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‘Moasurement of the ignitiod Velocity of fTowing
=7 - gAs-air WmiXtures. .

"7 by Vorner-Unger. -

- .~ After the great importance. of a correct cbmbustibn_for'thé,
operation of combustion éngines was recognized, the combustion . -
phenomena;qf“airegas_mggygres wore ‘thoroughly-investigated, Two - = -

“methodSAWere,mainlyfapplied to ignition.combustion measurements of

. ga8 mixturesy

1. Thé dymeriic method for laminar andireconfi§'also'fof'gﬁfbdfenﬁ
777 flow conditions of the fresh gas. 2 S SR

2. The static method, in which the propagation volocity of the
P flamo,is.obserygd in;aagas mixture at rest, - o

o

~ T '..

S  Sgvéral sciontists invostigatod,theTpOSsible'errorsfbf[tho“.
dynamic mothod, . Thoy showed that as long as the flow remaing laminar
‘the width and material of .the burner as well as tho flow voloeity of ==
the fresh gas do not affcet.-the normal'ignition_zolocity°"Dyggmiqvand
static mothods should give. the Same results, béﬁausorfor‘tHE'combhstionyg
‘process it is immaterial whother the flame area is stationary in the ‘
chgmber and the gas moves, or viee vorsa, -This prosupposes that o
1natho combustion in tho tube tho flamc takos exactly the shapo of a
‘Planc porpendicular to tho centros lino: of the tubc. : This condition
cannot be rcalised,with the result that tho two methods give vory

—difforent figuros. In the static mothod thesc differences could be -
oxplained with the thoory that turbulont_flows‘in.tho,flameAaccolorato_“

‘ tﬁc”¢bmbustion.’

‘ G.'Dakahler-(l).invcstigatod'thoAQgﬁggp,of turbulcneo on the
ignition velocity of a gas mixturo. Tho tosts worce based on the Bunson
‘burnor method, In the picturc of-a-Bunson flame subjoct to laminar op’
turbulent flow;Dakahior,distinguishos‘an;outcr'and an inner boundary
surface of the cono. The inner and outer boundary surfaces aré definod
as the geomectrical lQQabion“bfufas%esﬁ—and slowost ‘combustion, In the
investigation of a propane=butanc-oxygen mixture the maximum_ignition

—veloeity for the inner co \\fﬁfﬁé;Bunsan_ﬁlamofwasmfound—to”be“abﬁﬁf
3 m/sce for laminar flow, ahd about 300% higher at Reynolds! numbers:
around 17,000, ~ The ignition veloeities which obtain in the outer .

 boundary surface of tho cong, are of the samé order for laminar and’ '
turbulent .flow, ‘ . PR T T e - s

i

‘ _vIangsf;W..NuséolﬁiSuggcstéd,thg#fgllbwing work,-which should
“elarify the laws on the Variations,of-tgq_ignitipn“velocity of a coal
gas-airhmixture’with?thdfpurbulqggq'Of tho frosh gas floir, BT
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”) G. DamkBhlor: The effact,of-turbulenceﬂdn;flamo velocity in gas
-tfmixtupggqub.11959;d.,dt,fLuftfahqtfoﬁ?chg Bd II,(Tpiepwerk) P 3. -
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| ‘I'e‘.s"t; mothod, .

E Vo l

T used a test method working on the follow1ng\principle'-“

, An’ air-gas mixsure of Khown~ composition and known mean flow j
‘velocity is imagined as*.flowing through a tube of given diameter, _ -
After leav1ng the tube the gas- escapes into- the- -atmosphere, -The ————
mixture is. ignited in-the—tube by an electric spark“‘“Two flame fronts
appear, One of them moves ‘towards the fresh. i
the- Samg direction as the fresh gas flow, “mhehsecond flame, whioh
burns- in—the=£f1ow- direction, ‘moves steadily towerds 4he - end of the "
tube, Its velocity rolative to the ‘tube is composed—of the. following
quantitiesm LT T

~‘v'l, Fresh gas ve1001ty. ‘ . s
» 2.' The expansion velocity of the exhaust gases. o S
Se  The combustion velocity of the mixture. R

As the expans1on velooity of the exhaust gases is a. diffioult
quantity to_determine, the second flame front was not referred to in
the measurement, of the ignition velocity, but only-the flamé front
moving towards the fresh gas flow, - Its velocity relative to the tube t
wall is composed of fresh’ gas velocity and flame velocity only. Those
are both quantities to be determined experimontally..-\ : AR

'Test equipment.'_‘

" In d031gning the test oquipmont for[the describod method the
follow1ng conditions had to be met* _——
| " ‘1. Volocity and composition of the air-gas mixture must
4. —~—be known and constant.. *H o » _ T -f*
2; The - fresh gas velocity must be variable within W1de
limlts.’ 7 . .

