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As implied by the title, the scope of thls presentation could easily en-
compass such a vast range of topics 1t would seem discreet not to proceed any
further and to state simply that in all process designs the best materials of
construction should be used, consistent with sound englineering economics. To
avoid speaking in such broad generalities 1t 1s expedient to concentrate on a
specific design problem since the principles lllustrated are applicable in a

variety of situatlons.

Historically, chemical engineers have been primarlly concerned in process
design with the specification of materials for high temperature and/or cor=
rosive service. Once a list of materials which will satisfy these service re-
quirements has been prepared, it is then necessary to narrow the selection to
materials which can accommodate the stress levels to be encountered in actual
operation. The final choice of a particular material will then be dictated by
purely economic factors which are measured in terms of life expectancy versus
installation and maintenance costs. The use of the singular term, material,
does not preclude combinations such as protective coatings, linings, and clad~-
ding which become evident during the cost analysis.

The increasing trend toward higher and higher pressures in commercial op-
eration has pushed requirements beyond the metallurgical 1limit of avallable
materials of construction as measured by conventional design standard and code.
For the most part designers are guided by certain rules which limit working
stresses to # of the ultimate tensile strength, the stress to produce a creep
rate of less than one-tenth of a per cent in 10,000 hours, 60 per cent of the
creep to rupture stress at 100,000 hours, etc. Fortunately, with improved
techniques for producing materials, particularly in quality control, these de-
sign 1imits or factors of safety are gradually belng relaxed.

Tn addition our increased understanding of the behavior =- most lmportant
the reliability =-- of materials and our greater ability to predict theoretical-
ly stress levels at all points in complex configurations (attributed to the ad-
vent of digital and analog computers) has atoned somewhat our inabillity to in=-
vent exotic, yet economical, materials as new service requirements arise, De-
signers have learned to live with the shortcomings of the properties of mater-
ials by suitable provisions in design detalls; in some instances advantage can
even be taken of these peculiar charscteristics. For example, industry was
plagued for many years by the unpredictable failure of boiler and furnace tubes
The tendency had been to make these tubes of sufficient wall thickness to elim-
inate creep at the expense of aggravating localized thermal stresses. Tube
failures involved not only their cost of replacement, but also repair of dam=-
age to the furnace itself. By striking a compromise between the creep rate
and thermal stresses, and by making periodic visual observations of the tube
deformations, it is now possible to predict when the tubes should be taken out
of service short of imminent failure. In this case, empirical laboratory desta
on creep and rupture life have been invaluable.

Another illustration can be drawn from Air Force experience. Technical
regulations called for the replacement of a rubber C-ring in a critical com-
ponent of a hydraulic system in a jet=bomber after so many hours of flying ser=-

vice. The concern here was not simply one of replacing en O=-ring valuec et
less than 50=cents, but rather the cost of gaining access to the O-ring by dis-

mantling the hydraulic system. The total direct replacement costs were esti=-
mated at over 700 dollars, not including the cost of bringing the alircraft to
a maintenance base from some remote point or the cost of meintaining addition=-
al alrcraft to compensate for such down-time so as not to weaken our military
defenses. To make matters even worse, the O-ring was invariably replaced by
one that had been sitting in a storage bin for several months during which it
had deteriorated more than the O-ring in actual service. The solution to this
problem is rather obvious, and is as simple as packaging a gumdrop, but appar-
ently not convinecing enough to penetrate bureaucratic red-tape as yet.

Chemical engineers are accustomed to service conditions which diminish
the properties of the materials. For example, metals have less strength at
high temperatures than at moderate temperatures. Within the last decade, chem-
ical engineers have become involved in large scale operations at very low temp=-
eratures, and in so doing, have become confronted with a host of new problems
in materials, Although it 1s well-known that, in general, all materials im-
prove in strength with decreasing temperatures, ces not follow that mater-
ial problems are necessarily lessened. In fact, at the present time advantage
can not be taken of any improvement in properties with temperature simply be=-
cause regulatory codes won't allow 1it.
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In order to i1llustrate the physical and economic variables that must be
considered in specifying materials for cryogenic service, the transportation
of liguefied natural gas at minus 250 degrees Farenheit and at atmospheric
pressure by ocean=-going tankers will be reviewed. 1In the presentation that
follows 1t is to be understood that it will not be possible to cover all as-
pects in detail. Consequently sweeping generalizations, conclusions, and ex-
trapolations of the informatlion presented herein would not be prudent.

