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TECITICAL NOTE D-12

FLAME STABILITY EFFECT OF GASES EJECTED INTO A

STEAM FROM A BLUFF-BODY FLAME{OLDER

By Edgar L. Wong

SUMM4ARY

The effect of gas ejection from a bluff-body flameholder on the
stability of premixed propane-air flames was studied using the following
additives : hydrogen, air, and a premixed hydrogen-air mixture.

Hydrogen ejection from a flameholder promotes flame stability for
fuel-lean mixtures but is very deleterious for fuel-rich mixtures. By
ejecting a premixed hydrogen-air mixture, flame stability for fuel-rich
mixtures was improved. Air ejection from a flameholder results in the
shift of the equivalence ratio for maximum stability to richer mixtures
and a small decrease in stability depending upon the amount of air
ejected.

Varying the amount of hydrogen ejected from a flameholder did not
affect the recirculation zone length for a gas velocity range of 15O to
300 feet per second.

On the basis of the air-ejection results a method of estimating the
effective gas composition in the sbear layer adjacent to the flameholder
v £ presented. Comparison of the variation of the critical time and the
reciprocal of the boundary velocity greAient for flashback with the e f-
fective gas composition indicates thait the method is valid, and might be
used to predict the effect of additives on the basis of fundamental com-
bustion parameters.

IRODUCTION

Recently, several investigators (refs. 1 and 2) have reported the
effect on flame stability of adding small amounts nf various gases
to the flow near the flanewholder. They shoJw'!d that the blnwoff volcme-

* ity for a propane-air flime could be increased substantially by using
additives like hydrogen or oxygen.

I
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Since very small imounts of additives are needed to produce larme
flame-stability Improvement, this technique is a simple and economi-
col method of promoting stability of flames in ramjet engines and
afterburners. Thus it is desirable to Investigate the optimum way
to apply this technique. In addition, a better understanding of thio
technique would add to our knowledge of bluff-body flame stabiliza-
tion, in general.

This research is conducted on the basis of the Zukoski and Marble
flameholding model (ref. 3), which imd:.cates that 'lame stability is

controlled by the recirculation zone length, an aerodynamic factor and
the critical time tcr, a chemical factor. The term tcr is that time
which the fresh gas spends in the shear layer that separates the fresh
gas stream from the recirculation zone at blovoff (see fig. 1), and is
the ratio of the recirculation zone length to the blovoff velocity.
Thus if the residence time t of the fresh gas in the shear layer is
greater than tcrp the flame is stable. If it is less, the flame blows
out.

The effect of additives on the flame stability of a propane-air
flame was studied in a 1- by 3-inch duct at reduced pressures, using a
1/2-inch-diameter flwmeholder. The additives used were hydrogen, air,
and a premixed hydrogen-air mixture. Blowoff pressures (or blowoff ve-
locities) were measured as a function of mount and type of additives.
In addition, the effect of hydrogen additives on recirculation zone
length and on ter was investigatod.

On the Isis of the effect of the air additive on fle stability,
a stream area aff-cted by the additive was mstimated. This result was
used to ,-al ulft_. the concentration of hydrogen tdditiv.t in this stream
area is a result of hydrogen .et1~n.

9f flashback velocity grndient, see

P blowo f pressure, atm

t time, set

u blrowoff velo-Ity, ft/see

T equivalence ratio

• I

. !1

_ _ _ _ _
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Subscripts:

cr critical

efr' effective

min minimum

0 no additive

1 tcr values at any pressure

2 ter values at pressure r, O.t ..J atm

APPARATUS AND P ROCODtIE

The 1- by 3-inch duct with accessory equipment is shown in figure
2 (detailed description in ref. 4). Portions of the test-section sides
were fitted with 1-inch-thick quartz windows to perwit viewing of the
file. Critical-i'low orifices were used to meter fuel and air and to
mri.ntain constant mass flow through the duct. Flaries were blovn off atconstant mass flow by gradually reducing the pressure in the test see-
ticn. The test-section pressure was rerilated by adjustment of the
exhaust-valve opening. The data were ob ;ained as plots of blowoff pres-
sures against fuel concentration at constant mass flow or Reynolds num-
ber. Blowoff velocities were calculated on the basis of stream flow past
the flameholder.