~

‘ The schemo _of the test equipment*isfshown in‘Fig.'l.

/

‘ Combustion air and coal gas*flowed separately through two gas
moters and pressure equalizers into the mixing chamber and out into.
stho atmosphere through the test tube. - The tosts covered throe tubes -~ .
of 20 '80."and 40 mm. borey “the first was: arranged horizontally and-
vertically, the other two vortioally —Smooth, seamlgss drawn pr90181on
steel tube was used throughout. ‘ R - — T

s vm—The ionisation method was used to meﬁsﬁr6"tﬁe “Plame velooity
in the tubo,: The propagation velocity of the flame inh the tube was

~ recorded by two lonisation gaps_introduced in the tube, a twoeway

- cathodo--escillogiraph and a moving camera, Tho ionisatlon gaps divide

the.tootutube in~the~follov1ng soct10ns~ ~

1. "‘The—equslithion distance botwoen mixing chamber and first
' measuring plug, at I@ast 150 diametors In. 1ength.q

e
Lt e

2.; Tho measuring distances limitod by two moasur1ng~plugs.

‘,3; “The initial’ distanco betwecn measuring p01nt and ignltion
- ;;plug._; e L o : 4 ;
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L
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4,_rTho final distance botWoon sparking plug and tube end.




wi; -D981gn of measurlng and sparklng plugs and thelr_relatlve ”3
’ p081tion in the tube.,: S el e e e

: akftLength of tne inltlal measuring and term1na1 tracts. _A"”‘
“3a Effect of tube length on. flame velocity,<;‘}a»- e
__gFig. 2 shows the de81gn of measurlng and sparklng plug.~—:~—.

== A 0,5 mm. steel w1re was cemented ina steatite tube 1. 5 mm, -
.out81de bore the 1atter—be1ng strengthened. by a—copper:tube:'Through
two- dlagonal ‘holes in the tube wall: the  ionisation gaps were introduced
inside the ‘tube. To be constantly certain that the ‘ionisation-current
flows betweén the insulated electrodes only at the approach of the- . .
~flame, the distance a of the two electrodes was always Smaller than ‘b,
that 6etween measurlng electrode and tube wall.. ST ——ire—e~k

;" - This arrangement produces a sectlon reduction of 7% in the

20 mm, tube, 5% in the 30 mm, and 3% in tho 40 mm. ones. With turbulent
- velocities {ho disturbing effect of the flow caused by the steatite

‘tubes-on the ignition veloecity is smaller than in the  case of laminar

- velocitiess. For those reasons a. second arrangement was. used at speeds -
.-of tho frosh.-gas below tho eritical speed,: The measuring .electrode
~consistod of a 'l mm.NCT-3 stoel wire, .cemented in a small sinteral

~corundum tubs 3 mm, outer diameter, flush | with the inner tube wall,

The tapered stecl wire tip protruded 3 mm. inside the tube, and tho:

tube wall was the earth. Comparative tests with the two neasuring

‘Plugs at fresh gas speeds of 2.3.and 4.9 m/sec. in the 20 mm, tube

“and 2,0 -and 3.6 w/scc. in the 40 mm. tube showod no difforence in the .~

measured 1gn1t10n veloeity end no difference in the Speed of the
~~ionisation flow. : e

0

o " The most convenlent length for tho 1n1t1al tract (ignitlon :
vplug to first ionisation gap) was found tobe 10 diamoters.f The :
ionisatlon gaps Were 200 mm.—apart.ﬁl ST ‘ , = ‘
: In the evaluation of tho tests the flame veloclty ins1do :
the initial and the measuring tract was computed from the. oseillogrsph
diagram, and a moan value was obtained./ The flame veloclty variations .
were. withln tho limits of accuracy and did not indicate any 1ncreas“*"“

. or decrease of the flame ve1001ty w1th the tube length.-‘;s_ =i

I’

"_“' ' Test results.'

e 7' The comp081tlon of the coal gas was determlned in a series
“of Orsat analyses. It varied within the following llmits- S
’ ’ R . ’
X Coz u.n_oooc-o*-o—c-lt.lo'0000_'5.6 -410‘”' T
i CmHn-..-;....a.;......... 1.6 = .1, gﬁ B

