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INTRODUCTION

At approximately 2:40 p.m, on October 20, 1944, a disastrous fire
occurred at the Liquefaction, Storage, and Regasification (LS&R) Plant
of the’East Ohio Gas Co,, Cleveland, Ohio, as the result of failure of
an’ insulated cylindrical tank in which liquefied natural gas was stored
at less than 5 p,s.i. pressure and at a temperature of —-250°F, Eye
witnesses of the initial stages of the failure of the tank reported that
streams of liquid or fog issued from its side, and that almost immediately
the tank opened and discharged its entire contents of liquefied natural
gas over the plant area and adjoining property at a lower elevation. The
gas or vapor was ignited almost immediately after failure of the tank,
Liquefied gas entered storm sewers, mixed with air, was ignited, and ex—
ploded. The explosions damaged the sewer system and the paving of some
of the streets. The intense fire in the vicinity of the plant caused
great loss of life and property., Final tabulation of fatalities by the
coroner's office indicated that 128 had been killed, The Fast Ohio Gas
Cos paid 109 death claims, The difference between claims paid and fatali-
ties estimated by the coroner's office may have been due to difficulties
of identification of bodies or to the possibility that some of the fatali-
ties may have been transients or persons having no relatives, ZEstimates
of the number injured ranged from 200 to 400, ZProperty damage was esti-
mated by the company at $6,800,000,

Interest in the disaster was widespread, because this plant was the
only one in the world in which large quantities of liquefied natural gas
were stored at low temperature and pressure., The plant site has been in
the company's possession 50 years or more and is close to residential and
industrial areas, This partly accounts for the large loss of life and
property, although the greatest loss of life occurred within the plant area.

In accordance with the following provision of the organic act creating
the Bureau of Mines (37 Stat.,, 68l), the Bureau investigated the disaster
to obtain technical information that might help to prevent other similar
occurrences?

Sec. 3. That the director of said bureau shall prepare and
publish,; subject to the direction of the Secretary of the Interior,
under the appropriations made from time to time by Congress, reports
of inquiries and investigations, with appropriate recommendations of
the bureau, concerning the nature, causes, and prevention of acci-
dents, * * *,

This report summarizes the results of the investigation,
HISTORICAL BACKGROUND OF THE NATURAI-GAS LIQUEFACTION PROCESS

The Iiquefaction, Storage, and Regasification (LS&R) Plant of the
East Ohio Gas Co. at Cleveland, Ohio, was the firet commercial plant of
its kind in the world, In it, natural gas was liquefied and stored during
off-péak periods and was regasified during periods of peak demand, Thus,
a large quantity of gas could be stored against peak demands more economie
cally than by the usual gas holder,
851 -3 -
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Large quantities of natural gas had becn liquefied by the Burcam eof
Mines at its helium-production plant prior to the design and construction
of the LS&R plant., This development had demonstrated that commercial
liquefaction 6f ‘natural gas was.practical; however, in the Bureau's helium
plants, liquefied natural gas is not stored but is regasified after re—
moving ‘the heliun,

"Much of the credit for conceiving and develbping the gas liquefaction,
storage, and regasification system used by the East Chio Gas Co., is due
H, C. Cooper, former president of Fope Natural Gas Co,, now retired but
practicing as a consulting engineer, OCooper had considered the pogsibili-
ties and etonomics of the liquefaction, storage, and regasification of
natural gas as early as 1987 and had carried on preliminary negotiations
with Lee Twomey, holder of: basic patents on gas.liquefaction processes
and on storage and transportation systems for licuefied gases.

Under Cooper's general direction, development work on natural gas—
liquefaction processes was begun at the Cornwell, W. Va., station of the
Hope NMatural Gas Co, .ifter examining various gas—licuefaction processes,
it was decided to ?Se a cascade system covered, in part, by patents issued
to Iee Twomey(l) In the cascade system employed water is used to condense
ammonia, licuefied ammonia is used to condense ethylene, and liquefied
ethylene is expanded and condenses natural gas at a high pressure. In the
pilot plant, refrigeration was produced by ammonia (boiling point, -27°F,
at afmospheric pressure), then ethylene (boiling point, —1520F; at atmos—
pheric pressure), and finally by throttling liguefied natural gas from a
high to a low pressure,

The pilot plant at Cornwell was capable of liquefying 300 to 400
thousand cubic feet of natural gas-per day(2,5). The liquefied gas was
stored in a horizontal cylindrical tank 10 feet in diameter and 18 feet
long and having a capacity of 14,500 gallons of liquefied gas, which,
when evaporated, would yield 1,000,000 cubic feet of gas. The tank was
insulated by a 2~foot layer of formed cork, The storage tank was con—
structed of 2 percent nickel-alloy steel(8), and all pipe lines that were
to operate at temperaturcs below -50°F. were either copper or stainless
steel,

The pilot plant was completed in January 1940(2,11) and was put into
opcration shortly thercafter, Four days were required to cool:all of the
equipment operating at a low temperature and to obtain the first liquefied
gas, In three additional days the tank was approximately 90 percent full,
The plant was operated almost continuously for 4 months, During this
time, evapordtion studies were made and showed that the rate of evaporation
of licuefied gas from the tank was 28,000 cubic feet per day.

As a result of the tests, the following conclusions were reached(2,11)
as to the performance of the plant and the suitability of metals at low
temperature:

7/ Wumbers inﬁparéﬁtheses refer to references listed at the end of this
report,
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Figure I.—Plan view of No. 2 works, East Ohio Gas Co., Cleveland, Ohio.
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8. After going Helow -50°F., the pipe and tank steel
becomes so brittle it-is entirely upsafe, . The metals which
retain a safe Charpy. impact test value are, in order of
excellence, pure copper, bronze, lonel metal, red brass,
stainless steel, and ‘steel plate, w1th carbon content less
than 0,09 percent and nickel over 3~ percent,

FAFN

4, The best insulator we have found so far is cork,
although something better may be discovered later* * *,

5. The evaporating liquid has exadtly ‘the same analysis
as the raw gas used for feed. However, the evaporation from
the stored-liquid is entirely methane and eventually, if
allowed to stand for long periods, the liquid left will be~
come increasingly high in ethane-plus contents,

Shortly after the pilot.plant had been operated successfully, an
'opportun1ty was presented to install the process in a full-scale plant
when the Xast Ohio Gas Co. decided to construct ‘a- liquefactlon, storage,
and regasification plant to. take care of peak-demands in the winter, The
need for augmenting the supply of gas during peak-load periods was in-
dicated by the following ‘statement(Z):

The .city of Cleveland’is supplied with natural gas
principally through four 20-inch and 18<inch lines from the
Hastings station of thé Hope Hatural Gas Co,, 150 miles
distant, During January 1940 the cold wave which hit every
gas company in the East made it very difficult to keep the
supply ample, and by spring it was felt something would haye
to be done to augment the supply.

The East Ohio Gas Co. had made plans(z) for an extension of a 12-
inch high~pressure line to ‘the city 1limits thet wogld have cost about
$2 500,000, Powever as a result of the experlﬂental work at Cornwell,
and 'in view of the cost of a gas-liquéfaction plant estimated at $750,000,
it was dec1ded‘to build a liquefaction plant in lieu of the high-pressure
line., Erection of the liquefaction plant was started in September 1940
and completed January 1941,

GENERAL DESCRIPTION OF PLANT

The, LS&R plant of the East Ohio Gas ‘Co, was erebted on the west end
of the company s Mo. 2 works in East Cleveland, Cuyahoga County, Ohio,
(See-fig..1,) The principal units of the No, 2 works.were within an area
approX1mate1y 900: by 500 feet, and the LS&R plant occupied an area about
350 by 250 feet! Rou gnly, the No, 2 works was bounded on the north by
the New York Central and Lake Shore & Southern Railroad tracks, on the
east by EBast 63d Street, on the west by Egst 61lst Stﬁﬁet and .on the south
by a residential area. In addition to the LS&R plant;: the Yo. 2 works
included, at the time of the fire, certain shops and- bwildlqgs associated
with the company's natural-gas activities and some buildlpgs “add equipment
formerly used in manufactured-gas oporatlons. It was qtated that the
company had occupied this plant site for approximately 50 years,
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The decision to locate the LS&B nlant -at the No. 2 works was made
after considerifig the demands on the ‘distribution system during peak—
load periods, ‘Some of thé factons to be considéred are discussed by
Turner(13), According to W, 6. FHagan, executive vice president of the
East Ohio Gas Co,, ‘the greatest.benefit to the system was obtained by
feeding gas in at the north end of the distribution system and as this
condition could be realized by feceding gas from No, 2 works, then, from
the viewpoint. of 1mprov1nr the operation of the distribution system, that
site was the most logical one for the LS&R plant,

The principal units of the plant were a compressor building, cooling
tower, heat- exchargers, liquefied gas-storage tanks, and regasification
equipment, The general location of these units is shown in the area en-
closed by dotted lines in figure 1, and. the detailed plant layout is shown
in figure 2,

The main éompréssor building (fig, 1, building 65; see also fig, 2)
housed a GOO-horsepower raw-gas compressor, an 800-horsepower recycle
compressor Mo, 1, a 150-horseoower recycle compressor No. 2, two 600-
horsepover ethylene compressors, and one 500-horsépower ammonia compregsor,
The first thrée were two-cycle, gas engine-driven compressors built by
the Cooper-Bessemer Corporation, Mt, Vernon, Ohio, and the last three units
were two-cycle, gas engine-driven compressors manufactured by Clark Brothers,
Inc., Olean, N, ¥, All were provided with adequate speed and pressure
controls(lO) The compressor building was adequately protected against
lightning,

Equipment for remov1ng carbon dioxide from the gas and for dehydrating
the gas was in the open, (See fig. 2.) The heat éxchangers in which the
gas was cooled were.insulated and enclosed by a large boxlike housing, which
also was in the open., (Seec fig., 2.)...Other equipment in the open included
the amronia condenser, ethylene condenser, and éthylene-storage tank, The
regasification equipment was housed in a small” sheet~metal bulldlng (flg.

1, building 67).

As initially constructed the plant contained three spherlcal storage
tanks for liguefied ges, Fach had an internal diameter of 57 feet and a
working capacity of about 50,000,000 cubic feet of natural gas from stored
liquid, Insulated copper tubing with Van Stone joints, bronze flanges,
and bolts(1l2) was used for all lincs containing cold liquids or gases at
temperatures below -500F, ..

After the plant hed been. in operation for'&ome time, it was decided
to provide- add1t10na1 storage capacity to..care:for peak demands while still
supplying the incrdased: base—load demand for,war: 1ndustr1es. Accordingly,
in the spring of 1943(9 12), construction beganon- & toro—segmental storage
tank having a capacity of 90 000,000 cubic feet of natural ‘gas .from stored
liquid, “This containér and the spherlcal containers -are ‘described in detail
elsewhere in this report
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The plant was designed to liquefy 4,000,000 cubic feet of natural
gas per day and to regasify 3,000,000 cubic feet of natural gas per
hour, (Both gas volumes are at ordinary temperatures and pressures,

The estimated cost of the original plant has been given as
$1,250,000(4), including foundation and buildings, $260,000; three
spherical storage tanks, $420,000; and $570,000 for piping, cooling
towers, gas scrubbers, and auxiliary equipment,

The plant was built by the Gas Machinery Co. of Cleveland, Ohio(12).
Construction was begun in September 1940 and was essentially complete
January 29, 1941, (Prior to the construction of the liquefied natural
gas plant at the Yo, 2 works, W. G. Hagan advised that a building permit
was obtained from the city of Cleveland,) ILiouid was first produced on
Febrvary 7, 1941(4), and by February 19, 1941, 16,000,000 cubic feet of
natural gas had been liquefied and accumulated in the storage containers,
It had been estimated that approximately 38 days would be required to
fill the three spherical containers with the liquefaction plant operating
full time, Various cuantities of liquid were regasified between February
19, 1941, and the latter part of March, 1941, At one time (March 17),
50,000,000 cubic feet of liquefied gas was in storage.

DESCRIPTION -OF PROCESS

A simplified flow diagram showing the general features of the
liquefaction and regasification process used at thée LS&R-plant of the
East Ohio Gas Co, is given in figure 3, In briéf, compressed natural
gas was liquefied by refrigerated ethylene; thée liquid was-then cooled
by cold netural gas flashed, off when the lighefied hatural gas was fur-
ther cooled by expanding from a high pressure to a pressure slightly
greater than atmospheric, Refrigerated ethylehe was obtained by cooling
with liquid ammonia, which was produced by coovling compressed ammonia
gas with water, The details of the process, taken from published reports
(2,3,4,5,6,10,11,12,13) and from observations =t the plant, are given
below,

The natural gas liquefied in the LS&R plant of the East Ohio Gas
Co., came from West Virginia and was supplied by the Hope Natural Gas Co.
Typical analyses of the gas for 1929, 1936, 1942, and 1944 are given 'in
Exhibit "A", which is a copy of a letter to J. F., Robinson, president,
East -Ohio Gas Co., from R, W, Miller, research director, Hope Natural
Gas Co,

851 -7 -
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EOFE

Pittsburgh, Pennsylvania

Exhibit A

Mr, J. French Robinson, President,
The East Ohio Gas Company,
1405 East Sixth Street,
Cleveland, Ohio,.

