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E.~thm1df;ﬁ, ﬁngéfls;tésts‘wdre>cafriéd:out,in’clpani&Jdefihed”ﬂ
conditions, -He utilised the well known condition of the fully .
developed turbulence in the tube, to explain tho importance of -

turbulence on the flame velocity. — =~ ..

.+ . TI-shall report on tests madd in Brunswick on the propagation -
~of flames in an elongated bomb fiﬁtedTwitﬁ_obstVationlwﬁndowss,-Fig, 1l
shows the bomb, which measures:l m, length and 24 x 24 mm . clear cross=-.
-soction, with 4 windows -on tho opposite sides, allowing the- combustion
toﬁgodobsorved both in its own:light and with Toepler?s'SchliOroﬁJ,q;f’
mothod. =~ - Corn e Sl sl T L e

——

.~ © . From the mapny tests, here are threo photos—by.my co-worker— -
H, Stoinicke on propane-air mixbures in the light of tho combustion
at 1 atm. with an air ratio Az 0.8 (Fig, 2 and 3) emd A= 1 (Fig, 4).
The windows are photographed on a film, which moves_at.constant speed -
perpondicularly to the longitudinal axis of the bomb, A flame L
. progrossing in-the bomb produces.an inelined light track, the gradient:
‘of which rolative to the direction of motion of thé¢ film gives the . -
moasurs of tho flame velocity. - Fig. 2 shows the combustion in tho bomb
-open on ono side, -with ignition at_the open end, Thig is the simplest
‘caSe of combustion; the burnt gas ¢an flow off freely, whilst the un-
-burnt portion is not subject to a noticcable pressure increase and. = .
remaing at rest; apart from certain oscillations, %o which I shall
refor later,- The idlustration shows two similar tests on the same .-
filme - The bottom edge “of the film corrosponds to the. open .ond of tho
‘bomb, whore the ignifion is offected; tho top qdge to the closed ond.
-The.aark,horizontal stripes correspond to tho 3 bars bebtween the bomb
windows,.. .The additional narrow broaks in the flame tracks served to.
“differentiate the tests. The flamo begins to flow in tho bomb: at: tho
quttomvlofp,,with.a]loW‘vqyyﬁqonsbggt_spoed-of 0.55 m/sec,. Its light-
trace is rathor undulated by oscillations which, as shown by their. -
frequoncy, correspond to tho basic oscillation of the gas column - . .
“oscillating as an open onded5pipef(bemb_lsn§£E:;§%_wavglength&m_ As
the flame proceeds, the frequency of this b sic oscillation gocs up, —
because the bomb.gots filled in a growing measure by hot gas, in - =
which the sound velocity is' highor, ~Near the bomb centro the amplitudo
~-of the oséillakions increasos steeply, whilst-the flame velocity risos '
‘to about 5 m/sec, for tho following reasons: Eddios arc released on:~ -
the walls of the tube by the oscillating motion of tho gos columng ’
_tho. gas mass is rendered turbulent and tho effective flamo surfaco 1s
- enlarged. Towards the closed ond the ‘flame -velocity decreases again, .
. because here the amplitude of tho obscillation diminishes and with it -
‘the excited turbulonce. _ - e R i

..~ Tho combustion is entiroly difforént with tho ignition at the
closcd ond of the ‘bomb. -Fig. 3 -shows a photo likewise taken with a — -
‘propanc-air mixture with A = 0.8, The moan flame veloelty is "~ . = .
- gonsiderably higher, because the expansion of the burnt gas pushes
 forward the unburnt portion, The’ Reynolds numbers in.this case are .

far above the critiecal value, with the result. that vigorous Turbulence.
- appoars after a short time, The observed: flame volocity is thercfore
stoeply increased by turbulence above the-value corrosponding to- -
" stationary or laminar gas flow;. it contains. moreover tho vory high =
specd .of- tho gas motion.  The striking step of tho -light track at the -
“end of the first window could not be explainod withsieertainty. The
fan-like light traces, originating from the main flame front, arc
subsequently burning groups of cddics of-the boundary layer, which = -
“were. not -immediatoly burnt; becausé thegy lay on the.cold wall of tho.
_bomb, woro looscned by ‘the oddying and ignited by mixing with the hot
combustion. gases, Their backward motion is a result_of the cooling
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‘of “hot combustion gases whlch sucks back the burnt gas in the tube._;v

