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Hydrocarbons Tech Center Reactive Chemicals Handbook

INTRODUCTION

Following is the 1995 edition of the Hydrocarbons Tech Center Reactive Chemicals Handbook
which has been compiled over recent years utilizing know-how based upon many years of Dow
manufacturing experience. Every effort has been made to provide useful and accurate
information so as to enhance training for new and experienced Hydrocarbons personnel. Both
basic chemistry and incident summaries are included. Contributions of additional information to
existing or new sections of the handbook are welcome and encouraged.

Reactive chemicals incidents occur many times due to operating outside of design conditions,
other times due to inadequate design sternming from an inadequate knowledge of the process.
This handbook is designed to eliminate reactive chemicals incidents through education so read

on and remember *

what you don't know CAN hurt you!

Brian Allison
Hydrocarbons Tech Center
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Hydrocarbons Reactive Chemicals Hazards

ACETYLENE/ACETYLIDES

Acetylene and numerous acetylenic compounds have a history of
being able to decompose with explosive violence. As a group,
these materials are known to be sensitive to heat, impact and
electrical or frictional sparks. Pure Acetylene will decompose
into its elements at a pressure on the order of one atmosphere.
Compressing acetylene becomes a dangerous operations unless
special techniques are used. When liquified or solidified,
acetylene becomes an explosive of some commercial importance.
They are one of the few commercial explosives which contain no
oxygen or nitrogen.

The vapors of these acetylenic compounds are very flammable.
Their vapor-air explosions can and do propogate from
deflagrations to detonations over a wide range of compositions.

Acetylene reacts with copper to form the explosive copper
acetylide. Please see the attached CRI report on this subject.

Incidents

Union Carbide - Texas City: A butadiene finishing column on
total reflux exploded. It was
concluded that vinylacetylene
reached a concentration of
approximately 60% between trays 10
and 15 because light fractions were
leaking overhead. Temperature and
pressure was sufficiently high
enough to cause decomposition.

Precautions

Distillation columns containing acetylenic compounds should not
be placed on total reflux. A bottoms draw-off must be
maintained. These systems must be carefully studied to avoid
unstable concentrations.
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~-.-plosive copper acetylides may form on copper and on brasses which contain
30% copper or more, when surfaces are exposed to acetylene under certain
ronditions. “Tlean metals require moisture for acetylide formation. None
s formed in dry acetvlene. Oxadizing agents, acidic conditions and nitro-
sen 1nhlbit acetylide formation. Studies have shown that up to 300 ppm
toncencration of acetvlene :in contact with pure copper tubing over a period
o7 12 years does not produce a hazardous condition.

ilso, 2 copper tubing sample line analysis indicated a low or safe amount
~f acetylides in a line containing on the average of 1000 ppm acetylene and
11 use for sewveral years. These studies indicate that copper may be safely
used 1n light hydrocarbon systems containing up to fractional percent con-
ventrations of d4acetyleres.
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INTRODUCTION

It is known that acetylene forms explosive compounds with copper. These

compounds are called copper acetylides, and are liable to decomposition
under thermal or mechanical shock. Because of the interest in safety
guestions related to the use of copper and'its alloys in sampling systems
handling acetylene mixtures, a literature study has been done. The infor-
mat ion needed is concerned with conditions under vhich acetylides may be
formed on metallic copper and copper alloy surfaces. It is necessary to
consider the possibility of such formation not only on the clean metal

sur faces, but also when these surfaces have Decome corroded or contaminated
by exposure to acid, alkali. moisture and atmospheric attack.

The Chemistry of Acetvlides - Acetylene (HCZH), is unigue among hydro-
carbons in that the lone hvdrogen attached to triply bound carbon is acidic
and replaceable by metals. when acetylene gas is passed into a solution of
suprous ammonium hydroxide, a reddish brown precipitate of cuprous acety-
iide is produced. Both acetylenic hydrogens are replaceable by univalent
cepper atoms; an alkyne of the type RCECH giLves a monocopper derivative.
Silwer acetylid;s are similarly precipitated from an ammonical solution of

vaer nitrate.

‘ ylides are also prepared by the action of metals or metal compounds on
¢ oon at high temperatures. Alkali and alkaline-earth acetylides are
relatively stable, but most heavy metal derivatives are thermodynamically
anstable and may explode when dry. They are readily decomposed by dilute
3cid and release acetylene under such conditions.

Zuprous acetylide is an amorphous r=d powder which is an explosion hazard
wnen shocked or exposed to heat. It reacts wvigorously with Br,, Cl2- and
AgN03 -

Acecylides explode readily and are one of the few commercial explosives
w#hich contain no oxygen or nitrogen. Their explosion produces no gas but
simply is an effect of the large amount of heat, instantaneously produced.
They are in a class with the fulminates and the azides as primary

detonants.

Secause these materials are so sensitive to shock and temperature, they
aust e handled with extreme care. They must be kept cool and if they are
to be stored, should be kept wet .4

Review of the Literature - Scheiber and Reckleben investigated the action
of crude and purified acetylene on copper and a number of its alloys. They
found that pure dry acetylene gave no action within a period of 20 months,
r t2st specimens being unaltered in weight or appearance. FPure wet ace- =
t 1e caused 1.6\ increase in weight in the case of a copper specimen

{ . Crude wet gas caused the copper to blacken and to increase in weight

b-%.2% within 6 months. No sxplosive material was detected, however, nor
wasg it possible to detect - 2 than small amounts of acetylide.s 5o A O
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™o occagianal spontanenas decomposition of Calla in cylinders is initiated
hy TusCy formed in the valve springs under the influence of soldering flux
residue. Pressure-gage springs from acetylene cylinders (one from an
axploded one) were investigated. By x-ray analysis or by electron diffrac-
zion the following corrosion products could be found in che bourdon
springs: CuCl, 3 Cu(OH);-CuCly, Cus0, 42n(OH)3°ZnCl, and Si0O3. Elementary
Zarbon and Fe,03 could also be identified through color and chemical

sana vior.©

n =z sa2ven month study, the formation of CusC, upon the surface of pure
sopoer with both pure dry C,Hy, and with moist acetylene was found o be
axtremely slow. The thickness of the acetylide layer reached 1.6u with
=oi1s: 3icetylene and 0.16 to 0.4u with dry acetylene.7 The basic problem
w1tn handlina acetylene in copper sample tubing is the formation of copper
icerviides on brass fiztings, valves, lines, etc. The presence of NH,,
440, and CO5 further acectylide formation. It is probable that copper car-
tonatn <ontributes to nhe formation also. Basic copper compounds are par-
r -=larly reactive. Oxidizing, strong acid conditions, and nitrogen

N 51t formation.®

2r acetvlides are only 2xplosive when dry. The amount and explosive-
ness of the acetylides decrease with decreasing copper content of the
allovs. If work has to be done on equipment known to have these deposits,
the equipment should be thoroughly wetted down if it cannot be cleaned up
:mmediately. The best material for wetting down equipment and keeping it
~et is a calcium chloride brine. The best and most economical method for
ramoval of copper acetylides from equipment is by cieaning with dilute
avdrocnlorie acid. In-place acid cleaning will eliminate the hazard of
~opper acetylides ~xplosions upon equipment dissassembly or removal.®

LA

xoerimental

Tt =35 “een shown at the Taxas Division Light Hydrocarbons I Plant that a
/4" copper sample line over 200* long and containing an average of 1000 ppm
acetylene hald a low or safe amount of acetylides after several years in
service. 10

In addition, lahoratory data has been generated from a section of V4" copper
sample line from the Louisiana Division's Light Hydrocarbons I Plant which
had been in service approximately 12 years. Highest concentrations of ace-
*ylene in the system ranged from 200 to 300 ppm. The concentrations of
acetylides Jetected were extremely low and ranged from 0.06 ppm to 0.09

I -
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Operating, Engineering, and R&D Departments was asgigned
t to do tc prevent a recurrence,

R. H. Freeman, and }.. P. iWicCready, Union Carbide Corp., South Charlesion, W, Va.

Tm:. FORCE OF THY EXFLOSION AT TV TEXAS CITY COM-
plex fragmented tr- Inwer portion of the column shell;

that is, {from the skirt-tashell weld o tiie elevation of
the 331d tray, ap unrm)."mmo' 2L Approximately
40 frays were torn apari wad blown fres of the column
shell, The tray sections and pieces of the column shell
were strewn over a wide area surrouinling the center
A4 the explosion, Most of the debris was located within

00 ft, of the relining coiumn. The remaining portion

of the refining coivmn, approximaiciy 100 lineal ft.
of 90 in. 1D shell and the asseciated .r'n's, fell to the
east. lydrocavbons {rem the yefining eolomn, and
Trom other operatitty cqiipment whic h had been rup-
tured by shrapne). contributed to the cusuing fires,

Fortunately. there were no fatalitics or serious in-
juries a5 a
tro} buikiing. the nearby residential area, the olefins
unit itzelf and, of conrse, the butadiene vefining facili-
ties, sustaired damage of varving severity.