Dear Mr, Robinson:

NATURAL GAS COMPANY

October 30, 1944,

Below, you will find average “Podbielniak analysis of West
Virginia natural gas’ sold to your Company at the Ohio River for .transe
mission to:.Cleveland,

Constituent

Methaneieevevereeeocens
Ethane..e.iveeeeeeevenns
Propanesis.civeiiienene
Isobutanessseeeececenes
Formal Butane......veee
Pentane.¢v..... sesevsse
Carbon Dioxid€.ececevces
[05.07-0) « DO
Nitrogeneeeeecoccoeenae

TOtal. DRI

®eo s e o0

1929 1936 1942 1944
83.45 84,00 85,04 85,59
11,07 10,15 9.28 8,43

323 3,65 3.37 3,63

A2 40 <49 »59
.70 .60 687 77
.13 «20 .23 .2l
.10 .10 .10 10
.10 »00 .10 .00
.80 .90 .72 .68
100,00 100,00 100,00 100,00

If you need additional information, we shall expect to hear

from y~u.

851

Yours very truly,

R W Miller
Research Director
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The natural gas. to be 11quefied (raw gas) was taken from the East
Ohio Gas Co.'s medium-pressure system at 30 p.s.1. gage, and was com-
pressed .to 600 p.s.i..gage by a. 600—horsepower gas engine~driven, 2-
stage compressor.. (ram~gas compressor Xnown as engine No, 1).. The com-
pressed gas was then purified by removing (a) lubricating oil with
activated alumlna.)(b) carbon dioxide by scrubbing with a solutlon
containing 10 percent monoethanolamlne, 10 percent diethylene glycol
and 80 percent, water, and (c) ‘the last traces of water in a drying unit
containing activated alumina, '

The purifiéd gas at high pressure (approximstely 600 p.s.i, gage)
then passed through the tubes of a heat exchanger, into which ethylene
at 5 p.s.i. gage and -145°F, was fed on the outside of the tubes, The
natural gas was, cooled to ~132°T (at 600 p.s.i. gage), under which
conditions nearly:. all of. it was 11quef1ed. The nixture of liquid and
vapor passed into a surge tank, where the” vapor was removed from the
system, It was stated that thé gas thus removéd contained approximately
75 percent methane and, 25 percent nitrogen and was used as boiler fuel

through two heat exchangers 1n which flash-gas was the coolant

The cooled,. liouefled natural gas at high pressure paSSed through
the first expansion. valve into ‘the pr1mary~liqu1d tank maintdined at a
pressure -of 35 p,s.i. gage. In this expan51on, approximately half of’
the llquefled gas was flashed back to the gagseous state, Thls cold gas
was used as the coolant in heat cxchangers and was reprocesSed after being
compressed to 600 p,s.i, gage by an.800-horsepower gas engine-driven com-
pressor (No, 1 recycle. compressor also known as.engine No.(B)

The liquefied gas from the primary,liquid tank passed through a
second expansion.valve directly into a header connected to the storage
tanks, At this _point, the temperature was reducea to —25001., and the
pressure was approx1nate1y 8 p.s.i. gage, 4About 15 percent of the 1ique-
fied gas flashed into gas. This.flash gas, which was v1rtua11y pure
nethane, along with the gas evaporated from stored 110u1d passed through
flash~gas heat exchangers and was compressed to 35 p.s i, gage by a 150—
horsepbwer gas- engine-driven compressor (No. 2 recycle compressor, also
known as engine No, 3), The gas from the compressor entered the suction
of .recycle compressor. ﬂo i.and,. after compresslon to 600 p,s i, gage, was
reprocessed,

The ethylene refrigerant was in a closed system and Wwas compressed
from about 3 p,s,i., and 30°F, to 335 p.s.1. gage and 60°F by two 600~
horsepower, gas éngine-driven compressors (englnes Yo, 4 and 5) The
compressed ethylene gas was then condensed by ammonia ipn the ethylene
condenser, The temperature of the 11qu1d ethvlene was reduced to -48°I
by passing through two flash-gas heat .exchangers.. The liquid ethylene '
wag then expanded to! 5 p.s.i, gage, resulting in’ a temperature of ~145°F
Ethylene at thig condition entered tne natural gas~ethyleno exchanger, in
which the high-pressure natural. gas was liquefied

851 - 9 -
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‘When the ligquefaction:plant was shut: down, the ethylene was stored
under pressure -in two all-welded: vertical cylindrical tanks

The ammonia refrlgerant was also in.a closed system and. was com—
pressed from about 3% p.s.i. gage and BOOF, to 114 p.s.i. gage and
700F, by & 500-horsepower gasrenginaedrimen_comprgssbr (engine No, 6).
Ammonia gas was liquefied in a water-cooled condenser, The ligquid
ammonia was then cooled to 19°F, in passing through two flash-~gas heat
exchangers, ILiquid ammonia was expanded thropgh a valve to 4 p,.s.i,
and a temperature of =200F, Ammonia at this condition entered the
ethylene condenser, where ethylene at 325 p,s;i, gage was liquefied, as
mentioned -above,

The Tivguefied natural zas was stored in four insulated, specially
constructed storage tanks, three of which were ‘spherical and one cyline
drical (toro-segmental), These tanks are described in considerable
detail in a subsequent section of this report,

The cold liquid at a temperature of -250°F, in the tanks was contin-
ually receiving ‘some heat. from the atmosphere around the outside shell of
the tank. Accordingly, some liouid was always being vaporized, Tests on
one:of tHe. spherical containers, after being filled for three weeks,
showed evaporation of 105 to 115 -thousand cubic feet of gas per day, When
the liquefaction plant was not operating, this gas from stored evaporating
liguid :(vent gas) was warmed by a vent gas hcater and discharged through
& ‘back-pressure regulator-into the low-prossure distribution system.

The equipment for regasifying the storod liquid has been described
in considerable detail by Clark and Miller(2) and Turncr(13), Stored
liouid at:storageo pressure flowed te a manifold to which was connected
three pumping units., These pumps raised the pressurc .of the liquid to
about 30 p.s.i, gage and discharged into the tubes of one or more of
threc 2-stage heat exchangers., High-pregsure steam at 150 p.s.i. gage
was supplied outsidc the tubes of the exchangers. The gas vaporized from
the liquid-discharged inte -a 20-inch steel main that was a part of the
medium-pressure (3Q p.s.i, gage) .distribution systom,

Bach regasifier unit, consisting of pump and exchanger, could deliver
1,000,000 cubic feet of gas per hour, making the total output 3,000, 000
cubic feet per hour. At the maximum gaslflcatlon rate, the steam require-
ments were met by taking the full output of two boilers rated, respectively,
300 BHP and 600 BHP but delivering 2,200 BHP (245 percent of rating).

These boilers were oil-fired during pcak-load periods but were equipped
for either gas or oil firing, s

The operation of the LS&R plant was followed by the use of indicating
and recording pregsurec gages, .flowmeters, thermometers, and level indicators.
Typical charts during normel opcration could mot be obtained, as these
charts were destroyed by the fire, However, " the daily log shect and copies
of some of the gas-pressurc and flow records on the day of the fire were
obtained and arc presented and discusscd in a subsequent scection of the
revort,
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Figure 4.—General view of storage tanks, (A, B, C, and D) and overflow gas-
storage tank (G), LS & R plant, East Ohio Gas Co.
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All equipment at the LS&R plant was adequately protected by relief
valves and check valves,

DESCRIPTION OF STORAGE TANKS FOR LIQUEFIED NATURAL GAS

Liquefied natural gas was stored in four insulated tarks at the
LS&R plant of the East Ohio Gas Co, Three of these tanks (Nos. 1, 2,
and 3) were spherical and one (Mo, 4) was cylindrical (toro—segmental)
(See fig, 4.) These tanks worg, d931gned fébrlcated, and erected by
tne Pittsburgh-Des lMoines Stcol Co., Plttsburgh Pa, ..Their total work-
ing storage capacity was about 400, 000 cublc feet of llquefled natural
gas, which, when gas1fled would yield about 240, OOO 000 cubic feet of

;;;;;

cubic feot‘of liguefied gas) and the cylindrical tank had a working
capacity -of 90,000,000 cubic feet of natural gas (150 000 cubic feéet of
liquefied gas). The details of the desmgn and construction of éach typo
of tank are summarized below.

Spherical Tanks
General

The three spherical storage tanks for liquefied. gas were erccted at
the time the gas-liquefaction and regasification plant was built, The
genoral features of their design have been given in the technical press
(7,9). The more important features aro shown in figures 5, 6, and 7 and
are discussed below,

Each spherical storage tank consisted essentially of two concentric
spheres separated by 3 feet of cork-board insulation, The inner shell
had a diametor of 57 feot and was a specially welded structure made from
a low-carbon, 5% percont, nickel-alloy steol, The innor sphere was
supportoed by cork-board insulation, which in turn was supported by the
Tower part of the bottom half of the outer shell (sce figs. 5 and 6),

Tho entirc structurc. was supported by 12 columns, the flangesdf whiéh
werd attached to the outer shell by fillet ‘welds,..as shown in- flgure 5.,
The supportlng columns-and the outer shell were.of ordinary opcnrhearth
stecl welded with mild=steol, coated. oloctrodes. Granular cork wa's used
as insulation in ‘the upper part of the:space between the sphores. ‘In’
this reglon, no load was carried by the cork, and therofore the granular
matorlal was satisfactory.

Material Uscd in- Construction of Innor Tank

The importance of the physical characteristics of matorials 'subjocted
to low tomporatures had becn recognized and was studicd during dcvelop-
montal work on the liquefaction process, and it was concluded(2) that tho
order of exccllence of motals that retain a safe Charpy impact tost at
tomperatures bclow ~500F, is-purc: copper,.bronze, Monel metal, red brass,
stainless stoel, ‘and stecl plate:having a carbon content less than 0,09
percont and a nickel content groater than. 8% percent The foregoing work
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on the propeeties of metals at low temperatures was referred to by the
designer of the tank(9), who stated that considerable research and develop-
ment work had been done to determine the best material fo¥ use in sections
of the tank subjected to low temperatures, It was further stated(9) that

a nickel-alloy steel of the following composition was "satisfactory and
less costly than other materials considered,"

Percent
Carbon. cevessese ,0,08 to 0,12
Manganese,,p.. . w30 to 60
Sulfur,... . 045 maximam
Phosphorus...,.. J04 maxlmum
Sl¢1con..1,..... .10 to .20
Nlckelﬂ.,,.....; 3.25 to 3,75

Steel of this compos1t10n Was used for the inner srheres, It was
de-oxidized, and, after rdlllng, the plates weré normalized at 1,550°F,
After this treatment, the graln size ranged from 6 to 7 McQuaid, and the
Brinnell hardness from 149 to 152(9).

Development work on the weldlng of the spherical tanks was done by
the Pittsburgh-Des Moines Steel Co. (9) and indicated that electrodes con-
taining 25 percent chromium and 20 percent nickel would be satisfactory
with moderate preheating of the plates (2120F), Weld specimens in all
thicknesses and positions were tested(9) at ~260°F, and showed Charpy
impact valties -greater than 15 ft,~-1b, either in the weld metal or heat-
affected zones,.:

Connections for Gas and Liguid

The liquefied: gag entered and left the inner sphere through 2 5~
inch plug valve in the bottom of the sphere (qee fig. 7) “Thig valve
could be operated from the top of the outer splere by a cablé and linkage,

Gas from vaporized 11quid left the inner sphere through .an 18-inch
vent.pipe; which extended from the top to the Vottom of ‘the inner sphere
(sec figs, 5-and 7) ,The gas vent .pipe was designed to carry off the
maximum -quantity .of evaporated ligaid that might be obtained under any
anticipated normal condition.. The pipes for ligquid and gas were connected
at the-bottom of the outer sphere R copper expansion Jjoints, This was
the only connection betweén the inner sbhere and exterior piping. Pipes
for either gas or liguid were copper, and were contained in an insulated
boot outside the bottom of the tank (see figs, 5 and 7), The pipes leaving
the boot were insulated and were connected to the liquefaction and regasi~
fication plant as shown in figure 2, 4ll pipe lines at temperatures of
~-B00F, and lower were copper, with Van Stone joints, bronze flanges, and
bolts.

Each tank was provided with two 12-inch; weight-loaded, Foster safety
valyes connected.to a line extending from the: ‘gas vent pipe at the boot to
the top of ,the sphe;e. Operation of these valvées was 'checked once each

851 - 12 =~



NVert assembly .
2 /Tan holes

|
; é
A
kY
N
20 pos’s
Do
Ladder i
, g 20
[N N N
N
by R g }'ﬁoc&wao/
EN oo/ 30"
P
A
$ L 30 colurrrrs
N — .-
S . 12°x % R: L
. '3 e Y . g e
M . S .9 e S . _|
-2 - v N K, i K ‘g 5] s'0° dia. boot 4, .
H— £ e 122%R.
‘s (T D
3 ’ Fy k) . .
g =l s < _|* = Circalar girder
>
60 weoden -
. 30posts rzirz
pos?s 8%8 36" C¢c
2-o0

60 woodlerr post's

8x8 snside Fank
Mofes:
LS. fank designed for 5"vapor pressure
’ ) 1.S. tank 3#Z nickel steel
0 wooder /A Fnclosure st carbon steel
Jnside fd/[ﬂ

All wood fo be douglas fir

Holf plen of foundation

Figure 8.—Liquefied-gas-storage tank No. 4. (Partial reproduction of drawing 8063a,
Pittsburgh-Des Moines Steel Co., Pittsburgh, Pa.