S Flg. 4 shows the combustlon iha. sealed bomb w1th 3 similar
E'tosts on the same film, :The flame: veloclty has its maximum at the -
-start and drops steeply. at-the combustion ends Initlally the displace-
ment. velocity is. very high, and so is the Reynolds number which - - ;
-charactorizes ‘tho: turbulence, towards the far end of the bomb thoy
both docline steadily to zoro, At the combustion onset tHo waves of
.tho light track are due to periodic vortex releoase, their’ frequency
-is—much lowerFthan the netural frequonecy cf -tho bomb content-and 1ts
order of magnitude woll coincidos wit w1th~tho-vortox froquoncy obsorvod
1n tho tubo ontrance flow. ».sv. LT - ‘.,[

' In tho ‘course. of vory ﬁgny tosts w1th various mixture ratlos
the moan flame velocitios woreL oasurod in tho 1 m,.test bomb, and. .
divided into: normal combustion voloclty, such as.occurs in'tho mixture_-
at rost with a plano flamo front incroaso duo to displacomont and §
increasc due . to- turbulonce., B : i

R Eig. 5 a to ' show tho rosults for a propane-air mixturo*of

1l atm. initial prossure in terms of mixture strongth, Figes & a and b,
"apply to the bomb opon at one ond with 1gn1tlon at open or closed end-

Fige 5 ¢ to the soaled bomb, .In the comparison of the graphs ‘note -

that in Fig. 5 b the velocity scalo is roduced to 1/10, to allow the

cloar. roprosontntion of tho high flame volocitics, Tho curves show

‘the great influence of turbulcnce and displacemont on the flame

velocity; tests in difforent conditiohs howevor can only bo. compared o

cum grano salis, In the. combustion chamber of an ongine the combustion -
' procceds as in a sealed bomb; ' tho only differencc is that after - :
_admission tho mixturo is in a hlghly turbulent. state ovon bofore the
“ignition, with the rosult that tho flamo volocity is. inltlally boostod
by turbulcneocs . -

. ‘ My co-workor U. Noubort took Schlloron photos of tho same
bomb by tho light of a quadruplo spark gap; . each of theo four: ‘sparks
,dlscharglng simultanoously illuminated one-of the windows, By means
~of Schlieren templates. instantaneous photos wore taken on four fllms-
. moving at constant’ spoed+— High-capacity” tondonsors “&llowod .up' to 100
quadruple sperks and as. many OXpOSUros, The time 1nterva1 botwoon 5
"~ oxposures corrosponds to th01r spaclng on tho fllm.

R Owing to tho peculiarity of tho qurk systom the exposure WU
timo at the boginning and ond of-a-scries—is_ larger than _in. the- middloA -~
This variable speed is no' drawback, as it allows us to havo the most
1nborosting part of the process in the region of closer soquence.

' Flg. 6 shows bLoso oxposgros takon on ! bomb opon at ono - ond
_ignltlon at tho open end, wmth ajl=20 +8 _propane air mixture at
atmospheric pressurc, The :strip at “the ‘right shows exposures of the
first w1ndow,\at the left are exposures of the second window. ' ‘The-two. .-
:strips do not refor .to the same ignition, but the tests are so ‘uniform

“that’ the loft strip can bé considered as tho continuatton”of tho right
. one. For: cach strip tho time interval betwoon two subsoquont framcs
- is markod on tho loft, and the flamo velocity caleulated from it and
‘from' the flamo proyross‘on tho right. The ignition.occurs.at top -~
rl ht in the right hand gtrip. .The flame moves from right to loft;-
the- flame front shows pocullﬂr swellings due to- ‘singlo largo groups
-_of oddics, These rathor slow movemonts arc .tho result of the ignition
always occurring at ono point and not simultancously ovor the .whole erogs-=
section, As the flame progroessos, tho swollings converge to a uniform ‘
. flamo front, although thoy: roappear in tho sacond windew, prosumably
excited by/protrudlng edges of tho glass-plates, ‘The exact flame
~volocities are of the order of 1 m/soc. and show perlodic variations
due tq suporlmposod oscillaetions “of the. gas column, as in Fig. 2.
"~ Apart frem these oscillatlons the: flame volocity 18 nearly constant,
N o
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. s Flg. 7 shows exposures taken on- the ‘same mixture in the same
open bomb ‘but for the ignition at the sealed endj - ‘at the right of
~the" frames iIs -marked their interval 1n.milliseoonds. The flame velocity
is much greater, because the burnt gas dlsplaces the unburnt ‘and .pushos
1t forward,’ This flow of the unburnt gas attains such high speeds that .

