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TECHNICAL NOTE D-12Z8

FLAME STABILITY EFFECT OF GASES EJECTED INTO A
STREAM FROM A BLUFF-BODY FLAMEHOLDER

By Edgar L. Wong

\\ SUMMARY

\“‘The effect of gas ejection from a bluff-body flameholder on the
stability of premixed propane-air flames was studled 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 120 to
300 feet per second.

On the basis of the air-ejection results a method of estimating the
effective gas composition in the shear layer adjacent to the flameholder
v s presented. Comparison of the variation of the critical time and the
reciprocal of the boundary velocity gredient for flashback with the «f-
fective gas composition indicates thai, the method 1s valid, and might be
used to predict the effect of additives on the basis of fundamental com-
bustion parameters.

\

Recently, several investigators (refs. 1 and 2) have reported the
effect on flame stability of adding small amounts of wvarious pases
to the flow near the flamehnlder. They shawed that the blawoff velonr-
ity for a propane-air flame could be inrreased substantially by uscing
additives like hydrogen or oxygen.

INTRODUCTION



8ince very small amounts of additives are needed to produce large
flame-stability i{mprovement, this technique is a simple and economi-
cel method of promoting stability of flames in ramjet engines and
afterburners. Thus it is degirable to investigate the optimum way
to apply this technique. In addition, a better understanding of thic
technique would add to our knowledge of bluff-body flame stabiliza-
tion, in general.

This research is conducted on the dbasis of the Zukoski and Marble
flameholding model (ref. 3), vhich ind:cates that Ilame stability is
controlled by the recirculation zone length, an aerodynamic factor and

the critical time t.., a chemical factor. The term t,. 1s that time

which the fresh gas spends in the shear layer that separates the fresh
gas stream from the recirculation zone at blowoff (see fig. 1), and is
the ratio of the recirculation zone length to the blowoff velocity.
Thus if the residence time t of the fresh gas in the shear layer is
greater than t,., the flame is stable. If it 1s leas, the flame blows
out.

ose-d

The effect of additives on the flame stability of a propane-air
flame was studied in a l- by 3-inch duct at reduced pressures, using a s
1/2-1nch-diameter flameholder. The additivee used were hydrogen, air, ‘
and a premixed hydrogen-air mixture. Blowoff pressures (or blowoff ve-
locities) vere measured as a function of amount and type of additives.
In addition, the effect of hydrogen additives on recirculation zone
length and on tcr was investigated.

On the basis of the effect of the air additive on flame stability,
a stream area affected by the additive was =stimated. This result was
used to ~aleulate the concentration of hydrmgen ndditive in this stream
aren as a8 result »f hydrogen = tectinn.

B¢ flashback velocity gradient, sec

P blovo f pressure, atm
t time, ser
u blowoff velority, ft/aec

T equivalence ratio
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Subscripts:
cr critical
efy effective

min minimum

o no additive
1 t.r values at any pressure
2 t values At pressure n; U.bL atm

cr

APPARATUB AND PROCEDURE

The 1- by 3-inch duct with accessory equipment 1s shown in tigure
¢ (detalled description in ref. 4). Portions of the test-section sides
vere fitted with l-inch-thick quartz windovs to permit viewing of the
flame. Critical-{l-w orifices were used to meter fu:l and air and to
meintain constant mass flow through the duct. PFlames vere blown off at
constant mass flow by gradually reducing the pressure in the test sec-
ticu. The test-section pressure was rerilated by adjustment of the
exhaugt-valve opening. The data were ob.ained as plots of blowoff pres-
sures agalnst fuel concentration at constant mass flow or Reynolds num-
ber. Blowoff velocities were calculated on the basis of stream flow past
the flameholder.

The flameholder wus an uncooled 1/Z-inch-diameter brass cylinder
extending across the short l-inch dimension of the duct. The additive
rjection openings consisted of twelve l/lG-inch-dianeter holes arranged
in two rows, parallel to the flameholder axis and set either 459 apart
vith ejection in an upstream direction (fig. 3(a)), 180° apart with
ejection normal to main flow (fig. 3(b)), or 45" apart with ejection in
a dowvnstream direction (rig. 3(c)).