R.I. 3867

shift, according to George Binder, . suner1ntendent of the plant, The
tank was also provided with two' 12-inch rupture dlsks de51gned to.‘
rupture at 5 p,s.i, when at a lew temperature, (Soe figs, 5 and 7.)
According to Binder, one head blew at 10 p,s.i. when one of the tanks
was tested with air at ordinary temperatures,

Ventilation of Space Between_Spheres

The space between. the spheres was vapor—tlght and the atmosphere
in this space was replenlshed contlnuouslv by c1rcu1at1ng dry, .low-
pressure natural gas therein, discharging it ‘into the ambient atmosphere
throygh relief.or breather valves at the top .of the tank; According
to G. ”. Hbrsley, general superintendent of the East Ohio Gas Co,,
approx1mately 15,000 cubic feet of natural :.gas.per day was used for replen-
ishing the atmosphere between. the shells of the three spherical and onhe
cylindrical tanks, According -to Ry w. Miller, it was orlglnally planned
to use nitrqgen for the purpese, but "the. cost was excessive.

Cylindrical (Toro~Segmental) Tank

General

The cylindrical or, more precisely, the tdro~segmental tank was
finished in the spring of 1943 and put into service in the fall of
1943(1), approximately 2% years after the three spherical tanks had
been put, into service, The general features of the tank are shown in
figure 8, Accordlng to the designer (J, O, Jackson, chief engineer,.
Pittsburgthes Moines Steel Co,) the cylindrical tank has many structural
advantages when the storage capacity for liquefied gas is equivalent to’
100,000,000 cubic feet or more of gas at ordinary pressures and temperaturecs.
Jackson stated that the unit bending stresses set up in the sphere along
its greatest horizontal diameter become excessive as the size of the sphere
increases beyond a liquid capaci ty yielding 100,000, OOO ‘cubic feet of gas,
The reasoh for this may be traced to the method of supportlng the sphere
at ‘the bottom, Jackson also pointed out that emptying and filling the
spherical tank would cause repeated flexure in the region of maximim bend-
ing stress and might result in a fatigue failure in larger tanks, In
further discussing spherical and cylindrical tanks, Jackson indicated that
the difference in cost between the two type of tank was not the factor
that influenced his recommendation of the cylindrical tank to the Fast
Ohio Gas Co, He stated that the stress analysis for the cylindrical tahk
could be made with gréater certainty,

Construction of Tank

The cylindrical storage tank cons1sted of an inner cyllndrlcal container
(inner tank shell) approximately 42 feet.’ high and having a diameter of
70" feets and an outer Cyllndrlcal sheIl (insulatlon gacket) 51. feet'high
and having a dlameter of 76 feet (fig, 8) .The top and bobtom of the inner
tank shell had essentlally the shape of a dished circular head within a
di shed annulus (f1g. 8). The diameter of the so~ca11ed dished circular head
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was approximately 34 feet, and the width of the so-called dished annulus
was 18 feet, The outer edge of the bottom dished head and the inner

edge of the bottém annulus weré welded to & circular girder bent to a
17-foot radius (fig. 8). This eircular girder formed the base for thirty
12-by l2-inch columns. These intérior columns supported the top of the
inner tank shell and carried the weight of the insulation above this top
and also the weight of the roof of the insulation jacket., The columns
extended from the bottom to the top of the inner tank and were welded at
the top to a circular girder corresponding to the cireular girder in the
bottom of the inner tank, The dishéd annulus and the dished head forming
the top were welded to this circular girder, as described above for the
bottom of the inner tank shell,

The walls of the inner tank “shell were approximately 3 feet from the
insulation Jacket and the 1ntervening space. was filled with rock-wool
insulation, The inner tank shell was supported on two circular footings.
One of these was approximately 70 féet in diameter, and the other wag
approximately 34 feet in diameter (fig. 9). The weight of the inner tank
shell and its contents was transmitted to the footings through wooden
columns, There were 30 of these wooden columns or posts, 12 by 12 inches
(fig. 8), which transmitted the load from the inner circular girder, and
60 posts 8 by 8 inches (fig., 8), which transmitted the load from a belt.
ring at the outside edge of the bottom of the inner tank shell to the
reinforced-concrete footings,

The wooden posts used were mede from selected Douglas fir and were
mllled square. on_each end This type of Wood was selected by the Pittsburgh-
Des Moines Steel Co, after extensive tests of woods exposed to llquid
mnitrogen for periods of two weeks., The steel end plates of the wooden
posts were deslgned to provide sufficient radial. rocker action to Derm1t
the center of the top of the posts to be erected on . a radius 3/4 inch
greater than that of the center oi.the base of ‘the posts. This provision
was necessary to takeé care of the ‘contraction of the .inner tank shell when
cooled to -2600F, At that temperature all posts would be exactly vertical
4#f they had been crected as describied ‘above, The outer posts (fig, 8)
were braced diagonally with 2<by 4-=inth bracing to provide circumferential
stability,

Material Used in Tank

Jackson stated that the steel used in the e¢ylindrical tank and the
spherical tanks had the same chemical’ comp031tion, and that a joint effi-
ciency of 80 percent was used in the design, The maximum fiber stress
in the inner tank shell was stated to be 12,496 p.s.i,, which gives a
safety factor of about 5 based upon the strength at normal temperatures,

In discussing the metal uged 1n constructing the ‘tank; Jackson stated
that the nickel-alloy steel used was to -all intents and purposes brittle
at <2600F, , desplte a satlsfactory ‘Charpy impact value. ‘He indicated that
when a - sheot of nickel—alloy steel was at a low. temperature, a sledge
might be driven through it., In his opidion, this should not obviabtw the
use of this material for construction purposes, and he cited as examples
the large number of brittle materials used in construction,
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Figure 10.—Reinforcing and form for foundation pad for toro-segmental tank.







Il.—Reinforcing for ring-shaped footings for toro-segmental tank.







Figure 12.—Completed foundation for toro-segmental tank, showing ring-shaped
footings with pilaster on outside of outer footing.
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Foundation

The details of the foundation as corstructed are given below:

The foundation for:the cyllndrlcai tank.was studied:intensivély
because of poor ground conditions at the site selected .-for the cylindrical
tank, ~This site.had’at one time been used as a dump for spent oxide from
dty purification boxes, The ground,. therefore, .probably conta;ned consid~
erable spent oxide mixed with wood shavings, Consequently, a 'bearing
pressure o only 1,400 pounds per square foot was used in designing the
foundation,

The. foundation for the cylindrical tank was designed by Ralph Harding
of Wilbur Watson Associates, Inc, After he had arrived at a preliminary
design, it:was discussed with the Pittsburgh~Des loines Steel Co. The
design used:is shown in figure 9 and resulted from these dlscus31ons. The
foundation consisted of a reinforced-concrete pad approx1mate1y 3 feet,

2 inches thick, Construction phases of the foundation are shown in figures
10, 11, and 12, The two ring-shaped footings mentioned above for support-
ing the wooden column posts of the cylindrical tank rested on this thick,
reinforced-concrete pad (fig, 12), Directly through the middle of the
area in which the tank was situated was an abandoned culvert, approximately
6 feet in diameter (figs., 1 and 9). W. G. Hagan. stated that this culvert
was f£illed with concrete,. as 1ndicpted in flgure 9, before the foundation
was built, Because of ‘the questionable nature of the ground upon which

the cylindrical tank was placed, Wilbur Jatson sssociates carefully measured
‘the elevation of the foundation after the tank had been hydrostatically
tested and also dyring the first-several months of its use when liquefied
gas was stored in it, according to Hagan, no significant settling had
taker .place., He reported also that after the fire,.'Ralph Harding, the

engi .éerof Wilber VWatson Associates, agaln.rcchecked the level of the
foundation, and, as nearly as he could tell, there still had been no change
in the elevation from that measured in October 1948, when  the tank was
first put into 'service,

Ag shown in figures 9 and-12, ventllatmng ducts were provided in the
inner and outer footings (ducts-in outer footlngs are not visible in the
photograph but are shown in fig, 9), These ducts were provided so that
air could circulate beneath.the tank and maintain the temperature of the
outer wall of the bottom insulation jacket at or near ambient temperature,

Connections for Gas and Iiguid

The arrangements for adding liquid to the cylindrical tank and for
venting gas from the tank werc essentially -the same as used for the spherical
tanks, One difference lay in the size of the gas vent pipe, whiéh was
'oﬁiy 10 incheés in diameter in the cylindrical tank, as compared to 18
inches in the spherical’ tanks. Another difference was that the liquid inlet
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and outlet connections and the gas vent pipe were placed near the side

of the tank instead of at the center, As with the spherical tanks, the
gas line and liquid line were in an insulated boot at the bottom of the
tank (fig, 8), and both of these-lines were rigidly connected to the

inner tank shell only at the bottom, An expansion joint was provided
Just outside this gonnection,, Another d1fference ,between the lines for
gas and liduid in Yo, 4 tank and those 'in ‘the snherical tanks was that

the lines to No, 4 tank that were to be at ~50 F or lower were of nickel-
alley steel, whereas all of the.lines to the spherical tanks operating at
-50° F, or lower were GOpper,

Ventilation of Space Between Inner and Cuter Tank

The arrangements for keeping the space between the two tanks dry
and filled with an atmosphere of natyral gas were the same as in the
spherical tank'. The space between the two shells was protected by a relief
valve set at inch of water., 4 large oil-sealed cover was provided, also,

Relief Valves and Rupture Disks

A 24-inch vent pipe extended from the center of the roof of the
inner tank shell up through the roof of the insulation jacket and then
branched in two directions, On each end ‘of thHe resulting tee were placed
two complete sets of relief valves. Xach set consisted waonea12—1nch
pressure relief valve and one 12-inch safety disk, One 6-inch vacuum
relief valve also was provided, The relief valves were arranged so that
both sets would normally be in scrvice and so that either set could be
blocked off for servicing or repair. 4 linkage was provided, so that
both sets could not be blocked at the same time,

The two-l2»inch vressure-relief.valves were sét 4t 5 p.s.i., and
the two 12-inch aluminur safety disks were set to rupture at 6 p.s.i,
The pressure required to rupture these aluminum ‘safety disks was determined
at the temperature of liquid nltrogen. The, calculated venting capacity
of one 1l2-inch safety Head at 6 p,s.i, prescure was slightly greater than
2,000,000 cubic feet per hour. The calculated venting capacity of one 12-
inch pressure-relief valve at 6 p,s.i, was 860,000 cubic feet per hour,
The calculated evaporating rate of the llquid w1thin ‘the tarnk, with an
outside mean temperature of 120°F,, was 6,680 cubic feet per hour, and the
calculated evaporating rate at .1,0000F. was only 22,316 cubic feet per hour,
The maximum calculated venting capa01ty of the two 1l2-inch valves and the
fwo 12-inch safety heads was 5,426,000 cubic feet of gas per hour, The
calculated values were taken from the design calculations of the Pittsburgh-
Des Moines Steel Co,

Liguid-Level Indicators

The cylindrical tank was provided with a float~operated liquid-level
indicator with a tell-tale on top of the tank ‘dnd a recorder situated some
distance from the tank. Each spherical tenk was provided with indicating
pressure gages connected to a line going to the bottom of the sphere and
arranged so that nitrogen could be fed intd the gage line to prevent liduid
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from entering(13), Each tank was provided with a tube bundle, consisting
of copper tubes of different lengths extending, in. the case, of the
cyllndrlcal tank, to the eighth points of tank capa01ty. The liquid
level was approxlmated by observing the character of the discharge from
adjacent tubes,

Hydrostatic Tests

After the cylindrical tank.was constructed, it was fllled with water
to approxlmately one—half its.maxitum pos31ble depth (the dens1ty of the
liquefied gas, 26 pounds per cubic foot, is about half that of” water)
and, in addition, air under a préssure of 5 p.s. i, gage filled the space
above the water, Jackson stated that they were afraid to fill the tank
with water because of the uncertain nature of the soil “under-the ‘foundation,
He indicated that test holes had been drilled in the area prior to the
constructiop of the foundation, and it was-determined that the s011 could
not support more than 1,400 pounds per square foot,

QOccurrence and Repair of Crack in Bottom of Tank

After the tank had been tested as described above, an effort was
made to cool it and fill it with liquefied gas, Accordlng to Jackson,
only three control thermocouples were installed — one. at the top near the
vent, one at the outside ring near the liquid inlet, and one at another’
location (pr001se location of the third thermocouple was not determined
by Bureau of lMines investigators), As soon as the cold liquid filled the
dished annulus (fig, 8), liquid spilled over the circular girder into
the dished bottom, and a crack developed in one of the plates in the north
quadrant of the bottom of the inner tank shell about 90° from the boot.
This crack was entirely in one blate and is shown on drawing 8021A of the
Pittsburgh-Des Moines Steel Co, A copy of this drawing is in the files

of the Bureau, along with a complete set of design data furnished by the
Pittsburgh-Des Moines Steel Co.