~—the motion bocomes turbulent, It is thoreféore clear why from the third -

—frame of the sccond window turbulence.sets 1n,‘whlch advances gradually
from the wall to thHo -middle of tho tube., It _is even possible to . . ..
ostimate the size of the groups of eddies.  In. the third window the
hoad of -the flame front ~too has become turbulent, the flame,velocity——
rises and in the first. exposures of the fourth w1ndow it reachos very.
high figures of’the order of 100 m/sec. In tho ovaluation of tho TIam
_veloeity it should be noted: if a rather long gas: column is” already
burnt” out, the hot gases. collecb~en—the~wall as..a.result of cooling,
and the burnt geses behlnd tho flame front ‘move again baokwards.

As you’ see the flame propagation in tubes 18 a’ very intricate
problem. Flame veloclty measurements made with different methods which:
do not allow us to follow the details of the process. cannot be eomparod.,

Busomann. Accordlng to Unger turbulence oceurs almost exactly st the
critical Roynolds numbor, i.c. 2,400, Considerable precoutionary
" measures wore necessary: in the determinatlon of the eritical Reynolds

- number, But Unger not only introduces air in the tube, ho also mixes
‘it with gass Has he used spocial deV1ces 'such as baffles Tto avoid, .
dlsturbances? : S

Unger.-f In my case not always thefsame—ges veloclty corresponds to
‘Roynolds number of 2,400, because air pressure and temperature vary. -
Thus on differont days I found difforent velocities for the same
_Roynolds number, - A logarithmic plotiing of the ignition voloeity :
“against. tho gas spood gave two cloar lines,. whlch intersect at a speed
corrospondlng to: Reynolds number 2 400. '_. R . s

' .. < The two gases woro mixed in a’ mlxing chamber, which produced '

'a con81dorable disturbance of the flow. A flash-back safety device
consisting of a seriocs of fino mesh wire nets behind thc mlxing '
ohamber ‘provided a good rectification of the flow."‘ SR

. The 1nitial ‘distance betwoen non-return grid and test gap wasA/
;wat loast-150 diametzxs,up to 300 d. for small tubes; 1n1tial tracts of
80 d. aigd not glve woll reprodu01ble results. : , .

S

P e _ : R
Dakahler.~- We too found that_the 1nit1al dlstanco must meesure at
least 150 .d.. In'my earlier tests with the Bunsen burner method, I
found the- chenge to turbulence at 2,300 emaoctly: This was oasy "to

- ascortain because the laminar Bunsen flame burns silently and the -
turbulent one his§es.  Unger has shown us @ graph on which the flame
velocity was plotted against tho mixture strength; . from this he
conoluded that the turbulends” affects: ‘the ignition limit, This is -
posgible but not absolutely certain, becausc the test. points hsve a.
cortain scattering-and it can well happen that the top curves too will
drop to zero at tho: ignltlon limits, This ‘proves conclusively that
the top curves must—have—e stronger-lateral inclination than tho -

- bottom ones, - It is howover still possible that there is a secondary
turbulence effect on the ignition limits, causing the burnt gas to be
whirled in tho unburnt by turbulence; Whereby the gas would -have a
difforent —composition at the moment at which it burns., This manifosts-
itself by qffocting the ignltlon region. ——y . '.~

Ungor. o In tosts at gas spoods 2to 5 m/sec. on mixtures Wlth aboutr o
' 16% gas I always roached satisfactory ignitions., At spceds up to 18
‘m/Se¢. however, with fhe samo mixturc, combustion could no. longer -

" be obtalned even w1th multiple 1gn1t10n. T

~ Lindner, The propagation dlrectlon of the flame is always given by
-.'.3""""



the normal to the flame front; the propagation velocigy_must.there-fw
fore be measured perpendicularly ‘to- the front,. The photos show. .. - -
however that the 'flame front is partly oblique, owing to the unsym-
metrical flow. If the propagation is measured in the direction of

the tube axis, as was done here, the velogity appears greater than -
its true value. This point must be. considered when evaluating the:
results, The mass conversion velocity, in H, Mache!s meaning, is ~
~found correctly from the velocity along the tube axis, because here
the combustion surface is exsaetly in front of the tube cross section. -
Comparable rosults on turbulence offoct can-however-be obtained by -

starting. from the effaoctive volocity perpondicular to'the front and

not from the mass conversion velocity. . . S

.. - Schlieron photos of tho flame front which.I took in a bomb
vshpwod*grgrowing subdivision of the front surface due to blistor=-like
bulges, . prosumably ‘caused by turbulence offects,s The front.is thon .

