iso Inbound ~0 42 I1\-129 %

233 T2 2/11!52 39-00 72-59 347 38 49 100-118 7-8

236 T2 2/’18/52 +1-38 69-20 340 ~J 41 8.9

237 T2 2/18/52 41-36 69-51 Inbound 3~ %1 Not Ht.go10

238 ~~ 2/-/52 38-33 74-50 346 44 5J Htg. ~.7

29-6/32-6

29-3\30-5

29-7\30-l

30-11/31-6

Loaded

28-6/~0-7

drop in Tw in $-’hr.

w
w

28-lli30-~Venezuela to N. Y. i

30-2/30-2 Panama to N. Y.

29-6/28-8 Off Massachusetts

29-3/29-8 Tl~falling



TABLE IV (cont.)
GROUP I CASUALTIES ALONG THE CONFLUTU?CROF T~ GULF STR~EAMWTTH COASTAL WAITERS

Casu- Type Casualty Lat. N Long. W Course ~ Wind Drafts
alty Date Deg.-Min. Deg.-Min. Deg. Air ?Jater oil Ft.-h. Remarks
No. F F

20

22

43

I w

62

63

64

80

87

93

96
~

i 100

117

125

126

l~o

7C2 3i5/43 54 47 wtIy 22

EC2 3/14/43 Z30 mi.5.St.Johns E’ly 32

EC2 12/11143 44-10 40-04 270 --

EC2 12/11/43 44-01 38-57 Wtly 60

W2 1/9/44 300 mi.ES??Cape Race Wily 50

17c2

EC2

I?C2

!3C2

1/9/44 44-30 43-01

1/9/44 46-40 38-15

2/1/44 48-30 35J+5

2/20/%+ 43 55

3/4/44 43-30 56-30

3/15~4 36-54 72-37

12/16/%4 96 mi. SE Ambrose
Channel

1/15/46 %3-38 48-10

I/19/k6 43-06 6%-25

Z,f?..pti39-20 72-07

WIly 34

w~Iy 44

WIIY 52

WIIy 20

W by S 20

Outbound 50

SE 47

287 37

238 30

27 30

310 48

38

30

-.

64

68

so

54

Jo

40

70

52

42

42

43

68

,

7 1+’/221

Light 22-3/28-6

~ 181/201

8-10 11-%/21-7

8-10 13-0/21-0
k

6=-9 7-0\21-o f

6 11-0\20-o

8-10 12-10!21-6 Tlhlnoted as variant

6 Ballasted

8-12 13-0J21-5

4 28-7/28-7 Off Norfolky Va.

5 27-1/30-5 8FinTA14FinTW
‘Deck=189000 Psi tins

7-8 26-10/27-5

10 13-8/19-6 Snowing

2

6-7 10-6/16-6

.

1
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TABL!?IV (cont.)
GROUP I CASUALTIES ALONG THg CONFLUTjNCYOF TH5 GULF EiTR~M!WITH COASTAL WATIIRS

Casu- Type Casualty Lat. N. Long. W Course Temperatur~ Wind Drafis - -alty Date Deg.-Min. Deg.-Mi.n.
Noe Deg. Air I!ater Oi~ Ft.-Tn. RemarksP F m

13~ EC2 2/22/%6 550mi. E of N.Y.
!

~T() 28 37 8.10 13-0/19-3

l~y VC2 12/9~7 38-22 59-21 283 64 TO 6 7-6/15-6
‘ 172 EC2 2/’10/%8 46 45 235 28 k~ 8-9 8vN51 Drop in Tw
219 YC2 11/27/51 41-31 59-03 230 60 68 10-=12 126/l& -

235 EC2 2/18/52 35-07 67-38 275 62 66 9 9-8/19-2
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TABLE V (Cont.)
BRTTTLE FRACTURTS ABOW WATERLTNE . .._

Temperatures - F’ Origin of Fracture Casu- Tg# Vessel. Sea Wind
‘W-TA ‘W ‘A Hatch Elsewhere Gunwale alty Launched Force

Corner in Deck Non Vessel - - - ~~ -. - - --- --------

5
5
6

2-
65
60
45-47

?8-52
41

154-
235
221
35
75
100
155
223
36
56
71
72

219
89
109
121.
159
230
k
19
64

85
144
153
125
104
:;

126
27
103

C2
EC2
VC-2
EC2
EC2
EC2
T2
C2
l?lc2

E:
~~z
EC2
EC2
EC2
FX2
EC2
CargO
EC2
EC2
EC2

EC2
CIA
C2
pcz
FJC2
EC2
EC2
EC2
qcz
C2

19%2
194
19d
19k2
1943
194
194?
19W
1942
1942
19%2
194
19d
1943
19%2
1943
194
19d
19k2
1942
1943

194
19d
1943
19%2
1943
19h2
1942
1943
1943
1943

Heavy
Heavy
Heavy
Heavy
Heavy
Normal
Calm
..

Heavy
Heavy
Heavy
Heavy
.--
Heavy
-.

Heavy
Heavy
--

Heavy
Heavy
Heavy

Heavy
Heavy
Heavy
Heavy
Normal
Heavy
Heavy
Calm
Heavy
normal

6-5 19-7
Loaded
Thlknown

13-6 19-6
23-% 26-10
;{-: : 30-5

‘18-0
unknown

~la~ 16-o
21-0

Ballasted
9-6 21-0

Unknoknl
20-0 2S-3 ~

unknown :
13allasted
Loaded
Unkmown

7-1 18-0
27-o 27-3
11-0 20-0

--
-.

x --

7
5-7
<

9;5

9;5

7
8

x

g

50
50
48

--
x

x

x

●IO
7-88

8
8
8

x

68
45
62-6%

60
36
4&-58

40

.-

9
13-6
9
9

--
63
49

6-7
10x

9
10
10
10

52 43
%2 :
24
44X

--
32
$

9
8
6

x

x
x

7-8 24-o 29-0
8-9 18-8
1~-1 17-7
13-8 19-6

Loaded
11-6 19-6

30
51-60
29 x
38 X
so
33 x
32

x
15-9
13

66-69
42

x

12-5 20-3
22-7 24-6x --

Ballasted
26-8 27-8

--

44.7 x



TABLE T (cont.)
BRTTTZE FRACTURES ABOVE WATERLINE .,

Temperatures - F ‘-Originof Fracture casu- Type Vessel Sea Wind Drafts - ‘~
TW-TA TW

‘A Hatch Elsewhere Gunwale alty of Launched Force Fwd. Aft
Corner h Deck Noa Vessel . . . . . . . . .

20-10 22-32
26

x 102 EC2 1942
19%2
1942
19%2
19%3
1942
1943
1943
19%-2
1943
1943
1943
1943
194-3
1943
1943
1942
19%%

~gavy

Heavy
Heavy
Heavy
Heavy
Heavy
Ileavy
Normal
H@avy
Reavy
Reavy
Normal
Heavy
Heavy
Heavy
lieavy
Calm
Heavy

Calm
Normal
Rough
Calm

1974 2~-o
ITallasted

8-o 16-0
14-0 22-o
7-o 21-0

x EC2
EC2
‘3Cz
EC2

Not MC
EC2
T2
EC2
EC2
EC2
EC2
13c2
qcz
EC2
EC2
EC2
~cz

I 27
22 x

x
38
50
42

x

x

63
1x 12-3 21-8

13-0 21-0
h. 15-11

62
90
24
66
92
96

130
53

157
134
&

x
x17-20

38 x
20
gx

9
8
6;8

Ballasted”
21-=6

;:; 27-5
28-7

Ballasted
Ballasted
Ballasted

10-9 19-2
2$-0 25-2
8-6 19-6

x
20 70
20 68
21 54
22 72
24 60
25 38
25 56

x 6-8

X

x

x
x

28 37-40

43 ;?
kil 32

-18 1~-n 22-5
22-10 26+

x
x
x

x

●

.
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TABL!3VI
BR~TTLE FRACTURES BELOW IJATERLIFPJ

Temperatures - F Origin of Fracture Casu-T~}/-TATIT Type vessel Sea Tffnd Drafts
‘A Bilge Bottom Detail alty of Launched Force Fwd.

Non Aftvessel

Faulty Butt lllo~d122 RC2
2%0 Tanker

-8
-8

-3
-3
-1
0
0

1

4
4-6

5
5
5

6
7

17
20

2+-

28

b.2
47

37
43
4-2

?
6
0

38
!53
58
74

4&3

52
75

41
45

45
62

b7
45

56

36

50
55’

40
46
43

$
6
0

37
50
Y+
70
37

2
7
7
70

35
38

2
2
8

30
25

32

8

x
x

x

x

x

x
x

x
x
x

x

x
x

x
x

x

x

x
x

x

x

x

x

Butt i!eld

Bilge Keel
Butt Weld

..

Bilge Keel
Butt Welds

End Long.
Butt Weld
!?ndLone.

End Long.

--
Bilge Keel Weld

Bilge Keel Weld
Bilge Keel Weld

Butt M’eld

Bilge Keel Weld

213
112
128
238

106
118
178
20%
129
207
29
227

4-7
120

108
123

205

124

Tanker
572”

Tanker
T2
T2

T2
T2
T2
T2
T2
T2
T2

Tanker

T2
T2

Tanker
T2

T2

T2

1943
1941

1943
1943
1943
1945
1944

19\2
1943
1944
1945
1944
1944
1944
1938

1945
19%2

1943
1942

1941
1944

1943

1943

Calm -- Loading
Heavy -- BalIast

Normal 3 29-7 30-1
-- -- Loaded

Heavy 5-6 30-11 31-6
Calm 3-4 28-8 30-8
Heavy 2-3 Loaded

......
-- 28-10 30-4

Heavy ~~~
Rough 5
Normal 5-6
Eeavy --
Heavy 5
Heavy --
Eeavy --

29-2 j2-5
25-0 26-8

.29-3 31-3
Loaded
Ballasted &

-- -- I
Loaded

Ileavy --

Heavy --

IIeavy 6
Heavy --

Normal J
Calm --

Heavy --

Calm 3-4

Loaded
Loaded

29-6 32-6
12-6 20-0

29-3 30-5
25-0 27-0

Loaded

22-4 25-6
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API?ZNDIX~

THEORETICALTREATMENTSOF THERMKL STHBSSES*

1. Introduction. This section will present theoretical

solutions which may be applied to problems of thermal stresses

as they occur in ships. In most cases these solutions produce

nominal rather than actual stresses. A list of symbols used

in the equations is given in the list under Section X. The

references may be found in the bibliography Section XI.

2. Thermal Stresses ~ Deflections in Bars and Box.— . .

Structures. Consider a homogeneous beam of uniform EI with.—

a linear temperature distribution along the depth of the cross

section and uniform in the width as shown in Fig. A-1. Also

assume that this temperature

section of the beam and that

restraints. In Fig. A-1 the

from zero at the bottom to T

distribution is the same at every

the beam is free from external

temperature increases linearly

at the top fiber. This tempera-

ture distribution can be expressed as the sum of the tempera-

ture distributions shown in parts (b] and (c). The temperature

distribution (b) will give a uniform elongation of the beam

proportional to the magnitude of {b). For (c) the elongation

or contraction of each fiber is proportional to the distance

from the centroidal axis. This deformation will produce bend-

ing in the bar. Thus a linear temperature distribution gives

*The references in this appendix were reviewed by Mr. S. P.
Chhabra$ graduate student in the Department of Civil Engineering~
University of Washington.

— _—-
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(a) (b) (C)

Fig. A-1. Linear Temperature Distribution in Bar.