The crack occurred in Juhe 1943 and was repaired in July 1943, In
making the repair, a section of the plate was cut out by drilling and
chipping instead of'by burning. This was done. to prevent any change in
the physical properties of the steel in the vicinity of the section re—
moved, The section removed was shaped somewhat like an elm leaf, with,
the dimension from point to point about 26 inches and the dimension aéross
the leaf about 16 inches, A sheet of materiadl of the same comp031t10n as
that 1n1t1ally used in the inner tank was cut in the shop., One edge’ qf
it was welded in place, and the other edge was precision-welded by cooling
the insert with dry ice, Cooling was controlled by observing strain Zages
placed between the insert and the bottom plate of the tank, Shrinkage of
the insert necessary to compensate for the. expansion in the weld was com-
puted and controlled, so that when the repaired plate was at a uniform
temperature, it would contain no residual stresses,
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While the tank was being repaired, provisions were made for unifermly
cooling it when it was again put into service. This was accompl1shed by
installing four rings of 5/4-1nch copper ‘tubing having small holes approxi-
mately 1/16 inch in diameter punched in the copper tubes at l-foot intervals
spirally around the axis of the pive, Two of these rings were 70 feet
in diameter and two were 34 feet in diameter, One of the larger rings
was placed inside the inner tank shell .at the top and the other at the
nidsection, One of the smaller rings was placed inside the interior columns
at the top and the other at the midsection, The tubes were manifolded.
outgide the .jacket and connected to the liquid 1ine outqide the boot, All
copper tublng outside the tank was insulated,

Placing Tank in Service.

after repairs and cooling coils were 1n=ta11ed the cylindrical tank
was again tested hydrostatically, as described prev1ous1y, and then was
cooled under the supervision of the Pittsburgh*Dcs Moines Steel Co, Cooling
was controlled by observing the temperature at 28 points on the shell of
the inner tank, Thermocouples were attached at each of these points through
a micarta tube and were fastened to the shell: by freezing & drop of water
placed on the end of the thermocouple. The rate of cooling was controlled
by controlllng the, boiling point of the 1iqu1ds supplied to the cooling
coils, Thls b0111ng point was controlied by controlling the compoeition
of the 1icuid in the ligquefaction plant, additional control was obtained
by blank1n5 Off, apnropriate cooling coils,

. ol
Provi§ion for Controlling Leakﬂve from manks}

Some time.after -the.leak developed in Mo, 4 cylindrical tank when it
was fifst cooled, the Fast:Ohio Gas Co, erected concrete dams -and cement
skirts around the spherical tanks ‘and a dam around. the ¢ylindrical tank
with a covering anmulus (apron wall) that extended from the top of the
dam to within a few inches of the outside of the 1nsulation jacket, The
details of these are given in figures 13 and 14,

According to representatives:of the Fast Ohio Gas.Co., these dams
were 1nsta11ed to confine liouid from 2 small leak that might develop in
one of the storage tanks, The dams on the three spherical tanks were
approx1mately 58 feet ingide diameter and had a wall thlckness ‘of about
1 foot and .a helght of 57 inches, x#bove these dams a skirt extended to
within 13 feet ‘of the girder around the middle of the outer sphere, These
cement,sklrts_were approximately 2% 1nches thick, with a center of metal
lathing,

The outer edge of the dam around the cyllndrlcal tank was about 8%
feet from the wall et the edge of the tank, The wall of the dam was 8
inches thlck and the dam wag 7:feet high, An annular cover extended
from the top of this dam %o a point 6 inches from the insulation jacket
where it was 4 feet, 4 inches above .ground level, (Fig. 13. y
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Figure 16.—Photostat of daily operating log for Oct. 20, I19uy.






Figure |7.—Photostat of charts showing raw-gas flow (top chart) and raw-gas
pressure at outlet of compressor (bottom chart) on Oct. 20, I94y.






Figure 18.—Photostat of charts showing discharge pressure of recycle gas
compressor 2 (top chart) and suction pressure of ethylene
compressor (bottom chart) for October 20, I19uy.
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Figure 19.—Photostat of chart showing suction pressure of ammonia compressor
on October 20, (944,






Figure 20.—Photostat of remains of chart on the suction of recycle gas
compressor 2 on October 20, (944.






Figure 2|.—Photostat of chart showing liquid level in tank 4 on October 20, 1944.
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In addition to the dams and skirts around the tanks, the company
took a gas-storage holder out of service and grouted the crown .section
into the old holder pit. (Fig, 4.) At the top.of the crown, a stack
approximately. 40 feet high was erected, This tank was designated as an
overflow storage tank and was approximately 150 feet in diameter and
35 feet decp. The bottom was dome-shape, with the top of the dome about
15 feet below the top of the pit. The details of this installation are
shown in figure 15,

The overflow storage tank was connected to the dams under the
liquefied gas-storage tanks by rectangular ducts, The dams from No, 1
and No, 2 tanks werge connected and a duct approx1mate1y 2 by 4 feet
was provided to empty any liquefied gas leakage from these tanks into
the overflow storage tank., (Fig. 14.,) Each of the other two tanks was
connected directly to the overflow storage tank by a 2 by 4 foot duct,
(Fig., 13 and 14.)

According to representatives of the gas company, this system for
controlling leaking liquid was intended to take care of small leaks of
liquefied gas such as might develop-if a line broke,

‘Jheh Jackson learned of the company's plan, he expressed the opinion
that the constriéiction of protecting wings around the various tanks would
confine the air in the space beneath the tanks and would interfere with
ventilation of the space beneath the tanks., In his opinion, ventilation
of the underside of the tanks was advisable, because the tanks had been
designed on the assumption that the outer walls of the insulation jacket
would be maintained at ambient temperature. The skirts of the spherical
tank and the annular cover or apron wall of the cylindrical tank interfered
with natural ventilation and therefore with' the transfer of heat from the
atmosphere to the tank,

CONDITIONS AT TIME OF FIRE

According to information furnighed by C. P, Binder, plant superin-
tendent, and testimony at publiec hearings, all liquid-storage tanks
were full at the time of the fire, The practice was to fill all tanks
nearly, to capecity, then to comnlpte the filling later, Theg final filling
was referred to as "topplna off", Tanks 2, 3, and 4 had been filled prior
to October 20, and the topping off of No, 4 tank had been completed at
6:30 p.m, on October 19, On the day of the fire, No, 1 tank was being
"topped off", and No, 4 tank was off the line, It was stated that the
topping off of No. 1 had been completed, and the liquefaction plant was
being shut down at the time of the fire.

Certain details on the operation of the liquefaction plant just
prior to the disaster and when the fire started may be obtained from un-
destroyed charts on recording gages in the compressor house and at other
locations and from the portion of the daily log not damaged by fire.
Photostats of these records are shown in figures 16, 17, 18, 19, 20, and 21,
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From. the operating log (fig, 16) and from published information(6),
design conditions and actual operating conditions of the raw-gas com-
presser, recycle compressor o, 1, and fecyclequmpressor No, 2 can be
compared, Such a comparison is shown in table 15

The daily operating log also furnished data on the pressures on
each of the four storage tanks on the day of the fire., These data are
summarized in table 2.

TABLE 1, - Comparison of design conditions of compressors with
actual o‘eratfn‘xuat_ for October.20, 1944
g ' ' Average operating
' condition, from
‘ operating log for
4 Design condition period 12m-10a.m;
Cooper-3Bessemer 600~-hp, raw-gas compressord/
| Capacity 4 million.cu, ft,/day
1st stage! Suction R ‘

pressure| 45 p.s i, abs.

0.8 p.s.i. gage. i

30-32 p.s.1. gage.

Do, |Discharge! 168 153,8 128-120
2d stage | Suction 1165 150,8 e
Do. Discharge}615 600.8 | 585
Speed B.p.m, 326 -3056-315
|
Cooper—-Bessemer 800—hn.‘recycle compresaor No. ll/
1lst stage| Suction = 54 p,s,.i. abs. 39,8 p.s.i. gages 35 p.s,i, gage.
Do, D1scharge1188 168.8 il64~165
24 stage [Suction {180 165,8 v
Do. Discharge!GlS .600,8 -B75-585
Speed ‘R,p.m, Ezoo ' : 260-270
Cooper-Bessemer. 150-hp, flash gas and vént
gas compressor (recycle compressor No, 2)1/
1lst stage| Suction 16 p.s.i., abs, 1.8 p.s.i. gage.i 1.5 p,s,i. gage,
; ' - | 8 A.m,
Discharge! 54 239.8 }
R,p.m, 300° j 185~195

1/ Provided with automatic speed control.
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TABLE 2. - rgggu;eg%/on storage taggs from operating
Aog:for October 20, 1944

; Time of. dgz : -

__Tank» 12 m, 4am | 8awm,
1 ( Spheri cale)‘:o M“'m‘-'-k\ esee 2‘5 205 . 205
2 (spherical) viu.ivseves. | 244 2.4 245
3 (Spherical)... ooo‘boofvc 2.4 2.4 2-4

4 (cylindrical),.- | 2.6 2.6 2.6-

1/ A}l pressures are p.s.i. gage.

The charts and tables 1 and 2 indicate that the plant was operating
normally until approximately 2:15 to 2:20 p.m., when the operators started
to shut down the plant, J, Roy Feightner, assistant enginger at the; LS&R
plant, stated in a public hearing that the shut-doWn was proceeding normally
prior to the fire. According to him:and ‘also to Binder and Herold. (one of
the operators of the 12 to 8 shift oni Qctober- 20, 1944) the. fluctuatlng
suction pressure of the ammonia .compresssr’ (fig. 19) and the. ‘peak. neticeable
in the raw gas-discharge pressure from'the comnressor (fig 17) -are, Lypi~
cal of- the shut-down operation,

Further evidence that the plant was being shut down when the fire
oceurred was presented by E, Schroder, who is in charge of all records in
the. main office of the company, He presented flowmeter charts for October
20, 1944, showing the flow of fuel gas to the compressor engines and the
flow of gas belng liquefied, Both charts showed a-rsharp drop at 2125 P.m.,
indlcatlng ‘s shut-down. The fuel-gas chart indicated that the compressor
engines were idling at the time of the fire,

- From testimony at public hearings and from discussions with employees
of the LS&R plant, .information was obtained on the general procedure for
shutting down the plant, The first step was to start pumping the ammonia
into gterége, This was done by shutting off the discharge valve from the
ammqnla receiver, The entire system would then begin to warm, $hortly
after staxtlng to pump ammonia into storage, the valve between %he,storage
tank for ethylene and the suction of the'ethylene compressors. was closed
and -ethylene gas bled from the discharge of the compressors into.t .
storage tanks, As the system warmed, it became necessary 9. unload he
raw-gas compressor to keep the pressure‘in the hlgh—pressure natu;a%wgas
line to the liquefaction plant at 600 p,s, i, gage or 1ess.. Eventually,
the raw-gas compressox, was shut down., 4t 'some .convenient time during the
shut-down operation, the vént gas from the storage tanks was dlverted into
the low-pressure distribution system, and the No., 2 recycle comdressor’
shut down, UVhen the ammonia was pumped to storage, the ammonia compressors
were shut down; and, similarly, when all ethylene had been pumped into
storage, the ethylene compressors were shit down, When ‘the system had
warmed to the desired. temperature, No, 1 recyclec compressor- was shut off,
and the shut Qown' Wwas then ‘completed.

According to”Felghtner, preparation for shut-down Etarted at about 2
p.m,, and shortly thereafter pumping of ammonia into storage commenced. The
shut~down operation was procceding mormally, and at the time of the disaster
Feightner was discussing it with Conrad Daiber, chief engineer, and Dale
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Keller, oiler at the LS&R plant, while standing near the north-center door
of the compressor building., (Fig. 1.) This time was fixed at about 2:40
p.m., the time at which the electric clock on the control board in the com—
pressor house stopped, This time was also corroborated by eyewitnesses and
by the charis’ from recording pressure gages-(i&gs;-4,5, and 6), which indi-
cated an abnormal condition occurring at 2:40 to 2:46 p.m, The time at
which the liquid level dropped suddenly in No.- 4 tank was 2:25 p.m,, accord-
ing to the recording gage (fig. 21). It is. believed that this. gage was
either slow, or the chart was not timed properly when it was put on, Such
a conclusion seems justified, because it is inconceivable that the outer
shell could have W1thstood the effect of the cold liquld and retained it
for 15 minutes.

Feightner stated that at the time of the disaster approximately 95
percent of the amménia” in the system had been pumped into storage, and that
approximately 50 percent of the ethylene had been pumped into storage.

This latter operation had been started 15 or 20 minutes before the disaster.
According to Feightner, ¥o, 2 recycle compressor (Mo, 3 engine) had been
shut down 10 to 15 minutes before the disaster, He was not sure whether the
valve admitting vent gas to the low-pressure distribution system had been
opened, However, he stated that the time at which this valve was opened was
not critical, as the pressure in the storage tanks built up only very slowly,
‘even when no vent gas left the tanks.

According to Feightner, No, 1 recycle gas compressor (Uo 2 engine),
one ethylene compressor (Wo, 5 engine), and the ammonia compressor (Yo, 6
engine) were operating at the time of the fire. He was not certain that
the raw-gas compressor (No, 1 engine) was shut down, but he did state that
1t wag ¢éither shut down or completely unloaded and idling. In either case,
pumping: of raw gas té the liocuefaction plant had ceascd.

Inspection of the ¢harts reproduced in figures 17, 18, and 19 shows
a rapid increase in the pressure in the suction line to Fo, 2 recycle com-
pressor (No, 3 ¢ngine) at 2:45-p.m,, the ethylene compressors (Nos, 4 and
5.engines), and the ammonia compressor (Mo. 6 engine). According to Feight-
ner, this rapid increase in pressure was caused by a sudden shut-down of
the compressors. .In all three instances, refrigerated liquids were being
vaporized in thrée separate systems, each connected to the respective suction
lines of these compressors. A4-.sudden shut-down of a compressor would there-
fore causé pressure in the suction line to increase . TFeightner stated
that, even during normal plant operatién, if a compressor shut down because
of some: difiieulty, the 'pressure in the suction line would increase and
relief valves would funetion,

At approximately 1:50 p.m., Feightner had looked beneath No, 4 tank
inside the outer footing but had observed nothing unusual, This casual
inspection was made incidental to obtaining a piece of flexible steam hose
from the heater used for heating the air circulated beneath No. 4 tank.
Furthefmore, according to company offié¢ials, nothing unusual had been
observed 'if ‘recent inspections of the tanks, Binder stated that it was
customary to inspect the storage tanks periodically for evidence of leaks
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and to determine the condition of the various safety relief valves.
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He

stated that the weight-loaded relief valves were inspected at least once
a shift and had been inspected on the morning of the disaster,
of the cylindrical tank had been inspected less than 3 days before the fire,
and nothing unusual had been noted,

The bottom

Feightner stated, also, that all of the liquid-level indicators on

the tanks were operating properly.

was 13 feet below the top just

information furnished dy J. O.
Co., the capacity line for the
top, and the capacity line for

overflow,,

prior to shutting down the plant,
in No. 4 tank was 1 foot below the top of the vent pipe.