The flmehold!r wvs an uncooled 1/2-inch-diameter brass cylinder
extending across the short 1-inch dimension of the duct. The additive
,jection openings consisted of twelve 1/16-inch-diameter holes arranged
in two rows, parallel to the flameholder axis and set either 450 apart
with ejection in an upstream direction (fig. 3(a)), 180 apart with
ejection norual to main flow (fig. 3(b)), or 4c, apart with ejection in
a downstream direction (fig. 3(c)).

The additives used were hydrogen, air, and premixed hydrogen and
MJr. The munt of additive was varied up to 3 "percent" where "percent"
ro.ferf to percert of flow per unit projected flnmeholder areR. Thus 1
"percent" of ndditive is equivalent to one-oixth of I percent of the te-
tal flow through the test section, since the flameholder projected areae
flrjw in one-sixth of the total flow. The additivs were all metered by
rltleal-flow orifices prior to entry into the flameboller.

4

All the additives were eommerei l'ly available tanked gases, approx-
imately 99 percent pure. Propane fwl (approx. 95 percent pure) and
dried air were the main combustible mixture.

now"&
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Recirculation zone lengths were measured by moving an electrically
operated vater-cooled probe in an upstrem direction into the lm
(fig. 2). When the ceramic-coated tip of the probe reached the recir-
culation zone, luminous yellow gases due to the vaporization of sodium
salts in the ceramic were carried upstream from the probe tip into the
recirculation zone. Further details of this technique are described in
reference 4.

PJKLTB CA

Blowoff Pressures

Effect of hSdMoSen additive. - The blowoff pressures for propane-
air mixtures with increasing mounts of hydrogen were measured as a
function of propane concentration at various mass flows corresponding
to Reynolds numbers of 2.2 to 6.4%10 . The hydrogen additive was ejected
in the upstream position, as suggested in reference 1. These results
are tabulated in table I. A typical flame-stability plot of blowoff
pressure against fuel concentration p is presented in figure 4 for
Reynolds number of 4.3:104 (which represents a mean velocity of lb9
ft/sec at pressure of 1 atm). The present data agree with those of ref-
erences 1 and 2 in that the additive effect depends upon the fuel con-
centration of the main combustible mixture and upon the amount of hydro-
gen additive. In addition, at a large hydrogen-additive flow, in lean
propane-air mixtures, and at high mass flows, there exist residual flames
as described in reference 2. These are small flames and are very stable,
but do not propagate into the main portion of the combustible mixture.
Thus, in figure 4 the dotted lines at very lean ( and moderately low
pressure represent data for the residual flame blowoff and the dashed
lines represent data for conditions at which the stabilized propane-air
flame first showed a marked decrease in its wake size. Thus, the true
pressure of blowoff Pbo plotted against 9 curve for very lean mix-

tures and high Reynolds number is difficult to establish precisely, but
it probably lies very close to the dashed line mentioned previously.

From the blowoff pressure data, blowoff velocities for various
were calculated et constant pressure. From these results, blowoff ve-
locity ratios u/u 0 (where' is the blowoff velocity for a given pro-
pane concentration and flow of additive and u0  is the blowoff velocity
frr the same propane concentration with no additive) are obtained ari
plotted against concentration of hydrogen additive in terms of percent
conrcntrati ,n in figure S. For the three il cornentratiors compared
nt constant pressure, the lean mixture of O.f ( showed the maxtimm
flame ntability gain of over fow in terms of the blowoff velocity ratio.
This gain decreases as ; ia Ir.creased to 1.1. For (p of 0.9 and 1.0
the nptimum concentratl,o of additlv- In about 2 prcernt.
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Dote that the stability gain is =sually less for the higher pressure, or
the higher Reynolds nmber.

