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TECHNICAL NOTE 3877

FURTHER EXPERIMENTS ON THE STABILITY OF LAMINAR AND

TURBULENT HYDROGEN-ATR FLAMES AT REDUCED PRESSURES

By Burton Fine

SUMMARY

Stability limits for laminar and turbulent hydrogen-air burner
flemes were meastured as a function of pressure, burner diasmeter, and
composition. The average pressure exponent of the critical boundary
veloclty gradient for turbulent flashback was 1.31, which is not sig-
nificantly different from the laminar vaelue. The use of a simple fleme
model and measured turbulent flame speeds Iindicated that turbulent
flashback could involve & smaller effective penetration distance than
laminar flashback. Turbulent blowoff velocity was nearly independent
of pressure and varied about as the inverse square root of the burner
diemeter. OFf several recent theoretical treatments, none satisfactorily
predicts the observed dependence of blowoff on pressure and burner dl-
ameter. Extrapolation of stability loops to the quenching point showed
that the quenching pressure was inversely proportional to burner diam-
eter. The actual pressures were higher than those obtained by other
quenching measurements,.

INTRODUCTION

Relatively little attention has been paid to the stability limits
of turbulent burner flames as a function of pressure. Reference 1
(p. 82) reports data on the flashback of unpiloted turbulent propane-
air flames at pressures sbove L atmosphere. It was observed that the
critical boundary velocity gradient was several times higher than that
for corresponding laminer flames at the same pressure and composition.
Reference 2 presents blowoff and flashback data for acetylene flames at
low pressures; these date extend into the turbulent region. However,
date in the higher Reynolds number region are not discussed in detail.

The present study is concerned with the stability of unpiloted
turbulent hydrogen-air flames at subatmospheric pressures and extends,
into the turbulent region, previous work done on properties of laminar
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hydrogen~alr flames at subatmospheric pressures (ref. 3). Turbulent
flashback was studied at various pressures, equivalence ratios, and
burner diameters. Results are compared with results in the laminar re-
gion. A possible explanation of the results based on the extension of
the laminar model to the case of turbulence is offered. Blowoff in the
turbulent region was studied at various pressures and burner dliameters
at equivalence ratios of 1.1 and 1.5. The results are compared with
predictions of several recent theoretical treatments, none of which
give satisfactory predictions.

Several stability loops were obtained. These permitted an estima-
tion of the dependence of quenching distance on pressure. The results
were in reasonable agreement with those obtained by more direct measure-
ments of flame quenching (ref. 4).

SYMBOLS

A,C dimensionless coefficients
\

D burner diameter, cm . -
g critical boundary velocity gradient;‘sec'l

k bressure exponent, dimensionless -

4 thickness of laminar sublayer, cm

M molar welght, g

m diameter exponent, dimensionless =

n pressure exponent of burning velocity, dimensionless
P ambient pressure, cm Hg

q quenching point, dimensionless

R gas constant, cal/(mole)(°K)

r radial distance, cm -

Re Reynolds number, dimensionless

S flame surface, sq cum

T temperature, °k . o -

U veloclty, cm/sec

T mean stream velocity, cm/sec —

007 -
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v volume flow, cm3/sec -

B’ stabllity parameter, dimensionless

o] penetration distance, cm

K viscosity, poises

v kinematic viscosity, cmz/sec

0] equivalence ratio, fuel-air ratio divided by fuel-air ratio for
stoichiometric mixture

Subscripts:

av average

b burning

bo blowoff

cr critical for laminsr-turbulent transition

f flashback

jo) constant pressure

a quenching

t turbulent

w wall

Superscript:

) determined at calibration conditions (near 1 atm) or initial
conditions

APPARATUS AND PROCEDURE

The apparatus used was that described in reference 3. It is shown
schematically in figure 1. Burner flames were established within a
chamber whose pressure was regulated by a vacuum pump and manusl air
bleed. The pressure within the chamber was read on & mancmeter. The
burner itself was 50 inches long and gbout 3/4 inch in dismeter and was
water cooled near the lip. Tubular inserts of about 4/10 and 5/8 inch

were used. Tank hydrogen (98 to 99 percent hydrogen) and tank compressed
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air (water-pumped) were used without further purificetion. The combus-

tible mixture was prepared by metering fuel and alr separately through -
calibrated critical-flow orifices and mixing several feet upstream of

the burner inlets

For measuring stabllity limits & stable flame was established at
same pressure. Then the pressure wag slowly increased or decreased at-
constant mass flow until the flame flashed back or blew off. The average
stream velocity at which flame loss occurred was obteined as a function
of ambient pressure, burner dlameter, and nominal volume flow rate at the
calibration pressure- (about 1 atm) by the expression

0 0
Ur (or Tpo) = i%g-%r (1)

This procedure is essentially that described in reference 2. Near the

quenching point flames did not flash back sbarply, but rather moved

slowly back into the tube. Often this movement was asymmetric and re-

sulted in tilted flames (ref. 5)e In this region, the flashback pres-

sure was taken as the pressure at which a portion of the flame first -
dropped below the level of the burner rim. '

Turbulent flame speeds were measured by the method of reference 6.
Flemes were photographed, and the mean flame surface was obtailned from
measurement of the visible 1mege. .With simple photographic means,
measurable lmages were obtained down to pressures*of about 0.3 atmosphere.
The flame speeds were then obtained by the relation

° .
Vo P _ (2)

SR e

Ub,t Sp P
No correction was made for the effect of flame-front curvature on the
apperent mean flame surface. All measurements were made on a 4/lO-inch
(1.016-cm) burner at a Reynolds number of about 3500.
RESULTS AND DISCUSSION
Flashback
The flashback of & laminer burner fleme is generaslly described by a

eritical boundary veloecity gradient. This gradient i1s related to other
flame propertlies by the expression . T :

gr = Up/d ' (3)
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where © 1s the penetration distance, the smallest distance from a cold
wall at which the burning velocity attains its normal value (ref. T, Do
285). If it is assumed that same similar model applies to the flashback
of turbulent flames, equation (3) may be written as

&f,t = (Ub/S)t (4)
where turbulence may affect U, and 8.