The level in Mo, 1 spherical tank 1
The level
According to

Jackson, of the Pittsburgh-Des Moines Steel
spherical tank was about 18 feet below the

Yo, 4 tank was 1% feet below the top of the
The difference in elevation between the rated cazpacity lines in

the spheres and in :No, 4 tank was 0,07 foot, the capacity line in the spheres

being-at the higher elevation.

feet above the liquid level in No,

above the rated capacity line.,

At the time of the fire, the liquid level
in-Fo, 1 tank was about 5 feet above the rated capacity line and about 4?
The latter level was half a foot

4 tank,

‘The United States Weather Bureau in Cleveland furnished the following
information bout the weather on October 20, 1944 :
There wa$ no electrical display throughout the day, The following detailed
data were obtained:

Clear, with high clouds.

Time

Overcast,

| __Wind Dry bulb Dew
(8.8,T,) Velocity Direction ft, temp,, °F int, °F
1:30 p.m, 12 m;p.h, NNE 8,000 51 37
2:320 p.m. 10 m,p.h. NE 6,500 51 38
3:30 p.m, 14 m,p.h, NVE 6,000 51 39
The visibility was 3 to 4 miles as a result, primarily, of smoke. The

barometer was 29,98 inches of mercury reduced to sea level (29.13 inches of

mercury at the airport),

average elevation of the lake is 570 feet,

At approximately 2:40 p.m,

Ohio Gas Co. failed.

The elevation of the airport is 805 feet, and the

DESCRIPTION OF DISASTER

on October 20, 1944, Yo,

4 cylindrical
(toro-segmental) liquefied gas-storage tank at the LS&R plant of the East

The first stages of disintegration of the tank were

witnessed by at least four employees of the American Gas Association ILabora-

tory, which is about 600 feet south of No. 4 tank (fig. 22).

These indivi-

duals testified, at a public hearing on October 27, 1944, that they saw

vapor or liquid issuing from the tank prior to its complete collapse.

In

addition, Feightner stated that he and Daiber and Keller saw a cloud of
white vapor, 10 or 12 feet above the ground, ooming across the top of the
overflow gas-storage tank from the direction of No.

851
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Several of the employees of the American Gas Association stated that
streams of liquid or vapor issued from Mo, 4 tank at a point approximately
one~half or one~third of the distance from the ground to the top of the
tank, These streams seemed to come from onc or both.sides of the middle of
the south~southeast face of the tank. One observer at the AGA laboratory
stated that his attention was drawn to the LSER plant by a slight earth
tremor and by hearing a low rumble., He then looked in the direction of the
plant and saw white vapor-issuing from the Mo, 4 tank, and it seemed to
him that the tank was bursting, but he was not positive; nor was he certain
he saw flame. Three other’ employces of the American Gas Association did
not "state how ‘they happened to be looking in ‘the direction of the LS&R plant
at' the time of the ‘disaster, but all of these employees stated that they saw
clouds of" vapor first and fire shibsequently, One of the AGA employecs stated
that he saw 4 dull’ sed glow and-felt a_slight concussion a few instants after
he saw the first Iafgensmreams*of vapor-igsuing from the tank., o direct
eV1dence of* the-evbnts imfrediately following the initial failure of Yo. 4
tank 1s—ava11dble; ‘4s almost everyone close to the LS&R plant was killed,
hho<e“wh0~dréduan§ge ‘to escape were able to give only meager details as to
the-éarly “sfaifes sfithé disaster..

: The two survivors who had been closest to No, 4 tank when it failed
Were Feightner-and Dale.Xeller of the LSE&R plant. Feightner testified at
4He Public heartng, but Kelley was so badly injured that he was unable to
testify gty of the public hearipgs held up to December 8, 1944, TFeightner
was standing near the center door on the north side of the compressor build-
ing talking to Keller and Daiber, They heard a rumble like distant thunder
and-stepped out of the door and looked east toward Yo, 4 tank, from which
d1rect10n~¢he noise apparent1J had come, They had séen the vapor rolling
2CTess the overflow storage. tank and immediately §uspected a large leak of
llquld in: the v1c1n1ty.;:Felghtrer said that shortly thereafter they realized
the white vapor was afigme, He ran in a westerly direction and finally sub-
merged himself in the water of the gas-holder p1t of o, 9 holder (see fig. 1),
Dale Keller, the oiler, also escaped by submerging himself in the water of
the~helder pit, although he had left the building after Feightner and was
.geverely sburned, '

From statements of employees of the AGA laboratory, of employees of
the LS&R plant, from personal observations, nowspaper accounts, and state-
ments of officials of the Fast Ohio Gas Co., and of the engineer who designed
No, 4 tank, it seems certain that the disaster resulted from the failure of
No:; 4.storage tank from causes not apparent to eye-witnesses of the disaster,
When Yo, 4 tank ‘ayled 1,100,000 gallons of liquefied natural gas at a
temperature of.-250°F was released. The liquid started to evaporate immedi-
ately, g1v1né.off quantitles of natural gas along with- clouds of white vapor
consisting of:particles of unvaporlzed liguid and pos*ible particles of ice
that were. frozen from water vapor in the surrounding air. The liquid from
No. 4.-tank spread over a considerable area, but- apparently most of it must
have-gone to the east and southeast, and that portion going to the east
engu}lfed the laboratory,; office, and meter qhops. o, 4 tank was considerably
highpr_than the area in the vicinity of ‘the American Gas Association labora-
tories. Accordingly, the liquid from Wo. 4 tank ran down toward East 624
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Street (fig. 22), wherc some of it entered rthe storm gewers, The gas

from this liquid mixed with the air in stormqsewer syatem end fonmed en
explosive mixture, which aubsequentlv 1gnited The effects of the resultant
explosiong were apparent several blocks from the LS&R plant Clouds of
white vepor were. obgerved billowing up East 624 Strect shortly after the
tank failed. -Before all of the employees of the AGA laboratories (600 feet
from the tank).had left the building, the gas from the .evaporating liquid
1gnited,

There were innumerable sources of ignition within 200 feet of No. 4
tenk, These included open flames in the laboratory and meter repair shops
and ordinary electric wiring, lights, and switches. It is not necessary
or important to eeek the actual source of ignition.

The dwellings on East 62d Street across from the AGA laboratory (fig.
22) were ignited by the burning gas, or possibly the gas was ignited in one
of these buildings The north-northeast wind drifted the burning gas over
tlie buildings on East 61lst Strect, and they caught fire. Reports indicate
that gas loaked into the baaements of some. of the buildings on East Blet
and East 624 Streets and formed an explosive mixture, which ignited and
razed the walls of the buildings.

Approximately 20 minutes after the failure of No, 4 tank, it appears
that No. 3 spherical storage tank failed and. discharged its contents of
liquefied gas, amounting to approximately half the auantity stored in No.

4 tank, In all probability, No. 3 tank failed as a result of the failure
of overheated columns that supported the sphere, although some -of these
columns may have been weakened by the impact of sections of Yo, 4 tank that
were being carried along by the surge of liquid. The time at which Yo, 3
tank failed is fixed by the appearance of a large cuantity of flame and by
a muffled sound that indicated the ignition of e large volume of gas.

Observations at the scene of the disaster indicated that the contents
of No, 3 tank probably were discharged also in an easterly direction,
Accumulations of mineral wool,- which had been used to insulete No, 4 tank,
were spread over a considerable area as the result of the failure of No,

4 tank, Vhen No, 3 ‘tank failed, the mineral wool left by the liquid of No,
4 tank probably again floated on the liquid and was distributed further
throughaut the plant area. Mineral wool. was piled to a depth of about 14
inches against the footings of the columns outside of the compressor build-
ing.

The flames from the durning gas extended a considerable distance above
the ground, and the radiant -heat from these flames was intense, Many
persons who fled the vicinity of the plant were burned or blistered on the
back of ‘the head and neck, and the backs of coats and wraps of some were
ignited. It seems probable that the buildings on Lake Court NE (fig. 22)
and the New -York Central Railroad bridge were ignited by radiant heat from
the flames. as"there was no evidence that afdy quantity of burning ligquid
came fhto this area. According to. newspaper reports. an engineor who was
on St. Clair Avenue, approximately 1,000 feet from the fire, estimated that
the flames were at least 2,800 feet high,
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On Saturday, October 21, the main body of the fire was under control,
but vent gas from No, 1 and No. 2 storage spheres, which had withstood the
heat of the fire, was burning at a breek in the vent—gas line. This break
resulted from a separation at a Dresser coupling on the line to the vent-
gas heater, Gas escaping from the hole and from the crack in the vent-gas
line (shown in fig, 47) was burning. There was also a fire in a line
(probadly a vent-gas line) near the collaepsed No., 3 storage tank, In
addition, the coal pile south of No, 2 storage tank was still burning,

On Sunday morning, October 22, employees of the gas company and J.
0. Jackson, the tank designer, who had been notified by the gas compeny
of the fire, arrived at the scene and began to put the plant into reasonably
safe condition., Jackson observed that smoke was issuing around the vent
at the top of Mo, 2 spherical tank. He climbed to the top of this sphere
and found that the smoke was coming from burning cork insulation, Jackson
and McCartney, an employee of the Gas Co,, closed the foot valves of Nos,
1 and 2 storage tanks and arranged with the fire department to get as much,
liquid carbon dioxide as could be obtained for smothering the fire in the
cork insulation. Iater, solid carbon dioxide was put into the space between
the two shells of No, 2 tank, and eventually fire in the insulation was
brought under control,

Rehabilitation work was begun on Sunday, and gas-company employees
purged some of the equipment and repiped gas from the vents of the spheres
to a point about IO feet from No, 2 tank, ZEmergency steam lines were run
into the plant from locomotives on the tracks of the New York Central
Railroad. This steam was used to vaporize the liquefied gas stored in Nos,
1 and 2 storage tanks, “hen these tanks were empty, several weeks later,
they were purged with inert gas.

OBSERVATIONS AT SCEVE OF FIRE

Damage to Plant and aAdjacent areas

The fire that started in the vicinity of the plant of the East Ohio
Gas Co, spread rapidly to adjacent buildings in the plant and to many
frame structures within a quarter-mile radius of No. 4 tank (cylindrical
tank), The extent of the damage by fire may be seen from figure 22, 4
general idea of the damage to the plant may be obtained from figures 23
to 29, inclusive,

Figures 23 and 24 are agrial photographs taken on the afternoon of
October 21. The photograph shown in figure 23 was taken looking toward
the north, and the one.shown in figure 24 was taken looking toward the
west, TFigure 23 is a general view of most of the area affected. Burned
dwellings are shown in the foreground, and the damaged LS&R plant 1s shown
in the background, Figure 24 is,a close-up of the damaged LS&R plant and
the office, meter—repair shop, fitting department, and laboratory at the
No, 2 works adjoining the LS&R plant, Figure 24 shows Nos, 1 and 2 spherical
tanks still standing, Mo, 3 spherical tank collapsed in place (center), and
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Figure 23.—Aerial view of LS & R plant and No. 2 works, East Ohio Gas Co., and
adjoining property damaged by fire October 20, 1944, looking north.







Figure 24,—Aerial view of damaged LS & R plant, East Ohio Gas Co., and a portion
of No. 2 works and adjoining property damaged by fire on October
20, 1944, looking southwest.
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Figure 25.—Damage in the vicinity of the LS & R plant, East Ohio Gas Co., looking
toward the northwest and showing remains of dwellings on the east

side of East 6Ist Street.







Figure 26.—Damage to LS & R plant, East Ohio Gas Co., looking west, showing founda-
tion of tank 4 in the foreground and collapsed spherical tank 3.






Figure 27.—Damage to No. 2 works, East Ohio Gas Co., adjacent to LS & R plant
(boiler house in background and remains of meter-repair shop and
offices in foreground).






Figure 28.—General view of damage to LS & R plant, East Ohio Gas Co., looking
east, showing spherical tanks | and 2 standing at the right and
cooling tower with burned grids in the center and compressor
building with broken window panes at left. Damaged building of
the Whiteway Stamping Co., in foreground.






2.—View of damage in the vicinity of the LS & R plant, East Ohio Gas Co.,
looking east, and showing damage to the Whiteway Stamping Co. in the
foreground, remains of dwellings on the east side of East 61st Street
(right background), and spherical tanks | and 2, cooling tower, and
compressor building of the LS & R plant (left background).






Figure 30.—~—Damage to east side of gas holder caused by heat from the fire.

Figure 3|.—Effect of radiant heat from the flames at a point approximately 1/4
mile away from tank 4

Figure 32.—Damage to an automobile parked on the west side of East 62d Street
near the American Gas Association laboratory.

Figure 33.—Failure of steel-column supports for the steam line in the East Ohio
Gas Co. plant.






Figure 34.—Sewer at East 62d and St. Clair Streets in the process of being repaired.
Figure 35.—Sewer at East 62d and St. Clair Streets.

Figure 36.—East 62d Street, looking north.

Figure 37.—East 62d Street, looking south.






Figure 38.—Ducts leading to the dams of the three spherical tanks.
Figure 39.—Damage to top of overflow gas-storage tank.
Figure 40.—Damage to top of overflow gas-storage tank.
Figure 4l.—Columns of spherical tank 3 bent by heat from the fire.