0% CVededseseasiaesseeess  0,3%

K ooloo'oooooo-ooooaouo 1662-1905/0"
H2 .cc—;";-oo-ooontbﬁ"'o.ocn 50.2,-55 87
04 oooloc-oo-ocooo-o..co 18.8-20 5/0 R
N2 0..!0..0.0';‘0...'!0.! 47- 5/0 )

: = The stoichlomctrlc mlxture contained on the average 229 gss.
‘In a serioes of tests the alr quantity was kept constant and tho

“mixture composition was varied by addition .of various gas. quantlties.'
The frosh gas velocity - compited from volume measurcment and tubo
diaviotor - did not romain constant; it grow with tho gas content;- B
went up by 13,6% when-tho gas- contont ‘rose-from 16 to 26%, This _
frosh gas welocity variation was. obtalned by extrapolating the results i
of several groups of tests. o o



Tig, 5 shows the ignition yelositios obtained ia-a 20 mn, horizontal -
~tu e, plotted-against the % mixture: strength for fresh gds velocities.
‘between O@S4ltdﬁ4;9{m/sec;$"~f.f?*-;~ SRR R T e

N o

'(/“~\\ There. are two groups of curves of different character. Below:
2.2 m/sec. fresh-gas velocity the curve zeniths decline less steeply’
than above 2,2 m/secs  This points to a reduction of the ignition .
limits ‘as the fresh.gas velocity increases, The maximum ignition
velocity for a given gas speod obtains at a mixture strength -of 21%
coal gas, 1,0, in-the proximity.of the stoichiometric mixturé._.The"
slight displacement of the peak of the verious:-curves:.is due to-a
variatlon-of the' gas-strength, as the tests were not-always made on

she same day. -~ - ,

. Test results on 20, 30 and 40 mm, tubes in a vertical position"
show the same characteristics,  For .this réason they are collected in.
Fig, 4a, which shows the ignition velocity in terms of fresh gas speed

for a mixture strength of 21% gas. The ignition velocity rises with the

. increase of fresh gas velocity and tube diameter; it.redches 10 m/sec.

'»for'a"40fmm. diameter and 5.6 m/sec. gas volocity, Fig. 4b-shows the
linear variations of the ignition velocity as a function of the tubse. .
~diameter, for various basic velocities, S "

S - The bottom part of Figs 4a also shows the. test results for a
- 20 mm, horizontal tube, At~low gas spoeds, the ignition velocity is.
- rather higher for horizontal motion of the flame than for vertical
~motion., On the other hand for fresh gas]speeds.bver‘3.5vm/seo; the
ignition velocity is lower for the-horizontal®tube than for the
_ vertical one. The lgnition velccity variations are due to gravity
- effects; producing an asymmetric -distortion of the flame with the
' horizontal motion of the flame front,., We.-shall discuss this again -

- To compare the tests with different tubo diameters and to -
explain the question as to whether the. ignition velocity depends v
directly -on the turbulence of the fresh” gas flow, the ignition velocity
was plotted against the /Reynolds number for a mixture strength of .21% -
~gas_in-a vertical tube. T T Lo L

. The curve shows the steep aScent of the ignition velocity with
the Reynolds number, more marked below than above the eritical Reynolds
T number, proving that the ignition velocity 1is affected by the variation.
-0f ‘the flow charactoristic in the tubo. - This graph shows ‘further that
: the ignition velocity is not controlled by -the Roynolds.number, but : -
by the-tube diamoter and the gas velo¢ity.. Otherwisc the rosults for .

all diameters should coincide., Test results show however that the - -
Agnition velocity drops as tho-tube diameters-grow largere. The
limiting case would be an infinitoly largo tube, i.0..an infinitoly. -
large gas mass with a planc as combustion 'surface, - Tho flame would

‘thon move at normal ignition velocity towards the frosh gas,

. "By‘plottinthho ignition velocity agaihstﬁtﬁg géslvelocity'
‘on-aslogarithmic scale it can~be seen that—the ignition velocity .
‘varies as a power function, SR - R
. ,  PUR viatodh St

TWo'Cquations couldAbéfaétéﬁminéd:férfthé?Vé#ticél‘flqwiin o

“the tube,

S For laminar frosh-gas‘volocity'the'test results for all tube
~diameters can be ‘given by the sgquation. o : .

s e g o (82,540 ¢ 2,375) v0-489
and fof turbuldnt.gas;?eldé{ty”byEJ =

'z z (42,1.d 4 2,965) v0e290.

. - 4;’ .