A joint-eflort imestigation of ihe explosion has
been conducted by Union Carbide’s Operating, Engi-
neering, and Research and Dev clopment Departments,
The information gathered in the varices phases of the
investigmiion has been suecessfully corvelated, and a
plausible explanation of the cause and mechanizm of
the explusion bas been furmulated, In addition, this

oup workad with oihiers to detine a safe mode of
Speration {or all butadiene retining facilities in the
corporation. The meral! vonelusions woad recommentda-
tions are contained in the thind activle in this series,

resuit of thia explesion. Howover, the con-

bazed on information prezented in all three articles.*

The Engincering Department has Lkeen involved
both in the reconsiruction effort at Texas City. and
in the inveatigation to determine the cause of the ex-
plosion. This article describes the Engincering De-
partment’s conlributions to the investigation, which
include examination of the physical evidence. and cal-
culation of the process conditions which existed at
the time of the explozion. The eonclizions derived from
this phase of the overnll investigation are stated, and
they are reinforced by the results of the other phases
of the investigation as reported in the other articles
in this series. .
Investigation of physical evidence

Refining column shell-After the explosion, some
time was spent in collecting, marking, and tdenlxiymg
the debrik. "The column shell pieces were separated in
a special area for further study. To aid in the identi-
fication of pieces, and to serve as a framework for the
paper reconstruction of the column, a drawing, a pro-
jeeted view of the inside surince, was made of the
lower GO fi. of the refining column.

The piecez of column shell were physienlly examined
to identiry their location on the drawing. Character-
istics such as shell thickness, elip type and location,
shell weld seams, tray rving webls, tdowneomey welds,
and insulalion rings, allowed positive indentifieation
of all oy frarments and many of the smaller pieces.
Once identitied, the shell picces were measured, and

*Nee mote wn the botl~w uf page 55,
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Figure 1.
Fracture
and
tear
diagram.

their shapes reprodteed 10 seale un the deawing., The
result is the frocture and tear diasrrem, Figure 1.
Approximately 90¢; of ihe sepurated shell pieces
were feund and located on the drewing. The low
recovery of picces in the 24 in. thick shell ring No. 3,
and the relatively sraall size of the picces found sug-
gest that the most intense force prevailed in this area,
The crosshatehad areas at the bettem wnd top of Fig-
ure 1 represent shell plate not frngmented. The botiom
section consisted of 8- to 10 ft. of tha skirt that had
remained attached to the column Joundation. The up-
per crozshatched area renresents o poriion of the up-
per 100 £t of column shell which remained intact.
Further examination of the shell fragments con-
firmed the lociition of the explosion. The torn edges

““of manv, of the frayments exhibitied chevron marks,
. S LRLr4

while other edges were smooth und in a few places
showed cvidence of a xlight thinning by drawing. The
appearance of the edyes of the fragments is an indi-
cation of the speed and direciion of fracture. A ranid
crack propagation in the range of 2.000 it. sec. and
above is termed cleavage. Cleavage fractures leave
chevron markings on the edge surface which point
back Lo the origin of the crack. Conversely, a low rate
of crack propagation iz termed shear. Shear failures
cecur at rales less than 500 £t.. sec., and may show thin-
ning of the material adjacent to the ed;ze. Fractures
that propagate at rates botween 1004, shear and 100%6
cleavnpe may exhibit characteristios of both (1).

The results of {the examination of the fragment
edges are shown in Figure 1. The arrows indicale the
divection of shell Fractire as evidenced by chevron
markings. The letter “87 refers to tractures that ap-
veared Lo have undervone shear failuve, The letter *C”

wlicutes chevrons that did not positively show the di-
rection of tear. The few cdyes that showed no indi-
cation of either the tepe ov divection of Cailure hod
ween severely dampged by hitting other objeets,

The fact that the sbhell tore both wp and down from

62

seseh oe e

Figure 2.
Tray
ring

diagram.

shell ring No. 3 centers the maximum intensity of the
blast botween the 10th and the 18th trays. The high
incidence of shear between the 25t and the 23rd trays
is explained by the faci that the fracture stupped in
this repion.

Trays and tray rings—During the initial cleanup of
the arca, many tray sections from the refining column
were coliected and removed to the salvage avea for
further examination. The examination comprised a
count by section type, and an evaluation of ihe diree-
tion of the explosive force on ench section (2).

Severe distortion of many of the seclions made il
impractical to distinguish among all section types, but
many pieces could be identified with either a side down-
comer deck (odd numbered trays) or n center down-
comer deck (even numbarved travs). In all, 39 trays
were accounted for. out of the 13 blown free of the
column, with 83 percent recovery of the sections.

Tray sections which had constituted the Lubbling
area were examined in detail to determine whether
they had heen deformed by an upward or downward
force. Of the sections examined, 95 appeared to have
been subjecied to an upward force. This points to an
origin of the Llast below the bottom tray.

Tray support rings had been attached to the inside
of the column shell at 12 in. spacing throughout most
of the fractured area. Exch shell picce was examined
to determine 1) if tray rings remained or 2) if miss-
ing, whether the weld metal remaining showed which
way the tray ring broke off. :

The results of the tray ring examination are shown
in Fipure 2. The wide bands superimposcd on the
lighter tray ring outlines represent viny segments that
remained attached to the shell, Al other teay rings
were mis<ine, and in many eases the direction of tear
could be determined. The arrows on Figure 2 show the
direction of tear as evidenced by a shear lip produoced
by drawiny of the material, )

In the Jower part of the remajning coluaa section
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PERCENT DISTILLED

Figure 7. Passage of time prior to the explosion as
a tunction of the per cent dictilled froni the system.

The refux receiver holdup also decrecsed during the

period of almormal operation prior to the explosion.
he chirt recovered from the trend recorder indicated

what the Jevel fell from 552 gal. at 11 a.m. to 140 gal.
2t 7:22 p.m.

During the period of abnormal operation of the sys-
tem prioi to the explnsion, # total of 10,200 b, of over-
head product was removed from the system. This is
24.4¢, of the material preseut orizinally in the system
at 11 oo Figure 7 eomeprizes the vezuits o all boldup
calculations, and indicates the passage of time fromn
11 a.m. as 2 funetion of the percent distilled from the
wstem. This forn of presentation is explzined in ithe

action of this article on unsteady-state operation.

Steady-=tate operation—A computerized, multicom-
ponent, tray-by-tray caleulation was utiiized to simu-
late stendy-state operation of the refining column
system (#). The relative volatilities and tyay efliciency
utilized w ere availabie {rom laboratory and plant data
within Unien Carbide. The mode!l derived was tested
apnainst the historical operation of the Texas City sys-
- tem undor normal conditions, and the model predic-
tions were found to be in close agrecment with actual
operation. )

The stesdv-state model was “loaded” with a crude
ieed composition representative of the operation on
the day «f the explosion. In addition to processing
crude butadiene, the unit had been re-refining some
off-specification product. This resulted in a crude feed
higher in butadiene contont, and lower in residue con-
tent than normal.

The crude butadiene {eeidl composition for October
23 was ealculuted by completing a compor :nt materisl
balance around the system for the ten honurs prior to
11 aam. Data from the process computicr loy sheets (4)
and analyscs of the product and residue tanks (210)
were utilized in the calculation. The {eed composition,
together with other operating data on the refining col-
urmn, then wis used in the steady-state mode] to deter-
mine the process conditions which existed prior to 11
o'clock. Thi eomponent compwsitions which were pre-
dicted for the retlux receiver, each tray, and the column
base were combined with the system holdup caleula-

wmR to arrive at the system holdup for ciach component

amediately prior Lo the period of unsteady-stale op-
eration.
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Figure 8. Final liquid-phsse composition profiles
as predicted by the unsteady-state model.

Unsteady-state operation—A computerized, finite-
difference solution of the differentiat equations (which
describe the multistage, batch distillation of a muiti-
componernt mixture with stage holdup) was utilized to
simulate unstendy-state operation of the redining col-
umn system (11). The relative volatilities and fray
efficiency ulilized in this modal were the same as those
utilized in the-steady-state model.

Recause the unsieadyv.state model applies during the
eight hours wid 20 minutes prior to the explosion, 2l
the time variable operating conditions had to be taken
into account. The tray and downcomer holdups, which
decrensed wenerally, and tke refiux ratio, which in-
creased gencrally, were related to time through the use
of second-iezree polynominls and a least-sguares tech-
nique (12). The reflux receiver holdup was related to
time by a linear function. The material initially in the
system at 11 a.m. was taken from the steady-state
model. and material was “distilled” from the system in
aceordance with Fizure 7. As each incrernent of prod-
uct was distilled. the program caleulated a new elapsed
time. This time was then used to adjust each of the

45
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Figure 9,
The development of the vinylacetylene profile.
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timea variable operating conditions, and the process

-z repeated. The inve mory in the column base was

suled by difference eaci time, 50 no correlation

_Ahis variable was required.,

The batch distillation ealenlation was earried out
until 24,45 of the material originally in the system
had been withdrawn as product, At this point, the ma-
texial left in the system was representative of the pro-
cess conditions at the time of the explosion, In Figure
8, finul liquid-phase rompusition prosiles are repro-
duced as predicted Ly the unstéady.stale model. Mole
percentages of 1.3-butadiene, vinylacetylene, and the
ot her major vomponents present are given for the col-
unin base (K), and fur the bottom 135 actual trays. The
1,2-butadicne content of the eolumn base has been
stripped down Lo about 2 mole %, while the cancentra-
tion rises with inereszing tray number from the bot-
lnm. The vinylacetylone content of the column base is
1877, snd a maximum vinylacetvlene mncemmhon of
Sy mole e s Dual g e e Vaveada g ol Liiy Ned 28 in
15, eaused by the depiction of butadiene and the subsze-

ent partial separation of vinylaceiylene from the bu-
Ténes. Abvve tray No. 13 the vinylacetylene concentra-
tien decreeses. Damaye Lo the colima extanded from
the base section to an elevation cerrespouding to the
33rd tray; the liguid-phase vinylaceiyiene concentra-
tion throughout this volume is predicted to have been
upwards of 40 mole t¢. The area of maximum frag-
mentation of the column .shell centered around tray
Nog, 1910 )3 tiwe vingiasetyione conceniration in this
volume is predicted to have been in the range of 57- 10
59¢%.