Suppose you are confronted with the problem of fitting a tanker in the
20,000~ton class with the speclal equipment needed to load, contain, and dis-
charge a cargo of 170,000 barrels of liqueflied natursl gas (equivalent to 500-
million standard cubic feet of gas). The naval architect has specified the
general arrangements for a conventlonal tanker with the exception of the tank
storage compartments and auxiliary plping, fittings, and instrumentation for
handling the liquefled natural gas. You also note that he has provided dual=-
fuel steam boilers for propulsion so that the boll-off vapors from the stor=-
age tanks during transit can be fed to the bollers if economical.

Selection of Material for Tanks

The first step in the design is to determine the shape of the storage
containers. At first it would asppear that these tanks should be cylindricsl
to minimize cost of fabrication. But, is the fabrication cost of the tank the
only economic factor to be considered in this instance? The cross-section of
the hull of the ship 1s essentially square, and the plan view 18 rectangular

as shown in Figure 1.

It is evident from Figure 2 that cylindrical tanks can utilize only 77/,
or less than 80 per cent of the cargo-carrying space. An analysis of the cost
of the ship, operating costs, and value of the cargo reveals that the entire
project is unattractive if even 10 per cent, much less 20 per cent, of the space
¥8° not utilized. Preliminary estimates indicate, however, that if the stor=-
age tanks are shaped to conform to the cargo space, prismatical or rectangular
parallelopipeds, the project might be salvaged depending on what the installed
costs of the tanks finally are.

The design of these tanks 1s unconventional for the chemical engineer be=-
cause in addition to the static hydrostatic pressure loads, provision must be

made for: |

(1) Stresses caused by cyclical dynamic loads due to rolling,

pitching, and heaving of the ship.
(2) Stresses caused by key forces restraining the tank's movements
relative to the ship.
(3) Stresses caused by thermal gradients, particularly the sharp
F?iiigal temperature profiles in a tank that is only partially
ed.

Other factors such as maximum permissible deflections and overall and locel
instability (buckling of tank walls) must be considered.

The next step 1s to establish the general size of the tanks in order to
make maximum use of the cargo space. Obviously, one large tank filling the
entire cargo space would be cheaper than several smaller ones. However, the
size of any one tank will be limited by two factors:

PLAN VEW
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CROSS SECTION

FIGURE I SHAPE OF TANK HULL

FISURE 2: LDSS OF CARGO CAPACITY BY CYLINDRICAL TAMKS
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(1) Regulatory bodies for ships have established 1limits for indi-
vidual compartments subjected to dynamlc loadings, free-surface -
1liquid effects, and safety under collision conditions,

(2) The maximum capaclity of equipment to 1ift a completely fabricated
tank (on the dock) approximately 75-100 feet into the shipt's hold.
(Alternatives would include assembly of tank 1n situ or installa-
tion during early stages of ship construction.

Once the overall dimensions of each tank are established, shown schemat-

ically in Figure 3, design details such as sizes of plates and stiffeners must
be determined. To do so requires a knowledge of the stresses which in turn

are dependent on the elastic modulus of the material of construction. There-
fore, the next step 1s to select the material.

It is common knowledge that materials having a body-centered cublc lat-
tice generally tend to become brittle at low temperatures, whereas face-center-
ed cubica or hexagonal close-packed do not. In this connectlion laboratory
tests such as the Charpy impact at various temperatures, which 1s qualitative-
ly represented in Figure L, are useful. It will be noted that around zero de-
greea, carbon steel shows a sharp drop 1ln impact energy denoting a transition
from ductile to brittle behavior. Nine per cent nickel steel shows a more
gradual transition whereas stalnless steel and aluminum alloy show no transi-
tion at all. The absolute wvalues of the impact energy have no known theoret-
ical significance although as a rule of thumb in design practice, values of
impact energy of at least 10 to 15 foot pounds are considered minimal. Alum-
inum alloys have a value of about 30 foot pounds or roughly 2 of the value for
stainless steel. Nine per cent nickel steel, although tapering off at low
temperatures, is considered sultable down to about -320°F (liquid nitrogen).
Care must be taken in drawing final conclusions from Figure I} for any materials
which undergo a transition. Conslderable variations can occur for the same
material from different heats; data in the literature on carbon steel for ex-
ample indicate transition temperatures that vary as much as between minus 200
‘and plus 200°F. Furthermore, the ductlile to brittle transition temperature
can be some 200 degrees lower for uniaxial loading as compared to triaxial load
ings the source of the data is therefore important to know.