~Wwhere z is the ignition velocity, d the-tube diameter—and v the' fresh
.)SQSfSpeedsqﬂThéfexponent~or‘thé_freshfganspeed[grows‘fromi0p489yp0f
0588 wi;é;vbyi21%;'whenwthe;cﬁitiqaljﬁeynblds number. is exceeded. .
tOWaréSZtha_region‘oﬂrturbulentﬁflow,{r ' e e
R . From those two formulae, which-apply above and below the =
point of transition from laminar to turbulent flow, it appears-that

a variation of the character of the flow involves a change of the '
~combustion proecsss.in the tube. . . - . . STt SRR O SR

i w%kThejabovo—mentioned~méasurements are- obtained from tests-in . -
which the flame struck back in the gas flow, 'This:always happoned in
—tests-undor 5.5 m/sec. frosh gas speed-in a-horizontdaIl tube and under -
QAmLSQc;;in,a 20 mm. bore vertical tube, If this velocity limit was -
oxcoeded, ‘an.unstable. region-was roached in which the flamo partly . .
struck back, partly was involved in the gas flow or aven swung_fo and.
fro-on a 10 cm, stretch. Only at basic specds exceecding 10 m/sec. did -
tho gas flow cerry. aontinuously the flamo towards the open end of the
tubo. At these high frosh gas spoeds_tho tests ‘gave no- cloar or woll
‘roprodueiblciresultsi” For-tho same basic spoed the valuos obtainod -
for the ignition velocity variod by astmuch as 1004, Owing to these .
-considorablo .variations, no absolutc offect of mixture strength on. - .-
igniti?nlvolocity could be found., - - : R :

~ -~ These variations can only bo due to the flame itself., With
. & 8Stable and continuously roeurring flame front the flame volocity .
cannot possible vary“by‘loo%;jwhich is howover quiite easy in the case
of ‘an unstable flame fronts Lt T T T o

, sed that the turbulence existing in tho fresh -
”gas*at?high,Reynoldé”ﬁﬁmberéfiS"tthorigin”Qf?an‘unﬁtéblo flame front,
- Tosts on 30 and 40 mm,; tubes showed howevér-that measured values could
- bo obtained with little scattering ovon at Roynolds numbers correspond-

It might bo suppos

‘ing to a basic velocity of over 10 m/sgc,in'20'mm2_tubes;"

N -:'JThofunstABiéSfldme_rrpnf'is'not‘pfoduccd by the frosh gas
‘burbulence,’ but’is‘dUéfEﬁ"ﬁho‘dynamics Q@ﬁﬁhﬁ-flame‘quqt propagation, .

=== Which. type of flow OééﬁrsfiﬁfthoﬂqomeStéén in'a tubo? The
?3Q%°Win8~id°as“haVQ_merQly_a'qualitativo,vqlug.' PN L

 “Wq have a gas mixturo at rest in a cylindrical tube and we '
ignito it a% tho opon .tubo end. (Fig.6 ). An anched flamo front T
symnetrical to the tube axis takos shapc; - it moves in the tube-at a
.spood z, that is higher than the normal ignition velocity of the fresh
828 Zp. . The.lattoer-occurs in the contrs of the tube, ‘whero the_ - ‘
combustion surfachk 1is porpendicular to the axis ofthe tube.-*#Beccause
—bthe-effective flame. volocity z=ist groater than the normal ignition =
yelocity:zn,jah;ggditional»vo&oqiﬁngfﬁwmast.come forward to maintain-
tho- stabllity of the flamo front and componsate the difference of the
.two velocities,. At another point on the combustijon surface the - . -
rosulting ignition velocity =z, 1s-highor than tlfe normal ignition ,
velocity .2n but lowor-than tho. propagation volocity of the flame. ~The:
- differcencec is compensatod by-an additional.veolocity, which in this - . -
case is'smaller than-that in the centro of the tube, Ther¢ is a point -

ot which flame velocity and rcSultingv‘gqi ion velocity have the Samg .
lsﬁéﬁﬁreSh“gas_flow occuls, WYIll metran he-a 5~»‘~¢ f3:1;tmg
ignition volocity oxcoods tho flame veloeity zp» %, whoreby tho' .
~odditional fresh.gas flow becomos nogative, i.c. fresh gas flows .
‘towards-the combustion surfacc. - - SRR S .

value, i,e, ‘ ,

x i i o R : ; L e . . - . C .
= In'this tost method the frosh gas flows with an imposed spoed -
_towards tho combustion surface, which in turn moves rclativoly to the ..
“tubo—wall towards the frosh gas ond, -How “6an:such a_flemo ‘front take

shapo? - Lot s consider first the flame in the cont¥® of the tubg,

-5 o



: I e
: where itnis perpendicular to the axis of the tube. - The normal ignition
~velogity zn- prevails. here. ‘The’ fresh %as moves. towards the flame at
t?g maximu—‘local speed a",» An addi ional fresh gas flow of the
o] er L , S B .