A discnasion of tie results of this study naturally
enters avound the corcentrations and quaniity of
vinrlieetylene, because of its inkerent thermodynamic
instability and beeause of thz tremendous relesse of
energy which occuired. Referring again to Figure 8,
the quantity of vinyinceiylene present in the liquid
phase, between the column base and the 33rd tray, was
3,600 1b.

The development of the vinylacetyléne profile is de-
tailed in Figure 9. For comparison, a curve labeled
“normal” iz preseniad. Such a concentration proﬁie
yould exist when the refining column operates in a
steady-state, continuous manner, with suiiicient resi-
due flow to hold 33 uwle G viny Incel\ lene in the base.
The curve labeled 11C0 hr. is the result of steady-
state, coutinuous oparation on Octobur 23. It has the
same shape as Lthe *normal” curve, but it originates at
a base concentration of 44<. At 1100 hr., the col-
umn was put on standby, and the remaining three
curves show the development of the final profile, The
curve labeled 1923 hr., reproduced from Figure 8,
represents the conditions at the time of the explosion.
The curves labeled 1238- and 1518 hr. represent in-
tcrmcdl.\lc profiles resulting frem the distillation of

8- and 16% of the material in Lthe system, respectively,

‘\

In summary

1. During the cight hours and 23 minutes preceding
the explosion, the Texns City butsdiene vefining column
was operated in a standby mede detined na follows:
an uasteady-state, batch distilation of a relatively
pure bwtadiene fraction,

2. a. In thi< mede of operstion, the ahzence of foed
and residue Haws, the depletion of material from the
system, and the hirh retlux eatin brought about ab-
normal, liguid-phaze voncentration profiles within the
refining column, . .

b. In particular, vinylacetylene reached concen-
trations of 15~ and 10 mole <% in the enlumn base and
un the L way, rc-s'mchwl), and a maxinim eoneen-
trution of 59 mole ;. in the vicinity of tray Nos, 10-15.

¢. The system volume bounded by the description
in 2.b. above contained 4,800 1b. of liquid vinylncetylene
at the time of the explosivn,

3. The liguid in the baze of the refining column fell
to a level above that required to maintain flow to the
reboiler, but below that required to maintain natural
circulation throngh the tubes.

4. At this point, a reaction occurred in the reboiler
tubes. Five of the tubes yielded to an internal pressure
and burst. .

5. The reaction propagated to the base section of
the column. deforming the mitered head on the re-
boiler and the cover on the column manway, and lifting

the lower triys off the support rings.

6. \WWhen the high pressure-high temperature front
becanie onprwnd to n sautheiontly nivh covcentratinn of
vinylacety lere. in the vicinity of tray Nos, 10 to 15, the
liguid vinylzcetylene detonated.

7. The column shell wiis demolished in this area and
tore from this point both up and down into relatively
large frazments; ultimately, the Jower 42 ft. of the
vessel shell was destroyed.

8. Additional, widespread damage resulied from the
shrapnel and from subsequent fires, caused by the re-
lease of hydrocarbons from the fallen refining column
and from other, punctured vessels. #
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Along with other findings, investigation of this incident determined
that the maximum temperature for butadienc refining systems should

be na hiyher than 163°C,

R.G.Keister

and

B.1. Pesetsky

S.W. Clark
Union Cerbide Corp., )
South Charleston, W. Va. ’

part of the investigation into the Lbutcdienc wnit
asion at Union Caibide’s Texas City plant on October

. 1969, a leboratary investization inio the stability of
vinylaectylens-butadizne mixtures was initisted. Urion
Carbide’s data and the literature indicated that
vinyleceryiene in the diluents pormally  present in
butadicue refining systems would be stable up to 48 mol
%. An opeiating expenence of over 28 years and the luck
of documented incidems in the six opersting unit ownsd
by Union Cuarbide confirmed the validity of these data.

ompanizn articles by other Union Carbide personnel
(f, 2) deseribe the opémling conditions 2t the time of the
explosion, the caleulations on concentration prefile, and
the results of the physical investigation, Tivis investigation,
in essence, revcaled that the butadiene reiining column
had leaked butadiene overhead while on total reflux, and
generated high concenmuastions of vinylcetylene in the
column and low invemtories in the base. The physical
evidence indicated the initfation was in the rehoifer and
the deflagration propazsted to the fourteenth tray where
the detonation occurred. .

The objectives of the experimental work were to
support the physical investigation ino the cause of the
explosion, and to estsblish the operating comditions that
would prevent a acoccvrrence. This article defines 2

saximim heatispanedivm  emperatuie. Jentifies @

sihle initiator, and more  thorouehly  defines  the

sitina  concentration  evel gt which  vinviacetylene
“apors will support a detlagrarion,

v

The following paragraphs on the individual phases of
the experimental work discuss the thermal stubiiity tests
and the evaluation of initiators, define the upper limit for
heating mezdiums in butadiens systems. and comment on
the positive ignition tests that specify concentration
limitations.

Thermal staility tests

The initial goal was to define the conditions which
would lead to an explosive decomposition of a
liguid-phase mixture of 13-butadienc (BD) 2nd
vinylacetylene (VA). Of particular concern was the
remperature at which the mixture became selfheating. A
thermal stability test which has had wide acccptance
within Union Carbide was chosen to provide the base
data.

The test vessel, shown in F-1, used has a capacity of
106 cc. of.liquid. Its main body, constructed of 304
stainless steel, is a nominal 1 in. (the same size as the
Texas City reboiler tubes) Schedule 80 pipe having: an
inside diometer of 0.956 in., and an outer diameter of
1.315 in. The bortom is closed with a 304 stainless sieel,
3,000 b faquin. pipe cap.and the top with o Black, Sivalls
and Bryson 3,000 b./sq.in., Type-1S, 1/2 in. screw-type
safety  head conmtaining a 347 stainless steel rupture
diaphram rated at approsnimately 7,500 Ib./sq.in. at a
temperature of 729F,

Measuring appurtenances for determining temperatures
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and- pressures inside the. test vessel comsit of two 116 in.
dia. shiclded, grownded-tip, chromelalumel thermocouples
(time constant 0.1 se<. in boiling water) and one 10.000
b./sqin. zircooled presswre transducer which had
sponse of 6,000 to 8,000 cycles/sec. One of the
thermocouples is axially located approximately 1/2 in.
from the bottom of the test vessel for measuring material
temperatvre, und the second is placed against the wall of
the test vessed approximately 7 in. from the bottom of the
vessel for measuring test-vessel skin temperaturss. The
pressure transdueer is attached to the test vessel viaa 1/4
in. OD high pressure tube approximately 1} in. long to
thermally isolate it from the system. The pressuse
transducer line has a high pressure cross in it 1o allow
insertinn of the thennocouple measuring skin temperature
of the test vessel.

Both the pressere 1ransducer and the thermocouples are
copneciod to a high-speed Onner vvnograph recording
potentiometer capahle of a response of 10D

‘) cylesfsecond/em. of deflection. Liguid chemical solutions
are charzed 1o the test vessel as follows:

1. The vessel is evacuated to less than 1/2 mm.
mercury and then pressurized to atmospheric pressure
with high-purity nitrugen,

2. Aftzr repzating the ahove procedurs twice, the
system is evacuatad 1o less than 172 min. Ny pressure.

3. The test vessel is cooled with dry ice. and the
liquids o be tested are allowed to drain into the
evacunted test vessel, Care is taken to prevent nitrogen
from entering,

After being filled to the desired level, the vessel is
placad in a furnace consisting of a coiled 3.000 W, Calrod
heater contained in an insulated. t egal. can. The
temperature of the sumple and container is increased at
the desired rate by applying a fixed voltage to the heater.
Usuaily 106 V. a. ¢. will produce a temperature rise of 3
to [09C/min. Iitizlly, the temperature rise will lag until
the radiant heaters reach their rormal temperature. In the
latter stizes of a test, if it spans 200 1 300°C, hicat loss
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to the surroumdings, and also the lessening of the
temperature difterence between the heater and the vessel,
may resulft in a reduction of the heating rate, The voltaze
is pradually increased dining this period (o attempt to
hold the heating rate steady. '

Deviations from the normal time-temperature curve
(which is slightly S-shaped) indicate chemical or physical
changes such as fusion, reaction, polymerization, or
changes in heat capacity taking place within the test
vessel. These phenomena are used to recognize the
differences in the maierials tested.