The fact that the hydrogen-addltive effect is very dependent up-
on equivalence ratio (being especially favorable for a leaner-than-
stoichiometric mixture) has also been mentioned previously in refer-
ences 1 and 2. This can be explained as follows: Since the Zukoski
and Marble flameholding concept (ref. 3) indicates that flame stability
depends essentially upon certain conditions prevailing in the shear
layer (fig. 1), the blowoff velocity thus depends on the composition
only of the gases flowing into the shear layer, and not on the composi-
tion of the main combustible stream mixture. Thus, for lean mixtures,
when a small ount of hydrogen is added to the region near the flame-
holder the composition of the mixture flowing into the shear layer is
changed closer to an optima mixture and thus blovoff velocity is
increased.

Effect of ha mn-ear additive. - The hydrogen-additive results
indicated hat the effect of the agitive is very dependent upon the
:;toichiometry of the gases entering the shear layer, and that addition
of hydrogen to fuel-rich mixtures will decrease stability. This effect
should not occur if air is added to the hydrogen ejected from the flame-
holder. A premixed hydrogen-air mixture (49 percent hydrogen by volume)
waz used as the additive. The results for two Reynolds numbers are
listed in table TI. Figure 6 is a typical plot of blovoff pressure
against equivalence ratio for the two types of additives. The minimm
in, the blowoff pressure curve for the hydrogen-air additive is observed
to shift to richer mixtures, ns expected.

Effect of air additive. - When hydrogei 1i ejected from the flame-
holder, both stoichiometry and the chemical Troperties of the mixture
entering the shear layer are changed. In order to simplify this situa-
tion, air can be ejected as an additive, zince then only stolchiometry
is changed. Figure 7 shows the result 4f air addition to the propane-
air flames. TWo effects are observed. One is the expected shift of the
minis= blovoff pressure (corresponding to maxima blowoff velocity) to
richer mixtures as the mount of air added is increased. The other ef-
fect is the increase in the minima blowoff pressure (corresponding to
decrease in maxima blovoff velocity) as air addition increases. This
second effect must be the result of cooling of the shear layer.

Effect of itioas of addlt " - Jtion. - Since the additive ef-
fect on flase stability epeW , -eietive entering the shear
layer f/)r its Influences, t , of addttive ejection into the
strem ay be Imortant. In order o test this, f ime-stability data
for twv other ejectlon positions (side (fig. 3(b) and downstrem (fig.
3(c)) were obtained and are listed in table II. S ef.Tfect of the



6

three positions for 1- and 2-percent concentrations of hydrogen add-
tives are cared in figures 8(a) and (b). The effect of position is
small and depends upon equivalence ratio of the main mixture. For very
lean mixture the order of effectiveness Is as followst downstream,
side, and upstream. For rich mIxtures the order of effectiveness is in
reverse ordert upstrem=, side, and downstream. Thus, for maxi um im-
provement bf lean mixture blovoff, ejection should be directly into the
recirculation zone. For rich mixtures better results are obtaine by
ejection into the unburned gas region since this position probably per-
mite the least amount of hydrogen additive to enter the already fuel-
rich shear layer.

Recirculation Zone Length

Small flows of additive would not be expected to affect the recir-
culation zone length. However, it was thought best to eliminate the
possibility. Consequently, the effect of hydrogen additive on the re-
circulation zone of some propane-air flames at various gas velocities
were investigated using the recirculation zone length measuring tech-
nique described in reference 4. The results of thece measurements are
shown in figure 9. It was observed that the length for a 1/2-inch-
diameter flameholder and the range of gas velocities of 150 to 300 feet
per second were nearly independent of gas velocity and varying mounts
of hydrogen additive. A dashed line representing a length of 1.7 inches,
previously established for a l]2-inch-dimaeter flameholder in the saw
duct for a propane-air flame (ref. 4), is drain through the data.