The additives used were hydrogen, air, and premixed hydrogen and
air. The amount of additive was varied up to 3 "percent" where "percent”
refers to percert of flow per unit projected flameholder area, Thus 1
"perecent” of additive 1s equivalent to one-sixth of 1 percent of the tn-
tal flow through the test section, since the flameholder projected aren
flow 18 one-sixth of the total flow. The additives were all metered by
crritical-flow orifices prior to entry into the flamehonlder.

All the additives were rnmmercially avallable tanked gases, approx-
imately 99 percent pure. Propane fuel (approx. 95 percent pures and
dried air vere the main combustible mixture.

e
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Recirculation zone lengths vere measured by moving an electrically
operated vater-cooled probe in an upstream direction into the flame
(f1g. 2). When the ceramic-coated tip of the probe reached the recir- R
culation zone, luminous yellow gases due to the vaporization of sodium
salts in the ceramic vere carried upstream from the prove tip into the
recirculation zone. PFurther details of this technique are described in
reference 4.

RESULTS

9ge~-d

Blowoff Pressures

Bffect of h en additive. - The blovoff pressures for propane-
air mixtures with increasing amounts 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 ¢ 1s presented in figure 4 for
Reynolds number of 4.3x10% (vhich represents a mean velocity of 159
ft/sec at pressure of 1 atm). The present data agree with thcse 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 ¢ curve for very lean mix-

tures and high Reynolds rumber 1s difficult to establish precisely, but
it probably lies very close to the dashed lire mentioned previously.

From the blowoff pressure data, blowoff velocities for various ¢
were calculated at constant pressure. From these results, blowoff ve-
1ocity ratios u/uy (where 1 1s the blowoff velocity for a given pro-
pane concentration and flow »f additive and ug 1s the blowoff velocity
for the same propane concentration with no additive) are obtained ari
plotted against councentration of hydrogen mdditive {n terms »f percent
concentration in figure 5. For the three fuel corcentratiorns compared
at constant pressure, the lean mixture of 0.9 § showed the maximum
{lame stability gain of nver four in terms of ths blownff velocity ratio.
This gain decreamses as 75 15 lrncremsed to 1.1, For @ of 0.9 and 1.9
the ~ptimum concertrati r. nf additive i{s abnut 2 percent,




Note that the stability gain is usually less for the higher pressure, or .
the higher Reynolds number. '

The fact that the hydrogen-additive effect is very dependent up-
on equivalence ratio (being especially favoreble 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 combustihle stream mixture. Thus, for lean mixtures,
vhen a small amount 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 optimum mixture and thus blowvoff velocity is
increased.

Effect of Mrg%;n-ur additive. - The hydrogen-additive resgults
indicated that the effect o e tive 18 very dependent upon the
stoichiometry of the gases entering the shear layer, and that addition
of hydrogen to fuel-rich mixtures will decrease stability. This effect i
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)
was usced as the additive. The results for two Reynolds numbers are
listed in table TI. Figure G is a typical plot of bluwoff pressure | ‘
against equivalence ratio for the two types of additives. The minimum .
ir. the blowoff pressure curve for the hydrogen-air additive 1s observed l

——— e e

to shift to richer mixturcs, as expected.

Effect of air additive. - When hydroge: 13 elected from the flame- R+ §
holder, both atoichiometry and the chemical troperties of the mixture
entering the shear layer are changed. In order to simplify this situa- j
tion, air can bde ejected as an additive, since then only stoichiometry
is changed. PFigure 7 shows the result of air addition to the propane-
air flames. Tvo effects are observed. One is the expected shift of the
minimm blovoff pressure (corresponding to maximm blovoff velocity) to
richer mixtures as the amount of air added is increased. The other ef-
fect 1 the increase in the minimm blovoff pressure (corresponding to
decrease in maximum blowoff velocity) as air addition increases. This
second effect must be the result of cooling of the shear layer.