Heating rate

With test vessel fills of 50, a series of experiments was
carried out to determine the iemperatures and pressures at
which various mixtures of BD and VA reacted, or
exploded. A test of pure BD, slightly inhibited with
nitrosophanyinydroxyi-uming (iNiPH), carried out at aate
of temperature increase of 5-to 10°C/min. resulted in an
exothermic reaction, probably polymerization, beginning
at a temnarature of 160°C, and a pressure of 750 1b./sy.in.
gauge. The vessel temperature rose 10 285°C in 16 min.
due to the reaction, wiwreas without a reaciion, the
temperatuse would have risen only to approximately
200°C in this pen‘od of time. Further increpses in
teraperatars 10 3400C cxnsed no detestable reaction, Mo
quantitatve energy reicase duta are given inasmuch as the
system was not calibrated to vield such information. A
vapor pressure 1ype plot showed that at 3 temperature of
170°C enough BD had reacted (probably polymerized) so
that the rate of pressure rise with temperature was no
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longe r maintained. Thus, with pure BD at this heating rate
an exothermic reaction is indicated, but no explosion is
observed, It is shown luter that by increasing the heating
rate both an exotheim temperature and an explosion
t  srature ean be geverated. )

7 illustration of the type of Jata obtained with a

Jure containing 83 mol % BD in VA is shown in F-2.
This material was hested at a rate of 5- 10 10°C/min.
exhibiting an exothenmic reaction at a tempenture of
1589C, and-a pressure of 590 Ib.fsq.in. gauge. The
temperature rose 1o 2839C at which point the reaction
mix ture explosively decomposced. and increased the
pressure in the test vessel to failure of a salety diaphragm
rated at 7,500 Ib./sq.in, gonge at 72°F. Froin exotherm
temperatore to explosion temperature required about 10
min. ¢lapsed time.

Test results of mixture of BD and VA are summarized
in F-3. Al samples of matenial, excent those labslad
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Figure 3. Thermal stahility of vinylacetylene-butadiene
mixtures.

specifically as being from the plant residue. were mixed in
the laboratory from relatively pure BD, VA. n-pentane
(n-P), cis-2-butene, and trans-2-butene. The major portion
of the sesults shown in Figure 3, however, represent
mixtures of refincd BD and VA. Most samples exhibited
an exothermic reaction bepinning at 3 temperature of 135-
to 145°C, with rexction being obsenvad at a shghtly lower
temperature with incréasing VA concontration.
txplosions occurred at lower temperatures and pressurcs

‘he VA composition was ircreased.

Fhe two threshold-tamperature curves were  diawn
through the mivimum points in cach set, primarily to

e

o ks ¢ bt e =t e

* jndicate the potential exotherm and explosion

temperatures. In more complex mixtures, like plant
residuces, the initiation of an cxotherm was more difiicult
to distingvish on the heating curve, The explosion
temperatures, however, did occur at predictable values
and are included in Figure 3. It is presumed that the
presence of more thermodynamically stable compounds
than BD masked the inflection in the curve.

The influcnce of heating rate on the data can be shown
in 2 run containing a mixture of 71 mol % BD and 29 mol
% VA. This mixture was heated at the slower rate of 0.5-
to 1°C/ min. exhibiting an cxothermic reaction at a
temperature of 156~ to 158°C (similar to the faster
heating rate) and a pressure of 480- to 520 lb./sq. in.
gauge. Heating rate had a substantia) effect on the
temperature at which explosions took place, with the
temperature of explosion increasing as the heating rate is
decreased. It is believed that this phenomenon occurs
because substantial amounts of VA and BD are consumed
during the initital polymerizations. If too much VA and
BD were consumed in the initial polymerization, the
critical pressure, temperature, and composition
requircments to obtain an explosive decomposition are
never met coincidentally if the rate of rise of temperature
is 100 glow. If the rate of 1emperature rise was increased
30- to 40°C/ min, even BD cxploded provided the critical
temperatuie. 200- to 340VC. and pressure of 1536 10
1,800 Ib./sq.in. pauge are met coincidentally. This effect
of heating rate has been noticed by other experimenters
studying the explosibility of the peroxides of BD (3}
Maximum rate of pressure rise for a laboratory prepared
sample contzining 55 mol % VA in BD was approximately
180,000 lb./sq.in.fsec., while it was 60,000 Ib./sq.in./sec.
for a similar-prepared mixture representing the celculated
composition in the base of the Texas City refining column
just prior to the explosion.

In samples which exploded, yellowish, black polymers
occured. In sumples which did not explode, yellowish
liguid and tacky, yellow polvmers remained. A 50/50
mixture of bd/VA produced polymers in laboratory
explosive dzcompositions which were very similar in
nature to th: polymers obtained from the Texas City
explosion site. Such decompositions produced classic
“ladder” polymers with a bicyclic and fused ring
structure. Polvmers produced via controlled thermal
polymerizations in thermal stability tests were distinetly
different from those found at Texas City. These were
generdlly low molecular weight species with minimum
crosdlinking.

Contaminants and sdditives results

As was seen in the thermal stability study, any mixture
of BD and VA can be considered explosive. When the
contposition of the mixture is 50 mol % VA and 50 mol %
BD, the composition of muaterial has little effect on
cxplosibility at a heating rate of 3- 10 10°C/ min. For this
reason, the above mixture and.heating rate were sclected

9
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in an cffort to determine the efiect of contaminants and
additives which may be found in the BD processes. Test
results employing a S0/50 mixiure with various additives
21 contaminants are shown in T-1,
J Materials which were considered pussible additives in
the BD proces were paratertiarybutyleatechol (FEC).,
sodium nitrite, and nitrozaphenylitydroxylamine (NP,
TBC is generally added to the relined BD i
concentrations ol approximately 100- 10 200 ppin to
prevent polymerization. Sadium ninite solutions (12 wit.
<% aqueous) or NPIL(S wi, % aqueons) ate generally added
to the distillation columns to prevent the formation of

butadiene polyperexide, polybutadicne, and **popeorn™ -

polymer formation by scavenging oxygen from the
system.

Sodium nitrate, copper vinylacetylene, oxygen, and
residue solils gathered from the robeiter of the explodad
distillation column were considered as possible
contaminants that could sensitize the reactivity of the

mixturc. The residue solids were analyzed to contain 80%
organic polymer with a sodium nitrite to nitrate ratio of
approximately 1:2. From the resalts shown in Table 1,
only the addition of a 127 aqueous solution of sodium
nitrate apparently lowered the explosion tempeniture. All
other tested mauterisls considered as additives or
contaminants did not alter the results.

Literature indicates that the use of over 4%
concentrations of agueous sndium nitrite solutions may
be hazardous. The Phillips Ciremicals Co. found organic
nitrites, which when dry, decompused explosively when
heated above 1S0°C even in the absence of air. These
compottrdds were not found when niore dilute nitrite
solutions are utilized and when the pll of the system is
maintained above 8§ («4) Phillips maintaing aqueous
solutions of sudiuin nitrite of not over 0.5%. Because they
used rehodtr aemp at 2879C, a dricd polynrer which fires
at }50°C was considered dungerous.

The initiation of reuctions shown in Table 1 began at

Table 1. Effect of cdiditives and contaminants, ™

Adted as
wit %

Additives ¢cr Contaminants Aquesus Solution

None {coawol). ........... fereranas -
Fara Tertiarybuty! Catschol. . ... ... .. -
Sodiur;\ Nitrite.. ... ... ereeneaas 0.5
...... 12.0
_ Sodium Nitrite ., _............. -. eas 0.5
......... 12.0
Bmﬁuunulu.“.".”.”.“.. 12.0
Nitroscphenylhydrazine, ......... vae 50
Coppervinylacetylene. .. ............ -
Oxygen...... —_—
Solid Residue Gatrercd From -
" Calandria Tubes of Texss City —_

Butadicn2 Columa After Explosion

* Base mixture 50/50 mot 85 vinylacetylane and butadiene.

Vicight " of Exotherm

ALt
Added

Conoitions at Start

Temnarzturz 21 {*Y)
Pressure, Start of Explosive

% of Tewmp.,
Liixtere °c ib./sq.in. gauge Decompasition, °C
-—_ 141 520- 185
9 ppm 138 - 500 175
70 ppm 143 560 178
5.0 1 510 186
50 146 530 115
5.0 140 520 180
5.0 143 590 166
5.0 140 590 160
0.1 | 147 535 180
0.1 .« 34D 430 186
- 80 ppm 138 545 173
22 138 500 230
74 150 350 210

** Ruptured diaphiaging rated 3t 6,000+ to 7,500 . /sq.in. yavge at 729F failed in a1l cases except test 62 where 2 partial charge

of maierial vos used. Ali sumples tested exploded,
1 In 2 out of 4 tes)s no exutherm was ob

s

70 .

4 hefore explosive decomposition pccurred.
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lc'mpcmurcs' ranging from 138- to 150°C, and pressures
ranging from 480- 10 620 Ib./sq.in. gauge approximately
507% full, Explosions took place at temperatures ranping
Tom 160- to 230VC, and pressures ranging from 650- to

Y0 )b.fsq.in. gauge. The lowest temperature (1607C) for

st explosion was in the presence of sndium nitrate.

All explosions led to yellowish, black polymers (black
probably becanse of imbedded carbon). In the case where
a smaller than usuol charge was used, with just-wet
polymer residue trom the Texas City BD column
calundria, the decomposition was ¢ontained and the test
vessel was full of carbon. The polymers produced in
explosive decomnpositions of mixiures containing additives
were simnilar 10 those previously observed in explosive
decompositions.