From Figure L, three candidates for possible materials of construction

~ emerge. Since stainless steel costs about 60 per cent more than aluminum it
is tentatively eliminated (copper and copper=-based alloys are sultable for low
temperatures, but their costs rule them out for large=-scale tanks). Nine per-
cent nickel steel has an allowable design stress of approximately twice that of
aluminum alloy; however, since the tank walls are flat plates rather than cy-
lindrical, the advantage gained by nickel steel is only the square root of 2
or 1.4 (stresswise) over aluminum alloy. On the other hand nickel steel has a
density of about 2.8 times that of aluminum. Therefore, the cost of the nickel
steel will have to be somewhat less than the aluminum to be competitive for
this application.

Consideration must next be gilven to other properties which might influ-
ence the finsl design and material selection. Figure 5 show thet the tensile
or yleld strength of all materlals of construction increases with decreasing
temperature., For metals this increase amounts to a factor of 1,5-2.5 between
ambient and liquid nitrogen temperstures, whereas for plesstics (Mylar, poly-
vinyl chloride, Teflon) it varles between 1.5-7.0.

SHIP BULKHEADS

FIGURE 3. PLACEMENT OF PRISMATICAL TANKS IN SHIP'S HOLDS.
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The blongation, like the impact value, glves a convenlent, gqualitative
indication of the degree of ductility. There does not appear to be any way

of incorporating numerical values of ductility into design equations any more
than impact values. However, the greater the ductlility the less tendency there
1s for bulld-up of stress concentrations. Theoretically, a ductility of only
2=3 per cent 1s more then adequate to relieve localized stresses; nevertheless
experienced designers prefer not to work with materials having an elongation
less then 10 to 15 per cent in general construction.

The cargo tanks will be subjected to cyclical losdings due to motion of
the ship and vibrations. Fatigue life 1s thus another important variable..
The stress to cause fatigue in a million cycles increases from about 1 to 3
times as the temperature is decreased from ambient to minus 3009F. Specifi-
cally in the case of aluminum alloys this improvement is about 1l.L.

The next question that arises 1s whether any of the properties or combli=-
nations thereof will influence the design. The thermal stresses that can be
developed in a bar of material with the ends fully restrained during cooling
1s given by

=«E(AT)

= 8Stress

of = thermal coefficient of contraction
= modulus of elasticlty

(AT)= difference in temperature

If the yleld stress of the material is not to be exceeded then the ratlo
Svn/AE(AT) will determine whether the fully restrained specimen will yleld in-
aigatically. If the retio is less than one, then provision must be made in

the design to permit sufficient freedom of movement so that the yleld stress
will not be exceeded. If the ratio is greater thrn one, then the material will
not yield even if fully restrained. In the case of the tank, which 1s only
keyed to the ship's structure and not rigidly attached, this ratio criterlion 1s
not particularly important since the tank is essentially free to contract in
all directions. However, as will be clarified later, this ratio criterion is
significant in selecting the insulation for the tank.

Actually the ratios should be computed for the two-dimensional model
(plate) rather than the one-dimensional (bar) to include the Polsson ratio ef-
fect. On this basis the values reported above would be reduced roughly 10 per

cent for the metals.

It i1s interesting to compare values of this ratio for several common mat-
erials:

Material SYpAE(AT)

Wood 2.2 = 9.2
Cast iron

9% Nickel steel

Foamglas

Concrete

Stainless steel (304 annealed)

Aluminum alloy (5000 series, annealed)
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FIGURE 4. IMPACT STRENGTH OF VARIOUS METALS, EFFECT OF TEMPERATURE
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The above values are computed on the basis of properties measured at ambient.
temperature and (AT) 1is taken as (60 + 320) or 380°F for service at liguid ni-
trogen temperatures. According to the table, the only metal that can with-
stand 1liquid nitrogen temperatures when fully restralned 1s 9% nickel steel and
cast iron. Cast iron of course is ruled-out for cryogenic service because of
1ts exceedinglg brittle nature. On the basis of this ratio criterion, wood is
the "strongest" material of construction known for cryogenic service.

The ratios glven above are conservative. Since & decreases with decreas-
ing temperature and E increases (mbout 10 to 15 per cent) with decreasing temp-
erature, these two variables tend to counterbalance each other., The yleld
point as noted in Filgure 5 will increase by a factor of 1.5 to 2.0. Therefore,
the ratios will be greater at lower temperatures than those reported above.