Effect of positions of additf. -lection. - Since the additive ef- !
rect o Pl ST T At~ &t i 1ve entering the sbear
layer for its influence, tbL . 3 of additive ejection into the
stresa may be important. In order (o0 test this, flame-stability data
for two other ejection positions (side (fig. 3(b) and downstresm (fig.
3(c)) were obtained and are listed in table III. The effects of the

N
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three positions for l- and 2-percent concentrations of hydrogen addi-
tives are compared in figures 8(a) and (b). The effect of position 1s
snall and depends upon equivalence ratio of the main mixture. PFor very
lean mixture the order of effectivenass is as follows: downstream,
side, and yetream. PFor rich mixturvs the order of effectiveness is in
reverse order: upstream, side, and dovnstream. Thus, for maximum im-
provement bf lean mixture blovoff, ejection should be directly into the
recirculation zone. For rich mixtures better results are obtained by
ejection into the unburned gas region since this position probably per-
mits 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. Hovever, it was thought best to eliminate the
poesibility. Consequently, the effect of hydrogen additive on the re-
circulation zone of some propane-air flames at various gas velocities
vere 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 smounts
of hydrogen additive. A dashed line representing a length of 1.7 inches,
previously established for a 1/Z-inch-diameter flameholder in the same
duct for a propane-air flame (ref. 4), is drawn through the data.

DISCUBSION

According to the Zukoski and Marble flameholding concept (ref. 3),
continuous ignition of the fresh gas from the gas stream by the hot com-
bustion products occuras in the rhear layer separsting the recirculation
zone and the free stream (fig. 1). Whether or not a flame is stabilized
depends upon the time U (the ratio of recirculation zone length to the
free stream velocity) that the fresh gas resides in the shear layer, or
mixing zone. If % 1ic too small, insufficient fresh gas 18 ignited in
the shear layer tc maintain flame propesgsation, and blowoff occurs. Thus
t must be equal to or greater than t,., vhich is the critical time re-
quired to maintain flmme propagation and 1is the ratio of the recircula.
tion zone length to the blowoff velocity. The important factors affect-
ing flame stability are the recirculation zone lenglh, an aerodynamic
parameter, and a chemical parmmeter t...

Since 1% waz previcusly estsblished thiat the recirculation zone
length 18 substantially independent of gas ejection fma the flamcholder

g9ee-d4
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the effects of additive on flame stability are principally chemical

ones.

Thus flame stability is determined essentially by the additive

affecting the gas composition in some thin layer adjacent to the flame-

holder.

mated from the following information:

The resulting gas composition in this thin layer may be esti-
(1) effective area of thin layer,

(2) flow rate of main combustible mixture through a given duct, and (3)
flov rate of additive from the flameholder.
((1) effective area of the thin layer) may be estimated by the following

method.

The only unknown factor

Air may be add-~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 resaches the flameholder, or by ejection from the flame-

holder using the additive technique.
inal propane-air stream 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.

ratio shi“t the amount of added air (cu ft/hr) from the flameholder may

Por a given equivalence-

b+ compared with the amount of “"dilution" air (cu ft/hr), which would
have to be added from a spray bar at some upstream distance from the

The equivalence ratio of the orig-

flamehnlder. Such a compariscn, based on figure 7, is shown in the fol-
lowing 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 flov to 1
"pereent” cu ft/hr blowoff Ppyy SN, |actual added
pressure, cu rt,;’hr air flow l
Puin ! %
T S e ‘
0 0 1.025 0 -
.52 9 1.06 339 38
1.05 18 1.14 1065 59
2.00 34 1.14 1065 30
2.95 50 1.30 2590 o2
average = 45

Thus, adding air by ejection from the flameholder is about 45 times
more effective than the method of mixing air with the main propane-air
stresm by means of a spray bar located upstream of the flameholder.
(This factor of 45 obaerved holds only for the l- by S-inch duct since
the calculated dilution air to cause shift in the preceding table
1s based on the cross-sectional area of this duct.) Consequently, the
effective ares into which the additive gas from the flameholder flows is
1/45 of the tunnel area at the flameholder, or 0.056 s inch. The
effective thickness 07 the layer on each side of the 1/2<inch flame..
holder is about 0.028 inch.




The preceding method may be applied toc some of the data of refer-
ence 2, in vhich 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 ares 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 1s conceivable that the effective layer thickness 1s related to
the boundary-layer thickness. A calculation of boundary-layer thickness
on the basis of reference S for the two different-size flameholders
shows that the boundary-layer thickness for the 1/2-inch flameholder 1s
about ten times larger than that for the 0.2<inch flameholder. This
may indicate some relation between the two kinds of layer.