Figure 42.—Portions of the circular girder to which the interior columns were
attached.

Figure 43.—Interior columns of tank 4, showing typical embrittlement fractures
and deposit of rock-wool insulation.

Figure 44y.—Plates in outer ring-shaped footing of tank 4 showing typical em-
brittlement fractures.

Figure 45.—Plates in outer ring-shaped footing of tank 4 showing typical em-
brittliement fractures.






Figure 46.—Failure at a weld.

Figure 47.—Failure in the vent-gas pipe line.

Figure 48.—Typical embrittlement fractures shown by fragments of tank u4.
Figure 49.,—Damage to the compressor building.
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the remains of structural members of o, 4 4 eylindrical tank, The damaged
voverflow gas-storage tank (o014. holde; plt) may be,.seen to the right of Yos,
% and.No, 4 storage tanks, The stack and,part of the. cover of the overflow
gas-storage tank may Dbe seen .in the upper, rlght (horthwest) quadrant of the
pit. The compressor bulldlng nay be seen, dinect west “of the holder pit.
The cooling tower is sbuth of the.compressor bqil ing (to the right .in fig,
24). The two cylindrical storage tanks for ethylene may be seen adjacent
to the upper left (southwest) quadrant of the Holder pit,

Flgures 23 and 24 shaw the dlstributlon of the mlneral-wool insulation
from No; 4 tank. This is indicated by the light areas on the ‘ground.
Mlnerai wool extended beyond the automobiles shewn at the Iower left in
flgure 24, The relatlve pos1tions of- these eutomoblles is of 1nterest
because the photograph shows that they have been ‘displaced from their
orlginal p051tions. This furnishes an indicatien. of the magnitude of the
force in. the .surge of liquld that was released when ‘No, 4 and No, .3 tanks
falled

Figure 25 shows the two remalnlng snherical tanks, and at the’ upper,
right is shown what remained of No. 3 spherlqal tank.*_ﬁe. 4 tank,was Just
to the right of Yo, 3 in figure 25, but the figure shows only some of the
flattened plates at.the site of No; 4 tank, -The. foreground. of this figure
?hows th? area where dwellings once stood on the east side of 6lst Street

fig, 22

The remains of the outer foot1ng for Yo. 4 tank . and. portlons of the
steel from No, 4 tank are shown in figure 26, Th1s photograph also shows
eleaflv how the columns supporting Mo, 3 tank .were bent by the heat of the
fire,

Most of the buildings that were within the plant area and less than
300 feet from No...4 tank:were completely. destroyed. Some of the walls of
these buildings:were: left standlng, as, shown in figure 27,.. These buildings
included the superlntendontls offlce, conference hall laboratony, office
and meter-repair buildlng, meter room and fltting shop, and warehouse
storage building. (4lso see fig. 1.)

Damage to the liquefaction plent was caused,pr1nc1pally by fire. The
compressor building was damaged, but the compressoTs can be salvaged.
-Insulation on piping and equipment was burned, and the wood, grids on the
cooling tower were burned This may be seen in figure 28, which shows the
compressor bullding, the coollng Yower, and,”between these, the two storage
containers for ethylene.} Another view of Broken window panes and burned
paint on the compressor bullding is shown.ln figure 49,

The top of the overflow gaq—stOragé'tank (crown of top lift of old
holder). was collapsed,. and,, as nearly as could be -obgserved, most of the
Pieces remained in the, old holder plt This may be seen from figures 38,
39,.-and 40, Figure 58.also shows, at the right center, the ducts leading
to; -the dams of the three spherlcal tanks,

851 - 2% -



R.I, 3867

Types of Failurc Observed

Extensive  examination-of: the wreckage dlsclosedvonlv 1solated 1nstances
of metal fragments that might have come from a preseure break in & container
or pipe, The few such failures that were observed undoubtedly resulted
from the bursting of cylinders contalnlngAelther ammpnla or ethylene. In
a few instances, markings on fragments could be. identified ‘definitely as
markings found.on cylinders, None of thejmetal fragments were found at
distances greater than approximately 300 A£ect. from Fo. 4 tank,

A detdiled examination of. the fragmentg from Mo, 4 tank disclesed
that the fractures were characteristic of failure due to low-temperature
embrittlement, This may be seen by examination of figures 42, 43, 44, 45,
and 48, all of wliich show metal picces from No, 4 tank. The plates show
typical embrittlement fractures.. .Figures.44 and 45 show thé platés remaining
within the outer ring-shkaped footlng. Figure 43 shows the interior columns
of the tank (sec fig. 8). This photograph also shows rock-wool insulation
deposited on these columns. Figure 42 shows portions of the circular girder
to which the interior columns were attached., "hen this photogtraph was
taken, 1t was not-possible to.determine whether the girders were the top
or bottom girders,-as the drawings of the tank were not available to
Bureau's investigators at that time.-

In addition to embrittlement failures, there was ample evidence of
failures that had occurred at a weld, although the location of the welds
in the tank or shell could not be determined at that time. Whether or
not the heat of the fire contributed to these failures could not be determi-
ned., Such failure is shown by figurc 46.

The bending of the columns of Fo, 3 spherical tank as a result of the
heat from the fire in Vo, 4 tank is clearly shown in figure 41, which also
shows a portion of the dam wall around No, 3 tank,

Two other types of failures were.observed in the vent-gas pipe line,
These are shown in figure 47, A failqre ‘at the bend indicated by the two
cracks was apparently due to¢flexurel probably as the result of expansion,
Failure shown in the middle of the photograph was probably caused by fire
that burned through the wall of the pipe.

Distribution of”Fragments

A detailed. fragment map was made under the supervision of the Mayor's
investigating committee, Observations made by repreqentatlves of the
Bureau disclosed nothing of 81gn1flcance in the distribution of the frag-
ments except that no fragments were found at’ a:great distance from the tank,
This, along with the type of failure and size of fragments observed, indi-
cates that the tank -probably disintegrated rather than exploded.

Four large sections of the bottom ring of the tank were found between
200 and 300 feet from the tank These fragments weighed between 1 end 2
tons, The approximate distance that these large fragments were projected
furnishes information on the force exerted by the surge of liquid when the
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tank failed, The sudden, release of hydrostatic pressure would furnish
sufficient. impulse ‘to: project,even these large fragments to the position
observed, and it is not necessary to presuppose an explosion to account
for their position,

After the disaster, the outer shell (Insulation jacket) of No, 4
tank was approximately in one continuous sheet and extended from north
to south, The outside of the shell was uppermost, and the top was toward
the. east. The damaged shell extended from the middle of the bottom of
the holder pit (see fig, 1) up the side of the pit (see fig. 38) between
Nos. 3 and 4 and across the railroad tracks (see figs, 1 and 24),

The position of this shell is interesting, as it fixed the location
of the initial break-through of the stored liquid in the region of the
east or southeast face, It may also indicate that the major portion of
the liquid was released in the direction of the first break~through.

Distribution of Mineral Wool from No, 4 Tank

As mentioned, a considerable portion of the plant area was covered
by mineral-wool insulation from No, 4 tank, In places, this insulation
was 2 feet deep., It was found under automobiles parked on East 62d Street,
500 feet from No, 4 tank, It was deposited on the columns at the east
end, north side of the compressor building to a depth of 14 inches. When
placed in the tank, this insulation weighed about one million pounds, Its
presence in the plant area interfered with finding all of the metal parts
in the tank, because many of them were covered by it. The gas company
arranged for the removal of the mineral wool to facilitate the location
of fragments,

Intensity. of Heat from Fire

Some idea of the intensity of the heat from the fire may be obtained
from figures 30, 31, 32, and 33, TFigure 30 shows the east side of the gas
holder that faced the fire. The paint is blistered on the top left as
well as one side of the guide girder., The other side of the holder was
not exposed to the radiant heat of the fire, and the paint on it was not
burned. Figure 32 shows the front of an automobile that was parked on
the west side of East 62d Street near the american Gas Association labora-
tory, facing away from and 600 feet south of the East Ohio Gas Co. plant.
The glass lenses on the fog lights and headlights were melted, as was the
glass in the windshield, The interior of the car was burned, and the paint
was burned, It is probable that this.car was exposed to gas burning from
the surface of evaporating liquid, as mineral wool was found under the car,

Figure 33 shows the failure of steel-column supports for the steam
Iine in the PFast Ohio Gas Co. plant. These supports were approximately
300 feet from No, 4 tank, and yet they were heated by burning gas until
they were bent by the weight of the steam line,
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The effect of radiant heat from the flames at a point approximately by
mile away from No. 4 tank may be seen in figure 31, which shows the blister-
ing of paint on a door on the south side of St, Clair avenue, This door
was recessed, and the top of it, which was shielded from the direct heat
of the flames, was not blistered,

Evidence. of Explogions

As stated previously, liquefied gas probably flowed into the storm
sewers on East 624 Street and possibly at other points, ZEventually,
mixtures in the explosive range resulted and were ignited, The explosion
in the sewer cracked. the streéet three blocks distant from the’ gas plant,
Figures 34 and 35 show the sewer at Fast 62d and St. Clair Streets in the
process of ,being repaired, TFigure 36 is & view of Zast 62d Street looking
north, and figuire 37 is a view looking south, On this street, manhole-
cover supports were damaged and loosened in the streets as far distant as
five blocks from the plant,

Bvidence of explosions within the plant area was very mcager.
Apparently, a low-order explosion occurred beneath spherical tank No. 1,
The skirt of this tank was blown out. (Sece figs., 25, 28..and 29.) This
explosion was not violent, but it cracked the skirt and blew some of the
pieces as far away as 20 feet. Apparently, an explosive mixture, probably
near the upper or lower limit, was ignited either in the duct or in the
space beneath the tank. The-skirts on No, 2 tank also indicated. that they
had been subjected to a low-order explosion, but they were not blown from
the tank., (See figs. 25, 28, and 29.) It is probable’ that the explosion
that damaged the skirt of Ho. 1 tank occurred after Wo, 4 tank had failed,
but there is no direct evidence of this,

A ¢ylinder of .ammonia exploded near the southeast corner of the
compressor building. The ammonia in this cylinder was used for make-up,
and the cylinder was connected to the ammonia receiver. The explosion
displaced the ammonia receiver, blew down supports for lines to the
ammonia condenser, and damaged the southeast corner of the compressor
building. It was evident from the relative positions of the supports
blown down and of fragments from io. 4 tank that the ammonia cylinder had
exploded subsequent to the failure of No, 4 tank., This was also indicated
by the testimony of Feightner, Undoubtedly, the cylinder containing
ligquid ammonia exploded after being heated by burning gas.

Extent of Damage by TFire

. Figure 22 shows the extent of the demage by fire. The cross—
hatched sections show areas of partial or total destruction. The circle
shown on figure 15 represents = distance of l mile from No. 4 tank,
Extensive damage by fire was confined within the circle shown, although
minor damage to buildings (blistered paint) was observed at distances
slightly greater than % mile from No, 4 tank,
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Other Pertinent Observations and Information

Frost Spots on Storage Tanks

Testimony by Feightner and information obtained in an interview with
J. O, Jackson indicated that frost spots appeared on the bottom of No, 4
tank scveral months before the tank failed. According to Jackson, these
spots occurred as a result of the restriction of ventilation on the bottom
of the tank by the dam and wing wall, In Jackson's opinion, the spots
appeared when the dew point of the ambient atmospherc was such that moisture
condensed on the bottom of the tank, ..Jackson advised the company to
ventilate the space beneath No, 4 tank ceatinuously with heated air, and,
according to him, the spots disappeared.when this was done. Feightner
stated that ventilation was not continuous and that ‘the spots reappeared
when the ventilation was cut off, He.also.reported ‘that frost spots were
observed on the top of one of the spherical tanks some time ago,

According to testimony of Robert Bending, operator, and of Winfred
hendrlkson, gas engine operator at the LS&R plant,. frost spots had appeared
on the outer shell of No. 4 tank near the top. Bending stated that those
on the outside of the tank lad appeared toward the top ef the outer shell
on the southeast side of the tank., Hendrikson stated that the frost spots
near the top of the outer shell:ef No, 4 tanmk had appeared as & result of
the settling of the rock-wool insulation, When more insulation was added,
the frost spots disappeared, According to Hendrikson, between 2 and 2%
railroad carloads of rock wool were added in.-the summer of 1944 to fill
the space left by settling of the insulatiom, Hendrikson stated that be-
fore adding rock wool, the top of "the insulation was 8 feet below the top
of the outer shell, It was also" é%ated thet frost spots that had appeared
near the top of some of the qpherlcal tanks were removed by adding granular
cork insulation to fill the space created by settling of insulation,

RESULTS OF LABORATORY TESTS

Gas Analyses

Dr. Seibel collected a sample of the regasified liquid from No, 1
tank on October 31, This sampleé was obtained by displacing air from an
8-ounce bottle having a screw cap, It was recognized that the sample
might be contaminated with air, but this was not considered important,
as it was collected primarily to obtain information on the concentration
of unsaturated hydrocarbons,

A portion of the sample of regasified liquld was analyzed in the Bone
& Wheeler apparatus, and the following results were obtalned.