So far the properties examined snd the conclusions reached were based on
data in the unwelded condition., It 1s important before a final selection of
material is made, that information is obtained on the welded condition since
the properties in the heat affected zone will be limiting. If the materiel to
be used is initially in the annealed condition, then the properties of the welc
ments will not differ significantly from the properties of the parent metal pr«¢
viding quality control and specificetions for the welds are rigidly observed.

Stress Analisia of Tanks

In any project for which the economics are fairly tight, there 1is no room
for sloppy or ultra-conservative design. Since the shipts tanks constitue not
only the critical part of the entire design, but also a major cost item, they
will have to be optimized to the highest, possible degree. Two problems must
be faced. First the tank configuration and details must be established to car:
ry the dynamic, mechanical loadings. This particular design must then be
checked for thermal stresses. If these are not satisfactory, the mechanical
design must be modified and the entire process of analysis repeated.

Preliminary calculations reveal that:

(1) The tanks must be braced st the corners with diagonal struts.
Depending on the reinforcement achieved, additional tle rods
extending across the tank may have to be used.

(2) 1In order to avold excesslve plate thickness, the tank walls
will have to be stiffened. These members will have to be attached
in successive horizontal planes which are spaced at variable
distances apart, decreasing in spacing with depth in the tank.
(The other alternative would be to use a constant spacing between
the stiffeners and to vary the plate thicimess with depth).
gtiffeners running in the vertical directlon aggravate the thermal
stress problem and therefore are not considered further.

with these limitations, surprisingly few elternative designs eare permissible.
0f the several possible, the one shown in Figure 7 appears most promising.

The most severe loading condition will occur at the point of maximum roll of
the ship. 1t can be seen from the loeding disgram in Figure 8 that the ship
is “tipped" to the right. Thils loading condition will be reversed every ten
seconds. The design point will then be the condition of maximum roll and
should be such that stresses in the tank members sre at or near the allowable
design value. To achleve this {dealized result, & digital computer analysls 1i:
mandatory.

3
The next step is to incorporate certain assunmptions which will make the

stress analysis more tractable but at the same time will yield realistic re-
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sults. By assuming that the load-carrying capacity of the tank walls is repre-
sented by a system of statically equivalent beams, the tank may be interpreted
as a8 three-dimensional truss consisting of a finite number of riglidly connected
bars. This approach would yleld a rather precise solution via a "trensfer-
matrix" procedure, but the cost of computer time would be unreasonable. The
problem, can however, be simplified wilthout serious loss in precision into a
two-dimensional one by assuming that the pressure loads are carried by a series
of mutually, independent, horizontal sllices of the tank. The simultaneous solu-
tion of the differential equations representing the pressure loads and the sub-
sequent matching of the bnundar? conditions 1s carried-out numerically on a
digital computer by means of a "stiffness-matrix" method of analysis.
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FIGURE 8. RESULTANT LOADING DIAGRAM (STATIC PLUS DYNAMC)
ON VERTICAL TANK WALLS.

The final step is to check this design for thermal stresses. From a know=-

ledge of the heat leak the vertical temperature gradients, and therefore the
thermal stresses, can be determined from a numerical solution of the differen-
tial equations involved with the aid of a digital computer. The most severe
thermal stresses occur when the tank i1s nearly empty at which time the hydro-
static stresses are a minimum. Therefore, it is only necessary to establish
that the thermal stresses do not exceed the allowable design stress.

| The thermal stresses will be dependent on the material of construction.
In this case, aluminum alloys show lower thermal stresses than stainless steel

or 9 per cent nickel, although in the latter cases excessive stresses can be
avoided by designing around them.

Before the final selection of the material, consideraztion must be given to
the feasibility of mainteining quality control on the welds:

(1) Stainless steel is the most desirable from the standpoint of
ease of welding and 100 per cent X-Rey is not mandatory al-
though it is desirsble.

(2) Aluminum alloy welding requires special precautions against
excessive humidity and dust. If porosity specifications are
to be assured, 100 per cent X-Rry is dictated. Fortunately,
these alloys can be welded repeatedly without any deleterious
effects.