.-composced of a great numbor of small spherical caps;  the consequont
surfaco enlergement increases the flame velocity in proportion,  To ..
what oxtent this is due to tho surface oxpansion or to pure turbulence,
l.0. mixing and exchange processoes in the gas mass, cannot be g '
dotormined: by measurement because these processes take place in very ..

narrow spaces, - .- L g S e

E. Schmidt, In all;Unger's tosts we find considerable turbulence and -
thereforo strongly fissured flame fronts. It is difficult to talk of .
& single flame front and of a normal propagation veloeity, as in the
Bunsen burner. Tho importancc of the! tests romains howéver the same, .-
because in most -practical cases. the interest lies in this flame - :
propagation acceclerated by turbulence, ' ST T e

-Damkbhler, As could be expectod it was found that this flame velocity
incroase ‘doos not only depend on the Reynolds number.. Turbulecnce

- cannot bo .characterized by one quantity, but by at least two, e.g.
Prandth: -oxchange number and mixture path (?). It might be fluctuating
velocities and mixture ‘path, but there are always two quantities, We
could also pat it -this way: one should differentiate betwecen coarse ...
and .fino turbulenco- bulges. Both can ‘have, even over largo distances, -
‘translation capacities of equal-value:, “ilse. the same oxchange number;.
but in their structure thoy arc differvnt: ono turbulconce is coarsc. .
with a largo mixture path and small velocity. fluctuations, tho other.

is fino with a small mixturc path and great volocity flustuations.

. Es Schmidt. - Work goes on in various quarters and with different
mothods on the combustion problems, Onh one hand physical-chomists
try to explain the processes with thooriecs and-to-framc them-into a
~complete-thooretical systom; - on the other the ongino designer, whom
the characteristic3’ of the combustion process proevent from: fully :

. utilizing%thevconstructionalNpg§§§bilities-to increase the output of .
his engings, tries to find his -eWn-solutionsi--Naturally he- elings to
the concrete single task and cannot sélect the test conditions as -

freoly as the scientist, who is only concerned with general theories,

“Both arc necessary and must: mitually complete cach obhor; it is~the -

. purpose of ‘our committce .to establish connections and bridge .gaps,

It is just in the field of combustion that we are confronted with -

- -much unmapped territory. ‘From_the standpoint of production, it is
lucky that the pioncers of the combustion ongine did not know how
little -thoy knew; " otherwisc thoy would have lacked the boldness and
-candour. of_ignoranco, which produced-the combustion engine as wall as
tho: stoam engine 'ahead of all thoory, ' That should However not keep ,
‘us from following the:phenomena to their origins and trying to explain-

—thom with the scientific basic laws. Only thus is it possible to =~ '

“.attain tho best in practice.  Ilany more tests are nceded., In my .. B

~opinion howover we. should be morc ¢areful in- interpreting ‘test results,’

* rather than build up far roaching conclusions and suppositions on |

--limited information. This mceting swayed on the sido of physical
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cnemistry.. I should ask ‘the- engine designer not to tire An the
~common pursuance-of ;the problems of combustion, even if the: ‘road. to
--ecover-is 'still: 1ong, until the phy81ca1 chemist can really stretch out,
~ his hand to hlm.~_e, , , . I

-
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vFig. 1 - Test bOmb w1th w1ndows. {'i:i*¥~éf:va"}"“U‘@t""'

“;Fig. 2 - Combustion of a propane-air ‘mixture of k = 0.8 in the bombr
1'4 “.jr open on. one Side With ignition at the open end.' ;t‘~ e
'Fig. o - Combustion of a propane-air mixture of X = 0 8 in the bombﬂ

s ‘open on one. side, ignition at the. closed end.., SR

”Eig. 4 - Gombustion of a propane-air mixture of *.: 1 and 1 atms

R ‘lnitlal pressure—in the closedﬁbomb. ' R '

TFig;TSa- Bomb opon at one end Ignitlon at open end. f~;”
. Eig; Sbe Bomb open at oﬁo'end. Ignition at closed ond.

'Fig;WSG- Sealed bomb. -

Cer

- Figafs 8 = ¢ -»Distribution of the V1sible flamo velocity.».

Fig.16>- Schlieren exposures of the flamo front in. bomb opon at onoj
| .. ond, ignition at the/open end, w1th A =-0.8 propane-air .

» mixture. o , - R .‘o-n,” L '
~.Fig. 7--.Some.as;before but for 1gn1tion at soaleqrqnd.