Calculation Bf_velocitj gradients. - For a flame on a cylindrical
burner with fully developed leminar pipe flow, the expression

&r "’(%J)W = in (5)

is a good approximation provided it is assumed that S/D is small. This
is equivalent to the assumption that the burner diemeter is much larger
than the quenching dlsmeter at a glven pressure.

For turbulent pipe flow, the expression for the boundary velocity
gradient (based on the existence of a laminar sublayer near the wall)
given by reference 7 (p. 285) is

0.8

(6)

ol

gy = 0.023 Re

where Reynolds number is defined as

<|g

Re =

(7)

At flashback equation (6) takes the form, in terms of convenient labora-
tory variables,

"0.8
g, b = o.ozs(lﬂb;l-) p0.87L.8p-0.2 (8)

For the present study the gases were assumed ideal; thus the molecular
welght was additive in the mole fraction. The mixture viscosity u was
obtained by an spproxXimation given in reference 8. It was found that,
within experimental accuracy, the viscosity for mixtures containing be-
tween 25 and 50 percent hydrogen by volume could be assumed constant and
equal to 0.000179 poise. The same value of p was used for the few data
points obtained outside the composition range glven above, at 17 and 56
percent hydrogen. The error is not significant.
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Experimental results for flashback are shown in figure 2 and tables
I and II. Values &f laminar and turbulent critical boundary veloecity
gradients were calculated by equations (5) and (6), respectively. Most
of the data in the laminar region are from reference 3. However, points
in the quenching region for D = 1,016 centimeters, ¢ = 1.1 and 1.5
for D = 1.459 centimeters, ¢ = 1.1 are new. Some of the new data are
used in both figures 2 and 5, the rest in figure 5 only.

The derivation of the expression for gf,t involves an empirical

frictlon factor which applies only in the reglon of fully developed
turbulence and not in the region of laminar-turbulent transition. Ex-
perimental data on pipe friction (e.g., ref. 9, p. 402) indicate that
the transition reglon lies between Reynolds numbers of 2200 and 3200,
However, flashback date of figure Z indicate that the transition region,
taken to be that region where the ambient pressure st flashback is inde-
pendent of the critical stream veloclty for & given burner, lies between
Reynolds numbers of 1500 and 2500, That is, the transition region is
displeced by & Reynolds number of 700. Below Re = 1500, equation (5)
correlates the data. Above Re = 2500, equation (6) gives a good cor-
relation. Because of the displacement of the transition region, no at-
tempt was made to obtain a friction factor for that-region from pipe
friction data. Instead, flashback veloclty gradients were calculated by

the laminar expression (eq. (5)) up to the point where the flames appeared

visibly and steadily turbulent and the pressure at flashback was no
longer independent of Reynolds number. Since the pressure remsined con-
stant in the transition region, a more sophisticated calculation would
not have altered the curve in any way but would merely have shifted data
points along the curves to slightly higher values of gp. Qualiltative

measurement of longltudinal velocity fluctustion with a hot-wlre anemom-
eter showed that, in the absence of a flame, the flow at the center of
the tube mouth (for D = 1.89 and 1.459 cm) was laminar below a Reynolds
number of sbout 1500. Between Reynolds numbers of 1500 and 2500 the
flow was generally laminar but showed an lncreasing frequency of turbu-
lent pulsations with increasing Reynolds number., Above Re = 2500, the
flow was steadlily turbulent. Thus the cold-flow behaviar correlated
well with the flame behavior. This showed that the apparent displacement
of the laminar-turbulent transition was characteristic of the tube and
was probably not a flame-induced effect.,

Effect of pressure and tube diameter., - Figure 2 shows that between
equivalence ratios of 0.80 and 2.25 (25 and 48 percent-hydrogen) the
pressure exponent of the critical boundary velocity gradient for flash-
back in the turbulent region J log 3f,t log P varles in the range

1.22 to l.44, the variation with composition being random. The average
value is 1.3L. Since the pressure exponent of the critical boundary ve-
locity gradient for the laminar fleames was 1.35 =& 0,0S_(ref. 3), the

002¥%



4200

NACA TN 3977 7

pressure exponents for the laminar end turbulent case are the same,
within experimental error. This is to be expected if the boundary ve-
locity gradient at flashback is proportional to a reaction rate (ref. 10).

Experimental results indicate that the average stream velocity at
flashback is correlated by a relation of the form

_Up = ﬁngfﬁmf (9)

where US represents the average flashback velocity at 1 atmosphere for

T
a burner 1 centimeter in dilameter. Equation (8) may be ccmbined with

equation (9) to give

—ol.8(uRT -0.8 (0.8+1.8 k) (-0.2+1.8 mf)

which expresses the pressure and diameter dependence of the critical
boundary velocity gradient in terms of the pressure and diameter de-
pendence of the critical mean stream veloclty. By equations (9) and
(10)

o log g¢ £ 9 log ﬁ} %

T——l—log == = 0.8 + 1.8 Tog T (11)

Since the left side of equation (11) equals sbout 1.3Ll, the pressure
exponent of the critical turbulent flashback velocity is about 0.28.