(3) Until recently, 9 per cent nickel was not acceptable for ser-
vice unless the welds were stress-relieved, which eliminated
1ts use on large structures for zll practical purposes. How-
ever, recent changes in the codes (ASME Code Crse 1306) permit

9 per cent nickel, which is quenched st 1u?S°F and tempered at

1050° to 1125°, to be used in welded cryogenlic pressure vessels
without stress relieving the completely fabricated vessel.

Taking all factors into consideration, the use of aluminum alloys (5000

series) 1s preferred for prismatical, ship's tanks. Specifically, alloys 5083

or 5456 containing from 4.5 to 5.5 per cent magnesium and up to 0.8 per cent
mangenese are superior for this application.

Sufuguarda in Materiels Manufacture

\ Once the material is selected the design engineer must be on guard for
inexcusable, sloppy mill prsctice:

(1) The design engineer should specify precisely what test specimens
must be taken and how many. A chemical analysis of each run is
also required.
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(2) 1In annealed materiasl, it 1is not uncommon practice to "stretch"

- the plates that come=-out of the annealing furnace bowed (because
of inadequate support). This practice should not be acceptable
under any circumstance where annealed temper 1s specified.

(3) Rolled=-in metal resulting from fallure to keep the rolls clean can-
not be tolerated in an optimized structure.
(4) Ultrasonic inspection around the edges of the plate should be
- performed.
(5) More uniform properties can be achieved in extrusions if a larger
capacity press 1s used so that the extrusion can be carried out at
a lower temperature.
(6) Suppliers that are willing to guarantee properties above the min-
imum standards for the industry invariably expect compromise on
the preceding ltems.

The mere statement from a suppllier that the material will be manufactured ac-
cording to "tight" aircraft standards is in the author's experience not suf-
ficient to guarantee the quality that can be obtained by exercising a little
more care., Apparently aircraft standards are not as tight as they sound.

Final Inspection

. Finally, the design engineer should participate in all aspects of the
fabrication, including the qualification of the welders and ultimately the hy-
drostatic pressure tests. Even though the welds are 100-per cent X-rayed, the
final structure should be dye-checked. Because nelther the X-ray nor the dye-
check will indicate the presence of small crater cracks, a visual inspection
with a magnifying glass should be made of all welds end repairs made where in-
dicated before the tank i1s put into service.

Design for the Insulation System

The design of the insulation system will be described only briefly, par-
ticularly with respect to its effect on the design of the tanks. Figure 10
shows the general arrangement for the tank and insulation. It will be noted
that the insulation is attached to the inner hull of the ship. The following

requirements have to be met:

(1) The owner specified that the insulation system must be liquid-tight
4n the remote event that the inner-liquid containing tanks should spring a
leak. The owner has a considerable investment in the ship, and he 1s not will-
ing to endanger the ship's structure by 1ts coming in contact with the cold
liquid. In other words the insulation should serve as a secondery barrier, and
therefore must be inert to the liquid.

LONGITUDINAL SECTION

FIGURE 10.CROSS-SECTIONS OF A VESSEL
SHOWING PRISMATICAL TANKS.
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(2) The bottom insulation should be of sufficient strength to tranlﬂf

the enormous stresses (due to the ship's motion) at the botto
tank into the ship's structure. B ) m key of the

(3) In the event of a fire on board ship, it is desirable that the
insulation be able to maintain structural Integrity when its outer face is
exposed to a temperature of 1200°F for at least four hours. Considering that
the inner face will be at -250°F, the requirements are very severe.

So long as all of the above requirements have to be met, most insulating
materials within economic reach are immediately eliminated. Foamglas offers
a possibility except that it tends to become frisble at low temperatures (not
desirable in the case of rscking in the ship), Furthermore, since the ratio
of its yleld stress to thermal stress is only 0.,5, provision will have to be
made for expansion joints between the panels of foamglas such that it is free
to move in all directions. These expansion joints, l1ike all other joints, are
potentlal sources of leaks. Various foamed-in-place or sprayed-on resins fail

to meet the three requirements specified above in addition to not having yield
stress to thermal stress ratios of greater than one.