‘X=o

I
IT

x=L/2

I
I
r~
I

TX =TX=L,2– T
[ 1

2
~=L/2–T~=0 #

Tx.o=TX=L

T~=L

Fig. A-2. Linear Temperature Distribution on Cross
Section of Bar with Magnitudes Varying
Par~bolically Along the Len~+h -

--- — — —-
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elongation and

the deflection

case to a more

.92-

bending without any stresses. The amount of

due to bending was first expressed as a special

(1)general solution by Suyehiro and Inokuty as

(1)

The curvature R in this case is constant, and the bar bends

in a circular arc. This same relation was late~ derived by

Burtner and Tingey‘2) and Hurst(3).

When the temperature is linear at every cross section but

varies parabolically along the length as shown in Fig. A-29

(the following relation was given by Hurst 3) for the maximum

Ldeflection at x = ~:

&L/2 ‘W&(5TX=L\2+ ‘x=o)~ (2)

where the parabolic temperature distribution over the length

of the bar is

TX=T - ‘T~=L\2
~bx2

x=L1/2 - Tx.o ~“ “(3)

(Eq. 2 was derived by Hurst 3) from the general geometrical

relation

(4)

When the temperature distribution on the cross section is non-

linear, then.in addition to deformations, internal or thermal

stresses exist in the bar. Suyehiro and Inokuty(1) derive an

..”— — —. -. —
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where

-93-

expression for the deflection in this general case by using

the argument that both the resultant force and the resultant

couple of the stresses on a cross section vanish~

xx@ Lx
=.

c’x ~O~dxdx-+ ~ ~ ; dxdx

+Z
s= y T(z) Z dA3 (6)

-i

and T(z) is the temperature distribution expressed as a Tunc-

tion of z.

The special case for a step-function temperature distribu-

(1)tion is analyzed by Suyehiro and Inolruty . The deflection

for one degree F for three different ships having this step-

funetion distribution constant along their length was calcu-

lated, but the authors did not have any experimental data to

check their results.

(The value of Hurstls work 3) is that he systematically

organized the information on this subject dev~loped by the

previous investigators. His derivation makes the following

assuiiptions:

10

2.

The coefficient of thermal expansion and the modulus

of elasticity are constant within the temperature range

considered.

The vertical temperature distribution is the same across

the breadth of the ship.

. —... -
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30 Cross

af’ter

40 After

duced

5. After

the induced

To comply with

temperature line is

forces is zero.

the assumption in (3) above, a virtual

drawn as shown in Fig. A-3 to define a

.

sections originally plane and normal remain so

temperature change and deflection.

change of temperature the resultant of the in-

forces is zero.

change of temperature the resultant moment of

linear temperature distribution from which the longitudinal

extension and the stress-free bending deflection can be calcu-

lated. The equation for the virtual temperature line is de-

rived by imposing the assumptions in (4) and (5) above. The

bending deflection is found by the general Eq. 1. The induced

thermal stress is proportional to the difference between the

actual temperature curve and the virtual temperature line. It

is interesting that the induced stresses do not contribute to

the deflection or the longitudinal extension of the bar. The

validity of assumption {3) above has been verified by Corlett(4)

and Hcwe$ Boodberg~ and OUBrien(5).

Hurst illustrates this procedure

the stresses and deflections in three

in his paper by finding

types of standard beam

sections for three temperature distributions. An extension of

HurW~s method to include the case of the completely unsymmetri-

cal temperature distribution on the cross section is given in

Ref. 6.
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‘X
r-l

TEMPERATURE

TEMPERATURE

Fig. A-3. Actuai and Virtual Temperature Lines Assumed by Hurst.

I ALLOY I

COMPOSITE BEAM
(a)

I A I

FREE EXPANDED LENGTHS

(b)

COMMON EXPANDED LENGTH

(c)

Fig. l+. Corlett~s Method of Finding Thermal Stresses.

.
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An exampk prn%lem fihowiilgthe applicat.iofiM HUTstB.S

method appears in Appandix C.

Timoshenko and Goodier(7) treat the thermaZ stress prob.

len as one of bountiary-forcetype. A thi~nrectangular plate

or bar of uniform thickness is first assume,flto be completely

restrained at the two ends and the stresses found. The forces

on the boundary d’m to the restraint against thermal expansion

are calculated.. Since the bmmdaries are actually free? the

next step is to apply the calculated boundary forces in the

reverse direction on the f~ee plats and compute a second set

of stresses. Then the fir.althermal stresses at any p~int in

the plate are the sum of these two stresses. Tha stresses

resulting from the removal of the restraints can be considered

as made up of two parts: first~ direct StTeSS7

bending if the temperature distribution is not

and seconds

~~metriea~

following equa-

. —
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to thick plates with the modifications necessary because the

latter is not a plane stress problem. This procedure can be

applied to beams and girders as well.

Corl’ett(4) presented the first comprehensive study of

thermal stresses in a composite ship. The ship is analyzed
.

as a long beam. Moreover, the transverse deformation of the

hull is recognized, and each section is considered as a rigid

frame fixed at its vertical centerline. In the theoretical

analysis stresses are divided into longitudinal stresses due

to beam action and transverse stresses due to rigid frame ac-

tion.

of one

1.

20

30

40

These two sets of stresses are assumed to be independent

another. The following assumptions are made:

The thermal coefficients of expansion and moduli of

elasticity are constant ever the range of ter,perature

considered.

Cross sections plane before deformation remain plane

after deformation.

The forces and moments of the thermal stresses on a

cross section are self-equilibrating.

Compound beam theory is valid.

The assumptions in l--~ above are the same as those made by

Hurst‘3).

Corlett”s method of handling the longitudinal

will be described first. Fig. A-4 shows the steps

stresses

used in

.

.

. .— — — .
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applying this method. Consider a compound beam made of”dif-

f’e~entmaterials. At a cross section the free expanded length

of an element can be determined. In order to satisfy the

assumption in (2) above~ the elements must be strained until

they fit together. The difference between the two elongations

gives the stress in the element. Using the argument that the

total force on the cross section must be Zeray the restrained

elongation of each element can be found7 from which tb in-

duced thermal stresses can be computed. In additionp these

forces will produce bending moments which will in turn result

in stresses and deflections which must be combined ‘withthose

previously found.

Transv~rse stresses are ind’[~:~sdin a composite ship ‘be-

cause of the differences in elongation of the decks~ flocrs

and other horizontal members. The ‘bendingmoments are f’omd

by using the moment distribution method(8$91as ll:~d~ri Y~gid

f’rameswhe~e there is settling of the foundations. In this

analysis the hull sectim is replacad ‘byan .squiwlent struc-

ture of horizontal and vertical membeus with the vertical

centerline of the hull cross section as the fi-xadplans. From

the bending moments thus found? the stresse~ can be calculated.

An example problem s’nowingthe application of Ccrlett”s

method appears in Appendix C.

Tn addition$ this paper describes experiments on a sim-

plified ifi~d~lhull. The check between the theoretical and the

—
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experimental values of the longitudinal therhal stresses was

found to be very good. The most important finding of this

model study was a verification of the hypothesis that plane

cross sections before deformation remain plane after deforma-

tion, even though the temperature distribution is nonlinear

and therefore thermal stresses are present.

Mar and Engel (10) considered transient thermal stresses

in a one-cell box beam. Eq. 7 was broken dowm into the follow-

ing three summations:

.
(8)

The first summation represents the direct stress resulting

from complete restraint against Iongituclinalexpansion; the

second$ the direct stress from the release of the axial re-

straining end forces; and the thirds the bending stress, the

release of the restraining end couples. They correspond re-

spectively to the first, second7 and t’hlrdterms in Eq. 7.

These investigators also treat the problem of stresses in

the transverse direction.. It is assumed that the temperature

distribution is symmetrical about the vertical centerline of

-.
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the box and constant slang the length. The transverse stresses

causing the distortion of the cross section are calculated by

using the concept of elastic center and superposition.

Mar and Engel also handle the box beam structure by ap.

plying the differential equations of equilibria and stress-

strain relations for the three-dimensional case of’temperature

distribution as given by Timclshenkciand Goodier(7):

Thg stress-strain relatims are

-r 1

(9b)

The principle of minimum energy is used to salve these equations.

‘T-hefollowing assumptions are made:

—.. —. — — ---
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2.

.Ic; -

The cross sectional shape is preserved by closely

spaced diaphragms.

The temperature is constant through the thickness of

the shell.

Mar and Engel applied their two methods to determine the

stresses and deflections in a box cantilever beam. Heat was

applied to one face of this box, and the temperature distribu-

tion and thermal stresses were determined. In this analysis

this distribution was assumed to hold for all cross sections

of the box. It was s~ymmetricalabout the vertical axis of the

cross section and nonlinear through the depth. The theoretical

and experimentally determined stresses were found to be in only

fair agreement. This discrepancy was attributed to buckling

of the skin. At the same time it was found that the transverse

stresses resulting from the clistortionof the cross section of

the box were very small.

Jasper(ll) has also used the equations (Eq. 7) of

Tirnoshenkiand Goodier(7)0 He gives a very cl~ar explanation

of the method and its application to the hull of a ship.

Goodman and Russell applied Eqs. 8 to a built-up

beam of I-shape. In additionq they derived equations which

assume temperature-dependentvalues of

the coefficient of thermal expansion.

tained between the theoretical and the

Youngls modulus and

Good agreement was ob-

experimental results.

.

.

.

— — — — —



Wise and Anderson s-b-udiedthe thermal stresses in a

,

box beam consis-bingof stringers and shell plating. The follOW-

ing assumption.s‘weremade:

The t’hermalstrain varies linearly with temperature.

The elastic properties of the material do not change

with temperature.

The thin shall carries the shaaring stresses only while

the stringers carry the bending and direct stresses.

The displacements Gf the structure are small compared

to its dimensims.

The beam is stiffened by rigid diaphragms

finitely close to prevent any deformation

sections of the box.

The ‘basicapproach in ca.luulatingthe stresses is

thai of Ti,m.oshenkoand Goodier(7) in deriving Eq~

equations are writ’:enwhich include the effect of

CM?fomlatien.

Three box

pom agl’eemeilt

spaced in-

of the cross

the same as

7* Shear-lag

temperature

to verify the method, and

the experimental values of

the stresses and those comp~ted by theory. The failure to

obtain a check -was attributed to buckling of the shell and to

P~rtieiPatiOn Of ‘~h~~hell in Carrying the bending and direct

stresses. The inv.ssiigatorsexpressed.the opinion that some

~f the shell area should have been curm’ertedinto hypothetical

stringers tc rs~resent better the temperature distribution.

,

.

— —..—. . . ..— — .-.
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Heldenfels has presented four different solutions applica-

to panels and box beams, three of which are considered here.

equations are too lengthy to include in this report, but

general approach of each method will be described.

For a rectangular panel or a box, Heldenfels(14) makes

assumption that the normal cross sections of the panel in

of its directions remain straight after deformation and

that the normal cross sectio~s of the box remain plane after

deformation. A differential equation is derived from the

equilibrium relations and the stress-strain relations and

solved with due consideration to the boundary conditions.

The second is an elementary method(14) which is an exten-

(15)sion of beam theory as given by Bruhn . An example problem

shows its application to a wing section.

The third rnethod(16)employs a numerical procedure to com-

pute the stresses by the equations developed in his first

method. A nonuniform temperature distribution is assumed.

A matrix iteration process is used to provide an easy approxi-

mate solution. An example problem is presented. This particu-

lar method appears to have considerable merit.

Timoshenko(17) considers thermal stresses in cylindrical

shells. If a cylindrical shell has no external restraints

and is subjected to a uniform temperature distribution, no

thermal stresses are developed. However, if the end cross

. .— ,. — — —..—
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sections of the shell are supported or clamped in a r,anner

which prevents a change in the diameter of the shell at the sup.

port points~ reactive bending moments and shears exist which

the bulkhead with the side and bottoiishell and ihs deck.

