pipes each contained a ball pressure spparatus. This consist :
tially of a steel die of 10 mm diameter in the surface of which a steel
ball of 4 mm diameter is-inserted. This rests on a copper cylinder 10,6
sm high end 7 mm diameter. During the explosion the ball of the die is.
pressed into the copper cylinder and casuses an indentation of & certain
depth and dismeter. This device can be calibrated by means of a press
and the pressure corresponiing to certain siszes of indemtation can be
determined. , N ,
: Besides the pressure measuring devices in the pipe covers, there
were nine more along the pipe. These were located at distances of 0.2,
’ 005. 160y 260, 500. 10.0. 1500. 200, and 35,0 n :tron the front end of
the pipe, 1.e., from the ignition point. These devices were somewhat
smpller than those in the covers. The die had a dismeter of 7,9 mm; the
copper cylinder a diameter of 6 mm and a height of 9 mm, These devices
are generally called "Krupp'sche Messeier®. In some of the experimeats,
especially those in which high pressures resulted, these devices were
used with a compression cylinder rather than with the dball device. In
the compression devices.the bottom surface of the steel die is machined
saooth and rests on a copper cylinder of somewhat smaller dimensions,
3x6 mm, The ‘explosion causes compression of the copper cylinder which
can be measured with a micrometer. Calibration is also done statically
by means of a hand press. _ '

In the publication “Antogene Metallbearbeitung®, 1943, Vol. 13,
page 213, it is stated that the ball spparatus gives usable results only
in the case of true explosions and not with detonstions. This is becaunse
the acouracy is dspendent upon the velocity of the pressure rige and
hence the speed of propagation of the process. (Decomposition or com-
bustion) Detonations, which have a velocity of 1,000 to 3,000 m per
second, cause t0o high values with both devices. The result can actually .
be twice as high as the true values, However, as to the actual deviation
there is insufficient actual expsrience. . ’

. In order to utilise the pressure measuring devices not only as
indicators for a detomation but also in order to make their results some-
~ what usable, data from them were compared with those obtained by means
of an electric device. : : .

This consists of a quarts transmitter, in which a pieso-quarts
canses a changé in electrical charge with variations in pressure; further-
more an amplifier in which these changes in charge can be made into
changes of curreat in smplified form; as Well as a cathode ray oscillo-
graph, in which the changes in current deflect a stream of electrons. -
This deflection is shown by means of a moving film. Tho calidration is
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The experiments with the povd.or igniter (Experiments 9, 10, 1,
and 13) gave values, which do not fit well into ths general scheme,
- because, as already mentioned, this type 1gn1tor has too short a burning

"time and causes irregular ignition.

" Most ramarka.‘bly, a wesk later as the o:;:orinont- were again con
timud. the decomposition stopped after 3 = im the pregsure range of
2-4 kg/cn?. Detonation was again observed at a pressure of 5 kg/cm2,
which started at a distance of 2 m from the ignition point. The phenom-
enon was dues apparently to the 4° drop in temperature ococurring in the
meantime. This could be demonstrated by use of a short spark plug lo-
cated next to the cover. Apparently the cooling effect of the pipe wall
and cover plays an appreciable roll in the development of an explosion
in narrow p!.pec of this sort.

The ezperiments were therefore continued with a cpe.rk plug which
had electrodes 15 cm long for all p go- incl this 25 mm pipe. It
wss phown that at a temperature of 6°C, (Table a decomposition with

detonation always occurred above 2.75 kg/cm®, (Mu’inents 146, 147).

After the ball pressure devices were taken out (installed on a
bar) decomposition started at 0.6 kg/om3., At this pipe cross section,
thi- obstruction had a strongly adiverse effect. Detonation began at

2 kg/cn?, however.

. For all the ezperimentc in the 35 mm and 50 mm pipe the ignition
took place in the pipe. In the following experiments a chamber of 300
m I.D. and 2 m long was placed in front of the pipe and ignition took
Place at the end of the chamber, so that a strong explosion wave could
be .developed before entry into the pipe. W¥With this arrangement, detona-
tions_occurred in the 25 mm pipe at 0.5 and in the 50 mm pipe at 0.4
kg/cm®. (See Table 4) This effect was not apparent in the large pipes.
A chamber of sufficient sige tims has such a strong effect on the experi-
mental conditions that detonations start in small pipes at the same -
preunre as in large ones.

Illustration XI° shows the :I.gnition chamber with the 25 mm pipe
attached.

Experiments in the 100 mm Pipe (!!.'a"blo 5)

| Between O.4 and 0.6 lrg/ﬂn3 lays a region, in which decomposition
traverses the whole pipe without detonation ocourring. The ball prenmre
devices showed very little indentation in this range. From 0.6 kg/cw®
“"and above detonation occurs with final pressures between 100 and 200
am3, With this series of experiments some pressure data were obtained
"with the holp of the oocillogaph, vhich are shown in the last vertical
colm. -

As’ the pronmrel obt‘nod. show, between 0.6 and 0.9 lrg/cma




pressures.

Ther the _ . v m;

lene gas put in; again evacuated and acetylene added to the desired
pressure. The acetylene averaged 99% purity. Ths pressure at which
ignition took place lay with pure acetylene betwsen 0.3 and 5 kg./
gaoge pressure. Then the ignition wires were attached, thes tr sformer
hooked uwp, the area cleared and then ignition was 'brought about from a
distance of 40 =mn. ‘

' If ignition occurred, a noise comld bo heard, especially with the
larger pipes and at h:l.ghu' pressures, which became stronger the higher
the initial pressure. Nurther characteristics of an actual decomposi-
tion were warming of the pipe, separation of soot, an odor of aromatic
hydrocarbons and a pressure rise. In the case of complete decomposition
the soot lay in a thick layer up to the froant flange. If decomposition
was not complete, the socot stopped at a certain distance from the igni-
tion point although exactly at what point was difficult to determine,
because the soot was carried on fwrther by the explosien wave in the
direction of propagation and in some cases was present in large q:unnti.—
ties only at the end of thes pipe. .

After firing, & gas sample was taken and unalyzed. The datas are
not given, because the rust layer on the inner surface of the pipe gave
off lighter compounds of hydrocerbons and N3, through ths heat of -ths
explosion, which caused analytical values to be false. ZEven after sev-
eral experiments the splitting off of these gases was still appreciahble.

The chief product of decomposition was hydrogen. ' Heavy hydro-

carbons were usually present only to a few percent. Light hydrocarbons
were found up to 30% by volume, which led to the observation that the

quantity of light hydrocarbons is presumably greater in the case of a
detonation than :tor a slow d.oconposition.

After the gas samples were taken the pipo- were epenod. and the
. soot blown out through the rear flange after the forward cover was re-
moved and the blower piping hooked uwp. In this way it was possidble to
clean out the soot in a few minutes.

“"Iiiustration X shows the soot being blown out of the 200 mm pipe.

Finally the ball preessure devices were taken out, pressures
measured a.nd. the pipe made ready for a new experiment. :

The results of the experiments are shown in the ten tables, in
which they were arranged according to initial pressures. .
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“Jikewise static. Since the plezo-electric measuring device is practi.ca_l-4
1y without inertia, it gives better accuracy than any other methods for
the measurement of fast moving pressure waves. : _

: In all experiments iam which this method of measwrement was used, .
the transmitter was installed on the front cover next to the ball pres—
sure apparatus, while ignition occurred at the other end, so that both
measuring devices were the same distance from the point of ignitiom.

- Also for some of the measurements two or thrpe additional ball--dsvices
were installed in order to investigate the scattering of the values.

Without going into detail at this time, 1t might be mentioned
that the ball pressure and compression cylinder devices showed a
scattering of values of uwp to 120%. All the results suffer from this
troudle. JFurthermore, the results of the ball pressure device differ
from those of the electrical system by a factor of 1.75 (as mean between
1.4 and 3.1), i.e. the ball pressure valuss must be divided by this to
get the trues valus. Of course, this is purely an experience factor,
which is good only for these experimental conditions, i.e. for ball
pressure devices of this size. (ZThe weight of the die is the primary
factor). A further condition is that the device must be so built that
‘the axis of the die lies in the direction of flame propagation, and
f£inally the decomposition must be a detonation. In the case of ordinary
decomposition, neither the weight of the die nor the position of the
spparatus relative to the flame front makes any difference. Then the
pressures are subject only to the usual mistakes and do .not have to be
divided Dy a certain factor. ’

: The transition of a slow decomposition to a detonation is charac-

. terised Dy & very sudden increase in pressure. In the range of thes trans-
ftion the results of the ball pressure device are also uncertain, How-
ever, in the experiments tlis deviations from the trus values were not
determined. ' .

Experipental Procedurs

The experiments were carried out in the following ways

The new ball pressure devices were installed in the pipe: the
cover was put on, and the pressure measuring apparatus, or as the case
may be, the gquarts transmitter was screwed into place. The spark plug
' was installed in the rear cover. The spark plug was built like a normal
Bosch plug except that ths electrodes were increased to 15 cm. On the
ends of these, three platinum wires 0.15 mm diameter were arranged, which
served as the means of ignition and which were melted, depending upon the
initial acetylene pressure, by a curreant of 15-35 Amp. As a rule, direct
. current was used. In some experiments an igniter of 0.2 g. of lead
picrate was used instead of the platinum wires. However, this igniter _
- had too short a bdburning time to cause ignition especially at low acetylene




initial pressure, the start of detonation is at the end of the pipe,
1.0, after a starting distance of 30 m. The start of detonation is

always characterized by a very high pressure, which is hig

alb_ k.

pressure within the detonation wave. In such cases, viz., the start

of detonation at the pipe end, destruction frequently occurs, such as
breaking of the wire to the quartz tranemitter, shearing of bolts,
bending of the cover, tearing loose of the _flanges, etc. ZExperiments
55 and 95 with a pressure of 350-600 kgz/ca® at the end of the pipe are
exsmples of this. . :

- Bxxeriments in the 200 mm Pipe (Table 6)

At 0.4 and with certainty at 0.5 kg/ca® a slow decomposition
changes to a detonation. It is interesting and clearly to be seen in
this series of experiments how the start of detonation with increasing
pressure moves in the direction of the point of ignition. .At 0.4 kg/cm

detonation starts at 25 m from the ignition point; between 0.6-1.0
1t starts at 15 m; and between 1.33-2.0 kg/cm? at 10 n.

¥With the experiments in the 200 mm pipe, the duration of ignition
and the expiosion time were more frequently meagsured by use of the-
quartg transmitt The ignition time when the powder charge was used
was 0,004 sec. and\with the platinum wires usually a few tenths of a
second, sometimes capsideradBle more. From this it follows that the
latter type of ignit is effective a longer time, but so far as total
strength is concerned shows some irregularities, as indicated by the
fact that near the pressure limit the experiments did not give xactly
the sams results, i.e. the pressure limit varied some 0.1 kg/cm®.

'Ths explosion time, i.e. the time between closing the circuit and
the arrival of the wave at the opposite cover was between 0.6 and 1.6
seconds for the wire fusion and became longer with falling initial pres—
sure. With the use of the powder charge it was apprsciabdly lmger, viz.,
1.56-1.84 sec., although the initial pressure was higher (1.66 and 2.0
kg/ca®). The explosion time is merely a point of orientation, which
Primarily depends on the starting distance required before detonation
starts. : :

" Here it is very apparent £Mt detonation occurred as soon as
decomposition begins. 'This happened at a pressure of 0.5 kg/cnz gauge.
Below this pressure only soot deposition on the spark Plug took place

-

without the deposition beihg propagated furthser.

- The start of deténa.tion lay élways at or very ne thé pipe end
and was characterized by very high pressures (350 kg/cw®). Therefore
. in these experiments the cover, and mostly also the flanges were toram




off. The breaking point of the ﬂange was always right next to the weld.
At the same t:l.me the end of the pipe was tora -apart into a tulip shape,
hile oud o860 and a flame several meters long and lasting
-overal leconds rose from the trench into which the end of the pipe ex~
tended. The tmnderous noise could be hoa.rd. at some distance.