As was stated before, wood is the "strongest" materiasl of construction
for cryogenic service. Furthermore, balsa wood is an excellent insulator, and
when faced with a thin skin of maple plywood, it is impervious to liquefied
natural gas. The bilggest disadvantage to the use of wood is that it possesses
strong directional properties. For materials like metals, having uniform prop-
erties Iin all directions, stress analyses are relatively simple. On the other
hand, in wood one must deal with 3 yield stresses, 3 moduli of elasticity, and
9 Polsson's ratios. Nevertheless the situation is far from hopeless, because
here agaln i1t is possible to design around the difficulty. If the insulation
panels are built-up cross laminations(bonded together with adhesive) wherein
the grain orientation of the wood is.varied, it is possible to achieve "bal-
anced" construction such that the properties of the finished panel are essen-
tially uniform in two directions. In the case of balsa, there is no alterna-
tilve since it comes in carefully hand-selected pleces of specified density
which average 2 to L-feet in length, 3/16 to li-inches in thickness, and 2
to L-inches in width. From these "toothpicks" panels up to 1lé6-feet long, L=
feet wide, and 8 to 12-inches thick are shop-fabricated. These panels are then
mounted on the inmner hull of the ship, and the individual panels are joined to-
gether by plywood scabs. :

1 The thickness of the insulation required is determined by economic fac-
ors:

(1) With increasing thickness the insulation costs increase while the
rate of boil-off in transit decreases. A certain amount of boil=-
off is required if the ges 1s used to gener=te steam in the boilers
which in turn propels the ship. Therefore, a "controlled-rate" of
boiled=-off 1s indicated, and it must be balanced against the cost
of other fuels. If the boil=-off is not to be burned, it must be re-
liquefied. A three-way economic optimization of insulation costs,
fuel costs, and reliquefier costs are required. Unfortunately the
problem 1s not so simple. _

(2) The optimum thickness as determined in item (1) must be further an-
alyzed. As the insulation thickness incre:sses, the cargo capacity of
the ship decreases with negligible savings in smaller tank costs. At
first it would appear that this decrease Iin cargo capacity is triv-
lal. However, one=inch of lnsulation decreases the cargo capacilty
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FIGURE 7. HORIZONTAL ANGLE STIFFENERS AND DIAGONAL STRUTS IN SHIPS TANKS.
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by more than 1000 barrels, and in terms of profit
barrels of lliquld carried, this figure euulg be va:;rﬁigﬂi?iz::ifd n

(3) To add further complexities, the thickness of the insulation will af-
fect the amount of heat lesk and therefore the thermal stresses in
the tanks. Flgure 1l shows qualitatively this relation. It is ap-
parent that the minimum thickness of the insulation will be deter=-
mined by the maximum allowable design stress. Beyond this point the
other factors mentioned above come into play. |

In summary the thickness of insulation will be influenced by insulation
costs, fuel and/or reliquefier costs, cargo capacity, and thermal stresses.

Cargo-Hendling Equipment

It will have to suffice to say that the cargo-handling equipment, piping,
valves, fittings, pumps, gaskets, bearings, Iinstruments, etc. present some very
exciting problems. For example, even though aluminum piping would be cheaper,
one is almost forced into using stainless steel simply because valves, expansion
joints, etc. are only avallable in the sizes required in stainless steel. Of
course, one could consider using aluminum piplng and stainless steel flttings,
but the junction between these two dissimilar metals which are constantly bathed
by a sea spray constitue an almost perfect galvanic cell and the result needs
no further eleboration. Of course there rnre ways to design .around this situa-
tion but again the factor of economics enters the picture. Aside from this
problem, picture a massive super-structure on deck constantly pounded by the
sea, Fven the piping supports cen tax the designer's Imaglination. The prob=-
lems associrted with cargo-handling should not be depreciated since the total
costs here exceed those of either the tanks or the insulation system.

Summary

No pretense is made thst the foregoing does snything more than to scratch
the surface of some of the major problems that confront the design engineer in
specifving materials of construction for transportation of liquefied natural
cas in ocean-going tankers. Solutions to these problems, other than those pre-
sented above, are being studied and development is in some cases at very ad-
vanced stages.

The most significant point to be made 1s that the present status of devel-
opment would not have been possible without extensive laboratory data and pllot-
scale tests. The cost of the development program alone is estimated In excess
of 15=-million dollars. Despite recent, promising advances in the theory of the
solid state, none of this information was of any value, even the plausible
theories of rates of crack propagation. 1In the present state of learning, and
in the foreseeable future, there does not seem to be any hope for avolding the
use of whet to some may seem as pretty "dirty" numbers to grind out some clean
answers which are reliable within a matter of the required few per cent. Re-
member: the economics are pretty tightl

THICKNESS OF INSULATION

FIGURE |1. EFFECT OF THICKNESS OF INSULATION
ON THERMAL STRESSES IN TANKS