He also considers the casa(1’7)where a temperature g~a~ient

exists along the length of the c’ylir~derwhich has n~ external

restraints. The shell is divided into rir.,gs,and an external

radial pressure is applied to each ring to make it fit the

adjacent rings. This distributio~ of pressure is then applied

~~ ‘~& entire cylinder in th~ rev~rse dire~tion~ and the ther-

mal stresses are ccmputed by the superposition of the two solu-

30 Thermal Stresses in a Plate of Uniform Thickne~...— — — ——
(’71Timoshenko and Goodier give a general equation for the plane

strain problem in th:sf~rm cf’an Airy stress function which is

as follows:

(10)

.

where the stresses are found frcm the stress function d. The

required stress function s.”houlasatisfy the above equaticn and

.— .— —
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Heldenfels, Richardj and Roberts (18) modified Eqs. 10 and

11 for the solution of a thin flat plate assumed

state of plane stress. It was also assumed that

of the material did not change with temperature.

form of the equation is

4~1~=- Elv2T .

to be in a

the properties

The modified

(12)

The temperature distribution was assumed constant through the

plate thickness and varying over the plate surface as follows:

T =To+ X(x) Y(Y), (13)

where To is a uniform temperature. Since the exact solution

of this equation is in the form of an infinite series, an ap.

proximate solution is found by assuming that the stress func-

tion can be expressed as

The problem is

and then using

to determine a

b = f(x) g(y). (lk)

solved by selecting an appropriate function g

the principle of minimum complimentary energy

function f that gives the best approximation

of the exact solution. The degree of approximation is depend-

ent upon the function g selected.

An actual experiment on a plate with a nonuniform tempera-

ture distribution was carried out, and the agreement between

the theoretical and the test r~sults was within +5 per cent of

.

.

the maximum stress except at one point.

—. -—
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Gossard~ Seide~ and deal the subject of

the thermal buckling of plates under a bisymmetrical nonuniform

temperature distribution. The stress equations derived by

HeldenfeU and Roberts(18)are used together with the following

equation to obtain the critical temperature:.

(15)

The critical temperature is found by choosing a buckle pattern

s-ymmetricalabout the center of the plate and using the Raleigh-

Ritz enargy method of solution.

Tests were carried out on a rectangular plate with its two

opposite edges on hinged supports and free longitudinal expan-

sion of

reticai

h.

Several

the plate permitted. Good agreement between the theo-

and experiment results was obtained.

Thermal Stresses ~ ~ Vicinity of a Heated Spot..—
— (21~for the thermalsolutions are given by Goodier

stresses on the boundary of a heated spot.

If the heated spct is a rectangle of length 2a and width

.2”0,the maximum ~hermal stress occurs parallel to and on

side of the length 2a at a point adjacent to the corners

the SpOt. Th~~ ~tres~ IS

~. Q# 07- ta~-~ :).

the

of

(16 )

If the heated spot is an ellipse with major and minor

semi-axes of a and b, respectively, the maximum thermal stress

.

.— -- —
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occurs tangential to the ellipse at the ends of the major axis

and is
~= *i* (17)

If the elliptical spot becomes quite slender (a much greater

than b], the maximum stress approaches EMT. If a is equal to

b, the spot is circular, and the tangential stress on the

boundary is x.

5. Miscellaneous Theoretical Solutions. Tsien(22) gives

similarity laws for the stressing heated wings. It is sho~m

that the differential equation for a heated plate with a large

temperature gradient and for a similar plate at constant tem-

perature can be made the same by a proper modification of the

thickness and the loading of the isothermal plate. This fact

enables the stresses in the heated plate to be calculated from

the measured strains in the unheated plate by a series of re-

lations called !tsimilaritylaws.”

analog theory to solid wings under

cussed In detail. In practtce the

The application of this

aerodynamic heating is dis-

method would be difficult

to apply. The loading is a body force loading in the unheated

analog wing and involves the application of a distributed three-

dimensional loading.

Lessen(23) theoretically justified the study of thermal

stresses by the use of models of the prototype structure. ThiS

reference is a brief summary of a paper to be published later.

.

—
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the affect of tk scale fact:)ris negl~g~tileand that a’simi-

larity of thermal stresses exists in b6dies of”similar geometry.

This relation, v-hichis’scmetimestakeri for granted”yis proved

vigorously.
,,

6. Summary of”the Available ~soretical Solutions..— y--—.-= ...—=— The.. ,.
majority of the methods previously“pr~sent~dapp~oa~h the de-

termination of the thermal stresses and def’iectionsin a bar

or box beam in either of two ways. Cne group atta~ks the prob-

lem from the standpoint that the resultan-tfarcs and.~ending

moment on every cross ssction tiustequal zerb. ‘T’hesecond

group usss the argument that thermal stresses in a’free body

can cause no forces on th~ bou&laries of the bGdY. The first

‘ grcup was spearheaded by Suyehiro and Inokuty
(~) ‘

~ who were
( (4)fol_iGV.@dby Hurst 3) afidCorlet”t . Tne second group has

(17)used ‘Lhemethod of Timosl~enkcaildGood~er and ~n:l~ded MaT

and Engil(lc)j ~a~’per(11]3fi~~~eand ~:nders~l~~~), and GOod~an

{12)and Russell .,

It is interesting that the first and earlier group was

interested in the ship problem and most of the seconi in the

aircraft prohlemo ~ur~~,~ method(3) in its present state canA

be appiied to a beam of one material subjected to a temperature

.
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distribution on its cross sections with one axis of symmetry.~

Corlett(k) treated the more general case of more than one ma-

terial with any temperature distribution. Both procedures are

excellent and can be applied by one who is not conversant with

the methods of theory of elasticity. They wii~ produce results.

in terms of nomina~ stresses which are as good as the common

methods of computing load stresses in terms

The work of the second group has taken

and is built upon the differential equation

of Me/I or P/A.

place since 1940

approach. The

method of Mar and Engel (10)should give good results when ap-

plied to ships. The type of solution which assumes that the

skin plating does not carry bending stress, but concentrates

it i.~the stringers~ such as

would give erroneous results

of hogging and sagging tests

plating carries a major part

Both groups make two

before deformation remain

forces on a cross secticn

assumption is a fact, and

the model experiments of

tests where computed and

agreement.

that of Wise

for the hull

have clearly

and Andersen(i3],
of a ship. A number

shown that the hull

of the bending stress.

assumptions: firsts plane sections

plane after deformation; second? the

are sel.f-equilibratin-g.The second

the first was well substantiated by

Corlett‘4) and indirectly by the ship

mess’med deflections were in fair



.

.
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THERMAL STFESSES ON THE BOUNDARY OF AN OPEITING

The thermai stressss on “theboundary of an opening were

developed on the basis of ths following conditiofis:

Tha rectangular p2atG is flatt infinite in extentj of

unfform thickness and has a centrally Ideated omning.

The dimensions of thfiopening are small compared to the

length and vidtk of the plat::jand the opening is sy-m-

metrical ir.shaptiabout ‘bothrectangular axes of the

plate.

The plate is thick enough so that it does not bend

under stTess.

The four edges of the plate parallel to the rectangular

axes are fixed.

Greenspan(24-)expresses the shape of an ovaloid hole in

the parametric formt

~ = F Lc:s9 + r C05 39

Y-= g Sir.Q - r Sirl3Q.

If the p and q dimensitir.sare equal and r is negativej an ap-

proximate square witn ~ounded corners results with sides paral-

lel to the x and y coordinate axes. Hwever~ if r Is positivey

the coordinate axes Wuoms d~agoi?als of’ the square. The width

. — —
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~ength of the square are 2(p + r). If p and q are unequal

and r is zero, an exact ellipse results with its axes lying on

the coordinate axes. If p and q are equal and r is zero, an

exact circle results. The quantities p and q are measured in

the x and y directions respectively. In actual application

the degree of approximation of the shape of a square opening
.

with rounded corners is rather poor if r falls outsi”deof the

range of O.10 to 0.20.

Greenspan?s equation(24-)

ditions of this problem gives

to the opening$

when modified for the four con-

the following stress tangential

where S is tineboundary stress on the plate. In this case,

s = ++’

From Eqs. 19 and 20 can be developed the stress concentration

factors for several shapes of openings. For the circular OiJen-

ing where p =qandr=O,

99 = 2s7

that is, the tangential stress around

For the elliptical opening? where p #

(21) -

the opening is constant.

qandr =02

— — — — — — —
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-7 2(”D-=s 2-— q)(p sin2Q - q cos2Q)’~
<J

‘a
(22)

p2sir12Q+ qdcos% “ 0
.

The values for the square op@nirigwith rounded corners

for which p = q in Eq. 19 are plotted in Fig, B-1. Ovaloid.

openings have sides which are not quite straight and corners

which are not quite circnlar. Thereforej the width of open-

ing 2C and the corner radius R we~e measured from the plotted

. outline of the opening.

It may be seen in Fig. B-1 that the maximum thermal stress

occurs at the corner of the opening for the assumed conditions.

The value of the quantity, -fij~ for a steel plate is 274 psi

per degree F chan~e in temperature. Tnus ~ thermal stresses

around an opening can be of considerable magnitude.

— .— .
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Fig.B-l.Thermal StressesinlnfhitePlatewithAllFour
Edge~FixedandSmallSquareOpeningwith
RoundedCorners. UniformTemperatureChange.

—



APPENDIX c.—— -

COMPUTATION OF THYRML STR?3SS7STN SHTPS

.

.

1. Theoretical Methods ~~ ~1~ Thermal Stresses. A..—

brief review of the theoretical bases of several methods of com-

puting thermal stresses in the hull of a ship is given in Appen-

dix Ae Example computaticm sheets for these methods appear in
.

this appendix.

The three methods discl~ssedhereafter result in the same

form of computation since their basic assumptions are that

plane cross sections remain plane after th~rmal strain, that

the forces on the cross section are self-equilibrating,and

that the strains are in the elastia range of the material.

2. Hurstis ,Method(3~6). The writqr feels that Hurstrs

method requires less labor than the other methods for the

cas~ of a temperature distribution which is symmetrical about

the vertical cent~rline of the hull cross sectiono It utilizes

the keel line as the base line for thg computation and thsre-

fc~recan use the dimensions and distanc~s as developed by the

naval architect for his moment of inertia calculations.

Table C-T shows a typical calculatiurlsheet for a symmetrical

temp~rature dlstributinr.o
.

The temperature distribution which is unsymmetrical about

both principal axes of the cross section can also be handled

.. -. — — —



TABLE C-I

C2DRT CARGO S: 1?. 26t-~ DRAFT

Io Sulf. T -TA %-lo?.
u

FRAME 85 ..

IL

13.5?
17. @
20.65
62.40
67.40
5L.63
5L. Eu
50.70
53.76
53.76
33.92
19.FL
53.76
LO.32

191.80
64 .Fo
lP,00
20.F
7L.37
20.LO
2? .4
66,03
51.12
75.33
L3.O

Z-12.45.04

2.2
2.2
0
0
0

0

1.2
5.8

12.1
18.9
2.4*&
27.9
32.5
38.4

ib.3
21.3
21.3
20.2
31.3
11.3
?0.0

x
41.5
42J

o
0
0
0
0
0
0
0
0
0
0
-5.
-1o.
-10.
0
0
0
0

-;.
0

-1o.
-1o.
-10.
-10.