The ties, which covered the tremnch, were usually blown off, How-
aver, the broken pa.rts of the pipe were usually found in the trench.

!l'he attached illustrations -how the dedtruction caused by ths
detonations. »

Illustra.tion HI shows the cover torn off, to which parts of the .
ﬂange are still attached.

Illustration XIII and XIV show a cover with the flange torn off
near the weld.

In Illustrations XV and XVI are shown the ends 'of two pipes.

Illustrations XVII and XVIII show the condition of the trench - -
immediately after breaking off the flanges of the 300 and 400 mm pipes.

Bxperiments with Acetylene-Nitrogen Mixtures in
the 100 and 200 mm Pige ;‘.Ea:ble 9 and 10§

These experiments were completed by experiments with acetylene-
nitrogen mixtures to determine to what extent higher Np contents would

raise the explosive limit or hinder detonation. However, only g few
experiments were carried out. The 100 and 2300 mm pipes were used.

The acetylene-nitrogen mixtures were prodnced in the following
way: L ,

Acetylene and nitrogen were each taken from a battery of cylinders
in the ratio required, passed through two meters, throvgh a mixer and to
a5 M €as holder. From the gas holder a pipe went to a compresser
which served to compress this mixture :lnto the pipes which were first
evacuated.

2

Illustration XIX shows the two meters on the right, the mixer in
the center on the cylindrical container and the gas holder on the left.
The house on the right, in front of which stand the cylinders, contains
the compressers. ' , '

Before the exper:lmentc wvere ctartod. the gas mixture was analyszed
each time both at the gas holder and after compression into the pipe.
The production of the mixture and the pumping of the same into pipes

~
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took piace at the same time.

!he_r_e'mlts ‘are to be seen in Tables 9 and 10.

According to Table 9 no decomposition took place in the 100 mm
pipe with a mixture of 70% acetylene and Z0% nitrogen at a pressure of
1l kg/cnz. and at 2 kg/em® a complete decomposition took place but with.
out detonation. With mixtures in the ratio 1l:l the corresponding values
are 3.0 snd 4.0 kg/cm?. o

In the 200 mm pipe (Peble 10) the same was found for mixtures in
the ratio 1l:l, namely that at 4.0 kﬁé@z complete decomposition takes
place (Experiment 150); at 8.0 k§ ce® the decomposition seems to change
to a detonation. (Experiment 152). XExperiments, however, in the range .

of 4.0-8.0 kg/cm® for the exact determination of the detonation limit
are lacklng. ' ; }

An experiment with only 25% N gave detonation at 2.0 kg/cme.

-
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EXHIZIT C

. Parben . ' | Ludwigshafen on the Rhine

A=

. Physics Laboratory - September 24, 1942
Dr. Weissweller :

EXPERIMENTS BY THE PHYSICS LABORATORY, 1940-1941
____TF__________________—.___~________L______i%£_

, 0 DETahALING THS DisCOMPOSITION PRESSURE
OF ACETYLEN® AND THI: MEANS OF PREVENTING TRANSITION

OF A. SLOW DECONPOSITION INTO A DETONATION

In the ‘past few years there has emerged a very
definite acetylene chemistry. Acetylene is the raw material
for a vast series of important synthetlec products among the
most important of which is synthetic rubber, our Buna. It
is understandable that such a versatile gas must be subject
to a variety ot widely different conditions in the manu-
facturing processes. In particular, we cannot be satisfled .
to handle it in pipes and equipment at very low pressures as
has been customary heretofore, but we must strive for ap-

preclably higher pregsures. The manufacture of butilinediol
by the Reppe process requires gas at pressures up to S5-6 atm.
gauge. Many other Reppe processes now belng developed or
even already worked t require stiil hign pressures.

' The question was therefore ralsed as to the maxi-
mum pressures to be -expected as a result of acetylene de~
"composition and their dependence upon initlal pressure,

first for pure acetylens and second for milxtures of acety~
lene with inert gases. (Ng or COg), finally for acetylene
in the presence of catalyst. So far as possible 1t was

also desired to know something about the character of the
pressure ‘wave, l.e., whether 1t was fast or slow, etc. ‘
Finally, mean s should be found to stop a decomposition or
at least to prevent a slow decomposition from cnangling to

. a detonatlon.

R . This investigation was carried out during 1940-
1941 in Ludwigshafen and Griesnelm. At the latter pluce, an
'experimental installation was utilized which had been de- -

‘'signed by the C.T.R. in Berlin for the investigation of

acetylene decomposition 1n long pipe lines. e had alreauy
made tne first series of experiments in Ludwigshafen In two
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high pressure pipes 1 m. long aad either 90 mm or 120 mm
diameter, before the C.T.Rs had begun their work at
Griesheim. The C.T.R. wanted to clarify the problem of
DGR EELFORE 5 ' 1CSy Viae; UC = W ‘G.-

pressure acetylene could be safely handled in long pipelines,
l.e., with the assurance that a slow decomposition -
occurring somewhere would not be changed into a detonation.
We had assumeu that an.explosion chamber 5.5 m. long was °
enough to yleld sufficlently accurate information over ex-
plosion pressures and their character. Unfortunately, the
experiments by the C.F.Re in Griesheim showed that this was
not the case., It 1s necessary to go to considerably longer
chambers to determine whether or not a detonation would
~occur in a long pipeline. Of course, it goes without say-
ing that such long pipes for experiments are only necessary .
1f one 1s dealing in actual practice with long conduits.

For smaller reaction vessels and short lines, experiments

on a smaller scale are sufficient. ; |

A brief summary of the Griesheim results is as

follows:

€ pipes; 30 m. long; 25, 50, 100, 200, 300 and
400 rm. I.D., were used. They were buried horigontally in
the ground. Ignition was at one end by means of & spark
Plug, which carried three parallel platinum wires of 0.l5
rm thickness. Ignition was with D.C. current of approxi-
metely 15 A. Pressure measurement was by means of a copper
compression cylinder, a ball pressure measuring apparsatus,
and plezo~quartz. Pure acetylene from cylinders was used
(99-99.2% C5, Hg)e. The results showed that in the 50 mm pipe
pressures up to 2 atu. could be used without detonation - :
occurring. With pipes of I.De. 100 mm and higher, detonation
developed at 0.4=-0.6 atu. (With detonations the resulting
pressure 1s fhr more than 12 times the initial pressure).

- These experiments are, of course, binding on all
- future aceylene installations which involve compressed '
... acetylene in long pipes.

. Before going into the details of the experiments
themselves, we shall present-a few preliminary consliderations:

1. Type of Ignition. The probability that a de-
composition started at a polnt by some igniter will be

~ -97=




propagated further, assumlng, of course, sufficiént press-
ure, 1s dependent upon the kind and strength of ignition.
In acetylene decomposition experiments, both aceording to .
- our experience as well as that of the C.T.R., a platinum .
‘wire brought to instantaneous fusion has proved very satis-
factory. The C.T.R. used for their experiments three

bpi: ® y W L]
diameter. As an example of the efféct of strength of
ignition, data by Boesler of Oppau are shown in the follow=-
Ing table. The eXxperiments weie carried out Iin a oylinder-
ical vessel of 15.5 1. content. " Ignition was at the ceriter
of the gas chamber and was by'means of wire fusion: : .

'ﬁ—iyEEEnum Iting PoInE 25555 Initial Freesure 2 ZG atar

17730 " " l.40 W

Platinum " "

'Iron " - u 1530° " " 1.74 "

Copper L " ‘_10850" " : " - l.84 "

" " 6580 . " " 2.65

Aluminum’
Tead oo n o zg7o " 7.50

The table shows thet with a decreasing melting
.point and consequently decreasing ignition energy, the
initial pressure must be increased in order to cause de-
composition of the entire contents of the vessel,

It has been owr experierice that a flame front,
such as results in an. acetylene-filled pipeline, which fills
the entire cross section, acts a a very strong initial
igniter, It can be concluded from this that to attain a -———
self propagating decomposition, the heat liberated must be
greater than the rosses through conduction, rudiation and

‘convection..

.- In order to compare different experiments, the
.eame method of lignition was used at all times. In doing
this, we were awaré that in practice such energetic ignition_

“would seldoﬁ.occvr.

# 1 atu = l kg ggnge ressure
1 ata =1 solute pressure




' 2, 8ize and Shape of the Explosion Vessel. It
is a well known fact that shape, sise and marerial of the
explosion vessel influence the explosive limits of com~
hi_’_ A = ». D g =8 R 1. § 8 _0O B = £ = -

all =2 &3 DI O-S

tlons. If one disregards the possible effect of the walls
in breakxing up chain reactions or their accidentdl role as
catalysts, then the effect of the explosion chamber is de-
rendent upon the heat balance of the process. It is, of
course, obvious that the heat loss decreases witk increas-
iag ratio of volume to suxrface. It 1s, therefore, correct,
not to conduct experiments in too small volumes. Also,

the bomb volume does not hawe to be too large because as
experience shows, above a certaln size (varies with gas in
question) further increase has no effect. : .

Also, the location of the igniter in the ex-
plcsion chamber 1s important. WiIth & vertical vessel, one
geta the widest ®explosive range” if the igniter is at the
bottom of the vessel since then convection favors the
spread of sombustlion. The decomposition of acetylene 1is
analogous. In very long pipes al'so there is the danger
that a slow decomposition in acetylene can change to a de=-
tonation, i.8., the speed of decompositfBn reaches deton-
ating speed (1000 - 2000 m./sec.). In our experiments with
larger pipe slzes, it was not possible to install the pipes
vertically, and so they were used in a horizontsl position.
Cnly at the end of our experinients, narrow pipes (nominal
dlameter 10, 12.5 and 16 mm) were set up perpindicularly
and 1gnited at the base.

According to the experiments of Dr. Rimasrski of
the C.T.R., a plpe length of 30 m. should be sufficient to
permit transition of a slow decomposition inte a detona-
tlon. Our experiments proved the: correctness of this
assumption. During our first experiments in Ludwigshafen
in & pipe of 120 mm I.D., and $.5 me long, no detonations
were observed. However, in the pipe 30 m. long used at
Grleshelm, detonatlon definitely occurred. From this 1t
follows that in practice, long pipe lines carrying acetye
lene under pressure are dangerous and should be protected.
However, 1in the case of autoclaves, vessels, etc., con-
talning acetylene no detonation pressure can occur unless a
detonation wave enters the container through a pipeline.

o
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3. Measurement of the Decomposition Pressure.
In the experimenEs at Ludwigsrnaien, the decomposition

pressure was measured most effectively with a plezo~-quartz
and athode AY 0OS £ made—byr—2Ze gs—of  Dresdene. 'The

- gquartz was calibrated before each serles of experiments,

and the sensitivity of the oscillograph so set that the
pressure peaks fell on the diasgram. In the Grieshelm ex-
periments, the same equlpment was also used. At Grieshelnm,
it developed that to measure very rapld pressure rilses

{0.001 seconds and less) the natural frequency of the quartz
must -be higher. In some experlments, it could not be de-
termined whether very rapid vibrations shown by the oscillo-
graph were actually vibrations of the gas, column or of the .
quartz itself. (A new plezo-quartz with a natural -fre-
quency of 40,000 to 60,000 was made avallable by Zeiss after
the Griesheim experiments were concluded.) in Griesheim,
also, two additional types of apparatus were used, namely,
the copper. compression cylinder ancd the Krupp indentation
apparatus at lower and medium pressures without too rapld
pressure rise. These instruments gave fairly good agreement
with the gquartz measurements. However, in the case of a
very steep wave front, they gave conslderably higher presgs~
ure than the guartz. Without doubt there occurred a certaln
flow of the copper so that the indentation of the ball in
the copper or the compression of the cylinder was too great,

. 4. Xind of Gas. For the experiments, cylindex
acetylene with a purity of 99 to 99.2 percent was used. In
some of the experiments at Ludwigshafen, gas from the Reppe
butinediol process also was used. Thls gas consisted of 96%
CoHo, 2% Ho, 1% CO and 1% COge .