The importance of a knowledge of the effective layer thickness 1is
that it can be used to calculate the gas composition which governc the
stability of *he flame. Thus, the flow of additive which yilelds an
effective ~as composition corresponding to the highest possible blowoff
velncity can be calculated, provided that the effect of gas composition
n blowoff velocity 1s known,

An indirect verification of this method or estimating the effective
gas composition @Q.¢re 1n the shear layer can be made, based on the fact
that at constant pressure, the critical time +t.,r and l/gf the recip-
rocal of the critical flashback velocity gradient vary with ¢ 1in ap-
proximately the same manner. Reference £ has also noted the proportion-
ality of these two quantities. This might be expected, since they are
Jimensionally identical.

The procedure used was first to calculate the effective pas compo-
sition Qere at btlowoff for various flows of additive. For conven-
ience, blowoff data at a constan® pressure of (.55 atmosp.~re were used,
Then, frc~ the blowoff velocities and the recirculation zone length (1.7
in.), values for the critical time tor corresponding to each effective
eas compocition were calculated. These results are listed in table IV,
Finally, valunes of I/qf for each effective gas composition were calcu-
lated from the data of reflerences 7 and R, using an average pressure axe
ponent of 1,00 to find fr at 0.55 atmosphere, Row, {f the ~ffective
uns composition is correct, a correlation should be observed between
ter 8and 1/gge. The plot of *.p against 1/gs shown in figure 10
shows this t- be true. The critical time i{s equal to mbout one-third
of 1/m¢. 1In principle, this procedure could be rcversed to find ap-
proximate blowoff velncities for various flows of sadditive from a knowl-
¢dge T the boundary velncity gradicnt for flashback, the recirculatinn
2~ne length, and the effective layer thickness. It should be mentioned
that the correlatinn plnt of figur~ 0 fails completely vhen n number
t28re 45 1k ured as the effective *s indiceting that the ~ffectiv-
fart'r - 40 for thic spparatus has been established ¢~ within about
2.0 poreent,

.5 i



The foregoing analysis and experimental work shoved 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 fundamental combuction
property.

SUMARY OF RESULTS

An investigation of the effect cf gas ejection from a flameholder
on bluff-body flame stabilization vas completed with the following
results:

1. Hydrogen ejected from a flameholder 1s very effective in stabi-
1izing fuel-lean propane-air flames. Por example, the blowoff velocity
at 0.5 atmosphere for a propane-air mixture with an equivalence ratio
of 0.9 vas increased by sbout a factor of over four for a hydrogen flow
of 33 cubic feet per hour, which is about 0.4 percert (by weight) of the
propane fuel flow.

— 2. Bydrogen ejection reduces the stability of fuel-rich flamecs.
The use of a premixed hydrogen-air additive improves flame gtabilityv »f
even fuel-rich mixtures.

3. The effects of air ejection from a flameholder are: (a) the
equivalence ratio for saximum blowoff velocity 1is shifted to richer mix-
ture and (b) the maximum blowoff velocity it decreased depending upon
smount of air eje:ted.

4. Varyinrs w.ounts of hydrogen additive ejected from a flameholder
into a propant -air flame had no effect on the recirculation zone length.
Thus, according %o the Zukosk{ and Martle flameholdins midel the addi-
tive influenced only the critical time, a chemical factor,

5. On the basis of the air-ej’ecti n results a method ~f ostimating
the effective gas composition in the shear layer adjacent to the flame-
holder vas developed. The method vas used to estimate the effecilive come
porition for hydrogen addition. The critical times for these effective
compositions vwere found to be proportional to another time, which charac-
terizes combustion reactivity, the recipmcal of the critical flashback
boundary velocity gradier... Thir result serves to confirm the metliod of
estimating shear-layer composition. PFurthermore, it suggests that the
performance of flameholders vwith additive injection may be estimated on
the basis of & more easily attainable fundamental combuction property.

Levwis Research Center
— Bational Aeronautics and Space Administration
m."ld' QMO, March u, 1959
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TABLE 1. - BLOWOFF PRESSURE POR PROFANE-AIR FLANES WITH VARIOUS HYDROORK-ADOITIVE CONCENTRATIONS
{Upetreas poettion.])