Pressure

Pressures occurring in thermal siebiiity tests just prior

to explosions were in the sange of 600- to 1,800 Ib./sq.in.
‘uge, considerably higher thun the pressure in the base of
“xne Texas City refining column a2t the time of the
explosion. To datermine the effect of pressure on test

results, the charge o the west vesse) was decreased end the |

normal test procedure was followed. To minipiize the
reaction occurring during the heating, all tests were
perlormed vaing o rste of wmpsiuture incrsase of 30- to
400C] min. As the chiarg2 to the test vessel was decreased,
the temperature and pressure reanired for decompositon
aenerally increased snd decreased respectively. The ratio

f maximum explosion pressure to the pressure just prior
to the descomposiicn, PoPy . decressed with 3 decreesing
suaple charge. W is thouyht that this decrease was due to
encrgy losses in the laboratory equipment becoming
substantial, commpared to the encrgy released, as the charge
1o the test vesszl was decreased. This rutio should be fuirly
constant because all of the material tested was probably in
a single phase when explosive decompositons occurred
since critical temperatures were exeeeded in essentially atl
_ ases. Although BD was extremely difficult to initiate, it
- " readily contributed to the explosion while a true diluent
such as n-P, a thernodynamically stable compound, did
not contribute. .

Thermal s1ability: test results of laboratory mixtures of
BD-VA, and plant BD residues showed that all mixtures
will decompose explosively 2t temperatures ranging {rom
170- to 4009C. All laboratory mixiuses exhibited an
exothermic reaction, probably a polvmerization, stasting
at a temperature of 135 10 145°C. This polymerization
could lead 1o an explosion if the heat removal capacity of
the system is exceeded, and the nccessary temperatures
and pressures are realized. With BD alone in the system,
heat must be apphicd at a rate of 30- 10 409C/ min, to
couse an explosive devomposition. With 50/50 mixture of
BD and VA, a thermal initiation of a reaction is adequate
to result in an explosion 5t predictable temperatures with
the polymerization reaction generating the heat. As the
VA concentration is increased in the system, seneralby

T,

lower temperatures - and pressures are required  for
initiation of explosive decompositions. Although BD is
considerably mwore stable than VA, it can contribute
enerey once an explosion occurs. Tests generally have
shown that higher decomposition initiavion temperatures
are required as the pressure in the system decreases.

Heat soaking tests

Although the thermal stability serizs of tests indicated
that all materials present in BD sysiems can generate an
exothermic reaction that can culminate in an explosion,
the time at temperaturz was not considered. Relating
these tests to systems that operatc at temperatures
considerably below those indicated for initiation of an
exotherm must include the time variable. Two series of
tests were. made to follow the time-temperature
relationship. The tirst to find the effect of temperature on
the stability, and the sccond to provide the basis for a
recommendation of the maximum allowable temperature
limit.

In these first tests, 3 50/50 mixture of BD and VA was
maintained at temperature of 100- to 1359C for various
periods of time. The outside of the test vessel was
gencrally maintained at the designated temperature and
the inside of the test vessel was allowed to vary and to
respond 1o the chemical reactions wking place. The
thermal stability apparatus, previously described, was
‘modified to includs a thermocouple strapped to the
outside of the vessel approximately 4 in. from the
bottom. This teriparature was controlled by vsing an
on-off controllar; the inside temperature and pressure
were continuously monitored. The vessel was charged
approximately 50% tull as in the thermal siability tests,

A sample w2s held at approximaiely 100°C tor 9.5 hr.,
cooled 10 ambient temperiture, and then run through the
standard thermal stability test procedure. At 180°C and
600 Ib./sq. in. gauge an explosion occurred which
compared well with the thermat stability results of a
similar mixture which had not becn azed (140°C and 520
Ib./sq.in. gauge). A sccond sample held 21 100°C for 16 hr.
required 240°C and 700 1b./sq.in. gauge 10 cause an explo-
sive decomposition in the stability test, The increase in
temperatare sequired for autodecomposition probably
stemmed from substantial amounts of monomer
polymerizing during the aging. In a third test, conducted
for seven days at 100°C, the test vesse) was found to be
filled with a yeBlowish, soft, tacky polymer, and no liquid
remained. Relating this to the operation of a system, a
reboiler with 3 maximum of 100°C stean would only
polymerize a 50/50 mixture of vinylacetylene and
butadiens, not explode it.

In 2 similar test, 3 50/50 mixture maintained at 120°C
did not explode after one week’s aging. Repeating this
experiment at 1259C, an exotherm and an explosion
occurred after 3.3 hr. At 1359C, the explosion occurred
after 1.9 hr. Although the test vessel was held at the
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indicated temperatures, the material inside the vessel
increased in temperature and finally exploded, The inside
walls of the test vessel and the thermocouple in the liquid
phase were found to be heavily coated with polymer. In
ormal thermal stability tests conducted at a 5- 10.10°C
¢ of temperature rise per minute, only small quantitics
A polymer were found in the test vessel. In previous 1asts
where pure butadfene was decomposed explosively,
quantities of polyiner found were even smaller and were
Jocuied primarily on the failed rupture diaphragms. This
work suggested that the maximum calondria steam
temperature shouhl be in the range of 100- to 110°C.
To develop 2 maximum temperature recommendation.
a scries of 20 tests was made vsing a 1 in. dia.. 3,090
Ib./sq.in. pipe cap us a test vessel. The cap was sealed with
a pipe coupling and a high-pressure valve. The cap was
charged with 1 cu. in. of liquid (approximately two-thirds
full) and placed in 26 oven conirolled st 110CC for ona
week. After cooling the caps and cpening them, sunpies
of the residual polymer were examined visually and with a
. jime-of-Flight Mass Spectrometer to determine whesher
'grl\ explosion had 1aken plece during the aging, Al samples
had polymerized in controlled reactions to form a ycliow
polymer typical of nonviolent reactions. The 20 no-go
results at 1J0°C resulied in 2 probability of explosion
that had a statistical 95% confidence ranze from 0- to 5%.
Based on this vk, a manimiem cziundiia si2zin
temperature of 105°C was recommended and has been
implemented in Union Carbide plants.

. -

sitive-ignition tests
Mixtures of BD snd VA have been shown to be copable
of being decomposad explosively in all proportions in
thermal stability tesis. Decause of the nature of the tests,
pressure control was not achieved during the testing, aid
the bulk of the tests were carried out at pressures ranging
from 700- to 1,500 Ib.sq.in. gaupe to achieve explosions.
These pressures are far in excess of those occurring i BD
firiing columns which operate at approximately 30
#d./sq.in. gauge. Altouzh the thermal stability test was
“useful for determining unsafe temperatures, it was
believed to be too severe to be used to predict unsafe
compositions. Hence, a series of tests was devised to
determine maximum safe VA concentrations as a function
of refining column operating pressure. Throughout these
tests the liquid and vapor phases were essentially in
equilibrium with each other.

This serics of tests was carried out in a 4 in. dia. (2410
cc. volume) test vessel shown in F-4. A 4 in. dia. vessclis
suitable for predicting safe pressures in acctylene
deflagration tests, and hence was decmed suitable for this
study based on Union Carbide experience. In addition to
the accessories described for the thermal stability test

‘?scl, the system was equipped wirth a pressure gange and

ee firing devices, The charging procedure was similar to

i described  previously, Nowmally 100 cc. ol ihe
mixture were chargad, providing a ratio of vapor to liguid

»

.72
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cquivalent to that present in the Texas City refining
column. The liquid in the test vesse! was heated for about
2 hr, until the pressure was lined out at the desired level.
A vupar samiple was then eollected into an evacuated 3 cc.
stainless steel sample tube, The pressure gauge was then
isolated 1o protect it, and the first igniter was fired,
Results were monitored using a Beckman Type R
Dynegraph Recorder, The first igniter was discharged at
the lowest pressure in the series, and if this failed to

initiate a vapor-phuse deflagration, the pressare was mised
10 1b./sqp.in. g2uge (by increasing the temperature) to the
next, and the second igniter discharged.

The ignition sources were either the fusion of Nichrome
wire or the discharge of a No. 6 high-temperature electric
blasting cap. The fuscd-wire igniter consisted of two
strands of 30 gauge Nichrome wire in paraltel, 0.6 in. long,
fused -by the discharge of a 17,000, farad condenser
charzed to 150 V. di. This ignition systemn has been
found to produce slightly more than 3.2 joules of cnergy.
The No. 6 blasting cap liberated approximately 2,000
joules snd crcated an instantaneous pressure of
approximately 200,000 atmospheres (5) and had a
propagation velocity of 6,000- to 7,000/m./sec. Both
sources have been used successfully by Union Carbide’s
Fite Research Group to predict the explosiveness of
various materials and to determine safe compositions.
Explesionus have never cseurred in Union Caibide plants
which opecrated within safe limits predicted wsing the
above ignition sources.