Percent by volume
Carbon dioxXide.eeeeeereesorvencconone - 0,07
"Unsaturates" (decrease in
volume after contact with _
fuming sulfuric acid).,......,.,,. .07
XY EENe e eeenresesersgoscarocreprsnses 44
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The concentration of unsaturated hydrocarbons is not significant, as
the value obtained is considered within the experimental error of the
method used,

The sample remaining aftor the-foregoing analysis had been made was
analyzed in a Bureau of Mineg Orsat, and the following results were obtained:

Percent by volume

Carbon dioXide.seveeeose 0.0
CXygensivie s cun 4
Methane."g)*apaw Fdverecsne 70.9
Et,har;e,;. o eveeveces 7‘2
itrogen,. ceivisavee 1.5

100,0

Accdording to information furnished by the gas company (see exhibit
4), the raw gas contains approximately 85 percent methane and 14 percent
ethane andlhlgher,throcarbons (determined by Podbielniak analysis).
Comparison of these values with the results obtained in the Orsat analysis
indicates that Qhe liquefied gas in No, 1 tank was enriched in the higher-
b01linb,throcerbons as.a result.of the distillation of 'the lower-boiling
fractlons thch were not‘roqgndensed and returned to the storage tank,

Apalyseg;of Steel

_ A small piece of the inner shell of No., 4 tank was brought to Pitts-
burgh by Dr. Seibel for analysis after obtaining permission from Dr.
Gerber, the County coroner, Portions of this sample were analyzed under
the supervision of Dr, R. O, Buehl, Metallurgy of Steel Section, The
results are given below,.along with the specificatiens for a steel that
was con51dered satisfactory by the Pittsburgh-Des Moines Stecl Co., for use
at -250°F. (9),

Specification range

Sepple of inner of constituents given
shell (Yo, 4 by Pittsburgh-Des
tank) Moinés Steel Co.,
percent by weight percent by weight
CarbOn,.y.ﬁoo»p,... desae 0.12 0.08 to 0,12
Mangoanese..e.cieeecoas .40 .30 to ,60
Sulfur....ceieeeeveee .019 .045 maximum
PhosphorusS.ee.eeevecns .025 .04 maximum
SilicONigysencsencccns 14 .10 to .20
Mickeleieeseoevooncene 3.45 3.25 to 3,75

The results of the analysis.indicate.that the sample analyzed con-
formed to the specifications,

......

steel taken from fragments Of'NQ%.- tank for the &echnlcal Commlttee ap-
pointed by the Mayer of Cleveland, The results of these tests furnished no
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information of assistance in determining the cause of the failure of MNo,
4 tank, The chemical analyses showed no significant deviations from
speclfications,

DISCUSSION OF POSSIBLE CAUSES OF DISASTER

In the fire at the LS&R plant of the East Ohio Gas Co., as in many
other disasters, the information and evidence obtained up to the time of
writing this report was not sufficient to establish definitely the primary
cause. Certain facts were established in the investigation, and these
:suggest certain possible mechanisms by which No. 4 tank might have failed,
These mechanismg will be discussed, and thé evidence supporting and contra—
dicting them.will be presented subsequently,

It was definitely established that ¥o, 24 tank failed and spilled its
contents -of liquefied natural gas, which subdequently was igrited by one
of the many -sources -of ignition that were close to the tank, It was also
established by eyewitnesses that liquefied natural gas issued from No. 4
tank prior to the inflammation of the vapor or gas. From the foregoing,
it is apparent that the ignition of thé contents of No, 4 tank was a
secondary effect; and as there were many sources of ignition near the tank,
it is not necessary to establish defiritely where the ignition occurred.

It is important, however, to seek the sequence of events leading to the
failure of No, 4 tank,

Consideration of possible causes of the failure of No, 4 tank indicates
that these fall into two general classes: (1) Failure caused by some event
or events occurring external to No, 4 tank, and (2) failure caused by some
event occurring within the tank structure itself, The more likely possi-
bilities under each of these mechanisms are discussed in detail below,

Failure Caused By An Event Occurring External
To No. 4 Tank Structure

Consideration of Pogsibility of Failure Caused by
Shock From Explosion in Spacée Beneath Tank

There was evidence that a gas-air mixture had exploded or inflamed
beneath NWo. 1 and No. 2 spherical tanks, ZFrom the appearance of the
damage, it seemed that the éxplosion under thé No, 1 tank exerted greater
force than the one under the No, 2 tank, although neither explosion was
violent, and the damage and other evidence indicates that the mixtures
might have been near the upper or lower limit. -As the space beneath these
tanks was more or less confined by the dam wall and skirts-around the
bottom of the tank, it was possible for this explosion to be communicated
through the ducts to the overflow gas-storage tank and thence through a
duct to the space beneath Mo, 4 tank, TFurthermore, it is possible of
course, that the explosion could have originated in the space beneath No,
4 tank or in the overflow gas-storage tank and could have propagated to
the space bencath any of the tanks,
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There is no evidence that an explosion of any violcnce whatsoever
occurred -in the overflow gas-storage tank, The top of this tank had
fallen into the plt, and the stack was.displaced only sligh$ly from its
original position, If an explosion of any magnitude had.occurred :in the
overflow gas-storage tank, many pieces from the top of the tank would
have been found some-distance from the tank, It scems:likcly that the
few pieces of the top of this tank that werc found some distances from the
tank prebably were transported by the surge of liquid from Mo, 4 tank or
from Yo, & tank when it failed.,

If an explosion had occurrcd in ‘the space beneath Mo, 4 tank, it
would -have been -necessary, first, to account for the formation of an
-explosive mixture and, second, to account for the presence of-an ignition
source within the overflow storage pit or in any space communicating with
the overflow storage pit., 3Even if it is granted that an explosive mixture
may have been present, it is very difficult to account for a source of
ignition in any one -of these places., One possible source of ignition was
the batteries in the portablc potentiometer being used by -Bridenstine, an
employee whose body was found between Nos, 3 and 4 tanks. However, -the
location of Bridenstine's body clearly indicated that he was not beneath
Mo. 4. .tank when the failure occurred.

Furthermore, an explosion involving the cuantitics of gas—air mixture
that. might have been present in the overflow gas-storage tank or in the
space beneath any of the tanks probably would have been observed by .eye
witnesses,

From the: foregoing, it appears unlikely that an explosion of any
magnitude pregeded the failure of Mo, 4 tank, It seems.more probable
that the explosion that occurred beneath No, 1 and Io, 2 tanks followed
the failure of No., 4 tank, It scems likely that the top of the overflow
gas-storage tank was collapsed by liquid spilled from No, 4 tank or by
part of No, 4 tank falling on it, After this occurred, an explosive mixture
could have been formed in the space beneath Wo, 1 and o, 2 tanks by the
entrance of gas from liguid outside the dams and apron walls or by the
entrance of gas diffusing from the pit of the overflow gas-storage tank
through the duct communicating with the space beneath Mo, 1 and No. 2 tanks,
In the latter case, the mixture in Yo, 2 tank would have been richer than
that in Mo, 1 and, if sufficiently rich, the explosion would have been
less violent in the space beneath No, 2 tank., The remains of charred bills
from the coal:yard adjacent to the LS&R plant were found beneath io. 2
tank, It is possible that one of thesc burning bills may have ignited the
mixture beneath Wo, 2, However, flame pervaded the area in the vicinity
of Mo. 1 and Wo, 2 tanks and thercforc there were many other possible
sources of ignition subsequent to the failure of Vo, 4 tank,

Consideration of Posgsibility of Explosive
Shock from:-a Bwrsting Ammonia Cylinder

“The investigation disclosed that a cylinder containing ammonia had
exploded near the southeast corner of the compressor building adjacent to
the ammonia receiver, This tank was conrnected to the receiver for make up,
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Examination of the debris indicated that-parts of the supports for lines
to the ammonia condenser and receiver were deposited on top of fragments
of Yo, .4 tank and also-on top of the insulation from.No., 4 tank, This
would seem to indicate that the cylinder containing ammonia burst sub-
séquent to the failure of Fo. 4 tank and as the result of heat from the

burning gas coming from the liquid spilled from No. 4 tank,

Consideration of Possibility of 1o, 4. Tank
Being Subjected to an Abnormal Shock ag the
Result of an Opegrating Failure in tus Liquefaction Plant

The possibility that No. 4 tank may have been subjected to an &bnormal
shock as the reésult of an operating-failure in the liquefaction plant is
suggested by the rapid.increase in pressure shown on several of the charts
taken from the compressor house subseguent to the disaster, This possi-
blllty was given detailed congideration and was 1nvest1#ated thoroughly,.
Thé investigdtion ‘disclosed that.-allk: ~variations on thé charts: taken from
the compressor house could be explalned on- the.assumptlon that the failure
of Wo. 4 tank had occurred prigr to the appearance of these abnormalltlcs
on the charts, and that the increases:in Pressure probably occurred as the
result of damage to equipment by the fire.

The fire following the failure of Yo, 4 tank was very intense around
the compressor house, as. testified:by Feightncr .and others.. This ¢ould
have caused a shut-down of the:compressors either by ‘burning the 1nqulat1on
on wires and causing failure of the-ignitien systen or by decreas1ng the
concentration of oxygen in the intake teo-the englne. If" these compressors
had becn shut down by the fire;, the increase in pressure in the suction
of Wo. 2 engine, in the suction of. the cthylcne compressor, and in the
suction of the ammonia compressor would have followed, From Feightner's
testimony, it is evident that similar rapld rlse of pressure in the suction
of a compressor had been observed previously whcn a compresqor had shut
down as a result of some minor :abnormality in the operation. of, the plant,:

Even if one assumes that-an ‘abnormality in the opcration of 'the plant
may have caused the build-up of pressure observed, 1t is very difficult to
suggest a mechanism whereby a severe shock would have been placed on No,

4 tank,. From the record of the liquid level in Nb. 4 tank it geems reason-
ably well established that the valve in the: kiquid line of Mo, 4 tank was
closed, ”herefore, any SuOCk from an operating failuré in the liquefaction
plant would haveé been transmitted to flo, & tank through the vent gas line,
As the gas itself offers considerable cushlonlng, and as the relief valves
on the tank seem to be more-than adequate to care for sudden surges, it is
difficult. to see how any major shock-could have been. transmitted to Mo, 4
tank as a result of any operating failure that mlght have caused the in-
creases in pressure shown. on the various charts,

The posesibility:of builaing up pressure in No, 4 tank as a result of
failure to open the. valve permitting vent gas. from the .tank to go thtough
a p?essure regulator: intor the low—pressure dlstributlon system was also
considered,. ‘It does-not seem likely however, that. this could have been
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responsible for a rapid build-up in pressure in No, 4 tank, as Roy Feightner
stated to onec of the Bureau's investigators that at times it had been
nccessary to isolate the four tanks completely to prevent vent gas from
lcav1n5 the system, This was done when. it was necessary to make certain
roepairs’ or zlterations, and was always done under constant supervision,
According to Feightner, in an interval of 15 minutes the pressure in the
vent gas llne would increase only 0.2 or 0.3 pound per square dinch gage,
even though no vent gas left the system, Feightner also stated that the
exact time of opening the valve to permit vent gas to flow into the low-
pressure system was not critical in relation to the various events in the
shut-down procedure of the liguefaction plant.

If there had been any great increase in pressure in the vent gas line,
it would have been indicated by the chart on. the suction of Yo, 2 recycle
gas compressor (Mo, 3 engine). .4lthough a considerable portion of this
chert was burncd, nevertheless enough of it remained to establish the fact
that at 2:15 p.n, the pressure could not have been greater 'than 7 pounds
‘per square inch gage; at 2:30 p.m. it could not have been greater than 6
pounds per square inch.gage; at 2:45, 5% pounds per square inch gage;.and

t 3 p.., 5 pounds. (See fig., 20,)

The possibility that No. 4 tank might have been subjected to an
excessive internal pressure as a result of the entrance of high-pressure
gas through the line carrying liquefied gas also was -considered. This does
not seem to be a likely possibility, because it was testified that o, 4
tank was not %elng filled at the time of its failure,.and the valve in
the liquid line was closed If To. 4 tank had been subjected to an ab-
normal internal pressure, an increase in pressure would have occurred in
the vent gas line and would have .been recorded by the pressure gage on
the suction of No, 2 recycle gas compressor, A4s stated, the chart on this
gage was partly burned, dbut the remaining record shows that the pressure
in the line could not have been greater than approximately 6.5 pounds per
square-inch gage at the time ! No. 4 tank failed, (See fig. 20.) Further—
more, if Wo. 4 tank had been- subjected to abnormal internal pressure, it
would seem that the pressure-relief diaphregms would have burst. Inspection
of these diaphragms indicated that they had not burst, but probably had
been burned by the fire. '

Consideration of P0331b111tv of ¥Mo.:4 Tank. Being
Sub;pcted to Abnormal Shogk as the Result of a-
Sudden Release of Pressure

The poss1b111ty that Yo, 4 tank may have been subjected to an abnormal
shock as the result of a broken vent—~gas line was suggested, as the line
to the vent-gas heater was broken and burning when the Bureau's investigators
first arrlved at the scene, There was no evidence to indicate that the
vent-gas line broke before No,. 4. tank failed, 'If this had occurred, it
would appear that witnesses at the AGA Testing Laboratories would have seen
a cloud of liquefied gas and chilled water vapor from thé air issuing be-
tween No, 2 and Yo. 3 tanks, This was the location of the break im the vent-
gas Iine, The volume.of gas that would have:issued from a broken vent-gas
line would have been considerable and would certainly have begn notieced
readily,

851 - 36 -~



R.I. 3867

The remains of the chart from the suction of No. 3 engine, which
was connected to the vent-gas system shows that the pressure in this
system could not have been greater than 7 pounds per square inch gage,
This would seem to indicate that the line could not have failed at a
Dresser coupling as a result of excessive pressure in the system, As
the vent-gas line was ‘supported on the steps leading to No, 2 and No,
.3 tanks and -as these failed as a result of the failure of No, 3 tank or
probably as the result of the fire itself, it is evident the vent liné
would have broken apart when these supports collapsed,-

From the foregoing, it does not seem very likely -that a break in
the vent-gas line could-have preceded the failure of No, 4 tank unless
this break had occurred at some point north of the tank, where it would
not.-have: beermr observed by ‘the witnesses of the AGA-laboratory.