THE EXPERIHMENTS

I. Experirents st Lucdwigshafen in Pipes 1 and 5 m. Tong.

1. Experiments in 1 m. Pipe. The dlameter was
385 at

90 rm. The pipe specification was e« The pipe was -
used in a horizontal positfon. Ignlition was accomplished
by fusion of a 0.3 mm platinum wire. Pressure was by means
of pilezo-quartz. Initlal pressures were 4 to 9 atu,

Initisl temperatures were 309, 40°, 1009, 110°, 130°C. The
gas was in most cases dary, altno in some, saturated gas
was used. In other experirents, considersvle quantitles of
the liquid occurring in the process, namely, water solutions

< amed
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of formaldehyde and butinediol were introduced into the
pipe, also varying quantities of catalyst (copper acety- —

'1idé on silica gel), both &ry and wet, and both fresh and
used, - : i T ‘ _ S

The chief results of these experiments are as
follows: 1In the experiments with dry gas, the maximum
pressure developed was approximately 10 to 12 times the ine
itial pressure . and was reached in some 0.2 to 0.3 seconds
after lgnition. After the introduction of dry catalyst,
flnal pressures of 14 times the initial were measured.
...Thlis was for & temperature of 30 to 40°C. However, the
condition was more favorable wlth moist. catalyst in the
bomb.: Here the retarding action of the high water wvapor
content (1 ata and more) was very noticeable. The final
pressures amounted to only 3.6 times the initial pressurese.
(Water vapor pressure for 300, 110° and 130° amounts to
0.043, 1.46, and 2.75 ata respectively). With a working
temperature in the butinediol process of 130°C and 6 ata
total pressure, the vapor pressure of water is 2.785 atsa as
compared. to the acetylene partial pressure of 5.25 ata., It
wlll be noted that for a constant pressure the acetylene
content by welght of the saturated ras decreases in pro-
gortion to the absolute temperature. rFor 30°C and 130°¢,
he ratio 1s 303, that is an approximatély 25% decrease. .

. All experlments in the presence of catalyst, even
wnen dry gave maximum pressures not appreclably higher than
those without catalyst. Only the time for the attainment
of the maximum pressure was somewnat lower.: (In these eXxe
periments the catalyst grains did not fill the entire pipe
cross sectlon). As was. shown in later experiments in the .
5.5 me. long pipe (120 mm I.D.), catalyst filling the entire
plpe cross section acts as an explosion arrestor since in
every experiment the decomposition d1d not pass through. -

- These experiments are comforting in the event
that a decomposition for any reason should occur in the
catalyst tower. The catalyst is comparatively harmless and
in no way can be compared with well known igniters such as
fulminate of mercury, etce This is because no gas 1s set
free by 1its decomposition even though heat of formation is
released. ' ‘ -
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In the 1 m pipe, experiments were undertaken with

Cg -Ng and CzH?-coz,mixtures. These expcecriments demon-
strated the well known fact that amallia ditions of inert

:‘ ® oS M O Zqe)e S " - - Ry J
Wlth an initlal pressure of 6 ata and 250C initial temper-
ature, the final pressure for(the mixtures witp y2 follow:

No 62 ata
" 61 n.
" 58
" 53
" 49 "
noog43 u |
» No 'decomposition

With COp mixtures the conditlions are somewhat more
h¥s case, 42% COz 1s sufficient to prevent a

favorable. In t
decomposition.

A mixture of 50% CgHo and CO Pirst décomposed at
an 1initlal pressure of 7 ata., however, the préssure rise
was very slow and required some 0.9 to 1,3 secdonds. . At 21
ata initlal pressure the finel pressure was 185 ata, &hd
was achieved in 1.10 secdnds. All experiments with acety-
lene to which ethyl alcohol vapors had been added showed
roughly the same action as additlons of Ng, COg, CO, end
water vapor. - ' , _ S ‘ :

. - 2. Experiments in the 5.5 m. Pipe. All experi-
ments carried out In the 1 m plpe were repeated in.a pipe
of 5+5 m length and 120 mm I.D. with practically the same
" results. In this pipe. 50 liters of catalyst were packed,
acetylene added at a pressure of 6 ata, and ignited.. The
decomposition stopped after penetrating the catalyst mass.
some 10 cm. The catalyst, filling the entire cross section,
"had a retarding -action. In an experiment where the catalyst .
was distributed the length of the pipe but only filling '
about 1/4 of the cross section, a maximum pressure of 128
ata was attalned in some 0.0l seconds. : SR

: In thls 5.5 m pipe, & number of explosion arrese
ters were tried. Originally we had set for ourselves the
goal of finding an arrester which, under all conditions,
.would stop any explosion. In these experiments, in order
to have as severe conditions as possible, pure, dry acety-
lene was used at room temperature and € ata pressure. The




starting dlstance for the decomposition wave. that is, the
dlstance between the 1gnition wire and the arrester was
increased from O.5 m to 5 me These experiments demonstra-
ted that it is possible to quench an explosion with porous
filters or with porous plates of sintered quartz. However,
these arresters because of their hlgh resistance to fiow
are not practical for use in the butinediol process. The
compression of acetylene to the system pressure of 6 atu
s accomplished by so-called Elmo compressors, which conie-
press the gas by the centrifugal force of a water seal and
present no possibility of ignition. They are not, however,
capable of producing high pressures. - As an arrester with

- less resistance, & mass of metal wool was tried. We
thought for a while that we had found the. desired device

as the following table shows:

l. Sstarting distance of the explosion wave: 0.5 m.
: S plugs each 376 g.: No break-through :
5 plugs each 115 g.: No break-through

2. Starting distance: 2.6 m. -
O plugs each 334 g.: No break-through
S plugs each 283 g.: No break-thrpugh

S« Starting distance: 5.0 me. -
- - 8 plugs each 350 g.: No break-through
5 plugs each 350 g.: Weak break-through
5 plugs each 210 g.: Strong break-through

On the basls of these experiments such ateel wool
plugs were also tried at Griesheim in the 30 m pipe (200 mm
I.D.). However, in these experiments a very undesirable
thing happened. In two experiments, in which the plugs had
apparently stopped the explosion, a break-through occurred
. some 20 mlnutes after l1lgnition with a heavy detonation which
.destroyed the other end of the pipe. The incandescent wires
in the end of the plug nearest the ignition point continued
. to decompose. the acetylene. The hot decomposition zone
/yoved slowly through the plug until finally the whole mass
of undecomposed acetylene detonated. After this experience
we gave up the whole idea of such plugs as explosion
arresters. At thls point the experiments having to do with
acetylene decomposition as it might be met in the Reppe
process were ended. The investigation was continued at the
suggestion of the C.T.R. in the 30 m pipe at Griesheim with
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the splendid cooperatlion of Dr. Holler and Ing. Schnedler.
The investigation was concluded with a series of special
experiments conducted at Ludwigshafen in narrow vertlical

pipes 30 m longe. }
Thils part of the work is reported belows -

In two discussions with Dr. Rimearski, President
of the CeTeR., and his co-worker, Dr. Konachak, the. goal of
further work was discussed. It was decided that it would
be sufficient to find a device which could assure that a
slow decomposition did not change to a detonation. The re-
quirement that any decomposition be stopped was accordingly
abandoned, since thilis seemed possible only wlth devices
which had an impractical resistance to flow. Whille an
apparatus cannot be protected practlcally against a de-
tonation pressure, this is not the case with slow decom=-
positions which merely result in pressures 10 to 12 times
the initial pressures. Since 1n the Reppe butinediol pro-
cess, the' system pressure in the gas lines amounts to 6 to
7 ata, a maximum pressure of 70 to 80 ata would be encoun-
‘tered in a slow decomposition. Construction of the appar-
atus of material of specification 64. 6r 100 would offer
sufficient security. Also, in practice, conditions of .
iznition would not be so severe as we used 1in our experi=-
ments and accordingly lower pressures should actually occure.

We made a series of experiments iIn Griesheim with
steel plugs as arresters, which were lnatalled in a pipe of
200 mm Y.D. Since, however, "this type of arrester was
"shown to be unreliable, we decided againsat their use as
already mentioned. We, therefore, shall not discuss these
experiments further in this report. In the appendix are
showvn some pictures of these filters. o

As an arrester to prevent the transition of a

slow decomposition into a detonation, the installation of
a bundle of small tubes finally proved to be very effect-
ive. Thnls arrangement fortunately causes only a small -
~ pressure drop in a pipe line. The first experiments of the

CeT.R. in Griesheim had established the fact that in small
plpes (1 inch and smaller) slow decomposition cannot change
to detenations. For many years it has been a known fact
that explosions of gas mixtures in small pipes are difficult
to bring about, i.e., the explosion range becomes much
narrower. The cause for this lies in the good heat transfer
from\tgf flame front to the pipe wall. (Unfavorable ratio -
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of gas volume to surfeace). As exact theoretical asmalysis
~.shows, the wall thickness of such a pipe actually can be
very small without appreclable-influence on the effectlive-
ness of the pipes. (In this connection see Jost, "Ex-
plosions und Verbrennungsvorgange in Gasen™), Berlih,
Springer, 1939, or page 123 ff or our own report, "Theory
of Acetylene Decomposition: Influence of Internal Diameter
and wWall Tnickness of a Pipe on the Transmission of a De=
composition Wave®, 6-2 1-41. : . :

' In Griesheim a 30 m. long pipe of 100 rm I.D. was
filled with a bundle consisting of 13 %" pipes, and 6 3/8"
pipes. At the suggestion of Dr. bimarski, a free space of .
30 cm. was left at each end. Ignition and pressure measure-
ments were the same as in the experiments by the C.T.R.

The following remarks are made with respect to
the pressure measurements.

In all experiments with moderate pressures of

fairly long duratlon, all three pressure .measuring devices

. gave results sufficiently 1in agreement. At very high and
very rapid pressure rises (over 100 atu), however, the
compression cylinder and ball indentatlon methods gave
values 2 to 4 times as high as those determlned by the
plezo-quartz. The quartz gave unguestionably the better
results according to expert opinion. ¥ith rapid loading
of the small copper cylinder, flow of the metal takes
place so that the ball indentation 1s too great. These
values whilich are apparently much too high are given in
Table 1 in parenthesls and are shown with guestion marks
in the other tables.

- The sultabllity of such a system as a means of.
preventing detonation was thoroughly investigated under a
variety of experimental conditions. In Table 1 of the
Apbendix is given an extract from our field notebooks.

The fact was established that the tube bundle
at smaller pressures up to approximately 3.4 ata not only
prevented detonation but also stopped the explosion so
that the decomposition stopped in the first half of the
bundle. At- higher Initial pressures 4, S5 and 6 atu, bresk-
through occurred. However, the maximum pressure recorded
by the Plezo-quartz was 120 atu. The end of the pipe after
the failure was only warm to the touch. This pressure C
would be easily withstood by equipment built with pipe of

=105~ ©




specification 64, because 1t is st{1ll far below the elastic
1imit of the materlal. L ;

| The effectiveness of the tube bundle is diminished
by rust formatlon because of the resultant poorer heat
transfer. This is shown in Table 1, Experiments 1 to 1l3.
Therefore, 1f decomposition occurs in the plant, soot should
be carefully removed from all pipes and equipment which are
equipped with this type of devlice. However, even in the
rusty tube bundle the decomposition at low lnitial pressures
was 8o - slow that the final pressure could not be measured. .
It was merely & very slow burning. After thorough cleaning,
the effectiveness of the tube bundle returned to its
original value, R .