Vapor-phase tesiing was.done in preference to
liquid-phase testing because it was believed that for
propazztion to be continuous in a distillation column of
the type which exploded in Texas City, it had to continue
througn the vapor phase. Sccondly, a larez number of
liquid-phuse ignitions had already been completed in
terms of thermal stability tests, and conditions for
initiation of the liquid had been established.
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Figure A. Positive-ignition test apparatus.
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The tests were made in the vapor phase with mixiures
of BD and VA, mixtures of BD, VA, and n-1* and plant BD
column wesidue fortificd with VA, Pressures were varied
“am 65.. 1o 85 Ib/sqin. absoluie in 10 Ib.[sq.in,

“ements.

sest results and conclusuons

Pure VA exploded from a starting prcssurc of 85
Ib./sq.in. absolute, using a No. 6 high temperature electric
blasting cap in the vapor phase to yicld a final maximum
pressure of 4800 1b./sq.in, absolute in 0.02 sec. The
vapor-phase detlagration initiated the liquid explosion in
approxinately 0.0 sec. when the system pressure was
500 1b.[sq.in. gauge. and the vapor temperature
approximately 100VC. These conditions were in good
agreement with the thermal stability test results wrhich
indicated that VA explosively decomposed at a pressure
of 430 it sy.in, guuge, and @ temnperaturs vb 137VC In
other wotds, temperaturcs and pressures had to be equi-

“2nt to thosc existing on the upper curve of Figure 3
werore a decomposition of the liguid phase would
occur. This eguivalency reconciled the thermal stability
test data wnh the vupor-phase positive-ignizion data,
despite the dizparity of the operating pressure (60)
versus the test decomposition pressure (<500 Ib.fsq.in.
of theoparating nressure (60 Ib squin, wbsohete) virsus the
test decompoasition pressure (< 300 Ib./s5q.4n. absolute),

In laboratary mixture of BD-VA, wvapor sanples

ntaining 53- to 35 mel % VA deflagiated in the vapor

1se at 63 1b.Jsq.in. abzolute pressure using the

_hromc wire ignition source. A typical thine deluy 10
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Figure 5. Typical pesitive-ignition test.

develop the pressure and  temperatine  required  for
decompisition of the liquid is illustrated in F-5. Apain
they arc in fair agreement with those recorded in the
thermal stability tests: an accurate reading is handicapped

" by the difterent time responses of the pressure trnnsduccr

and the thcrmououplcs

At 75 Ib./sq.in. absolute, a vapor-phase concentration
of 51% VA in BD resulted in an ignition, while at 85
Ib/sq.in, absvlute pressure, 41 wt. % VA was unstable. In
the above two cases, ignitions were attempled at
65-and/or 65-and 75 Ib.Jsq.in. absolute, respectively,
without 2 vapor-phase deflagration. As in all cases for
BD-VA mixmres, a deflazcation in the vapor initiated an

‘explosive decomposition of the liquid. The vapor

compositicn was measured at the lowest iznition pressure;
the actual VA wvapor composition may have been
somewhat higher because increased pressure was
Jevelopad by saporiciig addiiicnal Fquid,

At 85-1b./sq.in. gauge with a vapor composition of 4]-
to 44 mol % VA in BD, there was one explosion in seven
tests using a fused wire igniter, none in two tests using a
blasting cap in the vapor, and none in one test using a
blasting cup in the liquid. The blasting cap was nora more
effective ignition source than the Nichrome wire despite
the preatcr eneigy released.

In one test. a S0% overcharge was used. Althouch the
system wuas iznited By a biusiing cup, propazalion was
slow and, hence, there was no measurable conuribution of
pressure developed due to the cap which develops its
pressure almost instantzreously and only contributes
about 1- to 2 lb/sqin. detectable with measuring
instrwmentation. The normal charge (100 cc. volume)
yiclded an explosion pressure of approximately 1,300
Ib./sq.in. absolute, and the 1507 overcharge yielded 150%
of the pressure of a normal charge, or 2200 lb./sq.in.
absolute. The final pressure developed in a partially filled
system was a function of the guantity of explodable
charge, therefore, the vessel was large enough that the wall
effects were insignificant. The reasons for the delay in the
explosion after the blasting cap ignition are not known,

In the tricomponent BD-VA-n-P system, 30 mol % n-P
replaced part of the BD in the charge liguid. The vapor
phase deflagrated with 70 mol % VA (23 mol & n-P) at 65
Ib.Jsq.in. absolute, and with 63 mol % VA (17 miol % n-P)
at 75 Ib./sq.in. absolute. This latter test was the only test
in which the vapor phase did not decompose the liquid. A
vapor composition of 60 mo! % VA (13 mol % n-P) did

. not detlagrate cven at 85 Ib.sq.in. absolute,

A sample of residue (kettle liquid) from a Plant BD
refining colinmn (36% VA) was found to be stable even at
85 Ib./sq.in. Absolute. This material was fortificd with pure
VA to produce mixtures up to 61% VA, This composition
exploded at 75 1b./sq.in. absolute, while saniples contain-
ing from 55 to 587 VA were unstable at 85 Ib.fsq.in.
absolute, but stable at 75 Ib./sq.in. absolute. Mixtures con-
taining {rom 53- to 547 VA expluded once in cight tests
at 85 Ib.fsq.in. absolute using both ignition sourees.
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The positive-ipniiion tests show that with vapor-phase
VA-BD mixture, 40 mol % VA will not deilugrate o 85
Ib/sq.in. absolute, nor will 50 mol 52 VA at 65 1h./sq.in.
absolute. Adding the components normally  pesent
in butadicne column residues varics the  alfowzble
soncentration at 85 1b./sq.in. absolute to 53 mol % VA,
and at 65 Ib./sq.in. absolute to 600l 52 Adding an inert
component such asn-pentane to a VA-BD mixture rises
the allowzble VA coacentration to higher levels. These
data are- shown in F-6. In this work, in which the liguid
and vapor phases were in equilibrium, 1he vapor-phass
deflagration senerated the pecessary conditions to iuitiate
the Jiquid-phase decomposition in all cases except one of
the tests using pentanc.

Based on the above. if plant BD rafining distillution
columns are treated as though they were nixtures of B
and VA, there isa built-in safety factor of about 0% in
VA concentratinn, An additional sifeiv fucror pmov b
built in if the coluemn is operated at a pressure iess thon
that for which the safe concentration of VA was

* developed. It is the authors” opinion that 45- to 50 mol %
VA could be considered safe in a column operating at
maximum pressure of 65 1b./sq.in. absolute, if there me no
excursions above 507 VA. The degree to which the VA
concentration can bz controlled is 2 factor in establishing
the safe opeiation limit. Since the data are availabl: 1o
adjust for operziiny nrosstre and exporivace iscgutivd 1o
determine control variability, 2 maximum of 40 mo! %
VA was chosen for systems opsraiing at 65 Ib./sq.in,
absolute.

The experimental work en the stability of
vinylacetylene-butadicne systems generatzd the following
conclusions: '

1. All mixtures of vinylacetylene and butadicns are
thermally unsiable, and will generate exotherms and
explosions at predictable iemperatures and pressures.

2. Sodium nitrite, converted to sodium nitrale, can
make butadicne-vinylucetylene mixtures less stable,

3. The maximum temperature for butadicne refining
systemns should be no hizher than 105°C.

4. Concentrations of vinylacetylene up to 40 mol %
will not support a vapor-phase deflagration at 65 Ib./sq.in.
absolute.

5. The tempcraiure and pressure developed from a
vapor-phase deflagration is sufficient to initiate an
explosive decomposition in the liquid phase.

As 3 result of the investigation into the explosion in the
Tecas City No. 3 butadicne reflining ¢olumn and the
subsequent cxperimental work, the cause can he
attributed to the following sequence of events:

1. The butadiene refining still was placed on standby,
as was the usual practice, to perform maintenanee on
equipment in the system.

2. Under neardaora) reflux conditions, the overhead
roduct valve continuonsly leaked butadienc from the

listillation system,

3. The column fractivnated, over 8.38 hr., the light
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Figure 6. Pasitive-ignition tert of vinylacetviene mixneres,
components overi:ead and concentrated the heavier
componcnts in the lower section. The trays between 10
and 15 from the botiom developed 2 maximum
concentration of 60 mol % vinylacetylene.

4. The base liquid level fell to a level above that
required to circulate the organic liquid, but below that
required 1o maintain all the tubes covered in the natural
circulation reboiler. :

5. At this poini, a reaction occurred in the reboiler
tubes. The exact initiator is not known, but a thermal
polymerization sensitized by the presence of sodium
nitrate, is a possibility. Since the 15 lb./sqin. gauge
superheated steam has a maximum temperature of 157°C,
the reboiler level was low, and the condensate
temperature was rising, the conditions for a thernnl
polymerization were present.

6. Five of the tubes vickded to the internal pressure
and temperature and burst.

7. The shock and heat generated by this event
decomposed the highly concentrated vinylacetylene vapor
in the reboiler causing a defagration wave to proceed up
the column,

8. The pressure and heat-from the wave over-pressured
the reboiler vapor outlet, the bottom of the column, and
displaced or tipped. the bottom ten distillation trays.

9. On or zbout tray number 14, the 1emperature and
pressure were sufficiemly hish to decompose the liquid
containing ahout 607 vinylacetylene,

10.  The column tore from this point up and down at
velocities over 2,000t /sec. destroying the bottom 42 fi.
of the columm and causing it to fall,
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_ from the system surrounding the columm ignited.

Unibn Carbide, as a result of this investigation, has
implemented the conclusions of this report and requited
their other units to comply with the following

. pmmendations:

4. Avoid 1tal reflux to prevent the concentration of
any component in anypart of the column.

2. As long as there is heat on the reboiler maintain a
residuc flow from the system at alf times.,

3. Do not exceed 40 mol 9 vinylicetylene in the
vapor phase at any point in the system,

4. Provide continuous monitoring of the kettle vapor
phase and approximaely the sixth tray vapor phase for
vinylacetylene concentration. The column concentration
should always be less than the base concentration.

