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b

Turing this period vesearch was carried cut on the influence of {aitial conditions

on lixdits ot detonability in hydrocarben-sir sixtures, with esphasis o the influence
of detonatica tube shape. IExperimsntal results for circular cross-secticn tubes
E: {ndicated that the detouation limit is a linear function of reciprocal rube disseter.
b For square cross-section tubes axperimeatal rasults cbtsined seea to indfcate that the
; linics of detanadility ave dightly wider than for cireular, and neither hydrsulic
b radivs, tobe ares, or narrowest tvbe dimons{on determines limits of detocabilicy.
k: Ho , ERASUX s in rectangular tubes with vaxious cross secticns xeem to {ndi-
.2 cats that fco rectangtlar cross section tubes there exists & very closs correlatics
betwesn the Jimits of detocability and the rorrowest hydraulic dismeter of the tude,
&3 long as one side iz 1ol 00 aarzreow.- Insestigstion of develcpaant wss alao carried
-3 cut {ocluding study of the stability of p.Opugstica of spherical flaces ix CR, ¥,

> C2B4, and 282 with increasing oxygen couatens in the ifr, using soap buldle techniquesf

2 for determining flane spead. In all systess investigated no indication of flaae
R scceleration cr trensiticn to detonsticn was observed. Results indicated that

3 azternal zechaniscs were respcusible for flame accsleration and trsnsition to detona-
2 r “tion 1in experiments of othsr vesesarchers. Sows of the experizeatal results have been

Teported at the de Chema conference in Fed 1972.
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INPLUENCE OF THE SHAFE CF %HE IETORATICF TUBE

CN THE LIMITS OF DETONABILITY
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! Introduction 3
f% Iimuits of detonability sre normally deterzined in detonation ;
7% tuves of circular cross section. In these tubes cne finds 2
’ iﬁ} that the limit concentration of the mixture iz propor- -

tional to the reciprocal tube diawmeter, except at tube dis-~
metere, which are clcse to tie limiting tube diamster, below
; which no detonatiocn exists, even in stoichiometrie mixtures.
.'Ai; Por reliable determinations of limits of detoaability twe
pointz are very importaat:
1. the test tube rust be long enough. This means that
the tubes must be so long, that further increase of

the length of the tube does not influsnce the lin’t

of dctonabiiity. (It may, however, reduce the un~
E certainty of the iimit concentration, which shoulc

i go to zero for infinite tude lengih.)

2+ The 2etoraticn must be igniied by another detonatio~,

k: so thet it starts as an overdriven detcasaticn apd

reaches 1ts stability lizit from “above”. Other-~

wize onre rorsally otieins lizits which arse nerrower.

A simpyle miaded explanation of the iimits of Jetlonebility

is baseld on the observation thet close to the limit nearly

always single hesded spin appears, tke freguency of which
is essentislly determined by the tube diaress snd the

sound velocity in the burned gseses. It is driven Tty energy



addition tc the vibration which due to Raleighs siatement
takes place in the rignt phase of the vidbration. If the
chemical reaction becoxes to plow, to fit that condition
{details of the procesges do not alter that result) than
the detcnation fsils. This expianation 2llows t¢ describe
the experizental findinge in circular tubes if one tax:uas
into account, that the wall generated expension wavaes

are stronger in nsrrow thaa in wide tubes, so that they
cozpensate for the slightly higher temperature in the
purped ges of 1linit detcpations in tubes of smell diameter

and the ¢ (1imit) ~a~! relation is obeyed quits well.

For rectangular tubes i¢wc spin ~od°s are cwrers 2 ce2ar the
linits of detonability. The one fits to the lon, . .de,

the cther one, sith higher freguency to the short side of
the rectangeiar crass section., The avove mentioned ergu-~
nent could in¢d o the concl.asien, that the lewest (or the
=sphar} of soia freguencies detersines the limit of deton~
ab. 2. 17 tzet 38 so the lerngth of one of the twec sides

¢f = rectangular ivb: ste'ld be neerly the sape as the

o

iwa2ler of 2 oizonlsy tube at the 1init of detonability.
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Experimental Arrengement

The influence of the shape of the deionation tube on the
liwits of detonability has been inveztigated iz an

apparatus descrived bvelovm:

Three tubes are mounted parallel., The flow resistance of
the tutes are mede egual by proper choice of an end piece
of each tube which is two meters apart froz the windows.
The whole length of the tubes is 20 meters. Windows are
rade from plexiglass, 40 cz long, end mcunted flush into
the tubes. For the experiments the windows of the various
tubes are arranged one 8&bove the other with 1 c= distance
irpetween. Each tube ie signed by tmo Tesa sirips wit
characterigtic distance so that the picture of each tube

cen easily be recognized on the film,

The ignition secticn consists of & 1.5 =zeter long tudbe

of & cm diameter and 2 spark gap at the clouced end. The

tube is filled over a distance cf 80 c» with a wire
entanglement in order to improve the establishment of the
initiating detonation. (Xostly &an adjusted CH,=0y nixture)
I% is coonected with another tube of the same diemetar
{with 2 tain diaphragm between both). Ir the end piate

of thie section the detonation tubes are mcunted.

i e 2
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Thie sectlon and the detonation tubes sre filled
simultaneously with the same mixture (clean CH,~0,} .
Hixture compositions are measured by capillary fiow
neters connecied to the gas supply by two successive
cocnstant pressure valves. An additional valve is mounted
at the steel tank, Calidbration of the flow meiers is

done with precision gas nmeters.

Variation of the gas composition should have a negligible
influence on the results becsuse the experiments are
performed, such that detonations in one or two iubes fail,
wrtile the third tube still shows stable detonation. Teking
a mixiure in some disiance {rom ibhe lirmit, the three
detogatione arrive at the seme time at the wirdowa.

Coming cleser to0 the limity of detonsbility, detcnations
start tc fail and the arrival of the coxbustion processes
at the windows dods not taxe place at the same time
anynore. The absolute valuez of the detoration limits

are tharefore not as precise as the relative dsta,

in the pest,measurerents of limits of detoradlility heve
been perforred with an apparaius in whick the detonation
tubes reached abcut 15 cm into the initiation seciion,
This has been done in order to delay the infiuvence of

the reflected detonation. With the rectanguliar tubes used,

2 SR




it was found, however, thet under these conditions the
tube is deformed in the inition section so that un-
reiiable results heve been ohialned, Therefore the

Ay

connection of ‘the detcnetion tubes with the initieting

the'

3 section bhave been changed and the tubes were mounted
flush into the end plate. For tubes with circular cross
ssction this did not ’nfluence the limits of detonability

E nuch; the same may de assumed for tubes of other shape.

> The rectangular and tbe square cross section brass tubdes

(1 mn wall) in addition are supported by steel dars on

izt
&

the long side over the whole tube length. This is necessery ; o

PA0 0Yy,

'5.“ . because otherwise at places where apparently detonations

it ol b,

start, the tudbes are deformed or destroyed. At the 4

s

E ) place where the windows are mounted ail tubes are supported -
against deformetion by steel consiructions. The pressure

in the tudbss filled with gas mixture hes been s3tmospheric :g:

-

prussure ia all cases. No correction for wvariations of ihe
atmospheric pressure has been appliied. Temperature of the
E mixture was 20 OC + 1 im 21l experimenis. After each
experinent {rz tubes were cleaned and dried by vlowing
E dry nitrogen through for & while. Every day the lesk rate
5.
% X

and the cross section of tubes were checked.
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Experinentsal Results

Por the experiments the following tubes have been

used:

Circular cross section

Piageter (cm)

Area (e?)

Hydraulic (cm)
ragias

Hydraulic

diemeter (e)

Suuare cross suction

A LA B A AL

Side length {cr;

Area (cn?)

.

Eydraulic

radius (em}
Hydraulic
dieneter

{cm)

MG rah 1
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] Rectanzulas erces section
Long side (2m) 2,8
Short side (ex) 0.8
=2

2 Area (ex?) 3.04

Hydraulic
radiusg (es) 0.985
Bydreulic
dianeter (em) 1.97
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Por tubes with circular cress gection previous rasulte
could be confirmed withirn the linmits of experimental

error. The 1imit concentration is a linear function of

‘E the reciprocel tube dismeter.
'v; The tao tubes with square cross sesiion behave in a

‘:: similer npanner. For the tube with larger side length
- 3 ' the 1imiis of detomebiiity are slightly wider thar for

; the other one. The absolut values of the concentrations
;:; t the lizit seems to £zll on the line for tubes with
G‘{ circular cross secticn in the C(lizit), 1/d plott if

3 the side length is taken zs d. The hydraul-. diznmeters
jf of the sguare cross section on tubes are a little larger

than the side length. They do not fit as well 3in the
C{iizit) - a~i plott s the side length. In case of

e tuve D the iimits a2re definitely nerrower than for iube &
5 wkile tte hydraulic disnmeter is lerger. The differences

E are, however, small.