In a similar fashion, the diameter dependence of the critical
flashback velocity and boundary velocity gradient are related by the
expression ,

o log gr d log ﬁ} £
Tog D = - 0,2 + 1.8 —S—ISE_BL— (12)

which shows that if the flashback veloclty gradient is independent of
burner dlameter (as seems to be the general case in fig. 2) then the
critical mean stream veloclty will also be nearly independent and

d log Uf,t/B log D will have a value of about O.1 at the most.

At an equivalence ratio of 3,00 only a few points could be obtained
in the turbulent region. These gave J log gf,t/a log P = 1.26, a value

in good agreement with the general result. At the lean extreme of the
composition range covered, ¢® = 0.50, a much lower value of
d log gf,t/a log P was obtained, about 0.87. Because of the unrelia-

pility of the data in this region, no interpretation is put on that
result.
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Effect of composition. - In reference 3 it is shown that the mean
critical laminar flashback velocity and, therefore, the critical laminer
boundary veloclty gradlent, peaked at about ¢ = 1l.5. In the turbulent
region, however, the critical velocity peaked at about ¢ = 1.8, whille
the boundary veloclty gradlent pesked, again, near ¢ = 1l.5. The de-
pendence of 8f,% on camposition at constant pressure is shown in fig-

ure 3. Since the viscoslty of hydrogen-air mixtures is very nearly
constant between @ = 0.8 and 2.4 and enters into equation (8) only to-
the 0.8 power (ref. 8), it appears that the difference in peak composi-
tion shown between the critical mean stream velocity and the critical
boundary veloclty gradient does not depend on the viscosity but depends
on the density, or, in terms of equation (8), on the pressure and mo-
lecular weight. The fact that criticel flashback gradients for both
laminar and turbulent flames pesk at the same equivalence ratic is con-
sistent with the concept that the critical boundsry veloclty gradient
for flashback 1s proporticnal to a reaction rate.

Comparison of laminsr and turbulent flashback. - Since, within ex-
perimental error, the pressure exponents f'or laminar and turbulent
flashback are the same over a range of camposition, the relation between
laminar and turbulent flashback may be expressed as’

(er,¢/&s)p = A (13)

where A has a value of about 2.8 and is independent of pressure, burner
dlemeter, snd compositlion. The result represented by equation (13) is
similar to that reported in reference 1 (p. 82) for unpiloted turbulent—
propane-air flames at pressures greater than 1 atmosphere. In reference
3 laminar flashback veloclty gradients fcr hydrogen-alr flames are cor-
related by the relation -

gp = 2.6 Ub/Dq (14)
Combination of equations (13) and (14) gives, in the turbulent region,
e, 4 = 7.5 Ub/Dq (15)

Equations (13) and (15) may be explained in terms of the penetra-
tion of the flame into the laminar sublayer. Measurements of transverse
veloclty profiles in pipes have shown that the veloclty profile in the
sublayer is very neerly linear with radial distance. An empirical ex-
pression of the thickness of-this sublayer ls given in reference 9
(p. 407). In terms of the friction factor given in reference 7, it may

be expressed as .. - N -

1 = 33DRe~0-9 - : (18)

002y
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Veloclty-profile measurements show that the laminer sublayer does not
merge sharply with the fully turbulent region. Rather, there is a large
range of Z/D values which correspond to a region of transition between
laminar and turbulent friction. It is quite possible that there should
exist a range of values of 1 greater than that given by equation (16)
over which the turbulent contribution would not be significant. Thus,
the coefficient 33 in equation (16) is somewhat arbitrary and seems to
give a minimum value for the effective thickness of the laminar sublsayer.
An alternate expression for 1, which is given in reference 11, has the
same form as equation (16) but uses a coefficient of 66. Since the ve-
locity profile in the subleyer is linear with radial distance, the
boundary veloclty gradient may be written as

g = Ucr/l (17)

If equations (6) and (16) are combined with equation (17), sn expression
is obtained which relates Ui, to the mean flow

Uy = 0.75 U/ReCe1 (18)

Thus U,, is nearly proportional to U. In the presence of a flame

which is about to flash back

Uop,r = 0.75 Up/Re0:L (18a)

and equation (16) can be combined with equations (14) and (4) to give
&r,t = (Up/8)y = cr,f/Z (17a)

If the flame pengtrates into the leminar subleyer, 8 will be less
than 1. In that case, Uy, must be less than U,, &at flashback. For

a Reynolds number of 5000, equation (18a) shows thet a minimum value of

Usy 1s about 0.3 U. Thus, if the normal burning veloclity is less than

0,3 U at a given pressure, it will be possible for a flame near flash-
back to penetrate into the laminsr sublayer. Since the maximum burning
velocity of hydrogen-air flames ls about 300 centimeters per second at
1 atmosphere (refs. 3 and 12) and decreases with decreasing pressure,
the condition for penetration into the laminsr sublayer at flashback
will be met as long as the critical average flashback velocity is not
much smaller than 1000 centimeters per second.
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Teble I shows that this condition is generally met. The following
is an example based on datas of table I:

Reynolds number, Re . . . . . * ¢« e s o o s s s s o e « « 5540
Aversge flashback velocity, Uf, cm/sec s s s e o s e s o o s e . & 1335

Critical velocity, Ugp, cm/sec s e s s e s 4 s e 8 s e e e e e s o 422
Burning velocity (ref. 3 s Ups cm/sec e 4 e e 4 e s e = s e s s e « 270
Ambient pressure, P, cm Hg o s o @ o e e o s s s e s a4 a e s s e DH2.5

It appears then, that the burning velocity governing flashback is the
laminsr burning velocity.