00331derat10n of P0331b111ty of llo, 4

Vitnesses testified that seismic vibrations:existed at the LS&R
plant of the East Ohio Gas Co, Vibrations of considerable magnitude
were reported in the boiler room as the result of the passage of trains
on the MNew York Central Railroad, Vibrations from a drop hammer situated
in a manufacturing plant near the LS&R plant alsoc were .reported, It is
well known that minor shocks can cause failure of dbrittle materials when
these are stressed., It is also readily seen from the idesign of No.
tank that any ground shock would be transmitted direétly :to the inner and
outer circular girders on the bottom of the tank, In this tank there was
probably less cushioning of a ground shock than in :the spherical tanks,
because the circular girders were carried on wooden posts with steel end
rlates, which rested directly upon the concrete foundgtion. In contrast,
the spherical tanks rested on a cork block 3 feet -thick, which probably
would very effectively damp-out any ground 'shocks. Thus, it appears likely
that No, 4 tank would have been .more -vulnerable to seismic shocks than
the spherical tanks,

It cannot, of course, be definitely proven from the iﬁformation
available that seismic vibration or shocks-were a factor in the failure
of No. 4 tank, but certainly-this possibility should be given consideration
in future designs.

Mechanisms Depending on Conditions in the Tank Structure

Consideration of Possibility o% a
Crack, Strain, or Flaw in Metal

The presence of frost spots on Mo, 4 tank, along with the fact that
the bottom of the tank cracked when-the tank was first put into 'service,
suggest the possibility that a strain or flaw within the tank structure
might have caused the failure,

It is .recognized that great care and diligence were useétin'repairing
the break that occurred in No, 4 tank, However, it is posgsible that a
minute crack may have passed unnoticed and that the region in the vicinity
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ofisthe crack might have been weakened gradually until eventually the
normal stress on the area was great enought to cause failure.,

Frost spots on the bottom of the tank might have 1ndlcated a leak
iz the inner tank, but this ddes not seem likely, as liquids (hlgherr
boiling hydrocarbons) were never found in inspectlons of the draln at
the center of the bottom of the” insulatlon Jacket.  Furthermore, these
frost spots were not localized But were generally over the bottom of the
tank, It seems that the explanation of the tank designer to account for
thegse frost spots is the corréct one, J. 0; Jackson stated that in his
-opinion frost.spots occurred ‘on the ‘bottom of the fanz when the ventilation
‘beneath the tank was restrictéd as -a result of” the fnstallatlon of the
dam and .apron wall, This* i Aferfefed ‘with circulation beneath the tank and
also with the transfer of heat from the air to the tank, Under such condi-
tions, the dead-air space acted as-an- rnsulator and temperature equilibrium
was re-established with a change\in’%he temporature gradient to the outside
atmosphere, At the new temperature gradlent the outer shell of the tank
was at times at a temperature boIOW'that of the deWp01nt of the air in the
space beneath the tank, : ;

Other facts tend to ‘discount’ the'theorv ‘that a leak developed in the
tank shelil, &among these whs the fact that” 11qu1d was never drawn from a
connection at-the bottom ofithe itgiilation’ jacket of the tank, nor was
there any detcctable increage in the pressure in- the space between the inner
tank and outer shell of Néii4 tank,

It was stated that thé insulation had sctﬁiéd in No. 4 tank and that
frost spots had occured in & region oxtendlng approxlmately 4 feet down
from the top of the tank, TUnder such condltlons, 1t is conceivable that
the plates at the top of the ‘tank might have been aﬁ .a temperature slightly
higher than that of the plates ‘at the bottom of the tank when the rate of
heat flow to the top of thé ‘thnk wae increased as a rnqult of the loss of
insulation from the top section. If inecualities in temperature had existed
in the shell of the tank, it is conceivable that these might have set up
strains that would have madé the structurc more 11zb1y to fail when sub-
sJjected to minor shocks., Thisg p03e1b11ity is mentloned for completeness,
but it is believed that temnnrature differences in the shell, even under
the conditions outlined, would not have been great enough to set up signif-
fcant strains,

Consideration of Possibility of Sunerneatlng
of Liguidg in NWo. 4 Tank

It is reported in the 11terature(14) that under some circumstances

nristirred masses of liquid metnane may be dangerous because of the tendency
of “the liquid to superheat in the absence of suspended solid particles. If
this shad occurred and gas had been evolved at a very high rate, an abnormal
shock would have been placed on the tank structure and possibly would have
causcd failure. Although such a mechanism is conceivable, it is believed
that its occurrence was unlikely under conditions existing in Mo, 4 tank
of the LS&R prant, Evidence that this probably did not occur is furnished
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by figure 21, which shows the liquid level.ih,mb. 4 tank, Thiguwas a
float-type gage, and if any disturbance in the liquid level had occurred,
it seems likely that the gage would have indicated it.
CONCLUSIONS

Pogsible Causes of Failure

On the basis of information developed up to the time of writing
this report, it is not possible to reach any definite conclusion regarding
thé cause of the disaster, Howcver, certain negative conclusions. are
indicated:

~ 1. To evidence was found to indicate an operating or personnei
failure in the shut-down of the liquefaction plant, which was in progress
at the time Wo. 4 tank failed.

2. In the opinion of the Bureau's investigators, there was no
evidence of a gas-air explosion preceding the failure of No, 4 tank,

3. There is no evidence to indicate the verformance of any other
operation within the LS&R plant at the time of the disaster except those
normally connected with the operation of the plant itself,

4, There is no evidence of sabotage,

The foregoing negative conclusions, along with the fact that the
foundation of No, 4 tank was essentially intact and ir its original
position, seem to indicate that the cause of the failure of No,.. 4 tank
might be found within the tank superstructure. The possible fundamental
causes of failure of No, 4 tank fall into the following categories:

1. Improper design,

2. Use of steel with properties unsuited to conditions of use,

3. TFlaw in tank or in welding,

Each of these possibilities is discusse& below..

Stress Analysis

The designers of Mo, 4 tank made available to representatives of the
Bureau of lMines complete details of the stress analysis of No. 4 tank.
The calculations were studied, and no reason was found to believe that the
failure of No, 4 tank was due to improper analysis or-determination of
primary stresses, There is every evidence that the tank was built after
considerable thought and study had been given to the many factors that
must be taken into account in designing equipment for service at low
tenmperatures. ‘ '
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Suitability of Steel for Service

Published reports on the dcvelopment work preceding the design and
construction of the LS&R plant indicated 'that considerable work had been
done to determine a satisfactory material for use in constructing the
storage tank. The material sclected was a low-carbon steel containing
3% percent nickel. Of all the materials tested, this one had the lowest
impact strength by the Charpy tést; ncverthélcss, it was considered
satisfactory,

It appears théﬁ the steel used in”the three spherical tanks wids
suitable but may not have been suitable for the cylindrical tank, This
point is raised because possible seismic shocks would have been cushioned
to a greater extent by the cork insulation in thec spherical tanks than by
the weod columns in No, 4 tank In tank 4, shock loads ‘would have been
concentrated at the columns and would have béen transmitted directly to
the circular girder, whecreas shock loads transmitted to the spherical tank
would have been -distributed.over the bottom of the tank,

These considérations, along with the fact that most industries
handling large gquantities of liquid oxygen or air use stainless steel or
suitable nonferrous metal tanks suggest the voss1b111ty that the steel-
used in o, 4 tank may not have been suited to the particular design of
this tank, or to tanks that might be subjected to seismic shocks in
similar applications,

Discussion: of Posgeibility of Flaw in Tank or Welding

The- existence.of a flaw in the tank or in the welding cen only be
suggested as a poss1b111ty. Evidence available at the time this report
was written indicates that the region of the repair made in the bottom
of the tank was not involved in the failure of the tank,

Gencral Conclusion

Regardless of the cause of the disaster at the LS&R nlant of the East
Ohio Gas Co,, the application of the system for liquefying and storing
large quantities of natural gas is not invalidated, provided proper
precautions are observed, It is beliecved that the recommendations contained
in a subsequent section of thi's report may be helpful in determining the
proper precautions,

RECOMMENDATIONS

As the result of the Bureau's investigation of the fire at the LS&R
plant of the East Ohio Gas Co, on October 20, 1944, the following
recommendations are made:

1. Plants in which large quantities of inflammable gases are
liquefied and stored should be isolated, and activities not directly re-
lated to the operation of the liquefaction and storage plant should be.
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prohibited within the plant area,: The distance between the boundary of
such plant. and the nearest inhabited bulldlng should ‘be greater than half
a mile,

2, Storage containers for liquefied gases should be isolated from
other parts of the plant. and shpuld be provided with dikes large enough
to- confine the entlire oontents of the tank in the event of a failure,
The construction of. dlkes and the distances between tanks should conform
with the "Suggeated Flammable-liquids Ordnance™ given in the National
Fire Codes of: the NatlpnaL_FirehProtection{ﬁssogiation.

The foregoing recommendations go farther than the requirements set
forth in the National Flre Protection Association, (15) One section of
this code is entitled "Regulations for the. design, .installation, and con-
struction of containers.and pertlnent equipmant for the storage and han-
dling of liquefied-petraleum gas," mhe regulation governing dikes and
embankments is as follows:

Because of the pronauncedavolatility af liqnefied petrdle~
um gases, dikes are not normally effective,ﬁhence their general
requirement is not justified as in the case of gasoline or ’
similar flammable liquids, When, however, -in the opinion of
the inspection department having. jurisdiqtion, ‘owing to the’
~slope of the ground or :other loca1 conditlons, above~ground
containers are liable, in case of rupture or overflow, td
endanger adjacent property, each container shall be surrounded
by a dike of such capacity as may be considered necessary to
meet the needs of the situation under consideration by the
aforesaid inspection department, but in no case more_/than
the capacity of the container in question,’

In gpite of the great: volatlllty of 11quefied petroleum gasés or of
liquefied natural gas, it would seem that the . prov1s1on of dikes. for
storage containers is des1rable, because considerable time is required
for the liquefied gas to evaporate, and, therefore anything that can be
done to confine the liquid within a deflnite area would undoubte&ly
minimize the damage that would be done by . a, resultant fire, This statement
is supported by unmistakable evidence of the Tlow of large quantities of
liquid topped by burnlng vapor at considerable dlstances from the tank,

3, Additional studies on.the properties of metals at low temperatutves
should be made, and 1ndustry“should be encouraged to publlsh existing data
on the subject,

4, The construction of a storage tank for liquids at low temperatures
similar in design to: No, 4: storege tank using lowucarbon, 3% percent,
nickel steel, should not be undertaken unless the cause of the failure of
No, 4 tank is definitely established and unless it can be proved ‘beyond
doubt that the properties of the steel were suitable for the particular
design in question,

8/ Probably a misprint;‘end‘SHduld"be Tess" instead of "more,"
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5, All pipe lines carryihg cold liquid 6r cold gas should be
furnished with suitable bolted flanged joints, ZExpansion loops capable
of taking care of pipe movement due to changes in, temperature should be
provided,

6. Storage tanks for liquefied gases -should be provided with
indegendent inlet and outlet lines for the liguefied gas. The inlet”line
should discharge at a point near the maximum lioquid level in the tank,

7. Extreme precautlon should be taken to prevent spilled liquefied
gas from cntering storm sewers or other underground .conduits,

8. The appearance of frost spots on the outer shell of storage
containers for liquefied natural gas should-be regarded with suspiocion,
and the tank should be drained and thoroughly inspected, unless the reason
for the appearance of the frost spot can be definitely established.

9., ZEfforts should be made to prevent wide variations of temperature
in the inner shell of storage containers when they are filled for the first
time with liquefied gas,

10, Although closely coupled equinment is desirable in low-temperature
refrigeration processes, nevertheless some dispersion is indicated when
such hazardous material as highly inflammable gases in the liquid state
is handled, ‘

11, In future designs of storage containers for liquefied natural
gas, provision should be made for remote closing of the foot -valve from
a point at ground level,

12. Positive and fool-proof 71ou1d -level indicators should ibé-
provided for each storage container., These indicators should be equipped
with automatic high- and low-level alarms.

13, UVhen possible, the tops of the vent gas lines of all storage
tanks for liquefied gas connected to the same manifold should be at the
same level, so that accidental leakage of liquid from one tank to another
would never result in the overflowing of ligquid into the vent gas system,
When this is not possible, extreme precautions should be taken to prevent
leakage of liquid from one storage container to another in which the level
of the liquid is lower, Containers for storage of liquefied gases should
not contain liquid in excess of their rated capacity. The liquid level in
any tank connected to a common liquid manifold should always.be at least
1 foot below the top of the lowest overflow in the group of tanks,

14, All outer portions of storage containers for liquefied natural
gas should be readily accessible to inspection and should be in the open
to permit proper ventilation,

15. The gas purged through the annular space of storage containers
for liouefied natural gas should be metered both into and out of these
containers,
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16, All sources of electrical ignition should be eliminated in and
around gas-liquefaction plants. This hazard should be safeguarded to the
extent considered necessary in modern explosive plants. Precautionary °
measures in such plants include protection against lightning, elimination
of static charge on machinery, equipment, and persons, and the use of
explosion-proof electrical equipment and wiring throughaut hazardous aréas,

17, Means should be provided for rapid egress of pcrsonncl from the
plant area in case of emergency., Escape drills should be héld frequently,
and damage-control drills should be held after types of damage that. mlght
possibly be fepaired with safety have becn established,
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