Reynolds |Mean Equivalence| Blowoff lydnrn Reynolds [Mean gas | Kquivalence
number |[velocity ratio, pressure,| additive, nuaber |veloecity ratio,
_104 at 3 ) ats pereont !10‘ at a [ ]
presaure pressure
of 1 atm, of 1 atm,
rv/sec re/sec
PN S - m— —
2.2 8l 0.7€ 0.7127 ] 2.2 al 0.74
t 746 .
. 8% :Z: .
| g
‘ .5%2 1.22
.539 ’
1.10 :T 4.5 159 ()
‘ .84
587 i
1.3 622 f
! 642 l
1.34 710 ) .88
L1712
. 768 .95
. .923% 1.0 L
. sz Los
’ 1.11
.14 .4
g 495
.85 . 437 1.18
) 444 1.22
; .97 .48} ‘
| L
1. Y 1.2%
. 488 1.24
1.21 633 ’
! .591 X e
1.33% .710 | .74
.58 .539 1.8 ; !
| i
; .s’a : A3
S .487 "4
' ‘ . 644 3
| 78 458 !
, | .83 .39 i
' .84 . 403 .9%
: .98 417 1
i ! 8 . 408 1.07
! i.09 4% | 1.08
' .408 1.
| .4 )
' , 1.21 . €08 1.1%
a 614 1.20
! .39 . 408 z.0 H
| 4 .59 N
; .4 434 X ’
4 : ! L ; RN
; \ { L l .:s
. .38y L
i , .87 .
: ; 1. 18y ,
, ' L4398 | 11
. | 1.19 .62%
! 1.20 . 642 i
| ‘80 _ 369 2 ,
. 5es 1.
’ .,1 LYY .80
l ‘ * 500 ‘
R 1 . o 4 ey

!

b - - -

Blowoflf
pressure,
aLm

0.290
-314
.6§1
o

686
-1.000

.ol
. 801
. 726

33
.649
K52
LE9Y
n6]
B¢
. 659
.644
L ree
. 123
. 126
. 743
. T9¢€
. 758
874
. 758
.72y
e
621
52
. S48
Y
.59¢
%3
.8t
.82}

s = st i . e . i Attt < o =

L !
Y1
.44
.17
-1 000
RY
. 597

.51y

“Resl el fiare Blowaff

Hydrogen
additive,
percent

v el
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TABIRE I. - Concluded. LLONOPY PRESSURE POR PROPANE-AIR PLANKS YITN YARIOUS WYDROGRN-ADCITIVE CONCENTRATION]
(Upstresm posttion.)

; ynolds| Nean gas | Bquivalence| Blowoff |Mydrogen | Reynolds|Mesn gas |Equivalence Blowoff | Nydrogen
) | nuaber | veloclty retio, pressure, |additive, number |velocity ratio, pressure,| additive,
| : w19® st s ° sts percent x10% at s L] atm percent
! | presaure prespure
! ; of 1 atm, of 1 sta,
i fre/sec f£t/sec
| 4.3 189 n.60 0.493 2,1 6.4 26 0.47 80.676 1.6
‘ .12 .388 . 2.5%
i l 569 8 553
| .378 .5 .922
‘ | .13 L3718 . 888
.84 .388 8. 519
.399 ) s 522
.3 63 .632
N ¢ 4
.98 .4 70 . S0%
.9 .437 .11 .495
¢ . 440 12 . 688
.97 e . . 488
1.08 L821 ( 495
808 .9 .812
1.0 .595 ot L1868
+838 1, .768
.§01 t .762
1. .192 .3 i 113 2.0
802 . re2
- . a5 3.1 .41 DAL ]
‘l * 317 i e.s532
. (a) 4 & 495
.6 2321 ‘ 8,400
. .35 . LI 3]
! 392 (a)
.78 365 . .683
. 348 | .698
8 334 .61 .451
.74 L1008 .63 .578
.388 | .897
. 84 N82 .84 .487
375 .71 474
. .85 8711 } .495
; | 412 72 LTS
" .88 Ag ‘.cs;
| . .47
| | .ca‘ .a78
.88 .47
| 1.00% 408 . .
‘ 'y ‘ 812
1.1 R4 1.0 187
72¢ i ‘i ‘
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TABLE III. - BLOWOFF PRESSURES POR PROPANE-AIR PLAMES
FOR VARIOUS HYDROGEN-ADDITIVE CONCENTRATIONS
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6.5X10%; mean velocity of 238 feet per second at a pressure
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Line slope = 1.0~ f—1—#*
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Figure 10. - Comparison of critical time ¢t,p, and reciprocel
of critical flashback velocity gradient 1/gf values for
various propane-air mixtures vith various amounts of hydro-
gen additive.
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