Turbulent and laminar burning velocities shown in Ffigure 4 suggest
another interesting point. These dats show that Ub,t/Ub =< 1.30. Thus,

regardless of whether flashback is governed by & laminar or turbulent
burning velocity, the threefold increasse in the critical boundary ve-
locity gradient with turbulence cannot be ascribed to an increase in
burning velocity. By equation (4), then, turbulence must lead to a
smaller penetration distance. If-turbulent flashback is governed by a
laminar burning velocity, 1t follows from equations (4) and (13) that

8, = (1/2.8)8 (19)

Thus, the estimate that the dquenching distance between parallel
plates should be sbout twice the penetration distance from a single wall
holds only for lamlnar flow. According to present results, this esti-
mate does not apply to pipe turbulence with a laminer sublayer. As long
a8 the increase in flashback veloclty gradient cannot be explained by an
increase in flame speed, 1t seems necessary to assume a smaller pene-
tration distance for the turbulent case, even though it is not easy to
imagine why this should be so0.

Blowoff z

Description of results. - Bloweff data are shown in figures 5 to 8.
These were obtained at ¢ = 1.1 and 1.5, values which correspond, re-
spectively, to conditions of maximum.flame temperature and maximum
chemical reactivity based on flashback (ref. 3). Since both conditions
were richer than stoichiometric, it was desirable to examine the effect
of the atmosphere near the flame base. Several éheck polnts were run
with the flame surrounded by a mantle of inert gas. A low annular flow
of carbon dioxide was used, which was just sufficilent so that the pink
tinge which normally surrounds a hydrogen-air flsme disappeared near
the flame base. In the laminar region no effect on blowoff limits was
observed. In the turbulent region blowoff limits were slightly reduced;
that 1s, the blowoff pressure increased slightly for a given mass flow,

7%
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This is attributed to the greater sensitivity of turbulent flames to the
cooling effect of a secondary jet. The absence of an effect in the
laminar region indicsted that the dimensions of the combustion chamber
were such that the atmosphere near the flame base was inert and that
blowoff was not affected by diffusion of secondary ailr into the flame
base.

In figure S are shown stability loops for burners 1.016 and 1.459
centimeters in diameter. These include flashback date previously dis-
cussed. Figure 6 shows blowoff curves, Iincomplete in the low flow re-
gion, for two smaller burners, 0.546 and 0.311 centimeter in diameter.
Because of unusually smooth inlet conditions, flow in the 0.546-centimeter
burner did not become turbulent until a Reynolds number of sbout 6000 was
reached, In order to obtain & larger experimental region of turbulent
blowoff, the burner inlet was very loosely packed with steel wool. This
procedure. induced steady turbulence at & Reynolds number of about 3000.
Data for both conditions are shown in figure 6. It should be noted that
the blowoff curve in the turbulent region is independent of the Reynolds
number at which steady turbulence is achieved. That is, above Re =
8000 blowoff data from the disturbed and undisturbed 0.546-centimeter
burner lie in a single curve. With the smallest burner (0.3ll-cm diem.)
the onset of steady turbulence was accompanied by the discontinuity in
the blowoff curve at a Reynolds number of about 3000 that is shown as &
dashed line in figure 6.

The genersl blowoff curve may be divided into several regions with
increasing Reynolds number. (In figs. 5 and 6 a line of constant
Reynolds number is represented by PU = constggﬁ.) First, there is a
region of partial wall quenching where O log UBO/B log P 1is negative

(o of fige. 5(d)). Second, there is & region of normal laminar blowoff
where O log Ubo/a log P is infinite and then positive (B of fig.

5(d)). Third, there is a region of laminar-turbulent trensition. This
region corresponds, in terms of Reynolds number, to the transition re-
gion for flashback, but effects on the blowoff curve are not at &ll pro-
nounced (y of fig. 5(d)). Finally at a critical Reynolds number (in
fig. S5_sbout 2500) the curve breaks sharply upward so that

d log Ubo/a log P approaches zero. At some mass flow rate a velocity

is reached gbove which a fleme cannot exist for a glven equivalence
ratioc and burner diameter. The blowoff curve may even bend backward so
that o log Ubo/a log P eassumes & negative value at high mass Tlow

rates.

In the low-flow region it is possible, by extrapolation of blowoff
and flashback data to a point (q of fig. 5), 10 estimate a quenching
pressure and the pressure dependence of quenching diameter. Actual
quenching pressures cobtained in this way are considerably higher than
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those predicted in reference 4 (perhaps because of uncertainty intro-

duced by the long extrapolation imposed by restrlctions on the appara- .
tus) . However, thé guenching diemeter obtained in this way is very
nearly inversely proportional to pressure; this result is in agreement
with reference 4. o o ' -

The region of normal laminasr blowoff (as distinguished from the re-
glon of partial quenching) may be taken to be bolnded on the low-flow
side by the polnt at which Up, goes through & minimum and on the high-

flow side by the point at which flames assume & Hearly steady turbulent
appearance. For the two larger burners this coincides roughly with the
point at which the curves break sharply upward. Thus, a large portion
of the transition region 1s considered as included in the laminsar region.
This may be justified by the fact that the blowoff curve throughout most
of the transition region is a smooth continuation of the normal laminar
curve. e .

00ZF

Effect of pressure and tube diameter. - In the prast, the blowoff of -
laminar and turbulent burner flames has been successfully correlated as
& function of burner dismeter and equivalence ratio by a boundary veloc-
ity gradient gpq (ref. 13). In practlice, this has been calculated in -

exactly the same way as the boundary velocity gradient for flashback.
Thus, in the laminar region : -

8bo = Sﬁbo/D - (20)

and in the turbulent region

U
bo .
&po = 0,028 ——=—— (21)

It is difficult to relate the observed correlatidon to a4 detailed mech-~
anism because of two experimental complications. -~ First, if conditions
are close to blowoff, a flame will be stabilized at same distance above
the burner rim; this distance will be a function of pressure, stream
velocity, and initial mixture (ref. 1, p. 80). Therefore, the flame
will be stabilized in the mixing region of the free jet so that a model
based on wall friction within a pipe mey not be valid. Second, the burn-~
ing velocity at the base of the flame will not correspond to the burning
veloclty of the initial mixture because of diffusion near the base of

the free Jet. This will be particularly important for rich flames burn-
ing in secondary air. In general, then, if a critical boundaery velocilty
gradient for blowoff is described as I

&bo = Up/Bpo (22)
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both Up and &g will be uncertain, and the degree of uncertainty

will be a function of pressure, stream velocity, and initial mixture.
Since, in spite of thls uncertainty, a critical boundary velocity gradi.-
ent has served to correlate blowoff data at constant pressure, it was

of interest to examine the effect of pressure and burner diameter for a
constant initial mixture. For date plotted in the form of figures 5 and
6, three conditions must be met in order that the velocity gradient model
be successful. First, large portions of the laminer and turbulent blow-
off curves should be described by straight lines if log P 1s plotted
against log Uy, at constant D. Second, g,, and gbo,t should be

proportional to ge and gf,t’ respectively. This means that the pres-

sure and diemeter dependence of the critical gradients should be the
same for blowoff and flashback. Third, the critical boundary velocity
gradient for blowoff should be independent of burner diameter. In

the turbulent region, this condition implies that the critical mean
blowoff velocity should also be nearly independent of burner diameter,
since an equation of the form of equation (11) should hold for blowoff.

Figures 5 and 6 show that the first condition is not met. Even if
the region of partial wall quenching is not considered, the laminar
blowoff curve shows considerable. curvature. The turbulent portion is
more nearly linear, but is not entirely free fram curvature.

The second condition is not met either. Figure 7 shows a log-log
plot of gy, agalnst pressure. Data are taken from the "normasl laminar"

portions of figures S and 6. Any reasonable average value for the pres-
sure dependence of gy, would be two or three times larger than the

value for 8 and thus would have no meaning in terms of the simple

model. With regard to the turbulent region, the proportiocnality of
8bo,t and gp,y implies that the blowoff curve (log U plotted against

log P) should break sharply upward with the onset of turbulence in a
fashion simllar to the behavior of the flashback curve. This is actually
observed in figures 5 and 6; however, results are not sufficiently con-
sistent to warrant quantitative discussion.

Figure 7 also shows that g, 1is samewhat dependent on burner diam-~

eter, particularly for smasller burners. Furthermore, in the turbulent
region the critical mean blowoff velocity is rather strongly dependent
on burner diameter. If observed or estimsted values for this maximum
over-all blowoff velocity are plotted against burner diameter, the ob-
served value of the pressure exponent is gbout -0.5. This is shown in
figure 8. This result indicates that increasing burner diameter will
actually decrease the stabllity of a burner flame to blowoff. Thus, the
third condition is satisfied in neither laminar nor turbulent regions.
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Generally, it must be concluded that the velocity gradient model
does not explain the dependence of either laminar or turbulent blowoff
on pressure and burner diameter. .

Recently two rather limited theoretical treatments have been of-
fered which lead to explicit expressions for the pressure dependence of
eritical blowoff veloCity. In one treatment (ref. lé) it is assumed
that blowoff occurs because 6f the interruption of flame propagation
caused by a high veloclty gradient near the flame base., In the other
treatment (ref. 15, p. 182) blowoff is assumed to occur simply because
the mass flow rate through the burner exceeds a critical mass reaction
rete. Both treatments concern piloted turbulent burner flames. How-
ever, since neither trestment considers any specific effects which a
prilot might-have on flame stability, it is of interest to see how well
each of them déscribes the blowoff of turbulent flames stebilized with-
out a pililot.

In reference 14 it 1s shown that-a high boundary veloecity gradient
near the base of a turbulent flame could induce instability by reducing
the local flame speed. A relastion is derived which maey be expressed as

B o ﬁ7/SD—l/8P-(l/8+n) (23)

The condition for the interruption of the flame propagation was that- B!
assume &8 critical value. Setting p' = Constant and using n = 0.23
(ref. 3) give _

By reference to figures 5 and 8, 1t may be seen that equation (24) does
not adequately describe blowoff results, particularly with regard to the
dependence of blowoff velocity on burner diameter.

Reference 15 (p. 182) also derives an expression for the critical
blowoff velocity of piloted turbulent burner flemes. In this case the
criterion for flame extinction is that the mess flow rate exceed the
total mass reaction rate, This leads to an expression

Uy, < DPUZ X Constant (25)

Since most combustion systems follow an equation of-the form

Uy, = UgP" ' (26)

002%
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equation (25) may be written as

Tpo < Dp22*L x Constant (27)
For hydrogen-alr flames, this becomes
Ty, o< PL+46p (28)

Both pressure and diameter exponents are very much larger than those
actually observed. This may be due to the exceedingly simple model of
turbulent flame stabilization adopted in reference 15, which would pre-
dict much higher values of Upg +than are actually observed. The in-

equality sign in equation (27) mey serve to represent the fact that real
burner flames are much more sensitive to externsl disturbances than the
model of reference 15 would predict.

Although neither treatment can be considered satisfactory, equation
(24) represents the date more closely than equation (28) with respect to
both pressure end burner diameter. It appears that whatever weaknesses
may be involved in the model of reference 14, a consideration of shear
near the base of a turbulent flame appears to glve scmewhat closer agree-
ment with experiment than & considerstion of mass flow and mass reaction
rates only.

SUMMARY OF RESULTS

Stabllity limits of laminsr and turbulent hydrogen-asir burner flames
were measured over & range of subatmospheric pressures. The following
results were obtalned:

l. The pressure exponent for the critical flashback boundary veloc-
ity gradient was the same for both laminar and turbulent flames. The
camposition at which it peeked was also the same.

2. The turbulent-to-laminar ratio of critical flashback boundary
velocity gradients was 2.8. The difference between the gradients was
not caused by an increased burning velocity for the turbulent case, but
rather implied that the penetration distance for turbulent flashback was
about 1/3 of the penetretion distance for the laminsr case.

3., Turbulent blowoff velocity was nearly independent of pressure
and varied approximately with the lnverse square root of burner diameter.
None of the current mechanisms of flame blowoff predict these results.
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4. Extrapolation of stability loops to the quenching point showed
that the quenching pressure was inversely proportional to burner dlameter.
The actual pressures dbtained were higher than those obtained by other
methods. -

Lewls Flight Propulsion laborastory
National Advisory Committee for-Aeronautics
Cleveland, Ohio, January 29, 1957
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TABLE I. - FLASHBACK OF HYDROGEN-AIR FLAMES
Ambi-| Burner|Equiv-|Aver- jCritical Criticel Reynolds) Ambi-| Burner|Equiv-|Aver- |Critical Critical Reynolds
ent diam- |alence{age boundary boundary number, ent diam- jalence]age boundary boundary number,
pres~| eter, |ratio,{flash-|velocity velocity Re pres-| eter, [ratio,|flash-|velocity velocity Re
sure, D, ® back gradient gradlent sure, D, ® hack gradient gradient
P, em veloc-{rfor lami- {for turbu- P, cm veloe-|for lami- |for turbu-
cm Hg ity, nar flash-{lent cm Hg ity, nar flash-|lent
r, |back, gp, |flashback, U,, (back, gg, |flashback,
cm/sec sec-l B, om/sec| Lo .-l 8.t
70.7 |1.016 0.50 517 8,330 2740 23.2 |1.890 1,20 945 ———— 6,130 25870
50.5 |1.459 387 — 2160 26.6 954 —_—— 2870
47.9 470 5,580 2420 28.3 1013 3360
46.9 530 4,380 2670 0.3 1060 3760
88.2 462 4,820 3400 33.4 1064 4160
72.0 510 ——— 5,760 3930 36.7 1060 4560
45.1 |1.018 .80 722 5690 ———— 1830 38.7° 1092 4960
45.0 842 86830 ———— 2130 42.5 11852 5750
47.3 857 —— 10,940 2310 15.9 (1.018 1.580 g2 87
51.2 844 11,340 2430 16.7 119 118
54.3 896 13,240 2730 17.2 149 152
58.8 923 14,840 3030 18.1 205 220
72.2 933 17,880 3780 19.8 242 285
32.8 1.4159 722 558 2350 40.4 730 1750
32.5 802 6,990 2800 39.4 911 2140
44.7 755 7,380 3260 39.4 1078 2520
49.7 773 8,790 3770 41.8 1180 2930
53.1 813 10,150 4290 46.6 1192 3310
87.8 835 11,370 4790 50.1 1240 3700
6§0.1 890 ——— 13,180 5310 54.0 1270 4080
67.4 945 ——— 16,110 6320 58.8 1301 4550
28.6 |1.890 880 ——— 2500 65.8 1389 5250
30.1 752 — 2900 72.6 1401 6040
33.2 770 3290 28.5 11.459 952 2310
35.6 783 3580 e8.8 1054 2590
39.3 804 —_— 4070 3l1.4 1172 3140
45.3 835 —— 48680 368.5 1219 3680
1.1 857 -— 5640 41.2 1205 4230
55.4 904 ——— 6440 45.0 1242 4770
45.3 j1.016 .85 a0s 8360 2440 48.4 1276 5300
44.3 855 — 29820 83.9 1278 5870
50.8 845 —_—— 3200 54.4 1348 6450
56.8 944 ———— 3570 22.3 |1.880 1.50 980 2220
59.1 1000 —r—— 3950 235.1 1119 2610
85.9 1000 ——— 4330 25.7 1147 3000
73.8 1060 —_— 5200 29.35 1159 34680
30.5 |1.459 767 4200 2240 32.4 1136 —_— 4080
31.5 830 4550 2480 31.3 1175 ——— 4060
32.9 880 —_—— 2770 34.8 1182 ———= 4520
34.8 910 —_— 3050 34.7 1136 —_— 4520
40.0 930 3560 39.5 {1.016 | 1.80 586 7780 2130
45.0 950 4080 41.3 1110 2510
49.3 977 4810 44.8 1180 2910
52.3 1025 5150 48.8 1229 3300
56.9 1045 5690 53.3 1259 ———— 3680
81.0 1082 6210 60.7 1338 -— 4470
24.8 {1.890 755 2140 86.7 1425 8230
25.1 878 2520 27.8 |1.459 930 2040
28.4 89y 2850 28.5 1030 2320
31.3 915 3270 29.2 1119 2580
33.8 943 3640 37.1 1160 —— 5400
37.3 843 4020 39.5 1250 —— 3920
59.8 963 4380 44.9 1261 ——— 4470
41.6 1000 4760 47.9 1320 ——— 4990
45.3 1000 5150 52.5 1335 -— 5540
17.3 [|1.018 1.10 85 92 23.7 {1.89 1080 2610
17.8 122 1386 27.1 1090 3010
18.8 147 173 28.0 1055 5010
18.5 178 217 e8.7 1171 3440
10.8 [1.459 65.2 63 31.6 1180 3850
11.4 82.5 95 33.5 1245 — 4270
12.3 114 125 8.1 1262 ——m— 4660
12.9 128 148 45.7 |1.018 | 2.25 786 6040 1800
13.8 165 202. 48.2 ‘889 7000 2200
14.4 196 254 45.7 1084 — 2600
41,5 [1.016 {1.20 8507 2220 49.9 1176 — 3010
43.0 983 2660 55.5 1195 -— 3410
46.9 1028 3040 61.6 1205 —— 3810
50.7 1071 3420 85.9 1251 —— 4240
83.7 1127 3820 71.7 1253 4610
63.4 1192 4770 32.0 |1.459 ass 2110
89.4 1260 5510 33.9 1066 2640
29.9 |1.459 788 2120 38.7 1128 5220
29.9 885 2390 43.9 1171 5790
30.3 875 2670 48.6 1213 4540
37.9 872 3330 25.1 |1.88 1040 2480
38.7 1077 3870 27.1 l 1130 2920
44.2 1096 4380 28.8 1228 3360
46.7 1158 4900 55.Q0 [1.016 3.00 904 2280
50.2 1180 5410 57.1 1031 2720
54.1 1211 5940 85.1 1058 5140
56.7 1259 8470 70.8 1089 3550
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TABIE II. - FLASHBACK OF TURBULENT

HYDROGEN-ATR FLAMES

Equiva-
lence
ratio,

d log &r %

"3 log P

&f,%
g D

0.50
.80
.95

1.20

1.50

1.80

2.25

3.00

FHRHRHFHRO
DN WND IO
WP OON P
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Fuel-alr mixture

NACA TN 3977

Manual alr bleed %

e’
Manometer

Flame arrester

Combustion
chamber
Baffles
R ﬂ\
Window N
—==1 Thermocouple
Igniter Plenum
=
r7 XN
[y N
Pressure fit
Burner

——

—w——— Nitrogen purge

e § Screw. Jack

Filgure 1. - Comkustion apparatus.
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100
80 L
/// Burner
60 diameter,
Transition ° cm
] O 1.016
— O 1.459
40 v 1.890
- 4 Solid symbols de-
/ note turbulent
flames
=
§ =20
R (a) Equivalence ratio, 0.50 (mixture 17.2 percent hydrogen);
a5 3 log gr, /3 log P, 0.87.
g 100
5] /
@ 80
£ »
f="
£
£ 60
2 ®
E Transition i
< ¢
ol o4~ —o-?-o/‘/cb'
o] P
40 /O‘ 7"
O/‘ /
‘/’5> .éj) -
)/' ¥ V y
20
lo1,000 2,000 . 4,000 6,000 8,000 10,000 20,000 40,000

Critical boundary’velocity gradients, g and gr,ts sec—1

(b) Equivalence ratio, 0.80 (mixture 25 percent hydrogen);
3 log gp/3 log P, 1.99; d log gp,/2 log P, 1.44.

Figure 2. - Flashback of laminar and turbulent hydrogen-alr flames.
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Ambient pressure, P, cm Hg

NACA TN 3977
-
100 "” |
) Burner I//' -
80— diameter, -~
cm
o] 1.016... §
60 — ] 1.459
v 1.890
Solid symbols denote 7
turbulent flames ‘//f;
40 ’ Transit;gEL
O A\~
Q °
(0] ’L’
o(\ IOAH .l-l-—-D'
g
[ = (m} .
Q
) ///E;//; -
10 {c) Equivalence ratioc, ©.95 (mixture 28.4 percent hydrogen)
3 log g,/ log P, 1.28; 3 log &g log By-1.22. «
100 B - . o °f,
80 A
60 . L X
Transition
L -+ —o
40 o o il
. J'//)
20 - L ‘L///r(

1,000 2,000 . . 4,000 6,000 8,000 10,000 20,000

40,000
Critical boundary veloclty gradlents, ge and &f,%» sec-1 ’

(d) Equivalence ratlo, 1.20 (mixture 33.3 percent hydrogen); 3 log Sf,t/B log P, 1.38.

Figure 2. - Cohtinued. Flashback of laminar and turbulent hydrogen-air flames.
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1
Burner diameter, /i
em L
o 1.016
a 1.459
\4 1.880 a £ Transition
4 S0l1id symbols denote tur- v — ==
bulent flames :
v vy
< ]
o o LT
O /A
o Lo~
0-"0-/ 2% /
7
/D/
[
2 ol P¥
=
B 1
o J ’D
- H
a Al
: 3 log g&p 3 log gp ¢
£ (e) Equivalence ratio, 1.50 (nixtur.a 8.5 percer.tt hydrogen); FTog T 1.35; TWF'_' 1.28.
E 10
B
2ls) -
: <
-
o
B
-
Transition
rvd~ ol —9
/ -
o~ + —h— |— W
A F
25— S /
/DA d
rei | B /
L 1
10 L
200 400 600 800 1,000 2,000 4,000 5,000 8,000 10,000 20,000 40,000
Critlcal boundary velocity gradients, g and gp ¢, sec~l
3 log gp 3 log Er. ¢
{f) BEquivalence ratio, 1.80 (mixture 42.8 percent hydrogen}; STE T 1.40; _Tm"—' 1.34.
Figure 2. - Continued. Flashback of laminar and turbulent hydrogen-alir flames.



Ambient pressure, P, cm Hg

].0 T T L T
Burner diemeter, : L2
8 cm . /]
o  1.016 P o
o 1.459 7 A
6 v 1.830 -
Solid symbols denote
turbulent flames p Transition
— 4 ——|— 5 — -
4 A
4 yd
y /
o
—I/
- -
/ /A
G
/ /r
0 Y
/ |
2
1,000 2,000 1,000 6,000 8,000 10,000 20,000 40,000
(8) Equivalence ratio, 2.25 (mixture 48.4 percent hydrogen); O log gp/d log P, 1.35;
d log gg,+/d log P, 1.23.
101
80j -
S0l4d symbols dencte
turbulent f£lemes /
6 i o
‘P/’
L
L~
40
1,000 2,000 4,000 6,000 10,000 20,000 40,000

Critical boundary veloelty gradients, gy and gf, 49 gec™l

(h) Equivelence ratio, 3.00 (mixture 55.5 percent hydrogen); d log gf,t/b log P, 1.26;
burner dlameter, 1.850 centimeters.

Figwre 2. - Concluded. Flaghback of lsminar and turbulent hydrogen-sir flames.
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Critical turbulent boundary velocliy gradient, g 4. aec"l
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~
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]
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/
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Hydrogen concentratilon, percent

Pigure 3.« Turbulent flechback veloelty gradient as function of compopition at constant preasure.
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400
L~
o '/////
§ Turbulent 1;//6”
> 300 //
5 /(
. / /
L o
250 =
5 " e/ Laminar| (ref. 3)
% /
:? 200
@
[}
o
o
o
3
o4 150
19
4
ot
o
5
e
100
20 30 40 50 60 70 80 90 100

Ambient pressure, P, cm Hg

Figure 4. - Laminar and turbulent burning velocity for hydrogen-

alr flames as function of pressure.

Equivalence ratio, 1.8.
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4
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o
80 J /
r‘!ntiuted. from
equivalence
/ Tatios of
8 40 Solid symbols 4 t L -85 L.20
N turbulent flames 5o T -1 o] ¢/
~ a,od' o
I
(:..’ Q
20 —o Lo .
o//o/o' y
- g -
£ =T
—
d aF =~
a -~ '
2 10 =
| | Quenching pressure, (ref. 'g)h I
1 g )
(e, 8 . P2y
(] ar < — T B
- T —
é & T ——40-3/
H (a) Burner diameter, 1.016 centimeters; equivalence ratio, 1.10 (mixture 31.5 percent hydrogen).
£ e
/ .
- BEstimat from
§ squivalence
40 = ratios of
- Solid symbols denote 0.85 and 1.20
turbulent flames
- ~
=
. U/;
20
L] o
-
j’_/J./IT
10 —]
-
s = |
\N
8 B I~ a &1
=== ~= =
} Quenching pressure, (ref. 9) —" = = =
425 80 8 00 20060 W5 60

(b) Burner diameter, 1.459 centimeters; equivalence ratio, 1.10 {(mixture 31.5 percent hydrogen).

[
Meen blowoff velocity, Upg, om/sec

Figure 5. - Stabllity loop for hydrogen-sir flames.
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Ambient pressure, P, cm Hg
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80 =
80
Solid symbols denote ;
turbulent flames j
40 /}\’ ==’
)'d
26
20 D/GVA o
/Q/é/l i
1 )
—
10
Quenching prespure (ref. 9)
il il el e : O 41
had B
~ Ll (
| — ~ J
8 ] % o
—a | L—O
=2
4
(¢} Burner dismeter, 1.016 centimeters; equivalence ratio, 1.50 (mixture 38.4 percent hydrogen).
80
40 Solid symbols denote
turbulent flames
[ ——f T
D/Qﬂ/ 1
20 E/D/
- Ly
Flashback
; j/,n/ ]
" /D/ .
w
= i
q = il
s—"-—kt'lﬂ—--—-- E: Y
Quenching | |~k /
L regsuigs [ L
ref, T~
R L
. s A |m]
O e
Blowoffl
2
40 80 80 100 - 200 400 ° TBOO 800 1000 “2000 4000 8000

Mean blowoff velocity, Upo, cm/aec

(d) Burner diameter, 1.4539 centimeters; equivelence ratio, 1.50 (mixture 38.4 percent hydrogen).
Figure 5. - Concluded. Stability loop for hydrogen-air flames.
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Amblent pressure, P, am Hg

80
4?
80
L A With packed inlet
> With unpacked inlet
40 Solid symbols denote
‘turbulent flames
N
T
‘t \
o
5 K
4 4
A %
A >
Laminar
<> transi-
/ tion
1 2 LAt
fa A A_—
(a) Burner diazmeter, 0.546 centimeter.
’ [
o .
Solld symbols denote
turbulent flames
D
40 :!
N
‘\
\N
\\\
b
= 144;?
< ]
A B
10
1,000 2,000 4,000 _ 6,000 8,000 10,000

Mean blowoff wvelocity, Upor cm/sec

(b) Burner dlameter, 0.311 centimeter.

Flgure 6. - Blowoff of hydrogen-air flames from small
burners. Equlvalence ratio, 1.10.
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P, cm Hg

Ambient pressure,

40
I I
Burner
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> 0.331
O 546 .
Q 1.018 o
o0 O 1.459 <R 5 ﬁ'\
¢
> | b > 4—"]
9
1
0 P
LA I
5 S LT )
B {l ey
e _/-D———':I
J =T T
5 EﬁLth‘*
>
JJ/U
o—1
4
2,000 4,000 6,000 8,000 10,000 20,000 40,000 80,000 80,000 100,000 200,000 300,000
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Figure 7. - Comparison of data from flgures 5 and 6 for blowoff of laminar hydrogen-slr flames. Equivalence
regtio, 1.10.
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. \

.6 Y
. \

Estimated < \

Burner diameter, D, em
]

L] l
2,000 4,000 6,000 8,000_ 10,000 20,000
Meximum mean blowoff velocity, Upg maxs cm/sec

Figure 8. - Dependence of turbulent blowoff velocity on burner
dizmeter. Equivalence ratio, 1.1l; dlemeter exponent at
blowoff, m,,, -0.47.
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