According to the Zukoski and Marble flameholding concept (ref. 3),
continuous ignition of the fresh gas from the gas stress by the hot com-
bustion products occurs in the shear layer separating the recirculation
zone snd the free stream (fig. 1). Whether or not a flome is stabilized
depends upon the time i (the ratio of recirculation zone length to the
free stream velocity) that the fresh gas resides in the shear layer, or
mixing zone. If t is too small, insufficient fresh gas is ignited In
the shear layer to maintain fla propagationp and blCoff occurs. Thu
t must be equal to or greater than teri wh ich is the critical tisi- ro-
quired to maintain flae propagation and is the ratio of the recircula-
tion zone length to the blowoff veloclty. The Important factors affect-
ing flame stability ae the recireulation zone length, an serodamic
par ter, ad a chemical parmeter ter#

Sin"s It was preipously established tLst the recirculation zone
lengti is si*bstntially lidependent of gas ejection frrm the flamholder

I!
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the effects of additive on flme stability are principally chemical
ones. Thus flame stability is determined essentially by the additive
affecting the gas cmposition in now thin layer adjacent to the flme-
holder. The resulting gas composition in this thin layer may be esti-
mated from the folloving informtion: (1) effective area of thin layer,
(2) flow rate of main combustible mixture thro.gh a given duct, and (3)
flow rate of additive from the flameholder. The only unknown factor
((l) effective area of the thin layer) may be estimated by the folloing
method.

Air may be ad*.-d to the propane-air stream either by a spray bar
located far enough upstream to ensure thorough mixing with the main
stream before it reaches the flmeholder, or by ejection from the flame-
holder using the additive technique. The equivalence ratio of the orig-
inal propwie-air strem at which the minimum blowoff pressure (maximum
blowoff velocity) occurred will shift to richer mixtures as the amount
of air added by either means is increased. For a given equivalence-
ratio shilt the mount of added air (cu ft/hr) from the flameholder may
b- compared with the amount of "dilution" air (c, ft/hr), which would
have to be added from a spray bar at some upstream distance from the
flmeholder. Such a comparison, based on figure 7, is shown in the fol-
Iowing table:

Amount of air Amount of air Equivalence Calculated Ratio of
ejected from ejected from ratio of dilution air calculated
flameholder, flameholder, minimum to cause air flow to
"pereent Cu ft/hr blowoff Tmin shift, actual added

pressure, cu ft/hr 1 air flow

0 0 1.025 --

.52 9 1.06 33 38
1.05 18 1.14 1065 59
2.00 34 1.14 1065 50
2.95 50 1.30 2590 52

average = 45

Thus, adding .ai by ejection from the flamsolder is about 45 times
more effective than the method of mixing air with the main propane-air
strem by mom of a spray bar located upstream of the flmeholder.
(This factor of 45 observed bolds only for the I- by 3-inch duct since
the calculated dilution aIr to euse gnshift in the preceding table
is based on the eross-sectionW ma of this duet.) Ouequentlyp the
effective awes Into which the additive gas from the rlmahoder flows is
1/45 of the tunnel res at the flamholAer, or 0.056 square inch. The
effective thickness o!' the layer cn each side of the 112-ineh lme.
holder Is about 0.028 inch.



The preceding method may be applied to some of the data of refer-
ence 2, in which propane additive was added to a propane-air flame In a
1/2- by 2-inch duct using a 0.2-Inch-diameter flameholder. For the data
of reference 2 the additive effective factor was 162, giving an effec-
tive area of about 0.006 square inch and a layer thickness of 0.006 inch.
Thus, the layer thickness decreases by a factor of five when the flame-
holder diameter is reduced from 0.5 to 0.2 inch.

It is conceivable that the effective layer thickness is related to
the boundary-layer thickness. A calculation of boundary-layer thickness
on the basis of reference S for the two different-size flwholders
shows that the boundary-layer thickness for the 1/2-Inch flmeholler is
about ten times larger than that for the 0.2-iuch flameholder. This
may indicate some relation between the two kinds of layer.

The Importance of a knowledgt' of the effective layer thickncss i-
that it cqn be used to calculate the gas composition which governz thv
stability of the flame. Thus, the flow of additive whirh yields an
effective fiz composition corresponding to the highest possible blowoff
velncfty can be calculated, provided that the effect of gas composition
-n blowoff velocity is known.

An indirect verification of this method of estimating the effective
gas composition 9eff in the shear layer can be made, based on the fact
that at constant pressure, the critical time tcr and l/gf the recip-
rocal of the critical flashback velocity gradient vary with p in ap-
proximately the same manner. Reference 6 has also noted the proportion-
ality of these two quantities. This might be expected, sincP they Rr.
dimensionally identical.