SYM ABT
1

0
0
0
0
0
0
0
0
0
0
0

-%
-m3 .2

0
0
0
0

-6:.2

-66&3
-511.2
-753.3
-430.0

Z--3456.0

29.7
38.9
0
0
0

6L
294.1
650.5
Kn6.1
827.6
553.5
1747.2
151J3.3
1325.1
1380.2
3’53.4
4?0.2
2327.8
638.5
822.0
2&37.4
2101.0
3126.2
1818.9

z=-23xr2.1

o
0
0
0
0
0
0
0
0
0
0

-27&3
-17472
-154s3

o
0
0
0
0

-1916
0

-26874
-21010
-312&
-1811?9

Z=-134974

t4
-IOF

19 13
211

201 “p

(6
II -——

J?. -
18 t

10

t 9

~~

INCREMENTS OF CROSS SECTION

.

4.84
4.8~
o
0
0
0

3;::
u6..u
357.21
595.36
778Al
1056.25
147L.56
18.49
453.69
/+53.69
.@.u
979.69
979.69
9m. oo
lfi56.L9
1~9.21
IT22.25
1W9.29

63
86
0
0
0

:
1706
78n
19204
20195
15U4
5678L
5%45~
354R
29399
8165
tL@7
72PM
19986
29~
109378

P6352
129737
76939

E-75c.4m

-.L9 4.92
-●L9 4.92

0 +1 Al

o +1 .U

o +1.0
o *1.41
-.27 +1.U
-1.30 +.11
-z.n -1.30
-.L23 -2.82
-5 .L7 -4.06
-6.25 -L.8L
-7.28 -5.87
+!, m -7.19
-.96 ~.L5

-4.77 -?. .36
-.4.77 -3.36
-4.52 -3.11
-7.01 -5.@
-7.01 -5.60
-6.72 -5.31
-9.12 -7.n
-9.21 -7.80
-4.30 -7.F9
-9.4P -P.07

-.92
-.92
-1.41
-1Al
-1Al
-1.41
-1.14
-.11
+1.30
+2. ?2
+i,.c%
-C.16
-4.13
-’,H
-,.45

b?.36
+7.36
+7 ,11

+:.62

+? .60

45.31
-?.29
-:.?0
-2.11
-1.03

+182
+182
●z’i%
+278
+278
4278
+225
+22
-257
-55’7
-em
+32

tt16
~555

-%
~a
-6u

-1106
-51.L

-1049
4.Qj?
+.4X
4417
+3F1

&2.461
+3218
+5741
+173~7
+173L7
+15179
+12285
+1115
-13816
-299U
-?720L
+635

+.43wx
+22378
+17077
-.43027
-119$.2
-12771
-.!?2253
-10486
-2~7&3
+2q~4&

+271 F6
+>1.JJ3

+163F3

SOlveSi-IUl+xmeOus Equnt ions ?or b am! c.

Xcol . 5-cz Cd. ?- bEcOl.’%=c

ICQl .7- CZ’M,6-FEW)I. Q= r

-3&56 - 17.45c - 23, V)2b = @

-13/,, ~?& - 23,30?c - 750, LCOb = O

~ = -0.2>77 c - 7..42 ft.

Flrk (lr. !inmtes of Vlr&ln? Tmrwrtit.ur-Iin.

T = c - by= l.~t- n.::7~J
v

rT= -F&Tv

+54U
t7mo

o
0
0
0

+L4742
+Q67

-16n7ii
-565942
-66377$
+lm7

+L425no
+P5q315
+’73ai?l1
-q 6~?f @
-25~~w ~
-25797L ~
-?57.4519
-32821?
-f!@po
+1214732
+911e.45
+1303640
+693(331

~7P.48

.

.



by ~UTStflS rn~thod
(6) and will rnsult in a form of computation

very similar to that in Table C-TI.

~. TimnsQnko.vs Method(7311)0 Timosh.enkolsmethod.may be

.
abmt one axis or unsymmetrical about both principal axes of

, .

the cro~s section. It is recommended for the latter case,and

a sample computation app:ars in Table C-II.

‘4). Table C-III outlines and shovs anCorlett”s lT+thod. ....-=——...

of tineapplication of Corlgttls method.

.

—



TABLE C-II

Lq8ERTY SP?P. ‘27t-7H DRAFT.

SUN-OH STARHOARD s~r)~.
‘S- TU=l*F’ FRAME P3.

..—.—— —.—
1

—. .—
2 3 L 5 6 7 9 10

Increment Ah
11 K? :7

T f$Ay
14 15 16

T z fl= -197.5T flhA ~7&Az rl+ r?
‘3 ‘L “T

f_,& t, F.my r~Az

Sq. In. n , l%, F psi lb. lbft l%ft 5s ! >d pal psi— .: lb-ft lk-rt X lo:—-.

.

23.5
15..4
15..4
57,s

56.3
56.3
56.3
56.3
56.3
56.3
26.L
35,2

35.7
35.2
‘5.2
35.7
?? .2
y.&

75.6
56.3
5{,3

cl. =

M
50.5
5Q.5
5CJ.5
?2.0
?2.0
?F.L
2P.L
10.5
10.5
45.5
.L5.5
29.6
29.6
3F’..4
3P,~
?Ll,~

?0.4
73.e
?3.8
/J.2
./J.2
Ea.3
&J.3
55.L
55..L
M .4
11..i

~s 192.L7

-15.1 0
-15.0 -12.7
-15.0 +12,7
-16.9
-16.e .-:.2
-16.8 +6.2
-16.6 -1=!.5
-16.6 +13.5
-16.5 -20.8
-16.5 +20.8
-13.3 0
-13.3 -5.e
-13.3 +5.P
-1?.3 -1?.5
-13.3 +12.5
_l..? -lo .?

-1?.3 +19.2
-1?.: -25.?
-13.3 +25.?
-12.9 -?6..4
-17.~ +26..L

-c ..L -79.?

-F .4 +2P .5
-2,3 -2F.5
-.?.3 +2’?.5
+L..4 -2!!.5
4L.~ +28.5
w .1 -2P.5
+9.1 +?e.5
+13.L -7E .5
+13..4 42P .5
+15.1 -?e.5
+15.1 428.5
+~? .3 -7U .5

+lfl.3 42P.5
tll.7 -13.1
+11.7 413.1
+11.? -20. ?
+1-I .7 420.2
tll.7 -26. ?
+1] .7 t2b.3
+M ..: -10..4
+Ie.’, +1O.L
+21 .?, -17.4
+21 ..t +12 .4
+21 .0 -18..4
+21,0 +1s .L
+20.6 -25.2
+?0.6 475.2
+?G.7 -10.2
+20.7 +1(!.2

o
0
0
0
0
0

0
0
0
0
0

0
0
0
?
c
G

c.
c1

17

c
@
o
0
0

c
o
0
0
0

-5
0

-lo
9

-10
0
0
0
0
0
0
0
c
o
0
0
c

-;
o
0

0
0

0
0
0

0
0

@

o
0
0
0

0
0
0
0
P

o
0
0
0
0
0
0
0

0
0
0

0
0

0
-1975

0
-1975

0
0
0
0
0
0
0
0
c!
o
0
0

-5w0
o
0

0
0
0
0

0
0
0

c1

o
0
0
0
0
G

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

0

-2805~
o

-2U?38

-e9d
o
0
0
0
0
0
0
0
0
0
0
0

-3279;
o
0

~ -171456

0
0
0
0
0
0
0
G

o

0
0
0
a
o
c
c
u
L

G

L.
o
0
0

i)

o
0

0
0
0

-37599!

-n3d

-164447;
o
0
0
0
0
0
0
0
0
0
0
0

-67561:
0
0

z=-3C@Z28

G

o

0

0

0
0
0

0
0
0
0
0
0
p
o
c
c
@
o
0
0
Q
o
0
c1
o
0

0

0

-7A
-59103:

@
-25513m

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

-mm”
o
0

z = -.L775715

-94
-?3
-93

-105
-104
-104
-103
-103
-102
-lo?

-83
-83
-P3
43
-P?
-F 3
-e3
-f?
-63
-80
-$!0
-5?
-57
-u

-u
+27

+27

+57

+57
+83
+83
w
+94
+114
●1U
*73
+73
+73
+73
+73
473
+65
t65
+133
+133
+130
+130
+X28
aa3
+129
+B

4°
ttJ3

-3;
433
-72
t72

-111
+111

o
-31
+31
-67
+67
-102
+107
-13,/,
*1%4
-m
+1./J
-152
+15?
-152
+152
-152
+157
-15?
+152
-152
+152
-152
+152
-152
+152

-70

+72

-103

*M%
-U*
●UO

-55
+55

+66
-%

-L;
+134

-54
+54

-:
- ““:.

+U
-16
-e
+18
-s6
t5R
-1:4’,
We
+6
-25
+37
-61
+73
-$)L
+1OE
-17P
+I_4.
-1 -Q

+!5C
-115
+lW
-77
+227
-36
+2E2
-6

+2*
+20
-664
+31

+;1
-1620

+92
+234

+54
+270
+22

+3CQ

+209
+15 6
+2MI
+121
+317

-z
+lti
+272

-115
-lllG
+QFI
-PL6
-2700
+1013
-~<~p
+3265
-bqar!
+552C
+15?
-F80
+1303
-?LL6
+257C!
-qyr
+3FCC
-.L5UJ
+~a317
-74L0
+F’.L6’I
-.4763
47s20
-3wo
+~15@
-1P17

t13!3c
-132
+65&
t5M

-li38&l
+326

-17230
+2320
-73703
+2720
46930

+lcrw
+449
+6170
+23b
+&%!o
+6430
+l18m
+’nm
+19120
+4550
-13360
+1870
49103

, W-3739

+1750
416650
-Lw?c
+1..L?FO
+L5350
-17a2c,
+f05co
-542CY3
+115/+m
-91203
-7102
+11700
-17340
+W570
-3L2UJ
+.45000
-517C,0
+&coo
-65700
+wxo
-10?XC
+399?0
-65700
+F96C
-26500
-7990
+59600
-121M
+5900
+7620

-252700
+4930

-26QW
+425m

-1350W)C
t31830
t812Ml
+24260
+121200
+5270
+723m
t24800
*52300
*377m
-25.@Xl
+153300
+LEX?CO
*3WX3
-275300
+!wW

*-.4O1E82

-U&
+:?,7<

G
+1673G

46X0
+65LOC
+u150

+1456w
+llL7m

c

+51(T

+75 60

+26U0

+32150

t6.LWC
47Llcc
+1133X
+12.QOPI
+19670C~
+7-?O(-C -

m+135500,
+2?3CW
-110?00
+329500
t51FtH)
*3F~
+37M

+1’?6700
-161EC
-53fwc#3
-9300

-’i92m
-6620a

-2103000
-35650
Www
-Qsoo
+203300
-11840
+162400
-24570
+51.MQ
-mm

+L470(X
-134400
+352032
-l147ca
-3367W
-19moo
+3165M3

,
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TABLE C-II (Continued)

“y
20 , 21 ,22

23r 1

I

I
7,8,9 10 ,11

I I
#

p! *
~ ‘ 4’ 5 ‘6

1

-IOF

3

9
18

— _
6—

/

15

14

3

INCREMENTS OF CROSS SECTION

,
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TABLEC-III

cCMP’JSITESHIP BY CORLETTISNETHOD+

The
existing
the same
ties are

shiu used in this examplewas redesiwed from the scantlingsof an.
steel ship, the thicknessof the lizh% alloy plating,etc.,giving
longitudinalstrengthas the originalship. The geometricalproper-
as follows:-

Noment of inertiaof compositehull about neutralaxis
= 2s7,S00 in.2ft.2

Heightof neutralaxis above U.S.K.= 12.08 ft.

The gradientused was as shown in the figure and it was assumedthat all hori-
zontalmaterialwas at the same temperatureat any level. In generalit is
not likelythat this will be true except in the case of the bottom structure
~nclin an open deck exposedto radiz$ion.