A different situation arises for the recisngular 2tubes.
b Here neither the long side nor the ghort side nor the
hydraulic radius £it into the line C{1imit) - &~ 1.

The limits of detonability for the 3.8 x 0.8 rectanguler

tudbe Are delfinitely rarrower than those for the iubes &,

D and 3. They roughly ccrrespond to those for 1.6 c=

T
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square ‘udes while the limits for the 1.6 x 0.8 rect-

anguiar tube are s8till narrower.

If the smallest distance in the tabe would Getermine the
li=iis both rectangular itszbeg snould nearly coincide
with the 0.8 co diameter circular tudbe. Apperently the
1.6 ¢z long side widens the lizits ebout 1 ¥ while the

8

3.8 cm side widens them about 1.8 ¥ compared to the

Jut

ipit for infinite tube dizmeter, which in the present

case is abouty 4 % axay.

The hydraulic diameters for these tudes do not f2ll on
the C{1imit) - &~ ' line either. However, the linc
connecting the hydravlic radii at the lizmits for ihe
rectangular tubes seems to be parallel to the C{limii)-
a1 iine for the circular crcss section tubes. Houghly
one can say that en estizmate of the iimits of detornabilily
based on the hydraulic diameters gives a recsonzble value
waickh in the case under discussion here fits better than

7 $. It is obvious, homever, that this is not a good
description of the reel process. ipparenily a corrcct
gtability anelysis has %o take into consideration the
detsils of the interaction process vetween chezical reac-—
tion and fiow iaside and behind the reaction {ront. To

2 certain degree, hewmever, the cerreletion with the

hydraviic diameter seems %o te & reasonable approximation

%
€
i
{
;
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&8 long as one side iz pot to nerrow. It ia to be expected,
that there sxists a condéition, thet the snall side of the
rectangle hasto te lavger than a lower linmit 4; , which,
however, is definiiely smalier than %he liniting diesmeter
for tubes with circular cress section. Por very lerge
tubes (in eack dimension} tbe shape of the tube skould
nave nearly no influence on the limit of cdetonadility for
infinite tudbe diameter. That would require, that, if one
wenis 3o keep the linear relation 2t the 1imits of deton-
ability for C{iimit), 4~ ! there exist 1imit lines whick
depend on the skhape of the crosg section of the tube,

Tris influence is, however, not very pronounced, even

a Tatio of the sides of & rectanguiar tudbe.close %o 5:1
gives only a leviation, based on the bydrawlic radiue

of less than one percent. On that btesis it can be under-
stood, why ettempts feor a gquantitative cescripiion ¢f the
li=its of detonadbilitiy and the influernce oI tube diaceter,
prescure, lexperature and other parzmetere en thegs linits
reve not been very guccessiull in that rough models could

be improved and put on 8 guantitative basia.
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Scre Bxperimznte on the Prrpagation of Spherical ¥lanss

Introduction

The soap bubble method is a well krowmn method for aster-

minztion of {iame speeds/L. i{ the expansion radic Jﬂ[j;

is kncwn one obtains the {lame speed by easuring the

te of rropagation of the flam= area

/’f_ v -4/,9_,

In most cf the experizments reported in the literzture the
apresd of the flame con the £ilz, {tekxen by & szexr camera)
is 8 straighkt iine inéicating constent values of . The

such a case is shown in Fig. 3. The gas

ie shifted zw2y froz ine center. Thse
pressure increixses froz & very weak front shock towzrds
the flexze Srort. Benind the flame the gas is prectically
at rest. Flazme velocities chizined by the soap budbble

vaiues obiained Ty other

There are, hcwever, indications, thnet the flame propagation
* p &
does not take place as sxmosti:ly as one might expect Irom

tne fact that the nmeasured fleme velocities are all right.

Troshin pubiished schlieren pisiures of {lomes which inéi-
cate cellnlar ctructare ¢f the flere front. Xezsurements

es in consieni pressure bvozbs often give not only
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wrong absolute vslues of A vut aiso s wrong pressure depep-
dence of the {izme speed. Investizaticns of sound generated

oy flemes also indizates a straciur..