The procedure used was first to calculate the effectlvo s ns oompo-
sition q)eff at tlowoff for various flows of additive. For conv- n-
lence, blowoff data at a constant pressure of 0.55 atmosp.'re were used.
Then, fro" the blowoff velocities and the recirculation zone length (1.7
in.), values for the critical time tcr corresponding to each effective
Paz compicitlon were calculated. These results are listed in tabl TV.
Finally, vfiies of l/gf for each effective gas composition wvr- -alcu-
lated from the data of references 7 and 8, using an avprw pres-uro- -x-
p-nent of l.0. to find gf at 0.55 atwosphere. Now, if the off--t:ve
waz coposition is correct, a correlation should be observed between
tcr and l/gf. The plot of tcr against l/gf shown In figure 10

shows thi. ti be true. The critical time i equal to about one-third
of 1/-f. In principle, this procedue could be Nv0'rsed to find ap-
proximate blowoff velocities for various flows of additive from a knowl-
,-.if 'rf the bowdoary velocity gradicnt fbr flashbek, the rrc ire',lstton

o-n length, and the effective layer thickness. It should be mntioned
,.ha the cnrrelatinn plnt of figur- If fails coetee1y when a nmbter
*:"!pp 45 Is ured its the effect!ve : ", indistlng that tho P'ff',ettv-,
ftr'r -- 4fC fnr thir mpparatus haa boon stnb1atbi4 tn within abm-t
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The foregoing analysis and experimental work showed that small
amounts of additive can give a large gain in stability limits. In ad-
dition this study demonstrated a method of predicting the effect of
additive on flame stability from the basis of a fundaewntal combustion
property.

SUI/ Y OF RUSLTS

An investigation of the effect of gas ejection from a flmeholder
on bluff-body flame stabilization was completed with the following
resultsz

1. Hydrogen ejected from a flmeholder is very effective in stabi-
lizing fuel-lean propane-air flames. For example, the blawoff velocity
at 0.5 atmosphere for a propane-air mixture with an equivalence ratio
of 0.9 was increased by about a factor of over four for a hydrogen flow
of 33 cubic feet per hour, which is about 0.4 percent (by weight) of the
propane fuel flow.

2. Hydrogen ejection reduces the stability of fuel-rich flames.
The use of a premixed hydrogen-air additive improves flame stability of
even fuel-rich mixtures.

3. The effects of air ejection from a flmeholder are: (a) the
equivalence ratio for maximss blowoff velocity is shifted to richer mix-
ture and (b) the maxim blowoff velocity ic decreased depending upon
mount of air eje,!ted.

4. Varyin .. unts ,.f hydrogen ndditive ejected from a flameholder
into a propan, -air flame had no effect on the recirculatinn zone lerwth.
Thus, fAccordlng to the Zukoski and Marble flaweholdinw mdel the addl-
tive influeneed only the critical time, a chemical factor.

5. On the basis of the air-electi-'n results a method -f estimating
the effective goo composition in the shear layer adjacent to the flame-
holder was developed. The method was used to estimate the effective com-
poeition for hydrogen addition. The critical times for these effective
compositions were found to be proportional to another time, which charac-
terizes eombustion reacti 'ityt the reciprocal of the critical flashback
boundary velocity gradiet,.. Thir result serves to confirm the method of
estliating sear-layer opo ition. Furthermre, it suggesta that the
pea-foio of flmeolders with additive injection s be estimated on
the basis of a more easily attainable fundamental comburti-rn property.

Levis le...i h Center
htiaml Aetamutles and 8ac Adinistration

Clevelmodp Oiop Nr~eh Up; lbio

II
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Figuire 1. - Zukoski and Mrble f1laeholding model.
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Additive, percent
D-- None
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-V--- 1.9 hydrogen and air

.9 (A

EM

. 8 - -

n.7 ---

0 6

0

.5 .6 .7 .8 .9 1.0 1.1 1.2
Equivalence rotio, I

Figure 6. - Cotrprison of effects of hydroe-air and hydrogen
additive on propae-sir flme stability. Reynolds number,
6.SX10; n w velocitj of 236 feet per second at a pressure
of 1 atmosphere.
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