The structurewas tiividedinto 2-ft. verticalelements, the decksbeing
taken as elementsin themselves. If there had been a gradientacross the
decks,they too would have been dividedinto elements.

The area of each element,togetherwith the heighty of its centerof
Eravityand the te~peratureQ at that point is enteredin tabularform and
$ and~he thermalbending
This Table is drawn up in

The expansionstress

and enteredin column10.

moment derivedas shown in tne calculationbelow.
Fahrenheitunits.

pO is then determined,

PQ=Em[g -f(y)]

The bending relief stress Pb is Eiv’enby

knowing~, ‘from

Thermalbendingmoment
‘b = Relevantsectionmodulus

and the totalstress is given by the sum of the two.

Column13 gives the final stressand a check is obtainedin columnsM
and IS by obtainingthe total force on the section.

r——— ————r,

r

—-1

I
///-w

./” +V*

+“

.50 I
Crm.uM

/’
$r~

./

-1 -“* I
,—— — —— ——~

-CALCULAMN mmOWPWI’E?IUXWW. L.0.A.3XI FT.

.

.

+!Thematerial in this table is quoted in Eeference~.
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TABLE C-III {Continued)

.

.

T}IERMA1 EXPANSION K,FFECT$ IN t OMPL)SIT[” SI{l P$

J90 FT. 56FT. “30FI.}: RFI(,HTER. PARAMM K- ~FWP}.RATURE ~RALMEhT

4! 291505 :33! 1.462! 3i48,4(M
5, ?9;450’31 1,310‘ 35.020 40.(m-.,,.
6 m) I42-5;“30’-2T,m2~‘-8,5ti:935.fQj
7:30 ].91

8’
1,2(W;●,.0,63

30! f:ilfii ! I.(W5i

Y5X
w)

755.(JX)12,096 6.ow
35.W3 J 870
29.603 I 810

12

13

14

15

16

17

la

19
20
21
22
T

M I26.5‘19~! 795! ‘ 15,1LM): I 570\ 066’ -112 .178’ 53!
\ 3(] 250 ]7 75(3; \ 1~,7~: slo.~ 0-80 078i .158 47
I 30 ~4.o lj I 710I I0,8CQ: I 450, 0 w 041 , I?h 41

i 30 ;22.9, 13 ) 6H7~ 8,920i 3W ; 099 .014’ 113 74

30 \22.ol 11 w’ 7,250, 330I 1.07’ 017 : - owl 27 ,
30 ,21.2 9 636 <733j 270
30; 20.6; 71 ~

; 1.14, 049 Clrjj 20 ,
618I i:320; I ?10 1-20 -0s1 039-1:’

30 20.> 5’ &l’J! 3,(M5 I Ig’ . [22 I 13 -004 3
1245 ;20.2:4, 1 4,950, 19,Rm 980, I,z.1 I?Y owl 16

i 156 ~r).o ~ 3,133 h.240 312’ 125 lb2 -037 58
; 396 200 0 ,-_::lo_‘ 0! o .Izf I Y: 067 M5
L%: in,,-,F-,
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EFFvCT OF I?WATHYR
THE TEMPTRATUIIHSOF

1. Weather Conditions Which

CONDTT1(?NSUPON
yXPCSTD SURFACES

Affect the Temp~raturp of Ex-——

- SUrfacesO The principal weather conditions which act to

change the temperature of an exposed.surface are the difference

between the temperatures of the ambient air and the surface;

insolation; atmospheric conditions such as humidity, smoke~ and

cloudiness; trind;and precipitation. The heat transfer thrcugh

the exposed surfaces of a structure depends upon th~ amount of

insolation; the absorptivity of the expos~d surfaces; the losses

by convection, conduction, and radiation to surrounding w~dia;

the heat capacity of the structure; and the thermal resistance

of the structure.

2. l!eath~rConditions and Heat Transfer Q Radiation.—— The

temp~rature of a structure vhich is not exposed to insolation

vill tend to approach and subsequently reach the ambi~nt air

temp~rature~ Hovever, if the structure.is exposed to insolation,

an expos~d surface ~rilldevelop a temperatl~rehigher than that

of the ambient air.

The amount of insolation received on an exposed surface

is related to the inclination of the surface with resp~ct to

the sun’s rays and thq time of the year. Tables (26--28) for

— — — —
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cc.mputingth~ angle of incidence and the rate of insolation are

Th~sn data were summarized by Hand (29)available. in the form

shown in Fig. D-1. It may be se~n that the amount of insolation

varies with the time of the day, the season of the year, and

the latitude.

Atmospheric conditions which reduce the intensity of radia-

tion are water vapor as measured by humidity9 smoke, dust, and

clouds. On a humid day in an industrial area, as much as 35 to

50 per cent of the total insolation may be int~rcepted by

‘:uat+rvapor, smoke, and dust. Clouds also shield the earth’s

surface from insolation. Hand(27) found that a cloud cover of

10/10 (complete cloudiness) at the Blue Hill Observatory in

Massachusetts reduced the total insolation by as much as 40 per

cent during the winter months. It should be noted that cl.oudi-

ncss is m~asured in term-sof the portion of the sk’yarea ob-

scured by clouds and not in terms of cloud depth.

The intensity of the insolation on a v~rtical or alrr.ost

vprt,ical surface may be tremendously incr~as~d during the

sev~ral-hour period following sunrise and pr~ceclingsuns~t by

an effect kno~~mas “albedot[. JQuantitativply,llalbedo~lis

u~ed to repr~sent the p~rcentage of insolation refl~ct~d from
9

a horizontal surface. If the sun’s rays pass ov+r a horizontal

plan~ of consid~rabl~ extmt b~fore strikin~ the expns~d.sur-

face in question, insolatj.onimpinging upon the horizontal

plane at a flat angle is refl~cted against the exposPd surface.
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3. VERTICAL SURFACE FACING SOUTH. MORNING AND WEST DURING AFTERNOON.

Fig. D-1. IXurnal Variation of Insolation at Sea Level for Average Clear Sky Conditions (Hand).
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ThP albqd.ofor varfous types of reflecting surfaces as reported

(30--32) is sho~lrnin Fig. D-2. Theby a number of investigators

‘sl) is even higher than that of dryalbedo of clean ice and snow

sand(32). It may be seen that albedo at low solar altitud~s may

incr~ase the total insolation by as much as 100 per cent.
.

During th~ period just aft-r sunrise, a vertical surface

facing a dir~ction lying between east and south can rec~ive an

intensity of insolation in mid-winter approaching or even sur-

passing that at midday in the surmwr. This situation can occur

when v~ry ckar skies, .albedo~

solar altitude when the sun iS

an intms~ insolation.

The temperatures attained

to the summer sun are shown in

and the SIOW rate of change of

low in the sky conbin~ to produce

by horizontal surfaces ~xpos+d

Figo D-3(33). The humidity at

(34)
the hours of 08007 1200, and 1700 was reported as 46, 17,

and.15 p~r centl respectiv~lyt these data being observed at a

veathpr station about fifteen mil~s distant. Th~ sky was clear

with an ulimited ceiling. These values ther~for~should cor-

respond to lJavnra~n clear skylt co~ditions.

Tll~ effect of color upon the absorption of insolation is

cl~arly shown by Fig. D-3. While the temp~ratures of th~ white

and the aluminum surfaces were only 10 to 13 F above that of

t’heair at midday, those of the red and.black surfaces ver=

1+0and 55 F high~r. These values are in substantial agreement

. - — —
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with the differentials of 52 to 62 F recommended by heating and

ventilating engine+rs
(28) for light and m~dium construction

roofs and less than the diffaential of 80 to 90 F reported for

black surfaces by Schropp(25)*

Tn these tests a tree shaded the test panels after the hour

of 1730. The twenty-degree drop in temperature in a few minutes

as a result of this shade can be seen in Fig. D-3. In other

’35) th~ m~asur~d insolation was reduced to 8 per centtests ., .

when a roof was placed over ths pyrheliometer and to about 18

per cent when the instrument was shaded by th~ observer’s hand.

A very extensive bibliography on insolation Is listed by

{Crabb 36)5 and on heat transmission by McAdams(37)0

Another type of radiation occurs at night when a horizontal

surface radiates heat to the relatively colder outer space be-

yond the atmosphere of the earth and thereby cools itself. This

phenomenon is known as ‘nocturnal radiation~~and results in the

temperature of the exposed surface becoming appreciably lower

than that of the ambient air. Table D-I gives data observed by

s.h.Tclpp@5~under unspecified weather conditions. The differen-

tial of 5 F in these tests appears small when it is remembered

that this phmornenon is employed in northern India to freeze

water in shallow pans on very clear summer nights.

Nocturnal radiation incr~as~s as th~ cloud height in-

creases(31) and also as the amount of watqr vapor, dusty and

.

— .— — —



-128-

TABLR D-I

EFFECT OF NOCTURNAL RADIATION ON TEMFWRATUR’ASOF HORIZONTAL SURFACqS

●

● Time of Day Temp. of Temp~rature of Ho~izontal S~rface--F
Air--F Rright Black White

Aluminum Foil Paper Paper

2100 19*4 1906 12.4 13.5

24OO 1508 15.8 10.8 9.5

0030 1506 -- 1002 9.5

2135 24.8 -- 17.0 17.6

2235 24.8 22.$ 1800 18.8

Observations made by Schropp(25) on horizontal surfaces protected
from wind at Munich, Germany, Latitude 48°N~ on February 11--12~
1930● Sky conditions, humidity, and nature of ar~a surrounding
location of test not given.

.
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smoke in the atmosphere decreases. However, even a g~ntle wind

reduces the effect of this radiation by mixing the great mass

of air over the exposed surface. Thereforel nocturnal radia-

tion most effectively reduces the temperature of a horizontal

surface on,a still

3. Convection

removing heat from

night.

of Heat ~ Wind. The effectiveness of wind in.—

a dry smooth surface is shown in Fig. D-4(38),

where the temperature of the moving air was maintained at a con-

stant differential abnve that of the surface. A wind velocity of

25 mph ~ernovedabout six to eight times as much heat as a veloc-

ity of zero. Moreover, the angle at which the wind impinged on

the exposed surface made no substantial change in the rate of

heat loss through convecting.

Moving air will absorb heat from a wet surface as long as

the wet-bulb temperature of th~ air is lowr than that of the

water on the surface(28)- The rate of h~at absorption increases

with an increase in the wind velocity anti

tween the wet-bulb temperature of the air

perature of the water

a wet surface will be

the same temperature.

film.

cooled

If the above

more rapidly

with the difference be-

and the initial tem-

conditions

than a dry

are present,

surface at

●
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TYPICAL SHIP CASUALTIES

This section gives brief descriptions of ship casualties.
.

Cases of Group I casualties are given for the following types

Of vessels:

Tankers: T2 19 ships

Miscellaneous 3 “
Liberty ships 11 “

Miscellaneous dry-cargo 4 “

RefTig~rated ships 2 ‘t

In addition to these thirty-nine cases, two other lpsser casual-

ties were of interest and are included. The casualties follow

in numerical order according to the nuhber assigned by the

American Bureau of Shipping.

The wind

wind scale.

this scale:

Velocity
mph

J-3
4--7

8--12

13--18

19--2k

velocity is often described according to the Beaufort

The following table gives the force numbers used in
.

Weather Bureau
Designation

Light

Gentle

Moderate

Fresh

. — — —
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Velocity
mph

25--31
32--38

i
9--46
7-”%

.55--63
64--75

Above 75

Force
No.

10
[11.

12

Weather Bureau
Decimation

Strong

Gale

Whole Gale

Vessel: Casualty No. 8 Type: EC2-S-C1 Liberty

Class of Casualty: Group I Date of Casualty: 12/25/42, 2320

Shipis Location: 54~-40’ N, 1430-07’ W. Gulf of Alaska, 450 miles
W. of Ketchikan

Course: S. T!. Drafts: Fwd. 6!-6’1 Aft 15f-811

Weather: --- Sea Condition: Heavy

Wind: Force 5 TA 40 F Tli40--46 F

Circumstances Surrounding F@ilure: En route Kodiak to Seattle_

Incr~asing water temperature. Vessel converted to troopship.

Location of Fracture: Sheer and stringer plates, Fr. 90-91, port

side, in way of refrigerated space.

------- -----

Vessel: Casualty No. 13 Type: T2-SE-A1 Tanker

Class of Casualty: Group T Date of Casualty: 1/16/43, 2300

Shipls Location: Outfitting Dock, Portland, Oregon.

Course: Moored, approx. S. V. Drafts: Fwd. 61-4” Aft 17~-0~’
.

Weather: Clear turning misty Sea Condition: Calm



.
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Wind: 14-5 mph.

Circumstances Surrounding Failure:

Hourly air temperatures:

Hour: 1200 1400 16OO

Temp. F: 38 39 33

Sunshine 3/10 during afternoon,

‘A 23 F ‘w 40 F

1800 2000 2200 24oo

31 28 24 23

sunset 1652.

Vessel completed trials in Columbus Riv~r and return~d to

dock on Willamette

fracture origin on

psi tension.

Location of Fracture:

Origin of fracture

Riv~r about 1530. Wind on port side,

starboard side. Stress in deck 10,700

Ship broke in two through No. 5 Tanks.

at aft end fashion plate cm starboard

side (just aft of bridge structure.]

------------

Vessel: Casualty No. 16 Typeq EC 2-S-~1 Liberty

Class of Casualty: Group I Date of Casualty: 2/15/43J 0735

Shipts Location: At anchor, Upper New York Bay, New York

Course: At anchor h~aded NNW Drafts: Fwd. 2z1-10~1 Aft 2Gf_~II

Weather: Clear Sea Condition: Normal

Wind: Force ~
‘A -8 F TW 33 F

Circumstances Surrounding Failure: Sun rose at 0650 and struck stbd.

side of vessel. Fracture at 0735. Rel. humidity h7% at 0730

and 26% at noon. Very clear day with 100% sunshine. Average

wind velocity for day 32 mph. Max. temperature day before~

24 F; two days before 37 F. Sundden drop in temperature.

— — — .-



Location of Fracture: Fr.

strakes inboard, sheer

83-84. Crack in string~r plate and two

and strak~ below, port side. Sun struck

star-~oardside, fracture on port side.

Casualty No. 17 occurred a few miles away on the same morning under

similar circumstances.

-..----.-”.-

Vessel: Casualty No. 17 Type: EC 2-S-C1 Liberty

Class of Casualty: Group I Date of Casualty: 2/16/43, 10%0

Ship3s Location: S. side Pier 7Y New York, New York

Course: Mooredy approx. E Drafts: Rd. 2\B-Otl Aft 271-6H .

I?eather: Clear Sea Condition: Calm

Wind: Av. for day 32 mph. TA 10 F TW 31 F

Circumstances Surrounding Failure: Sun rose at 0650 and struck stbd.

side of vessel. Fracture at 10~. Rel. humidity 47% at 0730 and

26% at noon. Very clear day with 100~ sunshine. Av. wind veloc-

ity for day 32 mph from NW. Max. temperature day before, 24 F;.

two days beforeg 37 F. Sudden drop in temp~rature. Min. pre-

ceding night, -7 F. Air temperatures:

How’: 0900 1040 1200

Temp. F: 7 17
(F~~cture)

Lacation of Fracturej FT. 62--64.

and down port side into strake

sidey fracture on port side.

High

22

Main deck cent~rline to gunwale

below she=r. Sun struck starboard

Casualty No. 16 occurred a few miles away on same morning under

similar c-ircumstanceso

—— — —-
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Vessel: Casualty No. 22

Class of Casualty: Group I

Shipis Location: 230 miles 1?.of St.

Course: Etly.

Weather; Foggy and overcast

Wind: Gentle

Circumstances Surrounding

entering region”where

meet. Note low water

Location

deck

Vessel:

Class of

.

.

TypR: EC 2-S-Cl Libprty

Date of Casualty: 3/14/43, 0745

Johns, Newfoundland

Drafts: FwdO 231-31~ Aft 281_6)l

Sea Condition: Calm

TA 32 F TW 30 F

Failure: Ship leaving coastal waters and

cold Zabrador current and warm Gulf Stream

temp~rature.

of Fracture: Fr. 73-74. Crack corner No. 3 Hatch across

port side and down sid~ to 2 ft above s~cond deck.

------------

Casualty No. 25 Type: T2-SE-A1 Tanker

Casualty: Group I Date of Casualty: 3/29~3, 1205

Ship’s Location: Ambrose Channel, New York Harbor, New York

Course: Outbound Drafts: Fwd. 121-l~J Aft 181-7H

Weather: Clear with bright sun Sea Condition: Slight ground

swell

Wind: Force 2 TA 30-42 F (Rising) TW ---

Circumstances Surrounding Failure:

Failur~ while taking on water ballast.

Mean averag~ water.temp~rature at Battery, New York, 38 F.

Comput_d stillwater tension bending stress in deck, 12,500 psi.

Location of Fracture: Broke in two at Fr. 55-56.

— —
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Vessel: Casualty No. 58 Type: RC 2-S-Cl Liberty

Class of Casualty: Group I Date of Casualty: 1/2/44, 0300

Ship’s Location: At anchor, Murmansk, Russia.

Course: At anchor Drafts: Fwd. 24t-otl Aft 251-211

Weathqr: Normal Sea Condition: Calm

Wind: Force 1 TA 13 F Tld38 F

Circumstances Surrounding Failure: Note failure at middle of

under clear skies.

Location of Fracture: Fr. 104-105, port side. Crack inboard
o

in d~ck and 9 ft down side. Also into second deck.

night

6 ft

Vessel: Casualty No. 77 Type: Z-TTI-S-C3 Tanker

Class of Casualty: Grc)upI Date of Casualty: 1/28/44, 20~6

Ship~s Location: 5@-17’N, 166”-25’w, 20 mil~s north of ~t~h Harbor,
Alaska in B~ring Sea.

Course: 25” True (Outbound) Drafts: Fti. 251-01~ Aft 28!-411

%athqr: Snowing Sea Condition: Heavy

Wind: Force 8 TA 24 F TM 3~ F

Circumstances Surrounding Failure:

Oil in tanks being heated for pumping out and had r-ached av~rage

temp~rature of 90 F.

Location of Fracture: Fr. 113, starboard side. Deck 14 ft inboard,

15 ft down side, 4 ft into S~cond Deck.

—. — — -— —
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Vessel: Casualty No. 90

class of Casualty

Ship~s Zocation:.

course : Anchor~d

V!eath-r; ---

Wind: Force 4

,

s Group I

At anchorage at New

Circumstances Surrounding Failures

Type! T2-SE-AI Tanker

Date of Casualty: 3/z/k4, 0515

York, New York

Drafts: Fwd. hi-7t1 Aft 15~-II~f

Sea Condition: Normal
,

TA 16 F Th,35F

Air Temp~ratures at Batt~ry Weath=r StationJ NW York~ New York

Hour: 1600 1800 2000 2200 2400 0200 04-00 0500 0600

Temp. F: 32 26 22 IP ~~ 17 16 16 IS

Rel. Humidity 43% 29$

Clc~udin~ss5\10~ sunshine 99% of possibZe3 average wind veloc-

ity 22 mph. Butterworthing tanks with 210 F water. No. 7

Tanks just completed and No. 8 Tanks begun whm fracture oc-

curred.

Location of Fracture: No. 7 Starboard Wing Tank, Fr. 53-5%.

Crack 17f-6~’long in side shell and 9i-7n into deck.

----.-------

Vessel: Casualty No. 95 Type: EC2-S-C1 Libarty

Class of Casualty: Group I Date of Casualty: 3/5/447 1310

Shipfs Location: Loading at dock, Hoboken$ N. J.

Course: Moored Drafts: Fwd. 199-4” Aft 241-611

Wpather: Fine Clear Spa Condition: Calm

Wind: Light N1ly TA 34 F Tl,]35 F

— —
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Circumstances i%rrounding Failure:

Air temperatures at Battery Weather Station, New York, New York

Hour: 0400 0600 0800 1000 1200 1300 1400 1600

Temp. F: 16 16 17 18 26 29 30 33

Rel. Humidity: 425 30~ -

Note rapid rise in temperature prior to fracture at 1310, low

relative humidity, cloudiness 5/10, sunshine 84 p~r cent of

possible, and average wind velocity of 17 mph.

location of Fracture: Fr. 137 1/2, port side. Sheer strake and two

strakes below. Stringer plate into adjacent plate. Fracture

in vicinity of prior damage from collision.

-------------

Vessel: Casu-altyNo. 96

Class of Casualty: Group I

Ship’s Tmcation: 36°-fi’N5 720-37’W,

Course: Efly

~~eather: Very

Wind: Force 4

clear

Type: T!C2-S-C1Liberty

Date of Casualty: 3/15/44, 0300

outbound from Zynnhaven P~oadstVa.

Drafts: Fwd. 28’-7V’Aft 281-7u

Sea Condition: Rough

TA 50 F TW 70 F

Circumstances Surrounding Failure: In port on 3/14/55, ship experi-

enced very cl~ar day with low humidity and 10/10 sunshine with

max. temp~rature of 50 F. Mean. t~mpera~ure of water in Norfolk

area averages 42 F in March. Ship sailed quickly into water

at 70 F (entering Gulf Stream).

Location of Fracture: Deck starboard side from No. 3 Hatch to gunwale

and down side shell 6 ft.
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Vessel: Casualty No. 100 ‘Type:EC 2-S-Cl Liberty

Class of Casualty: Group I Date of Casualty: 12/16/44j0505

Shipis Location: 98 miles S. ??.Ambrose Channel, Ne~~York
.

Course: S. E. (outbound) Drafts: Fwd. 27’-11’ Aft 301-5)1
.

?%athpr: Fine and clear . Sea Condition: ---

Wind: Force 5 TA 47 F Tl~52 F

Circumstances Surrounding Failure: Left New York previous evening.

Air temperature increased 8 F and water 4 F in few hours before

.

.

fracture when leaving Continental Shelf and entering deeper

warmer water of Gulf Stream.

Location of Fracture: ---

------” .-.-s”

Vessel: Casualty No. 101 Type: C1-M-AVl Dry Cargo

Class of Casualty: Group I Date of Casualty: 1/9/45, 1130

Ship~s Location: At dock~ Superior, l~iSC.

Course: Moored Drafts: Fwd. lU-ll° Aft I%’-on

Weather: Pxtreme cloudiness Sea Condition: Calm

Wind: 5--17 mph.
‘A “-- TW 32 F

Circumstances Surrounding Failure:

Temperatures at Duluth, Minnesota (across bay)

Hour: 0400 0600 0800 1000 1100 1200

Temp. 1’: -20 -21 -15 -lo -7 -6

Temperatures at Superior: Min. during night of Jan. 8-9$ -16 F.

Max. during day of Jan. 9, 6 F.
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Bay frozen over. 100 per cent sunshine for previous day and max.

t~m~~ratu~~ of -6 F.

Location of Fracture: I?r. 81-821 starboard side. Crack from hatch

coaming to gunwale bar.