5. Reduce all heating systems for all butudiene
refining columas to a maximum tepromatursr of 1059C,

6. Do not use sodium nitrite in the refining system.
For polymer and peroxide comrol, use 10 ppm

itrosophenyl-hydroxylamine (NPH) in the reflux loop,

‘.. The ndease. of the large amount of hydrocarbon

Acknowledgement
_ The content of this article represents the combined
“efforts of o number of people fromn all fevels of Union
- Carbide. Advice and assistance from Dr. W. B. Howard of
the Monsanto Co. and Dr. R. A, Schultz of Du Pont is
sincercly appreciated. Dr. Paul Johnson, also of Du Pont,
provided the vinylacetylene for the experimenial work,
The cooperation of the industry, in general, was gratitying
and it is hoped that this report repays, in part, for their
- contributions. :

Literature cited

1. Jarvis, HC., Chem. Eng. Frogr., 67 4% (June 1971).

2. Freeman, R4, and M.P. McCready, Chem. Eng. Frogr.,
6745 (June 1971).

3. Alexander, D.S., Jud. ‘Eng. Chem., 51 733 (Junc 1959).

4. Camphell. G.G., “Putential Hazard of Using Socium
Nitrite for Inhibiting Popcorn Polymer.” Phillips
Chemical Co., Report No. 49-58PC (April 23, 1958).

5. Rucker, K.G., private communication to the author

cased on the re(lux flow. (October 8, 1970).
g—rt— —_—— /’f""\.
3 { 9 ¢ 1
P ‘} f s : o ?*
ot Y ~ O
% H - aati Y "
‘\. - :_- r,,/ ) -..__'\ .: >
“ : i B 1 -
N -: t . r -
.§ ' - - ! . " ."
‘ '. :‘ } N\ : ! Ty e
A e L SR AR 3 4 N S
) KEISTER, Robert G. PESETSKY, Bernard L. CLARK, Sianley W.

no A 03066?
COWF T DENTTIAL




The forcz of tn
ilew cne £00 0. ::ciicn .-.-,'..;.-'J

.'l
L)
“
]
.y s

W Do M@—p - . ]
U

*i,:_ \—\ckc—-: .

oM e eama T Tl e

’ PLANT SAFETY &
LOSS FREVERTION
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H. C. Jarvis, Union Carbide Corp., Texas City, Tex.

Al

AL N EXPLOSION GCOUIRED ON OCTOHER 23, 1969, IN THE
vear-old butadiene refining unit ot Union Carbids's
Texas City plant. Mich of the butadiene unit waz de-
stroved and the ardjacent 1.2 Litlien Ib.,yr. ethyicne
unit suiiered !":.'J(n dumage, The cwlus.ov \-hxch oc-
enrred in theley . SR
Jittervd thie area witnin OG0 It 01 e cn?:m.n ‘vn'l 8
and tray fragmontz, snd tray vaives varying from a
fow sunces to severe! hundrad puunds in wei;:ht. Large
el fragments were seattered o aovadius of 1,500 £t

1 one 800 1b. zection landed 2000 f.. away. Grass

res were set at o distance of T30 £4,

Damage was not sonfined to the plant site. Numey-
ous houses in a residentinl area sicrting 750 7t away
were damazed by fly l"w materisds pnd windows were
broken 1) mi. awav. Forwunately, no disabling in-
juries vecurred, nnd injuries outside the p.:mt avea
were confined to toincy enls and abrazions and menial
anguish.

The butadieae refizing unit recovers bvpxcduct

-butadione from a crude €, stream originating in the
*fins unil. Similur anits have been oparared by Union
< warbide for almost 50 ears. The primary separation
of butadiene is hy d'nul‘ptim" )‘rcenu\- Luilt units,
mcludwg the one a1 Texas City, 2ites from the eaniier
units in that a1 new absorbent, (‘nmc.'h\'!acu:\...xde
(DMAC), is nzed. The stripped gases Jrom the satui-
rated sulvent are enmoressed for rececling to the base
of the absorber s 2 hewt medivm sand as fesd to the
refining section ot 1he unit. Light cwnpenents of the
stripped gas are removed in a [orecolumn. The hirh
purity butadione prisiuet is produced as the overhead
of the refining column. The heavy cempongnts of tie
feed stream, inciwding vinylacety'eae, are removed as
refining eolumn Kettle product.

Vinylacotylene in the keitle product is normally
maintaincd at o eoccentration of shont 357 by sup-
ph"mrnlm the Besve ends in the feed stream with
Batadiene, Beplesibiiity fests hao icaiceted thin eons

Ctrations of vinrlocetylens under A5 in the kettle

inet were stallde g column eperrating condibions.

aue &) cohmm vears of refinime column operation

under colitmn conditives similinr (o e in the Texas
City unit had been aceumalated withont ineident,

A Lot
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Status pricr to the explosion

The Luladiene refining unit was opersting nornnih-,
and all other pieces of equipment swere in good work
ing order when the unit was shut down for cpaxrs to
tha strirner make cempres=or, Reductiog of foai fow
{0 the shsurver began about 9:00 a.m. and ail 1e2d iow
was discontinued by 11:00 a.m, Circulation of DMAC
was continued until all dissolved gu=es were stripped
out and fnred. The absorber and stripper were vaived
in under methane pressure in a standby condition. and
the strippoer make compressor was purged with inert
gas and preg:ared for maintenance,

The forecolumn and refining column were piaced on
total refiux when the stripper make compres=sor was
removed {rom service. The columns wore shut in with
hand vaives in the feed and kettle preduct lines and
by motor valves in the overhead lines. Iinth columns
continticd to operate under total reflux conditiors—the
normal practice for these columns when the absorption
section is shut down for short periods of time

The forecolumn operated smoothly under total re-
flux at near nermal end conditions. The oriy change
in conditions, a reduction in vapor gravity st the ton
of the eoluman, was probably eaused by an aceumula-
tion of light ends during the total reflux process.

Operation of the refining column appeared normal
to the operator on duty even though eoperation was er-
ratic. This eolumn normally operates under a very high
reilux ratio and erratic uperation on tota! reflux was
commmeon, Operator attention was required in main-
taining a balance between the liquid in the buse of the
column available for kettle vapor generation and lig-
vid in the accumulator available for yeilux, Relux flow
was controlled on manual while steam tow to the
calandria was controlled automatically by the liguid
level at the base of the column.

This article, und the vne that /nllnm.v are Lo of
three ¢ ;hc»'c.s written va the Teons Uity explosion
and its aftermath. AIL titree wriveles witl be pnd-
lished skortly in a CEF technical monnal; “loss
Prevention,” voliume 5,

4
&8 57
L‘ONF‘IDFNTIm

B T R A




Although operation of the eolimn appearcd normal
at the time, vaamination of the records afler the ox-
plosion showed that the column wie slowly lozing ma-
terinl throuph the closed, bhut feaking, molor vidve in
“the overheud line. Column pressure and pressure drop
stabilized 2l T5- o ¥ 2 of normal showing reasonable:

ray londingz follow -r;z a rapid decrease when feed was

“ghut off. Ietiux and steam flow coutinued to fail slovly
throughont the =hutilown perind, indicating a luss of
material from the column, ‘The make How meler showed
acontinuous flow; henwvever, the operator :mqum'-‘l that
the mcter was ofl calibration siuce the moke motor
valve was clozed and the tracizg on the chart was a
continueus straigh! line near the hase of the chart.
The columu basz jevel indicator showed a low jevel in

the base of the column, but ample kettle vapor was

being generated.

Loss of butadicug from the system through the leak-
ing overhead line n:ofor vatve resulted in substaniial
changes in tray compasition in the lower section of
the column The u)ncomr'\twn of v |rvl teetylene in the

troy Hgnid b d o 1

HISA eOthe wenll TNy ul Tk ’\
more than deuiled to on estinaied 60 mole € 'l'i.(. 083
of liguid in the base of the column uncm erad the

. calandria tubes, atlowing the teie wiall temperatuie to
approach the temipersture of the heat suppiy. The in-
ereazed vinviacetylone concentration and hich tube
wall temperatures ~e7 the stage for the explosivn which
fallowed, .

The exnlosion

The explosion 'n the refinine cn‘zm*n occurred some
1 hnges atter vedd sutoman doeod thow Legng g D LGS
after the refining «er-tmn was pluced on total re"hn:
The expluston ocenrred without warning other than as
eovered inthe peraneraphy absve. It was so sweiden that
none of the pr e:-‘- v2 and temperature changes which
:xcmxrn,.nmc.l it wore reeorded on any of the iepstrn-
ments in the \mit. 1 wo loitd noises wore prnduccd. The
first was proballv cnused by the disintegration of the
column in which tite lower 40 f1. was fragmentad and
scattered around uw arven. The second, which cccorred
almo=4 immaedis thereaiter. waz probably cauzed by
the ignition of 11:x Inrge quantity of gas releazed from
the ruptured lines and cguipment,

The.extent of phyvsical damage o the butadienc unit
15 shown in Firure 1. One distillation column was re-
placed and sever:! others veceived major vepairs for
"defornted shells. shrapnel holes. and distorted or miss-

ing nozzles. A mnjor part of ihe auxiliary ejuipment
was repaired or replaced. The ,-i'rel 2ok, including pip-
ing. instrament aid elecirical cuble, and musl of the
instruments, was replaced. Daimage was similar but
not as extensive in the adjoining olefins unit, sithough
evaluation and repuirs were more complex and costly
because of the specinl metals and insvlation required
for ¢old temperature service in this unit. Rebuikling
costs exceeded F6 million, -
Determining the absence of damare was of major
importance for economic =ni =afety reasons. The
_thousands of picces of fAying metal, some versy small,
cut holes and gashes ininsnlation and equipment Heat
effects c'-uwd stresses amd metal diztortion which, in
turn, caused wechanical strsin in sitached cqm;‘:rcnt
Temperatures vver 1,350 1 cavsed grain growth in
cold temnerature sleel rendering it brittle when cold”
and unsuitable Tor reuse,
All piping and evqaipment aifected by the explosion
and five were inspected for damage, Carbon stevd pip-

m;: for warm teperalures semviee was conshde l‘Nl .