Xogarhe reports that flames in prep2ne exygen mixtures,
ignited by a spark can asccellerate and show transition

into detcnat.on.

Istratov perforzed celeuiatizns on the stavilivy of spoexri-
cal flames. These calculstions gave a critieal Reynoldanusber
bosed on the radius for the stability of spherical flamesn.
The velve of this critical Reynoldsnumber, howesvr, is fer

ewzy from the one obtained by Troshins experizents.

The probler of stability of spherical flames 18 of funda-
mentel importance for explosions of free ges clouds. The
central guestion is: which mechanism leads to fiame

accelierazion?

In tubes it is obvious: the unburned gzs, flowing anesd of
the flane can become furbulent and this can lead 1o pro-

gressive flaae accelleration, generation of shock =>7ves ;
and g0 on, a well known process. The icmediate gans -tionm
of interactiang shock waves normzlly takes place only in a

Jater stage of the process,
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There are indications that the disturbance of the flame
front in vozb explosions and elsc in some soap bubble
experipents are generated ty reflected pressure waves.
Especially in bomb expleosions this could clearly be
shown. The first step ip 2ir experinents therefsre had
ts be to find an experimentsl arrangenent to minipize

that influence.

%
é%
2
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Spark Coil

Fig.4 Soup Bubble Generator
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Experimental Arrangement

The gao mixture is prepared by capillary fiow nmeters

with pressure stabilized supply. Part of the con~

tinucus flow 1s ex¥racted througe a soap bubble generator
via 2 special velve. If the btubble reaches the wanteu
dizpeter ikis valve fs closed. The soap bubble gemerator
(Pig. 4 consisted of a piexigless tube (1.3 em diameter)
with 2 piston inside. This piston conteined the electrodes.
It was constructed suczh that it closed ithe flow inlet eas
we:rl ac the gas exit to the soap bubble. This bubbze
generator wes mounted on &8 1 cm siell bar., There were

no solid walls around the bubble et distances below 1 =
80 that reflected waves needed 23t least 1/150 sec to come
bake to the scap bubdle. For flame speeds in the order of
one neter per sec and about 10 cm bubbie diaceter this
meens the&t reflected sound waves do hardly come back as
long 28 the tubble burns. The bubble generator itself was
mcunted by thin lcng metall tubes. Sound waves reflected
2t these tubes can come back to the flape. They are, how-
ever, hignhly cittenuated. This hed to be accepted because
th. 1deal methed, free gas bubbles ignited centrally by
isser rediaticn would heve been much 0 complicated 1in

that phase 1f the investigstion.




it
The samear camera is wounted about one meter awsy f{rom
E tbe soap bubble, The BOSP bubble is projected into
., an izege plane where 2 slii takes away nost of the
3 3 picture; only a small boriceontal sirip of the burnle
. o is then projected on the film for measuring the flame
K 'f spread.
v
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Experimental Results k- b
‘s; .:g;-
In order to check the reliability of the system flame 3 :

velocities of \,"‘xi4—ai: and Hz—air smixtures have been
measured end found tc be irn good igreement with litera-
turz deta. Then the following sysiems have been in-

vestige ted

CH, -  dair

C¥, - air (with 50 % o?)

CH, - dJeir (with 80 % 0,)

i, - d 02

B, =~ O.air (with 50 % 0,)

. B, = d-0, :
! 3 (Cd, + Hy) + o0,

CLH - air

X 2 4 =
v ; CH, - 90, ’
. E CH, - air
- CH, - (air with 50 % oxygen) :'
(3 CHa = O b




In all these systems wkich were investigsted Iin soap
bubbies of 7 cm diemeter not the slightest indication
of & flame accelleration cculd be observed. (Ignition

ny an engine spark}

The experiments continucd witp attexpis to generaile
larger so&; bubbles. Por the rethane, the (caé*az) and
the 02}i4 syatens btrdlies of 17 cm diameter could be
generated. For c?nz - air ané for 0222 - 02 bubbles up

%0 12 oz could ve formed.

The photographs of these flamess {each mixture has been
used 3 to 5 times &t different days) zlso did not indi-

cate any accelleration ef the {lames.

These results indicate tkat up ic aboutr 15 cm diameter

of the gas bell there seems 10 be no  nternal zechanisn

which accelierates flames {even in x=ix:ures with 02} so

trarsition 16 detonation takes place. At least in
range ¢f dimneters of the pubble external nechanises

have been active in the ¢xperiments of other authors.
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