-----------_-

Vessel: Casualty No. 103 Type: C2-S-E1 Dry Cargo

Class of Casualty: Group I Date of Casualty: ~ ~~/45,
(

Ship~s bcation: ko=-lo~N,69@-241W$ 225 mil~s E. of New York,

0110,

N. Y. .

!:f)urs~: 086° True (Outbound) Drafts: Fwd. 261-2V’ Aft 271-111

Weath~r: Clear Sea Condition: Normal

Wind: Force \ TA 32 F TW 47 F

Circumstances Surrounding Failure: Vessel just ent~ring ~~armer #

Gulf Stream. Completely clear sky preceding day and during night.
.

10/10 sunshine prwious day. Ship was returning to New York

vhen at 0~+40second fracturq occurred.

Location of Fracture: At 0110 No. 3 Hatch across main deck~ down

port side to third deck? down starboard side below third deck,

across second deck starboard side and into s~cond deck port side.

At 0~0, No. 4 Hatch, main deck from hatch girder to bulwark

and down side short distance.

-------------

Vessel: Casualty No. 112 Type: Tank~r not M. C.

Class of Casualty: Group I Date or casualty: ~/~~<~5a 1830,

Ship’s Location: \l~-25’lJ,63”-25!w5 180 miles from Halifax and
leaving Gulf Stream.

-. —
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Course: 035-055”True Drafts: Fwd. 30!-111’Aft 31~-3°

Weather: Overcast Sea Condition: Heavy

Wind: Force 5-6 TA 43 F TVl42 F.

Circumstances Surrounding Failure:

. Cargo oil being heated for discharge. Had reached 108 F. ComPuted

stillwater bending stresses: Deck

7500 psi (tension).

Lwation of Fracture: TWO fractures.

almost to deck, Fr. 28-31. Bottom

Fr. 29-32.

--------------

7700 psi (compression),bottomj

Bottom shell and up port side

shell and up stbd. side,

, Vessel: Casualty No. 123 Type: T2-SE-A1 Tanker

Class of Casualty: Group I Date of Casualty: I/8/46~ 0830

Ship’s Location: At dock in harbor at LeHavre, France.

Course: Moored Drafts: Fwd. 25f Aft 27’

Weather: --- Sea Condition: ---

Wind: --- TA 25 F Tlr45 F

Circumstances Surrounding Failure:

Air Temperatures:

Hour: 1200 2000 24OO 0400 0800 1200

Temp. F: 36 29 25 24 25 29

Fracture at 0830

Ship arrived 1/6/46, 1320. Cargo discharge begun 1/7/46, 2000~

from all tanks. Gasoline ip No. 7 tanks (no heating of cargo

in these tanks).

Location of Fracture: No. 7 starboard Wing Tank around turn of bilge.



~~~ssp~: Casualty No. 124 Type: T2-SE-A1 Tankqr

Class of Casualty: Group I bate of Casualty: l\llt/46~0200

Ship~s Zocation: At dock, Boston, Mass.

~OU~S.~: Moored Drafts: Fti. 221-4” Aft 259-6t1

Weather: Cold and clear Sea Condition: Calm
●. .

Wind: Force 3-4 TA8F TW 36 F

Circumstances Surrounding Failure:

Ship arrived at dock on 1/13/46, 1400, and began to discharge

Bunke~C fuel oil at 120 F. Fracture found when 28 per cent of

cargo discharged.

Location of Fracture: Fr. 60-61, No. j starboard h’ingTank, Crack

g ft long around turn of bilge.

-------------

Vessel: Casualty No. 126 Type: HC2-S-C1 Liberty

Class of Casualty: Group I Date of Casualty: 1/19/46, 1955

Sb,ipfisLocation: \3~-06N, 64G-2~’w, 120 miles S. Halifaxt NO Se

Course: 027~ True Draft-: FwdO 221_711 Aft 241-61;

Weather: Good Sea Condition: Smooth

Wind: Froce 2 TA 30 F TW h3 F

Circumstances Surrounding Failure: Ship approaching Halifax and

entering colder coastal waters.

Location of Fracture: Fr. 141-142. Main deck starboard side No.5

Hatch to gunwale.
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Vgssel: Casualty NO, 128 Type: T2-SE-A1 Tank+r

CIaSS of Casualty: Group I Date of Casualty: l\22\%6Y 060G

Shlpis Location: Entqring Boston firhor, }fl~sse

Course: Various Drafts: Fwd. 281-8*’ Aft ~oJ-8~f

Weather:
.~~,erca~t Sea Condition: Smooth

Wind: Force 3-% TA 36 F Tl,r36 F

Circumstances Surrounding Failure: Fracture just after passing

harbnr entrance. Load~d with Bunk~r-C fuel oil and.probably

therefore heating oil.

Location of Fracture: No. 5 Port Wing Tank. 21-ft crack around

turn of’bilge.

0 2-ft crack in sam~ tank after repair while fillin~ it with vater

*
------- ------

Vessels Casualty T\To.137 Type : T2-SU-A1 Tanker

Class of Casualty: Group I Date of Casualty: 3/19/46~ 0438

Shipls Zocation: 38~-17~N,7k11’?r, leaving Gulf Str=am and ski~t-
ing shore waters near Delaware.

Course: O1OO True Drafts: Fwd. Load~d Aft Load=d

Weather: Rain squalls Sea Condition: Rough

Wind: Force 7 TA 46 F T~lT48 F

Circumstances Surrounding Failure:

Storm started at 0200 and air temperature dropped 30 F in

2 1/2 hours.

Location of Fracture: No. 5 and No. 6 center and.starboard bring

Tanks. 35-ft crack, bottom, around bilg~, and LIp Sid.G.

.

. . . . .— —..— — .,“..——— —
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Vessel: Casualty No, 155 Type: T2-sE-A2 Tanker

Class of Casualty: Group I Date of Casualty: 12/9/47, 0815

Shipss Location: At dock, ?30ston,Mass.

Course: Moored, approx. W. Drafts: Fwd. lhl-O” Aft 181-o??

Weather: Clear Sea Condition: Smooth

Wind: 25-45 mph. TA 34 F TW 41 F

Circumstances Surrounding Failure: Sun rose at 0702 and struck port

side

sun ●

pier

Rel.

of vessel. Sheltered stretch of water between ship and

Fracture at 0815. Shed lying to south of ship on adjacent

did not afford shade except at very low solar altitudes.

humidity 0730, 52%; 1330, 49%. Clear day. Bright sun,

10/10 of possible for day. Strong wind on starboard side.

Tanks in vicinity of fracture empty. High tide at 0833, height

10 ft.

Air Temperatures:

Hour: 24OO 0200 0400 0600 0800 0815 0900

Temp. F: 43 38 35 35 34 Fracture 34

Location of Fracture: Broke in two between No. 6 and 7 Tanks.

Sun on port side. Fracture origin on starboard side at base

.

of chock on stringer plate.

-------------

Vessel: Casualty No. 158

Class of Casualty: Group I

Shipfs Iacation: 430-57’N,470-lH,

Course: k’ily

Type: C2-SU Reefer

Date of Casualty: Found 12/19/47

230 miles E, of St. Johns,
Newfoundland

Drafts: Fwd. 169-11” Aft 23~-2?l
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Weather: --- Sea Condition: Rough swell

Wind: Force 3 TA 38 F TW 36 F

Circumstances Surrounding Failure: Ship leaving warmer Gulf Stream

and entering Labrador Current (note 36 F temperature).

Between 1942 and 1952, this ship sustained ten other separate

incidence of cracks sufficient in magnitude to be termed

“casualties”. Most cracks in main and sacond deck. Last crack

91-6” long in second deck while cooling No. ~ hold.

Location of Fracture: No. ~ Hatch. Crack from corner of hatch

across starboard side of main deck to gunwale.

.

Vessel: Casualty No. 163

Class of Cas.lalty: Group I

Ship’s Location: 39~-00’N, 730-00’w,

Course: 336o True

Weather: Clear

Wind: Force 5-6

Type: T2-Sl%Al Tanker

Date of Casualty: 3/19/46, 0430

off Cape May, N. J.

Drafts: Fwd. 28!-1111 Aft 301-II1!

Sea Condition: ModSrate to rough

TA 48 F TVJ50 F

Circumstances Surrounding Failure: Coming out of Gulf Stream.

Water Temp~ratures (Falling):

Hour: 1600 2000 2400 0400 0430 0800 1200

Temp. F: 74 62 52 50 Fract. 45 w

Rel. Humidity: 80-9@.

Cargo oil kept heated to 100 F for three days prior to failure.

Location of Fracture: No. 6 and 7 starboard Wing Tanks. Crack

around turn of bilge.



____....———-..—
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Vessel: Casualty No. 171 Type: qC2-S-Cl Liberty

Class of Casualty: Group I Date of Casualty: 2/10/48, 0600

Shipls Location: %6”N, \~oW, 400 miles E. St. Johns, Newfoundland

Course: 235Q True Drafts: Fwd. 81 Aft 161

Weather: Overcast, snOw Sea Conditions: Rough

Wind: Force 8-9 TA 27-28 F Tw 42 F

~ircumstanc~s Surrounding Failure: V~ss~l leaving wmm~r Gulf Str~am

for colder coastal waters. Ship pound~d h~avily onc~ at 0600

and cracks found at 0640. Still-water bending stress in deck,

%000 psi tension.

Location of Fracture: Main deck, second deck port and starboard of

No. 3 Hatch, six strakes down on port side shell, four strakes

down’on starboard side shell. Main deck, starboard side, from

No. 2 Hatch to gunwale.

-- --- - -- -- - - -

Vessel: Casualty NO. 183 Tyge: qC2-S-Cl Liberty

Class of Casualty: Group I Date of Casualty: n/26/48a 1630

Shipis Location: At dock, Whittier, Alaska, Lat. 61o N.

Course: Moored at 270~ True Drafts: Fti.,15i-11’~ Aft 22~-51’
I

Weather: Slightly foggy Sea Condition: Calm

Wind% 42 mph. TA O°F Tli37-40 F

Circumstances Surrounding Failure: Ship arrived at 1600 from Adak.

Very cl~ar weather on day of fracture and pr~ckding day. Sun-

ris~, 0803. Sunset, 1525. 42 mph wind on blowing on port side

of ship. 4 in. of ice on deck.
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Location of Fracture: Fr. 127-128. Starboard side shell down 64 in.

in sheer strak~ and 54 in. into stringer plate.

------- -....-

Vessel: Casualty No. 187 Type: T1-M-BT1 Tanker

Class of Casualty: Group T Dat~ of Casualty: 12/25/48, 2315

Shipls Location: Off North Carolina Coast near Cape Hatteras

Course~ 020° True Drafts: Fwd. 41 Aft 12’

Weather: Clolldy Sea Condition% Long SwellS

Wind: Force 10 TA 35F TW 78 F

Circumstances Surrounding Failure:

Temperatures

Hour: 1200 1600 2000 2315 24OO

Air F: 69 63 46 35’ 34

Water F: 79 .78 79 -- 78

Ship being towed. Hog2ing moment under still-water conditions

and tension stresses in deck.

Location of Fracture: Ship broke in two at Fr. 3k-3~ just fwd. of

midships. Deck broke first.

------ ----- --

Vessel: Casualty No. 189 Type: T2-SE-A1 Tanker

Class of Casualty: Group I Date of Casualty: 2\6\49, 0730

Ship’s Zocation: 46”-23’N, 124G-50’w, 25 miles due west of mouth
of Columbia River.

Course: 357~ True Drafts: Fwd. 28’-9” Aft 31’-0”

Weather: --- Sea Condition: Rough

.—. .“-.— --
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Wind: Force 6-8 TA 46 F Tw 43 F

Circumstances Surrounding Failure:

Cargo oil heated to 103 F.

Drafts indicated sag of 3 1/2 in. Tension in bottom plating.

Location of Fracture: Fr. 53 1/2, No. 7 Port Wing Tank. 3-ft

crack in bottom and 11-ft crack around turn of bilge.

------- ------

Vessel: Casualty No. 212 Ty~e: T2-SE-A1 Tanker

Class of Casualty: Group I Date of Casualty: 1/12/51, 0040

Shipfs Location: Crossing Columbia River Bar, Oregon

Course: 045Q True (inbound) “ Drafts: Fwd. 29t-5t~ Aft 31~-l~t

Weather: Light drizzle Sea Condition: Slight swell (

Wind: Force 1 TA 48 F
Sea 5’2 F

TV?River 42 F

Circumstances Surrounding Failure: Vessel entering river mouth three

hours after low tide from ocean at 52 F into river at k2 F.

No. 7, 8 and 9 Tanks across heated to 125 F, no others. All

tanks full except No. 1 P & S, No. 5 P & S, and No. 9 center,

which were partly full. Still-watsr bending stress in bottom at

point of failure, 5500 psi tension. Paintscraped off bottom

near bow. Ship thought to have grounded slightly.

Location of Fracture: ---

.
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Vessel: Casualty No. 225 Type: T2-SE-A1 Tanker

Class of Casualty: Group I Date of Casualty$ 12/31/51, 23%9

Ship’s Location: 46@-10tN, 1230-05tW, Heading up Columbia River, Ore.
Off Fisher Island.

Course: 308QTrue Drafts: Fwd. 30~-61tAft 301-6tt

Weather: Partly Cloudy Sea Condition: Smooth

Wind: Force 1-3 T* 52 F Tw 42 F

Circumstances Surrounding Failure: No. 5 Center Tank loaded to half

capacity or 8 ft below waterline. Temperature of cargo oil,

120 F.

Location of Fracture: No. 5 Center Wing Tank. 23-ft crack across

bottom,

------- --.---

Vessel: Casualty No. 226 Type: T2-SE-A1 Tanker

Class of Casualty: Group I Date of Casualty: 1/4/523 2355

Ship’s Location: 100 miles south Block 1s. (south Providence, R. 1.),
leaving Gulf Stream for coastal waters.

Course: Inbound Drafts: F~@ pgi-s;l Aft 29t-81t

Weather: Rain Sea Condition: Moderate

Wind: Force 4 TA 40 F Tw 59 F (Fa~~@)

Circumstances Surrounding Failure:

Cargo oil being heated, temperature 120 F.

Location of Fracture: No. 7 starboard Wing Tank. Crack around

turn of bilge into bottom plating.



—. .—— — — .——- .
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VeSSel% Casualty No. 227 Typp: T2-SH-A1 Tanker

Class of Casualty: Group I Date of Casualty: 1/9/52, 0930

Ship;s Location: Off Columbia River Light Vess~l, Oregon.

Course: 080°True
r

Drafts: Fwd. 30I-411 Aft 311-0!1

Weather: Rain Sea Cnndition: Heavy .

Wind: Force 8 TA 43 F TW 41 F

Circumstances Surrounding Failure:

Ship Inbound. Heating cargo oil at 120 F except 125-137 F in

No. 5 center and Port lfingTanks.

Location of Fracture: No. 4 Port Wing Tank. Crack around turn of

bilge, same vessel suffer~d Casualty hTo.239.’

--------.-.-m

Vessel: Casualty No. 229 Type: VC2 Dry Cargo

Class of Casualty: Group I Date of Casualty: 2/1/52, 0’515

Shipts Location:

Course: Outbound

~i~eather:Calm

Wind : Light

Channel to Baltimore Harbor

Drafts: Fvd. 191-71JAft 20!-II~L

Sea Condition: Smooth

TA34F Tw 39 F

circumstances Surrounding Failure: Ship at dock in shallow water,

temperature 41-h4 F, just before casualty. Fracture occurred

upon l~avin~ b.arbore Heating fu~l oil in doukl~ bottom to 1~~ F?

temperature 11~-120 F at time of casualty.

Tmratlon.of Fracture: 66-ft fractur~ in bottom from Fr. 45, port

side? across cent~rli~.es’hipto Fr. 64-,starboard sidq.



Vessel: Casualty llTo.232 TypP: ~00-ft Tanker

Class of Casualty: Group I Date of Casualty: 1/23/’52,0200

Shipis Location: Between Block Island and Brenton Reef Light Vessel
off Rhode Island.

.
Course: Inbound Drafts: Fwd. 29t-kft Aft 29~-\~l

Weather: Drizzle Sea Condition: Rough. .

Wind: Force 4 TA 50 F Tl,\2 F

Circumstances Surrounding Failure:

)

Temperatures of air and water while l~aving Gulf Stream.

Date: 1/21/52 1/22/52 1/22/52 ~/23\~2

Hour: 2000 1600 2400 0200

Air F: 58 57 52 50

Water F: 68 69 47 %2

Cargo oil temp~ratt~.r~ upon ~i.schar~~ at ll~w Haven~ Corm., l/2S/Ij23

nL129 F. Sixth tim~ ship suffered shell fractures most in this

same location.

location of Fracture: No. ~ starboard Wing and Cent-r Tanks.

Bottom plating.

------ ------ -

Vessel: Casualty No. 233 Types T2-SE-A1 Tanker

Class of Casualty: Group I Date of Casualty: 2/n/52, 2130

Ship’s Location: 39°-~O~?Y72@-59’~~,100 mil~s E. Cape May, N. J.

Course: 347” True (Tnbo~nd) Drafts: I?wd.29I-1OI’ Aft 29i-Iofl

Weather: Cloudy Sea Condition: Rough

Wind: Forcn 7-8 TA 38 F TIJ49 F
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~ircumstanc~s Surrcnmd~ng Failure: Just coming out or Gulf Stream

into colder coastal waters. Struck by heavy wave at time of

fracture. Temperature of cargo oil at loading, 126 F; at dis-

charSe) 100-118 F. Fracture in No. 4 and 5 Center Tanks. NO. 4

Port and Starboard I!ingTanks empty.

Location of Fracture: No. 4 and 5 Center Tanks. \l-ft crack in

bottom.

No. 3 to

Fourteen other small cracks in Iongitudinals from

No. 8 Tanks.

--------------

vessel: Casualty NO. 236

Class of Casualty: Group I

Ship’s Location: 4P-3WN, 690-201w,

course: 3400 True (Inbound)

lieather: Fog~y, snow

Wind: Force 8-9

Type: T2-SE-A1 Tanker

Date of Casualty: 2/18/’51,0808

10 miles E. Cap~ Cod, Mass.

Drafts: Fwd. 301-OtI Aft. 301-011

Sea Condition: Heavy

Circumstances Surrounding Failure: After leaving Gulf Stream.

Vessel fully loaded. Not known whether cargo was b~ing heated.

Location of Fracture: Broke in two bgtween No. 5 and 6 Tanks.

Casualty No. 237 occurred on sam~ mornin~ a few miles away.

------ -------

Vessel: Casualty DTo.237

Class of Casua,lty: Group I

Ship~s Location: 41o-36‘N, 69@-~1’lJ,

Course: Inbound

Type: T2-SE-A1 Tanker

Date of Casualty: 2/18/51, 0550

few miles off Cape Cod, Mass.

Draft: Mean 29~-31’
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Weather: Foggy, snow Sea Condition: Heavy
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Wind: Force 10 TA 35 F Tl,l41 F

Circumstances Surrounding Failure: After leaving Gulf Stream.

u Cargo oil not heated.

Location of Fracture: Broke in two between No. 7 and 8 Tanks.
A

Origin of crack in bottom.

Casualty No. 236 occurred on same morning only a few miles away.

-------------

Vessel: Casualty No. 238

Class of Casualty: Group I

Ship~s Location: 380-33’N, 74cu-501w,

Type~ T2-SE-A1 Tanker

Date of Casualty: 2/17/52~ 2220

20 miles off New Jersey shore
at mouth-of l)elawa~eBay.

.

Cour se a 346Q True (Inbound) Drafts: Fwd. 29t-3h1 Aft 31~-1~1

Weather: 0vercast9 rain sea Condition: Heavy

Wind% Force 7 TA~F ‘W 55F

Circumstances Surrounding Failure: After leaving Gulf Stream.

Heating cargo oil.

Shipping heavy seas. Fracture when struck by heavy sea.

Location of Fracture: Fr. 61-62, No. 5 Port Wing Tank. Crack

29-ft long bottom around bilge into side shell.

Vessel: Casualty No. 239 Type: T2-SE-A1 Tanker

Class of Casualty: Group I Date of Casualty% 2/29-3/1152

Shipss tication: 22 miles N. W. Point Arena9 Cal.

course: 323a True (Outbound) Drafts: Fwd. 30f-4° Aft 31j-4~v

—.- .— .— .
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Weather: Clear Sea Condition: Rough

Wind: Force 6-8 TA 47 F TIAl52 F

Circumstances Surrounding Failure:

Temperature of cargo oil 135-1%2 F when loaded between 2Z303 2\28/52j ‘

and 12153 2/29/’52. Steam kept on coils during voyage. Oil dis-
% .

charged at 128 F.

Location

Same

Vessel:

Class of

of Fracture: No. 7 Starboard Wing Tank around turn of bilge,

vessel suffered casualty No. 227.

“-------- ----

Casualty No. 24-4 Type: R2-S-BV1 Reefer

Casualty: Group I Date of Casualty: Found 4\13\52

Shipls ZOcation: Jo@-ok’N9 lTJQ-Ij2’W, 130 miles south of Adakq Alaska

COurse : 090° True Drafts: Fwd. ll~-~v’ Aft 201-2~’

Weather: Cloudy and snow prior 2 days. Sea Condition: Rough

Wind: Force 6-7 TA 35 F T~J39 ~

Circumstances Surrounding Failure:

Hold temperature 70 F. Fuel oil in double bottom in way of frac-

ture being heated.

During previous 48

water, 34-40 F.

LO~atiOn of Fracture:

hous, range of air temperature, 29-38 F; of

Fr. 78-79,Starboard Side. 11-ft crack

around turn of bilge.

--.---- -a----

Vessel: A

Class of Casualty: ---

Type : T2-SE-A1 Tanker

Date of Casualty: 5/31/’vf~ 0600

—. —— .- ..-



Shipfs Location: Moored

Course: Moored

Weather: Overcast
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San pedro, Cal.

Drafts: Fwd. 31t-0~1 Aft

Sea Condition: smooth

Circumstances Surrounding Failure: Loading cargo OiI.at

All but 11,000 bbls. loaded when fracture occurred.

of midships. Ship in slight sagging condition. No.

fracture occurred among first filled.

Location of Fracture: No. 6 Starboard

curve of bilge.

-------.--.”-

Vessel: B

Class of Casualty: ---

Ship~s lacation: Mouth

Course: Outbound

Weather: Calm

Wind: Force 2

Wing Tank. 45-in.

Type: VC2 Dry Cargo

88 F.

37 ft

6 tank

crack

2

a

l)ate of Casualty: 9/11/53,

Stromfjord, Greenland

,51_5EI

ft

~There

on

Drafts: Fwd. 18J-6~’ Aft 22’-3

Sea Condition: Smooth

TA 43 F Tlf41 F

Zocation of Fracture: Fr. 111 1/2.

up port side into second strake

tank top, Crack 10 ft long.

1020

Circumstances Surrounding Failure: Stromfjord is a narrow fjord

40 miles long surrounded by glaciers. Ship left Sondre

Stromfjord at head of fjord and sailed full length of it to

mouth where fracture occurred. Heating fuel oil in double

bottom. Temperature of oil,,140 F.

From upper

below sheer

side of bilge curve

strake. 1 ft into

.

—. —