-
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metallurgically sound unless visual inspeelion showed
aevere scaling or distortion, Stress pelief was required
for eold temperatnre steels hoated above 375 °F. Grain
growth wis nssumad in steels heated over 1,100°F, The
enlor chanzes helsw were nsed o indieators of the
temparntores reached, The validity of this approuch
was established by fielll and laboratory tesling.

1. Foam ghiss cement melts at 2580°F

2. Polvurethane insulation turns dark at 250°F, and
chars at 300°F

3. Phenolic resin in the fiber glass blankets turns
brown at 375°F ,

4. The insulation weather barrier chars and be-
comes chalky xt 400°F

5. Dimetcote No. 4 turns brown at 1,000°F

6. Foam glass melts at 1,800°F

Effect on personnel

Thirtcen people were in the immediate area when
the explosion oceurred; 6 in the control building and
7 in the equipment arci. Three maintenance men work-
inme ooy the pompreesor 100 fL away from the refinine
cehiinn were shielded by small items of ejuipment and
thrown to the ground Ly the blast, One suffered a rup-
tured ear drum and the other two were uninjured, One
operator, approximately 200 ft. away and relaiively
unprotected, was thrown to the ground but uninjured.
The main fireball was wver his head, but ke crawled out
of ihe fire area and immediately tonk steps that limited
the amount of fMammable material entering the fire
zone. He also activated the emergency relief valves on
the distillation eoninrent. His gquick action was in-
strinneatal in limiling the extent of the fire.

Six m~n were in the central control building 200 ft.
from the refining column, Although this building touk
the full Gruant of tha ilast, no serious iniaries occurrad
to those inside. One man seated in an office downstairs
near the wall facing the explosion was shaken up and
suffered head bruises. but he was able to clear the
building and the area betsveen the initinl biast and ex-
plesive burning of the relensed gases. The four men
on the control room fioor made theiv wayv out among
falling Jight fixtures and ceiling parts, and escaped
from the area. One of tiiese men suffered a broken hecl
which was probably cracked when Le jumped to the
sidewalk from the intermediate level of an outside
stairway. The remaining men in the area were far
enough away that they were not afiected by the blast.

The fire was brouzht unider eontrol by unit persen-
nel and the plant fire squad. Employees living in sur-
rounding arcas who were familiar with the unit re-
sponded immediately to the emergency and assisted
personnel on duty in bringing the fire under control.
The fire fichling effort was impeded by the tervific
noise ereated by high pressure steam and zas escaping
from ruptured lines which made cummunication nl-
most Impossible. Conversation was difficult 800 ft.
away from the blnst area, and the noise was discom-
forting even with ear mulls.

Fire protection is provided by a water spray system.
stationary fire monitors, and hose hydrants. Total fire
water pumping capability is 37.500 gal, min,-8ix of
eipht G in, waler spray svslem supply headers passing
through the blast area were destroyed, These lines sup-
pliei water to portions of the mdjacent olefins area. as
well s to systems in the immediate blast avea. Loss of
these lines was of primary concern in the fire fighting
eflort. Five protection to structura) steel in the im-
mudinie biast aren was lost, and the reducesd pressure
limited the xupply of waler to sprinkler systems pro-
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. the cblumns deeressed as the prossure was relivved,

A hazardeus comdition could have vecurred without

_ this anti-vacwi fenture since air might eaxily have
Been sucked into the columnps. Soe of the shutoff
valves were inneeensible due to the fire and maintain-
g a purge on all of this equipmaont would have been
st difficull, even though nitrsgen purge pas was
Available.

Metal-covered #tecl-framed buildings are good con-
struction in areas where explosions can aecur. The
control and orfice building was of this type. Although
the exterior und first tiovr office nea suflered exten-
sive damuge, the insirument comzolex and computer
tocated on the @ eovad flong esetped major damage, The
exterior walis, being ol light metal construction. easily
deformed ;uxl, thas absorbed eneipy and redaced dam-
age tu the inlerive of the builiing as well ux Lo the
Luilding frame. The interface eabipets, which are von-
structed of meditn weight steel sbeet, tormed a shield

yotecting the instriament consoles. Although exten-
sive instrument checkout was neceszary, the main
Cadlhaem s 20 g boese et PRS00 oy the Trenoe Bers
guantity of dusl, divt, and small j Ueles bloven fnside,
The principal fonage lo the eompiler ocenrred when
1he shoek wave caused some hequls todray on the dram,
A number of hardware problen: veenrred after the
competer was retovied to serviee. The explosion no
doulbst contrbmted o these probleas, hut some of tiem

eould well huve been problems not vet identificd aund.

corrected prior to the blast. Infornation recovered
from the computer gave a complete picture of opara-
tiop of Yo unlt b ghe e F tao explorion, ond
made possivic lne sobseguent sibes Which estao-
lished the cause of the explosion,

One deficiener in building eonzirnction could have
cansed zerious personpel injury. The light fistutes in
e building were supported by the suspended ceiling.
The eatire ceiiingy fel. leaving o} the light H:tures
hanging from floxible efectries) conduit. Surprisingly,
none of the six mer in the building were injured by the
falling fixtures, or by running into them when escaping
from the building, Al light fixtures are now suspanded
from the baildiny frame.

Many of the fire monitors in the mrea were too far
removed frem the high steel structures to play water
on the upper stee! witere it was vewded. The monitors

_\ha\-e bean relocated to provide Letter water coverage,
altliough, in muny cazes the shatofl valve was retained
at the originad location for betier access in the event
of a five.

Block valves, lncated outside the area but cloze
enough for operation by unit personnel. ave required
in all process lines enteving the aren. All these lines
had vaives at other locations outside the unit and could
theoreticully be elozed when requived. In practice, the
severe emerypency that oceureed in the rest of the plant
as a result of this fire and explosion was such that
persons in other aveas who normally would have closed
the valves were not always available or could not be
reached.

. Problem areas
* Communivatione both inside and ontside the plant
arei provided very serious probivms, Voice communi-
cation was almiest impossible neaxi the bliat aren be.
cavse of the noise geperated by eseaping gas and
steam. Tie tedephone system in the immediale area
war destroy el and commundeatiog wilh the rest ot the
plant waz Bimited (o rudio, The difieaity in commuui-
cating with the rest of the plant was partivabliody im-
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poriant ‘when the remotely Jocalod shutolf valves in
many of the ruptured lines had io be closed,

Cuompnnivation with the outside world was almost
impessibie. The deligge of telephone eails from people
in the surreanding arens completely licd up the tele-
phone system for miles avound. Catls isth into and out
of the plant could not be cumipleted, muking com-
munication with personpel needed to deal with the
emerpency extremely dificult. Obviously, public com-
municittion sysiems have extreme limilations in emer-
gencies such as thix vne.

Communication’ with the news media was made difli-
cult by ‘the reporter’s mnfamiliarity with technieal
terins. Emerguncy press headquarters with divect out-
side Jines was open al 7:40 p.m., 17 min. after the ex-
plosinn oceurred. Assistant plant managuers were avail-
able for questioning: Press information boolklets were
pazsed out so that all corparation prrsennel present
were properly identificd. Questions were answered as
factually and accurately as possible, A formal news

-release, including names and addresses of employees

favelead in the Bra aned o pleture of “2e e, wie made
availible at 9:00 p.m, Four more news relenzes were
made as additiona) information Lecame available, In
spite of the special efforis made to wccommodate the
pres=s and provide accurate information, much that was
prinfed was inacenrate or misleading. Informeztion
packets on cach operating unit in the plant that will
help bridyge the gap between the technical and non-
technical world are Leing prepared, should their use
ever be required again.

Threa persons knawn s be in the aren ot the time of
the expiosion couid hei Lo accointad fov several botrs
later, although a preliminary count had estzablished

_ that therewere no sericus injuries. These men escaped

from the blast area by scaling the plunt fénee. Two
were taken to a hospital by a paszing motorist, while
» third walked around the phmt and reentered at the
front gate. All theze men knew the importance of re-
porting to the plant that they wera safe, hut those in
the hoapital were unsuccessful in their atiempts to do
so. Woird of their safety finully reachéd the plant
throurh a news reporter. Unioriun:iely, tiis informa-
tion was not paszed to 1he blast site and rescue per-
sonnel were axposed needlessly tu paditions) danger
as they searched for the missing men.

The streets leading 1o the plant site were immedi-
ately choked with vehicles and people. Some who re-
membered the Texas City explusion in Aprii. 1947 were
rushing (o get out of the vicinity but others, much
greater in number, were rushing in to wateh the fire.
The traftic jam seriousiy impeded those plant personnel
needed at the plant site, Fortunately, local police ar-
rived at the seene in minutes and blocked off the public
highway adjacent to the blust area, greatly reducing
the probability of injury to the curious if additional
explosions had occurred. F

= = “4 H, C. Jarvis received a B.S. in Ch.E. from
*3 0 the University of Texas and joined Union

. * . Carbitie Corporation wn 19-18. He is now
' . head of the Teans City Piant's Man-
wis e Tt agement Services Depaatment wath thie
t responsilility for tiie plant Prozess Com-

. . puler Systems amd the Operations ke-
—— . search Gioup. FHe hes bueen involved vt
_oletin-plants for 20 yenrs and was tie

o 4] Operating Department Head duting the

_desien, construction and start-up ol the
Texas City 1.2 muhion 1L /yr, elhylene plant.
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