In connection with the experiments on the tube
bundle, experiments on two pipes of 60 m length and 3"
diemeter, that is, 10 mm I.D. were undertaken at pressures
of 5.1 to 10 atu. (Table 1, 14 to 19; 24 ff). The 3"
pipe stopped the decomposition up to & to 6 atu, and, with
both pipes, the final pressure at the end of the plpe was

less than 10 times the inltlal pressure.

With this 60 m pipe 1t was ascertained that bends
in the pipe (even a large number) did not stop a decom-
position. Somewhat surprising was the fact that good cool=
" ing of a pipe (10 mm I.D.), which had been provided with
many bends and then laid in a cold water bath did not result
in any increased effectiveness. In the report 6-24-41 men-
- _tioned above, the theoretical reason for this is dlscussed.

‘ The Grilesheim experiments with the tube bundles
just discussed proves that we have found the desired de-
vice for prevention of detonations up to working pressures
of approximately 74 atu. It i1s agaln emphaslized, however,
that the Grilesheim experiments were carried out under
particularly unfavorasble conditions, especlally insofar as
the method of ignition was concerned.

o For the first butinediél installation (in =
Schkopau) the following specifications were laid down-on the
basis of the experiments discussed above and carried out:
all pipelines with & nominal diameter of 1" or over which
carry acetylene under a working pressure of several atea
are equipped with such tube bundles or corresponding safety
devices. The I.D. of the tubes 1s a maximum of 3" or less
if possible.. Since soot deposlition diminishes the effec-
tiveness of these small tubes, tubes as smooth as possible,
should be used. Also, they should be kept &3 clean as
possible. Since, according to our experiments, elbows are ..
not effective as explosion arresters, they should also be -

v
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provided with small tubes. If the pressure drop permits,
- Raschlg rings or the equivalent are also satisfactory.
Likewise, all dead spaces should be filled with Raschig
‘rings or the equlvalent in order to break large volumes
into as many parts as possible. . o

So far as other safety measures are concerned,
it may be mentioned that the manometer leads should be
provided with orifices to damp pressure waves resulting
from a decomposition. ‘Also meters should be several times
normal range and strength. For ring balance meters for
flow measurement, the high pressure instailation used at
Oppau is recommended. ' '

Further safety measures which are'necessary for
the butinediol installation are beyond the scope of this

- reporte. - :

g;gg; ACETYLENE D@GO%%OSITION EXPERIMENTS
FOR THE REPPE B T OCESS
T NOVEMBER AND DECEMBER 194
IN GRIESHEIM AND LUDWIGSHAFEN

; '~ _After the results of the Griesheim experiments
had been discussed with the C.T.R., they requested another
final series of experiments which will be reported below:

. On September 24 and 25, 1941, the following was
agreed to at the Chemische Technische Reichsanstalt and
the Relochswirtschaftaministerium.

_ . le In Grlesheim additional decomposition ex=-
periments were to be made in a horizontal pipe 30 m long
of 100 - 120 mm I.D., which was to be provided with a tube
bundle of approximately 10 mm tubes. .

2. Further BXPefiments were to be made in-a

horilgontal pipe 30 m long of 100~-120 mm I.D., filled with
Raschlg rings of steel and later with porcelain, _

In bath serlies of experiments, the pressure was
to be gradually raised until 1t was certain that a de=--
tonation occurred at the other end of the pipe.  The exe-
perinents, however, were not to be carried to the ultimate

destruction of the pipe.
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' 3. In Ludwigshafen, lgnition experliments were
to.be carried out on a 30 m long pipe of approximately 20
" I.De, installed vertically, in which the ignitlon would .= ¥

take place at the bottom end. Vertical pilpes are much: * ~ .
more favorable to propagation of an explosion if ignited - i
at the bottom end. The pressure was to be increased until .-
there was no-doubt that a detonatlion had occurred at the
upper end. In the course of the experiments, & vessel of
gpproxima@@ljpz_11t§rsﬁ¢01ume was to be-attached to the - '
bottom end of the pipe and it was: to be determined to what
extent this chamber favored the formation of adetonation -
wave. These experiments were carrled out in ‘Novembeér and: '
December 1941 at Grieshelm and in Ludwigshafen. “Data- sheets
are given at the concluslon of this report. U el
DISCUSSION OF RESULTS

[T

O

a .  1.‘ Measuremeﬁts, Table II, Eﬁgeriments 1't6'5”¢'

' ' Pipe length 30 m; I.D. 120 mm; horizontal; filled
with 50 tubes of 10 mm I.D. and 2 tubes of 8 gtm I.D. The
ends of these‘tubes;werewweldedztdgethergand;theﬁﬁuhdle
welded to the inside surface of the large pipes . Chambers
30 cm long filled with steel Rashig rings: 356.x 35 mm were
provided at the beginning and end of the large plpe.
Ignition as usual was with a 0.3 mm platinum wire 10 mm
in length. Pressure measurement by means of & copper com-
pression cylinder; in SQmeﬂexpegimentSbe‘means»of a ,
plezo-quartz set in the end flanges of the pipe. The press=
- ure was increased from 7 to 10 atu. The copper cylinders -
in the end chamber showed 195, 178, 234 atu. LT

. Tt is demonstrated here again that: the ball
pressure apparatus gives much. too high values at high
pressure. Of course, our piezo-quartz was also not too
reliable because of the. very raplid pressure rise involved
(some 1/1000 second) ‘and the very steep wave front.. . -We .
are at the moment discussing with Zelss the possibility of -
 obtaining special apparatus more suitable for such measure-

ments. At any rate, the 120 mm pipe after installation of
‘the tube bundle withstood the stress set up in spite of the
'fac§ that it was not a high pressure pipe (specificatlion -
- 64. . + . .
o) For the last experiment of‘tﬂis serles, the
éhamber at the ignition point was also reduced from 20 to
- 6 centimeters in depth. This time no Raschig rings were

'added. Preasure 9 atu. : :
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‘ The reduction in size of the first chamber had
the expected actlon. The final pressure was appreciably
smaller. In actual plant practice, empty spaces are to
be avolded so far as possible or should be filled with
RasdHg rings or equivalent. The following series of
- measurements present further information on this subject.

2., Measurementa, Table II,4Experiments 6 to 17

Pipe length 30 m; I.D. 120 mm; horizontal; filled

'  w1th steel Raschlg rings 35 mm X 35 mm. The rings were

made of strips of metal bent to a cylinderical formy sheet
thickness was some 0.5 mm. Since in the C.T.R. experi-
‘ments of the prevlious year detonations occurred at press-
ures of 0.6 to 1 atu, an initial pressure of 0.8 atu was
used at firast and then was gredually raised to 6 atu. The
Raschlg rings had & very definite retarding action on the
-progress of the detonation wave, so that at 1.4 atu there
was no fallure. At 2 atu there was a very weak break-
through. At 3 atu there was no faellure, and at 4 and 6

" atu fallure again occurred. At 6 atu pressure, the appa-
ratus in the end flange gave the value of 320 atu which
was much too highj th& Krupp instruments gave 303, 81 and
85 atu. After these experiments, we cut open the pipe and
found out that the Raschig rings had been pressed together
and empty spaces of up to 1 m had resulted, .The pipe was
reasonably free of soot because of the thorough cleaning
glven 1t each time. At any rate, however, this compara=
tively rough installation exerted a strong retarding action
on the propagation on the decomposition wave. So strong
in fact that .at an initial pressure of 6 atu no damage
occurred fo the pipe. If flow resistance presented by a
plpe filled with such rings 1s unimportant, these rings
.can bé used with assurance as protection against detona=-
tiona. .- :

" The 120 mm pipe including the 2 chambers at each
end was then fllled with procelain Raschlg rings 25 x 25 _
‘'mm. Porcelain rings of the dther size were not obtainable,. -
In the first three experiments at 3.5 and 6 atu pressure,

no break-through occurred. After opening the pipe it was
found that the Raschig rings had been hurled almost 6 m

from the ignition point agains the énd of the pipe and
pulverized to a conasiderable extent. The pipe was filled
agaln and pressures of 7 and 8 atu were used. In béth
.cases break-through oecurred. .In the last experiments a
gasket became loose but the pipe, itself, was completely
intagct. The copper cylinders shead of the end flange showed




impressioﬂé'corresponding to 268,4239 and 275 atu. These
- values are certainly too high.

The experiments with Raschig rings demonstrated -
that such rings are a good protectlon against detonations.
Particularly, they can be used to fill large irregular
spaces such as elbows. Raschig rings of metal are pre-_
ferable to ceramic, since the latter can be de®troyed
easlily by an exploslon wave. It ‘should, of course, not be
forgotten that such pulverization causes stoppage of the
Pipeline and may very well stop the explosion wave in this
waye. However, thils action is likely to be uncertain.

3. Measurements. Table TIT, Experiments 1 to 44

' (a) 30 m pipe; vertical; I.D. 10 mm; specifica-
tion 325, 1ignition at the bottom; pressure measurements
with plezo-quartz. At 5§ and 6 atu pressure there was no .
break-through and at 7 atu only a very weak one. The
highest pressure rise was recorded as 327 atu at an
initial pressure of 14 atu. At 15 atu pressure the oscil-
lograph showed a pressure rise of 278 atu. These values
'are also certainly too high since the pressure rise is

extremely rapid.

, (b) 30 m pipe' vertical; I.D. 12.5 mm; speci=-
ficatlion €64; ignition at the bottom; pressure wmeasurement
with plezo-quartz. = With this pipe a break-through occurred
at 5 atu.' At a ‘pressure of 6 atu a pressure rise of 81
- atu was measured by the quartz, at 10 atu pressure a final
pressure of 199 atu.  The ball pressure device gave for all
pressures of 5 to 10 atu final pressures between 200 and
300 atu, obviously much too high. The data were considere
ably scattered; however, results of experiments 26 to 21

looked more regular.

. (c) 30 m pipe; vertical; I.D. 10 mm; specifica-
~tlon 325 atn; ignition at the bottom; pressure measure- .
~ment with piezo-quartz; also in this pipe failure occurred
at a pressure of 5 atu. The initial pressure was raised

to 12 atu and a pressure rise of 315 atu was recorded.

The pressure rise 1ln thils pipe was also very steep. Be-
cause of the very short time in which the quarts 1a loaded
(some 0.01 to 0.001 seconds), the values are certa%nly too

highe

(4) Exger ents with Entrance Chamber. 30 m

plpe; vertical; 10 mm; specificatlon 325; & chamber
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at the bottom end; length 500mm; dilameter 70 mm; volume
1.9 1iters; ignition at tle bottom end of the entrance

In these exper~ments the presoure rises were
naturally. toc high. VWhereas the same plpe without an en=-
trance chamber, with an;initial pressure of 10 atu gave a-
pressure rise of 160 atu, the same gxperiment with entrance
chamber gave a pressure rise of 275 atu. These experliment s
were d;scontinued at 10 atu to protect the plezo-quartz,
These experirments demotistrated definitely as expected that
unprotected empty spaces which are lerge as compared to the
pipeline cannot be tolerated. It 1is remarkable that the
pressure rise with pressures & %to 10 atu 1is almost linear.
Whereas,.the 10 mm pipe with entrance chamber showed no
failures at 5 and 6 atu (the decomposition wave was ex-
tinguished in the pipe), the same pressures with entrance
‘Ghamber-gave final pressuvres of -144 and 185 atu.

Results of the Final Experimenfs

The investligation of the safety of acetylene pipe~
lines against acetylene detonations through installation :
of tube bundles or use of Raschig rings was extended to 15
atu. The necessary pressures for the Reppe butinediol !
synthesls are' 5 tc 10 atu. ¥For initial pressures of 5 .and
6 atu, &s was already.known from our earlier experiments,

- very low pressure rises devel oped at the end of a pipe
protected with a tube bundle. In an experiment with Raschig.
rings, it was found that at low pressures, "the decomposition
i1s extinguished and that even.at 6 tc 8 atu the vidlence of
the explosion is so lessened that rings csen very well be-
‘used as a protective device. At higher pressures the small
plpes show & sharp pressure rise and as a matter of fact

the more wviolent as the pipe dlameter is incressed. TFor . .
higher pressures, the tube bundle must be made out of
smaller tubes. o :

Above all, large empty. spaces are to be avoilded.
‘They niake the best tube bundle ineffective in that they
permit- detonatlons to occur even in smal ~-plpes.

This experimentsal inves*ibationconoludes the
work requested by the C. E.R. over protection of the Reppse
butinediol process ageinst the danger of acetylene detona-
tions. ' '

Weisswe_l
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Griesheimer Versuchsanlage

" ( Anordnung der Versuchsrohre )

'

Platindraht

Glasrohre vor dem Versuch

>

nach dem Versuch

Zindkerzen.




\\
N

‘. Kupfermantel
~ Kupferzytinder Qmm _lg.

M essingring

-,4 nordnung }der‘ Krupb’.sthen MefSeier

_Hochkantrast k Vakuumleﬂ'ung

7 Drahtfiter

A J ‘ ’ 1B [y -Gaseintritt-
Sy B - ~ ---- Stellring

PR Stopfbuchse

ousgh 3 “~DruckmepPapparat
300 : . u. Zlindkerze )

5600

Versuchsanordnung

(194Versuch) (19. Versuch)
- . ' s PR pr D Sov NS SURLY S+

by S

Versuchsleitung von 200 mm # mit eingesetzten Drahtfiltern (sauart Griesheim)




Rohrdurchmesser: Zdﬂmm NW.
Fulldruck: | 4,0 atd.

Versuchsanordn :
Rohidurchmesser:
Sicherung: . Dtahffilfereinsate
- . auart Ludwigshafen)
8 Drahffilter

Filldruck™ 4,0 ati

Rohrdetonation beim 21. Versuch

-120-




Versuchsrohr mit
~ Einsteckvorrichtung

Ausgebaute Drahtfilter
nach dem Versuch

’

Versuchsanordnung:
' Rohrdurchmesser: 200 mm NW
Falldruck : 40 atia
Sicherung: 5 Drahtfilter
{Anordomg Griesheim)

"Rohrende zerstort
Abschlufidedckel mit abgerissen
Absperrventilen, Bolzen und
Teile des Vorschweilflansches.




13 Rohre B¢
6 Rohre V2's

Versuchsanordnung

S0Rohre 10x14 9
. 2 Rohre {6112¢

Schnitt A-A




Rohrbogen platzte infolge
Werksfoffehler auf.

(g Ling 0]

,m nANA-C

500—L—s00

Versuchsrohre in Schlangenanordnung
. NW=122und 10mm ¢

' gesirecite Rohrlinge 60m.
# . =;. | . . -— |
Versuchsrohr mit vorgesetzter Zéindkammer
| . NWs= 128
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70000
Vakuumleitung

Zundlammer(Elmi! lgasdugnngen _ » Rohileitu de: A:eA Versuch
isen, - .. eitung nach sieben Versuchen
Zipdkommer nd Resdiringer (or) ™ G Sl A" autpesciten

| Versﬁchsleilung von 120 mm® mit eiﬁgebrachien Raschigringen




E’XEIBI'I‘ D

PBINTS OBTAINE AT EUILS -

Sy o e il veg

: The tououng pri.nt- ware o‘btained. -and will be avas.la.ble at the
ofﬁ.co of the BRubber Subcommnittece,’: J‘.I.O.A. ‘in Wa.ohington. . '

1. Mengen pro Monat, Betrieb der Lichtbogen Mit Hy Gasen.
This is a block flow sheet showing a material balance for the
entire plant and. mdica.t:lng the number of operating units.
3. Ofengml-cha HS 442; Nr. 3
Plov sheet showing ncheuna.tic lay-out of water ccmbbing v-tan '
and subsequent flashing to obtain concentrated acetylene. Included are .
equipnent sizes and performance requirements of pumps; gas ﬂw: and pres-
lnro-.

3. Tiefx#ihlanlage; Br. 3 ) - '
¥low sheet showing low temperature refrigeration system for

rmﬂ.ng higher homologues fron acetylene stream., Gives equipment sizes,
n“.. etc.

- 4o ILichtbogenanlage - Russfabrik - I.D.G.R.. lr. 1
: Flov gheet -hold.ng arc operation, carbon black prod.nct:lon, and
low pressure gas purification. '

6. Oelkreislanf der N.D.G.R. bdei Verwendung von Iogaci.n als
- VWaschoel Nr. la.
Tlow sheet showing low pressure purification when using speclal

8iwlsche HA 442; Nr. 2s |
Flow sheet :haung h.tgh pressure oil lcm'b‘b:l.ng

Iohofernga.- Wische HA 442; Hr. 20
Flow sheet showing removal of acetylene from coke oven gas.

Gaskompression in Ban 442; Hilfsmachinen; Nr. 24
Tabulation of number and. performances of auxiliary compressors.

Fluss - Schema von Ga.uorlemng. ¥r. 4
- Flow sheet of Linde gas _separating plant. ‘

El 460, Gesantschema d.er Wucer-toffboxen 1-5; Hr. 4a

~ Guhonpreuion in Bsa 460; mfmlch:lnen- Ir. 44. -
List of auxiliary compressors with p_erfoma.nce characteristics. =

-125-




12.
13.

14,

Schema; Athylen - Anlage Euels;.Br. 4b.
¥low sheet of ethylone refrigerating machine.

Schema; Linde - Anlage; Nr, 4o
Flov sheet Linde Liquefaction plant.

'Aldehyde Synthesis; Distillation; Acetylen Buckgewinmung;

Aceton Distillation; Kontaktregeneration. ¥r. 5.
l'lov sheet of acota.'l.delvﬁo mamufacture.
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Einzelheiten Gber die Austihrung sind unbekannt.

<
Chemlsche Warke MHiis .
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EXHIBIT X
?BOGBS DISGRIPI'IOIS OBTAINED L’! BUELS

. The tollwing pz'ocou dumpuono Lprapared by Dr. :Bmann'l lta:tf
vere obtained:

1.

2.

Botrlo'bs‘bo-chrei‘bung d.er Id.eht'bogenanlage mn.t hua.‘bscheidnng
und - safarbeitung. :

Describes arc process and ca.r‘bon 'black: prodnction.

Includes gas anzalyses, flows, etc. ,

Arbeitewelise der Gloich:uehter-tcurmg bed d.an Lichtbogen-.
—grappen.

'l:pla:lns electrical control system for maintaining stable arc.

Betrisbsbeschreidbung der l:.ederdruamﬂoinigung
Denori‘bes low pressure gas pur:lfication.

: Botrie‘bs‘beochrefbnng der G-.ﬂllche B 442.

Description of watexr -oru'bbing of arc gas and eoncentution _

of aootylene.

Beschreibung der Tiefkilhlanlagen HA 463.

Description of low tanperature eooli.ng of aeotyleno for
rmval of honologu.eo. _

Betrisbsbeschreibung des Aldehydetriebes.
Descrides ald.ehyde prodnct:l.on.

Eotriebn‘b-chreibu.ng der Ga-sorlegung (I-:I.ndo-JnJago) Ban 460.
Operation of Linde Flant.
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ABSTRAGCT

" Potassium ferrocyanide for making Prussian blues is made by way of
the calcium salt and the insoluble calcium-potassium salt. The farmer

. is_leached from gas works spent oxides after mixing with lime. The
sulfur content:of the spent oxides is first extracted with carbon

disulfide. Both operations are described.
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INTRODUCTION ‘ T 'ﬁ;

Objective:

The obJective of this investigation was to obtain the process
by which the Chemische Fabrik Wesseling A.G. works up the spent
oxides from gas works purification operations to secure the potassium
ferrocyanide they require for manufacture of Prussian blues. Infor-
mation was also obtained concerning an incidental sulfur recovery

step. '

Evaluation:

The ferrocyanide process has been in use for some fifty years.
It is simple and inherently inexpensive, although involving the
handling of large amounts of low value commodities to extract a
small amount of valuable product. The extraction of sulfur is carried
out in a new installation very well designed. The combining of the
two steps seems obviously advantageous. - , -

Guide to the Reader:

General comments concerning the nature of the raw materials
used are followed by an outline of the methods of recovering ferro-
cyanides and sulfur. There is then described in some detail, first,
-the process and equipment used for extracting sulfur, and next, the
ferrocyanide operation and equipment. A final section outlines. the
methods of analysis used to evaluate raw materials. -

GENERAL OUTLINE

In the menufacture of city gas and the like, the use of some
form of iron oxide or hydrate to remove sulfur and cyanogen compounds
is well known. The resulting spent oxide~is a highly wvariable o
material, both as to chemical composition and as to physical pro-
rerties. In general, it contains the original iron oxide, plus any
shavings or other material used sas a carrier or admixture to facili-
tate gas flow. To this is added from the gas stream variable amounts
of ammonia and ferrocyanide radicals, sulfur, and tar-like compounds.

The residues purchased by Chemische PFabrik Wesseling are in two
broad categories: those containing 35 to 50% sulfur, average abeut
40%, but having a low ferrocyanide content, usually 1 to 2%; and
those containing about the same amount of extractable sulfur, bdbut
containing also from 4 to 10% of ferrocyanide, exprestsed as Fe7 (CN)1sg.
The second group may be divided into two further classes: those

 containing not more than 0.6% of ammonia liberatable by lime; and
those containing more ammonia., .The former represent the majority,
for which separate extraction of ammonia is not considered Justi-

fied.

A




_ Précess Outline:

The spent oxide mass as received, if it contains sufficient
sulfur, is first extracted with carbon disulfide at about 300C. The
resulting sulfur is cast in a tile lined "pond®". It is of gray to
greenish yellow color and is.sold or used without further
purification. ’ S A _ ‘ _ _

Srent mass containing more than 4% of "Feg (CN)1g" and more
than 0.6% of ammonia is first extracted with water to remove
soluble ammonia.compounds from which the ammonia is subsequently
liberated with lime. The extracted mass then goes directly to the

[+

ferrocyanide operation,

. ‘llass containing more than 4% of "Fey (CN)1g" and not over 0.6%
ammonia is processed for ferrocyanide. The operation can handle
material regardless of sulfur content. ' o §

In the ferrocyanide operation, the mass is first mixed with a
small amount of sawdust, averaging 2 to 3% of the weight of the raw
mase. This serves to facilitate the leaching step by providing a
" mix through which the leach liquor can more readily percolate. The
mass is then mixed with a quantity of quick lime, finely ground,
sufficient in amount to liberate the ammonia and form calcium
ferrocyanide. The mix is dumped into leach tanks, in which it is
leached with water at a temperature not exceeding 60° C. The
leaching is countercurrent, batch; the material remains in the
leach tank about 14 days, being extracted each day with a more
dilute liquor than on the preceding day, and finally for sbout five
days, with water. ' . - '

The strongest calcium ferrocyanide liquors from the leaching
step usually about 5° Baume are heated to a boil and settled over-—
night to precipitate tarry materials,. The clear liquor is treated
with enough potassium chloride to form the insoluble potassium-
calcium ferrocyenide. The precipitate is filtered and washed, then ‘
trfted with an excess of potassium carbonate, in water. The slurry
is filtered end the filtrate and wash liquors are used to treat
- additional quantities of the calcium- potassium ferrocyanide until
the strength of the potassium ferrocyanide solution has been built
up to 200 to 259 Baume, and the greater part of the potassium
carbonate has been converted to .ferrocyanide. The liquor is then
concentrated to 33° Be. and allowed to crystallize. The successive
mother ligquors are concentrated finally to as high as 37° Baume.-
because of the accumulation’ of impurities. Only the large clean
crystals are used; the fines and muds in the crystallizing tanks
are re-worked through the "double salt step.

The sodium ferrocyanide is not produced because the absence
of an insoluble double salt makes necessary a prohibitive amount
of evaporation. Some ammonium ferrocyanide is made by the same
process; the ammonium-calcium double salt is more soluble than the
- calcium-potassium compound, but still sufficiently low in solubility




\) .
'to permit the process to be carried through. The ammonium double .
'salt is used chiefly or solely to make a pure calcium ferrocyanide,

" which is used by Italien and Spanish wine makers to improve the
color of their product by removing somg of the iron content.

SULFUR EXTRACTION

For sulfur extraction, the mass is loaded into extraction
baskets, which are then placed in tall extraction tanks, through
which carbon disulfide is circulated in closed circuit with a still
and condenser, until the ligquid leaving the extractor contains no
appreciable sulfur, Sulfur accumulates in the still. After extracting
some five batches, the contents of the still is evaporated down and
. the molten sulfur is run out to a cooling basin, tile lined, outdoors.

The sulfur is finally broken into lumps. B

The extraction baskets are of cast iron, in sections. Each
section is 2 meters diameter and 450 mm deep. The section consists
of a cast iron cylindrical portion, with an internal flange on which
rests a perforated steel plate reinforced with angle iron ribs. The
sections are recessed around the periphery, top and bottom, to
receive bolts to join the sections together. There are eight such
bolts for each section., Each section has lifting lugs to permit
lifting after f£illing, and also to permit lifting the assembled
basket consisting of six sections bolted together. :

The individual sections are filled by hand with mass brought by
monorail and bucket from the nearby outdoor spent mass stock pile.
The filled and assembled basket is moved by crane to the extractor,
of which four have been installed. After extracting, the basket is
removed and the bolts are taken out. The basket sections are then
dumped one at a time by a power operated rotary dumping device which
discharges the mass into a hopper from which it can be dropped into
monorail buckets for further disposition. ' '

The extractors are vertical steel cylinders 2-1/2 meters diameter
and 4-1/2 meters deep. The covers are removable by the crane that ‘
hendles the baskets. Graphited cotton gaskets are used. The extractor
runs nearly full of carbon disulfide. The distilled disulfide enters
at the top. The disulfide leaves the extractor through a bottom
connection and flows upward through a riser to an overflow, thence.
to the still. A sampling connection is provided at the overflow. The
rate of flow is determined 'primarily by the number of extractors
being operated and by the distillation rate. The steam consumption
when running four extractors was stated to be 5 metric tons per hour.
This includes however the steam used. for steaming out the charge
after extraction. The extractdrs have heat insulation outside.

The extraction cycle is as follows:

1. The basket containing a fresh charge of mass to be extracted
.i8 placed in the extractor and the cover is bolted on. Preferably,

. -3 -
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the air is then displaced by nitrogen, though in recent years thig
step has been dropped since nitrogen was not available; no explosions

or other troubles have resul#eddfrom the omission, to date.

2. The extractor is filled with carbon disulfide, and regular
flow to and from the still established. Flow continues until a sample
coming through the riser from the bottom of the extractor has the same
specific grgvity as pure carbon disulfide — namely 1.250 at 300 C. The
extraction is then considered finished. ' g

3. The carbon disulfide'in'the extractor is blown out with stean,
and steam is blown. through the. extractor. for about twelve héurs, or un-
til a sample condensed in:cold water shows no carbon. disulfide. ;

The average extraction cycle is about 24 hours, but varies consi- °*
derably with the quality of spent oxide being processed. The usual spent
oxide charge per extraction basket assembly is seven to eight metric:
tons of mass which would on the average include about three tons of
extractable sulfur. The consumption of carbon disulfide -is 26 kilos per
metric ton of sulfur produced. Phe steam consumption at an average of
5 metric tons per hour would be 10 metric tons per metric ton of sulfur

produced.

The carbon disulfide still is a vertical tank about 3 meters.
inside diameter and 3-1/2 meters high, covered with heat insulation.
. It is heated by coils at the bottom, which operate with steam at 901bs
gage pressure. The capacity of the still is six cubic meters of. '
distilled carbon disulfide per hour. Both shell and coils are of steel,
but after two years. operation, the coils have failed by pitting and
must be replaced. -The shell is said to be undamaged. :

The still is operated continuously until five extraction batches
have been processed. The contents of the still is then boiled down
until a temperature of 120° C. is reached in the charge in the still.
The charge is then run out to the sulfur cooling area.

‘ Vapors from the still pass first to a foam separator, which is an
empty steel tank 1-1/2 meters diameter and 3-1/2 meters long. The
‘vapors enter and leave the foam catcher from the top, passing thence to
the condenser, which consists of iron coils in = tank. of water.

Carbon- disulfide is stored under water. The entire area con-
taining the extractors and stills is so constructed that any leaks or
spills would immediately flow to the ground level. The entire ground
floor of the building is a pool of water some six or eight inches deep,
'so that any carbon disulfide reaching this area is immediately covered
by water. The ground floor area is covered by wooden removable grids
above the surface of the water. ‘

_ The present installation consists of four extractors and one still
with accessories. Provision is made in the building for a complete
duplicate unit, in which the same crane would serve an additional’

. four extractors. :

*
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: Sulphﬁf‘production in this extraction plant.wogld be nominally
" about 12 tons per day. Actual monthly productions, in metric tons, -
for a representative period in 1944 were as follows:

Month Metric Tons Sulfur Month Metric Tons
Produced Suifur Produced

March 215 - July - - 396
April 272 . , August : 346
May : . 365 , September 244
.June - - 291 '

FERROCYANIDE PROCESS

.~ Mix Preparation:

. Spent oxide, either from the incoming material pile, or from.
sulfur extraction or from ammonia .extraction, is carried to the mix
shed in buckets on the overhead  monorailsystem. The spent oxide used
can if desired be that received from the gas works; it is not ’
necessary to extract suflur before processing for ferrocyanide., The
material should however contain at least about 4% of ferrocyanide,

"Fes (CN)qg8", otherwise the recovery cf ferrocyanide is not considered
worth while. -

. At the mixing shed, there is added if considered necessary a
quantity of sawdust to make the mix porous to facilitate leaching.
The quantity of sawdust added averages 2 to 3% of the weight of spent
oxide. .

The mix'with sawdust next goes to the grinding and screening
operation, where it is passed through & low speed hammer mill and
through a revolving screen with openings '8 mm in diameter.

If the mix contains more than 0.6% ammonia, it goes from this
step to the ammonia leaching operation, described later. Otherwise
it is ready for the extraction of ferrocyanides.

The mix goes next to the shaking conveyor that carries it into
the mixer. At this point there is added ground quick lime (ground in
2 hammer mill in the adjoining building), in amount egual to 0.7% of
- the weight of the spent oxide for. each 1% of Fe7 (CN}%¥g that it

contains. This assumes that the charge contains not more than C.6%
of ammonia, which is the maximum ammonia content that can be
tolerated in the mixer area. : .

Prom the shaking conveyor, the mix drops into a 2 meter diameter
cylinder, open at both ends. The cylinder is 6 meters long and
revolves at 20 R.P.M. It is equipped with lengthwise lifting scoors.

- - ) A
& . . s




' It is important that after mixing with qu;ck'lime the mix be not
allowed to stand in a pile for an appreciable length of time, sirice it
tends to heat up and fire. _ » ' : B

Extraction: 4 _ , | 4
There are six extraction "systems" each consisting of 14 to 18
extraction tanks. S : o ‘ ‘

_ Each extraction tank is 2-1/2 meters square in plan and 2 meters
deep. One and a half meters below the top of the tank is the surface
of the filter bed., The filter bed is carried on wood supports and a
wood grid, and is built up of straw, sawdust, and a surface of cloth.
The space above the filter surface receives a charge of 8 to 9 tons

- of "heavy" mass, from which the sulfur has not been removed, or.6 to 7
tons of "light" mass from which the sulfur has been extracted. The
outside of the extraction tanks are sheathed with wood. The tanks
have been in use for some fifty years. ’ o .

¥onorails for the charge buckets run above the extraction tanks,
so that the buckets carn be dumped directly into the tanks. Plank
walkways are provided above the extraction tanks. Spent charge is
shovelled over the side into buckets carried on monorails. A launder
sloping towards a collecting tank runs lengthwise of each group of
leach tanks. Each tank has a steam jet syphon or steam jack by which t .-
the filtrate collected in the bo@fgm can be transferred to the launder
.or to an adjacent tank. ' ' ' ’ ’ L

Each extraction system of the six, ‘is operated independently
‘on a cycle of about fourteen days, such that one tank is emptied and
receives a fresh charge each day. A tank is ready to empty when for
five successive days it haes shown 0° Baume filtrate. The extraction
is in general countercurrent, such that tanks that are almost
exhausted are leached with fresh water, and fresh mix is used to bring
the liquor to maximum concentration before further processing. The
surface of the charge in the leach tanks is kept covered with liquid.

-— The -concentration of the strong calcium ferrocyanide liquor
depends somewhat on the ferrocyanide content of the fresh charge. For
gharge containing 5% "Fe7 (CN)18", the strorig liquor will run 5 to

O Baume. . ' -

Processing: - -

The leached liquer is sent to one of five rectangular iron boiling
tanks, each of 9 cu. meters capacity, 2 meters by 3 meters in plan, '
1-1/2 meters deep. These tanks are heated by vertieal pipes between
horizontal headers, the bottom header being some distance off the
bottom. In these tanks the liquor is boiled 2 to 3 hours, and is then

‘allqwed to settle overnight. Tarry sludges separate.




The clear liquor is dropp2d to the precipita?iop mixer, of
which two are provided but »nly one is. said t5 be recuired. The
precipitation mixer consists of a semicircular- horizontel tank
with sides extended upwards. In the tank is a horizontal agitator
shaft running at 20 R.P.M. The agitator shaft carries a number of
arms ending in paddles, so arranged as to work the pulp back and

. forth. The trough is 2 meters diameter, 2 meters,high and 2-1/2 ..
meters long; the mixer capacity is 7-1/2 cubic meters. ' '

: The clear liquor when dropped into- the precipitater is. at

76 C. There is added a quantity of potassium chloride of 150% of
that theoretically required to form the double salt Ca K2 Fe (CN)g.
This compound separates as an insoluble ‘precipitate that settles -
‘rapidly. The. clear liquor is decanted. The solids are discharged
through a bottom outlet to an a?jacent‘nutsch., :

: The nutsch is 2 meters square in plan, and provides a space:
300 mm deep above the filter cloth which is carried on a wood grid.
The tank is of steel. The filtration is aided by wvacuum below the
filter. surface. :

After the cake has formed, there is added water to a depth of”’
.30 mm. The cake is sucked dry; it then contains about 50% moisture.
The nutsch must be filled twice to empty the precipitation mixer.

The filter -cake from the nutsch is transferred to the
decomposition mixer, which is identical with that used for the
precipitation of the double salt. Two such mixers are provided for
the decomposition step. o . : .

In the decomposition mixer, a quantity of the double salt is
pulped with weak liguor, and potassium carbonate is added in
substantial excess such that 25 cc of clear liquor requires for
neutralization 25 cc of normal (N/1) sulfuric acid. There is next
added a further quantity of the double salt filter cake, and the
pulp-is brought to a boil with open steam. The pulp is then filtered.
in an adjacent vacuum nutsch like that described above, and the
cake washed as explained below. The filtrate is returned to the
mixer, where a further quantity of double salt filter cake and some
additional potash is added. By continuing this procedure, there is
finally obtained a strong liquor of 20 to 25° Baume, containing no
appreciable excess of potassium carbonate. The calcium carbonate
residue in the nutsch 18 washed free of ferrocyanide, the wesak
giltratedbeing used for fresh batches. The calcium carbonate is

iscarded. . - : o

The strongliquor goes to the evaporators, of which there are
five. There are steel tanks, 2 meters by 3 meters in plan, 1 meter
deep. The evaporators are heated by steam coils that are about 8"
above the bottom of the tank on I beam supports. In these, the
"virgin®” liquor is concentrated to 33 Baume (hot). The liquor is
then dropped to crystallizers, of which some 40 are provided. The
crystallizers are steel tanks, 1 meter by 1-1/4 meters in plan and
1-1/2 meters deep. : , . '

-




: Crystalllzation requires about 10 days. The crystal crop
from each crystallizer tank is 900 to 1000 kilos of “prime" :
crystals and a quite small amount of dlrty crystals which may be
reworked.

" The mother liguor from the crystalllzatlon is reconcentrated,

‘and again crystallized. Each successive reconcentration is carried
- to a somewhat higher den31ty, finally reachlng 370 Baume, hot.

General.

The capa01ty of. the plant is stated to be 500 tons per year
of potassium ferrocyanide crystals. No appreciable.quantity. of
ferrocyanide is used’in any other form: even for- making their- own
Prussian blues, high grade erystal product is.used, the liquors
being considered too impure and varlable 1n comp031t10n.

When the raw material contains more ammonia than can be
tolerated at the mixer shead of the leaching step, the raw material
is given a preliminary leach to extract ammonia compounds, .which '
are then treated with lime .and distilled. The ammonia thus
recovered is used at the chamber sulfuric acid plant or converted
to sulfate and sold, or used to make alumina hydrate.

_ During the leaching operatlon, 1t is important that the
temperature to which the material is exposed shall not exceed 60° C,
if it contains substantial amounts of sulfur; otherwise the CNS
radical will be formed. In general, the leaching step is carried
out at temperatures below 60° C, for this reason, regardless of
the sulfur eontent of the mass.

‘The leached irqQn oxide is sold to blast furnaces.

Before the war, smgll amounts of calcium ferrocyanlde were
‘made. .To make this product, the erude ferrocyanide was preecipitated
"as the comparatively insoluble calcium-ammonium double salt by
adding at the preclpltatlon step ammonium chloride instead of :

. potassium chloride. The precipitate after washing is then treated
with calcium hydrate and the ammonia boiled off. The resulting
calcium ferrocyanide is concentrated and crystalllzed in the usual
way. -
' ~EETHODS OF ANALYSIS OF SPENT OXIDES

f

Moisture:

Thirty grams of the mass. is dried to constant weight at
700 €. The loss in weight is calculated as water.

Ferrocyanide — Feq (CN)qg.

The dried material from the moisture test is ground very fine.
‘A 10 gram sample is put in a 250 cc volumetrie flask, and 50 cc
of 100 Baume caustlc potash, KOH, is added, with vigorous stirring.

e 8w
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Potassium ferrocyanide dissolves. The contents is settled 12 hours
at 200 C. There is now added just sufficient lead carbonate to
precipitate 211 the sulfur, as determined by an outside test with
sodium nitroprussiate. (Before teking out the sapmple for this test
the contents of the flask is made'up;to;th??250ggggmark)£};5A"

. The contents of the wvolumetric.flask Is$ next filtered..In a
porcelain evaporating basin of 300 ‘cc capacity is:placed: 20 cc of .
‘hydrochloric acid (1 part concentrated hydrochlori¢ to foul -parts
water) and 5 cc of a 10% solution of ferrige chlaoride.: To. fhisyis
added 100. ecc of the filtrate. A blue precipitate of Feq (CN)ag is
formed. This is filtered and washed with ‘hot weter. The filter
.. paper with the precipitate is then returred to the 300 cc¢ evapyw

rating basin and is pulped with 20 cc of 10© Baume :KOH.- The pulp
is boiled,: then transferréd to & 250 cc volumetric 'flask, and made
up to the mark. The contents of the flask is filtered, 'and 100 cc
of the filtrate is titrated with standardized copper sulfate "
solution, of such strength that 1 cc equals C.0100 grams of‘Fe7(CN)18.
The end-point of the titration is determinded by a spot test on |
filter paper, in which a drop is brought adjacent to a drop of
ferric sulfate solution. When no blue color is formed, the-—end
point has been reached. - ‘

Sulfur:

: Ten grams of the finely powdered dry material is extracted
.with carbon disulfide in a Soxhlet apparatus, until no more sulfur
is dissolved, which requires 30 to 45 minutes. The extract contains
sulfur and tars. It is shaken in a separatory funnel for ten minute
periods with successive 20 cc.portions of a sulfuric acid mix of .

4 parts 66 sulfuric acid and 1 part 40% oleum. After each addition
and shaking, the acid is drawn off. The treatment is continued
until the carbon disulfide solution is very light in color - this
usually requires two or three additidms of acid. The clear solution
is put in a 500 cc volumetric flack and made up to volume with -
carbon disulfide at room temperature. After allowing to settle,
250 cc is drawn off into a tared -Soxhlet flask. The carbon disulfide
is distilled off. The gain in weight is reported as sulfur. The
difference between the weight of the 10 gram sample of dryoxide
before and efter extracting is the weight of the tars plus sulfur;
by subtracting the weight of sulfur, thel{weight of tar is obtained. .

Materials containing excessive amounts of tar are not consi-
dered suitable for extraction of sulfur; they are better used
. directly to meke sulfuric acid. :

Ammonia: .
To 25 grams of the original mass in a 200 cc porcelain

evaporating basin there is added 150 cc of water. The mix is brought
to & boil and boiled one minute. The material is then rinsed into a




250 cc volumetric flask, filled to the mark, shaken, and filtered,
Fifty cc of the filtrate is put in a 700 cc Erlenmeyer flask;
250 cc of water is added, and 50 cc of 20° Baume csustic soda.
The contents is distilled through a Liebig condenser into a small
Erlenmeéyer containing 20 cc of N/1-su1furic‘aci&,tplus”enoughyf-:
- water to cover the end of tMe condenser tube. The flask is boiled
20 minutes, after which the excess sulfuric acid is titrated e
with N/1 caustic soda with methyl orange indicator. The difference
is ammonia. - S T : P N (

. ‘These methods give results that are of practical significance
for the actual manufacturing operations. e L




APFENDIX-NO. 1

LIST CF GERMAN PERSONNEL INTERVIEWED

Kame = g Position ' " Location

Mr. Otto Pfister ' o -~ - Chemische Fabrik
o ' ' ’ . Wesseling A.G.
- Wesseling, near
Cologne

Josef Ink 5 Control Chenist Chemische Fabrik

' ERE : Vesseling A.G.
Wesseling, near

R Cologne. -
Josef Schumacher ‘ Sulfur Extraction - Chemische Fabrik

: - Foreman ’ ' Wesseling A.G.

; . Wesseling, near

Cologne.
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TABLE OF CONTENTS 1. PREVIEK

" Tu'the following 13 preseitedss development of a fuel injection
system, not employing a fuel pump nor s morzle, which, although still
¥ 1 3&195 nhg(rt-;m}m;,hgd,hagn advanced to .ap aperative

‘ e . ’ : . v ) ' Another development of & pumpless injestion, although of atapler
. Introduction ‘ ) Bcope, reveals insight into the basic problem, - .

The L'Orange System of Pumpless Injection - : N O nand of ?'_Tﬁ::'!ﬁmljismesﬂhlteen,voﬂnible that s compiste.
R - . ) solution of the problem of pwmpless injection can be worked out,
Test Report on a Diessl Engime with.the L'Orange . o . ) .

1 lon System 6 I T .
. lajection Sye , . ievisRi s : T~

. Ifﬂmng_a Development During the ¥ar . - _ -

" Hirth Develofment of Punpiéss Injection = @ - . - . The idea of pumpless fuel injection seems to have originated with
oL T ] - - DR : Dr« ing. Prosper L'Orange, who hed patents granted on-his first conw
" Gonclusion - _ . - ) cept: in. the:eariy. thirties . .Thefirst reliable test of such an engine,
SRS : however, did act take place until 1ghn. -

. About 1941, the Hirth Motoren G.m.bv.H. {lmter Ernst Beinkel « Werk
Hirth Motoren) developed pumpless injection in eonnection with & bi-fusl -
en “ine,

During the war there seems to have been very 1ittle other devel-
opment in this matter.

Recently. Dipl. Ing. Rudelf L'Orange and Dr. Stiebens (the Trustee
of the Gebrueder L'Crange Company) started setting up a test engine at
Stuttgart-Zuffenhausen, Merkgroeninger Strasse 50, which, however, is
reported to be the same engine that was tested by Prof. Kamm in 1940.
Dipl. Ing. Budolf L'Orange also issues a pamphlet, inviting the engine
indusiry to give him sample orders for engines with pumplees injection.

’




3. The L'Ora Syst um sg I o] . ', _

Dr, Prosper L'Ora.nge explains fully the development of the high-
speed Diesel engine, and the reasoning leading up to the injection
without injection pump, as well as a description of the system in
his paper "Die Entwicklung des raschlaufenden Dieselmotors bis zum
Kleinstmotor ohne Einspritzpumpe" (The Development of the High-Speed.
Diesel Engine up to the Smallest Sizes without Injection Pump),
p;igted in M.T.Z. (Motoren Technische Zeitechrift) Heft 3 of June 25,

1939,

'I.'o explain the fundamentals of the LiOrange system a.n‘a'bstr‘a.ctw_ '

of the pertinent parts of this paper is presented in the following:

The essential premise for the combustion of heavy fuels in an
engine resides in the extremely short timed, fine atomization of
the fuel into the. compressed hot a.ir, 80 ths.t momentary ignition
results.:

Thise requirement was satisfied by the atom:!.zatlon of the fuel
by compressed air, a process which has been improved by Hesselman,
who effects the fuel atomization and injection by the differential
pressure of inrushing air. (Figure 1) : _

Pizure 1

7

TR

e

°

A gtill ;oetter atonization could have bDeen attained by inject—

ing the fuel into the airstream by a pump, the compression stroke
.of which falls entirely within the period, during which the air is

Qe

in hotion. -This, however, was at that - time, practica.lly impossi'ble

to attain, since .injection pumps operated by excentrics and sealed by
meang of stuffing 'boxea do not lend themselves to such short :m;;ect-—

~ ion periods.

‘l'he replacement of the compresaed ‘air as atomizing agents by

the gases of an initial explosion in an after-chamber, in fact,

necessitated the adoption of cam operated pumps with lapped-in
plungers. Since, however, the injection took place in the connect-
ing canal, an open nozzle and a comparatively low injection pressure
wes sufficient. .The atomization of such an after-chamber engine was,

a priori, excellent.

Figare 2
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. It was now Dr. L!'Orange's idea to utilize the fundamentally
sound structure of the after-chamber engine to work out further aim-
plificat:.ons. For that purpose the after-chamber engine, illus- -
trated in Figure 2 was modified '"to effect the injection by ‘the
pressure difference* which alwaws a.ppea.rs when gas flows from one

chamber to a.nother"

4

* This conception of the effect is faulty as borne out by the feasi-
bility of the later discussed Hirth system. where obviously the

pressure theory fails.




v e ' . : #2. During the following compression stroke a part of this fuel,
' ' S , and always approximately the same quantity, is injected by the pressure
FE A T e S difference between compression and .side chamber into the latter and is -
— . : T e e "~ there vaporized by the inrushing air. By the atomization of the fuel in
’ . S ' L L : L ' the eide chamber and by the compression heat, the mixture is ignited
1"-80?8 3. . o ~ S s S ' o and since combustion with flxed volume occurs, 2 high pressure will
' ‘ result. .

ug, By this high pressure, the rest of the fuel in the intermed-
jate canal is injected into the combustion chamber and will be atomized
'by the com‘bustion gases blowing into it.

g0 70 000

R e ]

ng, By the atomization of the fuel in the combustion- uhamber and
with outward movement of the piston, the combustion, oc zurring there,
will be approximately with consta.nt pressure.“_

, ' : - R - . In conclusion -of the paper, Dr. L'Orange presents test data and
/1777777 - : . - observation, gained with a 300 cc displacement, 4-cycle Diesel engine,
T . and he cleimes that these results have been reproduced.

'In the new arra.ngement 111nstra.ted. 1n Figure 3, the fuel » con- ' N ' 1. Power output (cont1nuoua) seesssess...4HP at 2400 RPM '
tained in a side channel, is in;lected. into that- chamber, towards ' '.B.M.E.P..............................5 kg/eg.cm(71.2 psi)at 1262 ft/m S
which the air flow is directed. A o . : ' piston velocity
) . ’ 2. Mmm Speed......o......-........o.3000 DM
The different phases of the process are the following (see - ’ . : 3. Power output (peak)...cccecccecece--..5 HP at 2260 'RP)‘I
Figure 4): (The following is a literal tranelation of the respective , , , , B.M.E.P..............................6.7 kg/sq.cm(95.4 psi)at 1185
. part of the paper) . ‘ o L " £¢/mm piston velocity.

' . ‘ S A, A‘beolntely ‘clean exhaust by normal load and part load, and only a
o ' " emall soot content at overloa.d., so that at normal RPM a clean Jet

can be expected.. -
6. An assured normal economy of 250 g/BP/hour and an optimal economy of -

v, . Fewe 4 S o . o L ’ 230 g/HP/hour.
- e w Nach der Verbrenoung : - , _ The compression ratio,. 4including the ignition chamber wa.s 1931.
_ : - : - o The pressure ve. time diagram is presented in Figure 5. '
. T ' I m Nach dem Anssugen : . . A ’ . ) . ) ’ | ’ - 4
. m . oder Spilen o . K ]'ignre 5 ) )
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"}, During the suction atroke a sma.ll a.mount of fuel (at first ggper : < SRR . | : R
controlled by a small valve) is drewn into an 1ntemediate chamber "a". L . . '

. " Disgeamme mit der Viertaktversuchpmaschine 300 cm?
- - .o : . n = 230 U/min Pme = 6 kglem?

. R N | o - - -5-




' <::’ From this diagram it may be seen that the initial explosion in
~ the. side chamber, as- combustion with equal volume, prod.uces a high
pressure, namely 85 at (rel), while the pressure in the combustion
chamber of 65 at (rel) peak, compares. vith that of a Diesel, engine
with conventional solid injection.

4. Prof. Dr, W, Ka.mn's Test Report

In 1939. Prof. Dr. W. Kamnm, director of the FP.X.¥.S. (Forschungs-_
institut fur Kraftfahrwesen and Fa.hrzengnotoren - Technische Hochschule
Stuttgart.....Institute for Research on Automotive Vehicles and
Engines - Technical University Stuttgart) investigated apparently the
same engine, as referred to in Dr. L'Orange's paper, for performance
with various kinds of fuel and under various operating conditions and
.submitted a reoort - FEKFS #366 of Lugust 20, 1940 - orn his. findings.

"In the report. referred to, it is pointed out that the economy
vs. speed characteristic of the L'Orange engine, shows a fundamentel
deviation from that of a Diesel engine with pump injection. in the ‘
following expression:

“While the conventional inJection pump with fixed ad.justment
delivers at any speed a nearly constant volume vper stroke, therefore
shows a fuel consumption per time unit approximately proportional to
the speed, the fuel consumption of the L'Orange engine falls off at

- higher speed. The shape of power vs. speed curve in this speed range
is therefore influenced by the mentioned peculiarity of the fuel supplys

The maximum of the vower OutE\_it and gf the sgecific fge], cgn—_
sum tinare found att nt of - atest 1 cgnsum tin r ur.

In the report it is furtnermore pointed out that the full-load
points were obtained with full open fuel supply valve and were approx-
imately at smoke limit. . v o

The starting was easy with a highly ignita.ble fuel. (Kogaein II -
Cetane Rating 78) and proportionally more difficult with a fuel of
Cetane Rating 30. The latter fuel, also, showed a tendency of clogging
the passages with coke, Just as it was experienced with this fuel on

standard Diesel engines.

The economy as well ie much better with Kogaein II vhen values
of 260 to 270 g/BP/hour were scored, while with a poorly ignitable 4
fuel of Cetane Rating 30 the economy was between 280 and 310 g/m’/honr A

The summary of this report is quotcdal

. "The. investigated. small Diesel engine type L'Orange has a peak
power output of 6.3 HP at 2200 to 2700 FPM, which corresponds to 17
HP/1liter S:E’(displacement.'rhe maximum B.M.E.P. of 7 kg/sq.cm (99.6 psi)
was fo 2000 RPM. With part loads of 3.5 to 4,6 HP an economy of
260 g[HP/hojhr was determined.®

The data on this engine 'brought into the usual form are-as

follows: Bore: 70mm — 2.76"; Stroke: 80mm - 3.15%; Displacement: 307cc -

18.9 cu. in.; Compr. Ratio$ 19: 1; Ignition Chamber Displacement: 22
cu. in. 4—cycle, Diesel.

EP  EPM B.M.E.P. Ft/min,  EP/sq.in. HP/1  Economy
— Dsi A _Pigton Area 1bvs/HP/h
5.3 2700 82.2 1420 .832 17.25 .670
5.3 2400 92.5 1262 .882 ‘ <715
4,75 2000 99.6 "~ 1050 - $792 _ «670

The report, however, fails to point out the rather poor full load econ-
omy with a fuel of Cetane Rating 60.

S. L'Orange Development During the War

Dipl. Ing. Rudolf L!'Orange, the son of Dr. L'Orange, enumerated
a few engines with pumpless injection, that are supposed to have been
developed during the war. :

Among them was a 700 cc, 4-cycle De.utz Dieeel engine and & con—
verted 2 liter, 2-cycle engine with crankcase compression. No definite
data were supplied on the performence of these éngines, except the un-
supported statement that with the L!'Orange system of fuel injection
‘they matched their own performance as Dliesel engine with conventional
injection.

A 1 liter Hirth one cylinder engine was equipped with the L'Orange
syetem for gasoline injection and allegedly tested in Berlin. No re~
sults of these tests are available.

As mentioned before, Dipl. Ing. L!'Orange intends to install the.
300 cc test engine, subject to the test of 1940, on the test block and
duplicate its previous performance.

In conversation, Dipl. Ing. Rudolf L'Orange gave the impression
that he is either reluctant to pert with eay new information or that
he has nothing to impart, but in view of his promotional activities,
does not want to have his lack of knowledge bacome too apparent.

A
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6. The Hirth Development of Pumpless Injection : : ' _ i’ ‘ 4 . Cy1inder Ci:ilng
In 1941 the Hirth Motoren A. G. started a develbpment'program, : . : '

on Government orders, purporting to the replacement of electrical

igriition on gasoline engines for aircraft.®

The solution of this problem was sought in the employment of two _ } L "R" Bore -
‘kinds of fuel -~ the usual gascline - air mixture and a small percentage ' - - 5 "R" Cansl
of a fuel that will ignite:; with a Compression Ratio of 8:1l. This : - ‘f o . Valveguide
gpecial ignition fuel was developed by the I. G. Farben under the name _ . , T Contreol valve .
of "R - Stoff".** : ) , . _ | | | At

i

. . ' I .
'The main fuel - the air-gasoline was supplied in the conventional x
way by cerburetor and supercharger, while Hirth selected pumpless in~ = ' '\

S AN\

jection for the supply of the ignition fuel.

Due to the fact the two fuels of different nature are used, the
original I'Orange system is obviously not applicable. Dr. Bentele, Lo

_who was in charge of this development, apparently recognizing L'Orange's LT - ’ ' - A : /EB Cooling e \
i /422
%

faulty conception of the system's operation, designed an injection . 4 ! water
system with a single discharge channel with satisfactory performance : Ll t Lokl Lk ok
and thereby proved that it is suction by gas flow through a Venturi o

tube, that injects the fuel. (Figures 6 end 7, attached). _ ‘ : ' j N § R

' \\\\—-Ignitién chamber
~-Jet body .
Jet canal |

Combustion chamber

YN

. Experiments were made with a 1 liter aircooled and with 3 liter
water—-cooled cylinder. Furthermore, in connection with the aircooled
cylinder, a water—cooled and aircooled injection device respectively
was used. :

' No difference in performance could be found traceable to the
method of cooling either of the cylinder or of the injection device.

.. In a report of the Hirth Motoren G.m.b.H. of December 6, 1941,
the -following summery is given:

"After preliminery experiments with pumpless injection produced - : _ = =7 Cylinder head

* At that time the German airplanes had a ceiling of only 8000 m due 7 .. ;
to magneto failuresat. higher altitudes. This seems to have been e

overcome, however, by improving the magneto.

: - HIRTH ARBANGEMENT OF PUMPLESS IGNITION -
#* The pature of this fuel was apparently a militery secret, and nothing -

ig known sbout it to the personnel of the Hirth Motoren A. G. It Fig. 5
was found, however, that Prof. Dr. Wilke, of I. G. Farben, presum— .

ably at the experimental station Oppau, had an interest in the devel-

opment and probably could supply this informationm. -
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remarkable results, it was possible, with an improved arrangement, ‘to
further increase the power output and speed to & satisfactory degree.

_ The regulation of the "R-fuel® quantity is simple; the R-quantity
per stroke is determined by the dimensions of the components of the ‘

- injection system and keeps automatically constant over a great speed

range. On the test runs the engine operated smoothly and quietly with

a minimum amount of R-fuel. ' _
| A report, dated December 10, 1942, guns up as follows:

"The pumpless injection of the R-fuel, compared with direct in-
Jection by pump and nozzle has in addition to improved economy &lso the
‘advantage of better operating conditions. With the 1 liter cylinder,
both methods are approximately equivalent in respect to power output

. and econoxy. While, however, with direct-injection the most favorable

quantity of the R-fuel varles to a great extent with the charging
pressure, and the air and cylinder temperature, with pumpless injection
this quantity, apparently due to the heat accumulating effect of the

ignition chamber, remains constant over wide pressure and'tenpefature
ranges.

, "The control of the R-fuel quantity is possidle by varying the .
supply pressure. This quantity automatically increases with lower
speed. )

"It is expected that the smaller and more constant B—-fuel quantity -
improves the knock-conditions. Further investigations into this phase.
of the problem are in process."” ' , ‘ =
. It is understood that shortly thereafter this devélopnént at
Hirth was terminated by the military authorities. - : _

CONCLUSION . A
-1t can be easily.visualised that a fuel injection system not .
employing the expensive conventional injection equipment would make the

"small; high-speed Diesel engine an ecomnomic possibility.

 Although the 1L'Orenge system, in its present state, is not
acceptable because of the high specific fuel consumption, there seems
to be a way indicated to further -improvements by the Hirth development.

The Hirth development proves that the proper control of one

.phase of the injection is possible and furthermore, strongly indi'ca.te'g

that the shortcoming of the L‘Orange' system resides in the common con-

‘trol of both phases.

" "It seems to be within the range of possibility that a complete
- . ‘ . 3
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separation of the two functions of the system, namely in:je_ction"finto
the ignition and into the combustion chamber, may permit full controll
of the process in both phases and may therepy p.rond.e‘:.satisfactorx per-

formance of such an engine. o

The design of the individuel control means, could possibly
. follow the Hirth design, which seems to provide ample flexibility for
adjustment to correct conditions. o

7
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