vj : ,. ) T . : o -/(__

‘ Vzu : 2F "" Zn " '( -Vmax) o ' .. ‘ S L w‘.. - R i/
) must appear “fn “order that the flame can mnve at velocity zF against
the fresh gas flow, - B s : e
e At_a~p01nt xlTAthe resulting ignition velocity is Zp ='*zn e
. .CoS&

-1t zr<:zﬁ, an additional speed of the order
Vzul'-dzr - Zr ‘-:-., -V) | .
appears (v iS*the speed of ‘the fresh gas “at the pOint in question)

KsT Zr}bzn and v fvmax, it is v2u1<vzu
Vzu diminishes with the further rrogress to the- flame surface towards -
he tube edge. It reaches its .zero value where Zr--'ZF ‘a (-v) and it
becomes negative when Zp. - zp> (~v). S o

BTN S e, e

'vee'*—rﬁ The additional spceds that oceur in. the flowing mixture ‘dre

therefore Similar to those in the mixture at ‘rest,

RN Photographs wero taken to obtain a picture of'the flame
conditions. Fig. 7. shows photos - of the flame front, for—horizontal—-.
(a and b) and vertical (c and d). flamo-motion.. Photo a refors to a
" laminar frosh gas flow at 0,75 m/sec. and-20% -gas -in:the mixture. - .. .-

-Photo b shows tho flame at 2 5 m/sec. (turbulent flow) nn.d 20, 8% gas.

: The flamo in tho laminar flow maintained its form in contrast
to ‘the flame front. in turbulent flow which prescntsaa fissured surface.

: The two flames have ‘howover something in commons they are
both bent forward and are non-symmetrical to thc axis of the tubo..u

v The flamo with vertical ‘motion is symmetrical.l If the flow
in the tube is laminar (Fig. 7c), the flame surface is' continuous,
With turbulent flow howevor (Fig. 7d&) the flame front—is fissured,
though symmetrical. In the case of horizontal motion the flome .
distortion can only be duec to tho offect of gravity;. the—test ‘equip=~
ment was the same in both cascs oxcept that thc t! be pOSition was . -
moved through 900, T T : , '

. -Toycompare the ignition velocity of 1 mixture determinod by L
' this fiew mothod with the normal ignition velocity of the dynamic
method, a series of. tests with the Bunsen burner was undortaken. . The
~test. arrangement was Similar to those customary for dynamic measure-
,monts. : -

__,\\ e e e e = ) . ""'\-
: The maximum ignition vclocity obtained Wlth the Bunscn burner :
was 0.7 m/sec. for a mixture with 21, Vﬁ gas., As might be expectcd ,
the - normal ignition velocity is a. fraction of that measured in the;p~
tube, ' 'The measurements on the Bunsen burner and in tubes might - = ..
coincide if a planc flamec front, perpendicular to.the tube axis,should
obtain in tho tubo, We have’ scen however that in the tube the £lamo
front is always archod., The shape and size of the filamnec gurface are
jeterminod by additional flows, produccd by that flamc, combustion

and velocity distribution in*thc tubc, .

. The above represcnts an attempt oxperimontally to determine
the offoot of the flow turbulencc on the ignition- velocity of o gas\'
_mixturc : . .
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o It proved that the 1gn1t10n-veloclty is not directly dependent
on the Reynolds number, this being the measure~o£ flow" turbulence'-fran-
rather we find an’ exponential functlon of the ga peed and a direct..-
‘function of the tube ‘diameter.- The maximum ignifion velocity was. :
found to be 10,5 m/sec., 1.e. of an order comparable to that of a slow -
runnlng gas engino. L - ; : ER

: Flgo 1 - Test equlpment. SRS o o ‘
o S SR S

,Fig._z - Diagram. '1" ﬁf?f,%e'w?'ﬁi fff’,. *;r'[jeef 5:M%rff7‘

Flg. 3 - Ignltlon velocity and mlxture strepgth in a 20 mm. horizontal
E ‘ tube. = R = i e M

il Cop” O

B Flgo 4a - Ignitlon veloclty and fresh gas speed.;

' Flg. 4b - Ignltlon veloclty 1n terms of tube dlame;er. J”

Elg.,, '- Flow condltlons near the flame.

~
e el m——

7F1g3_7 - Flame in horizontal and vortlcal tube.«:





