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" A STUDY OF COMBUSTION IN A FLOWING GAS

By Mitchell Gilbert, Gordon Haddock
and Allen Metzler

SUMMARY

The results of a preliminary study of combustion in flowing
gases are glven and apparatus for obtalning high rates of heat
relsase per unit volume of combustion space les described. The prin-
clpal feature of the combustlon apperatus is an slectrical element
(Globar) mounted concentrically withln a stainless-stsel pive. The
annular space between the lnner and outer elements serves as the
combustion space.

Tests were made over a wide range of fuel-alr ratios, inlet-
mixture veloclties, and electricel heat inputs, using propane gas
a8 the fuel. The effect of these variables on the extent of com-
bustion and mixture inflammaebility was investigated.

The results obtained with the combustion tube are as follows:

1. The greaster the surface-volume ratio, or the greater the
amosunt of heat addible to the gas stream, the greater the inlet-
mixture veloclty at which appreciable combustlion cen be obtained.

2. For a given fuel-alr ratio, the total rate of heat output
(Btu/sec), equal to the sum of the electrical and chemical energy
released, increases with increasing velocity. However, both the
extent of combustion. as measured by the combustion factor «,
and the total heat output (Btu/lb of fuel) decrsase with increase
of wvelocity for most of the fuel-air ratios tested.

2. The most inflammable mixtures, as determinsd by the length
of heating element necessary to produce ignition, are those of
approximately stoichiometric proportions of fuel and air.
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INTRODUCTION

An investigation of some oftho basic factors affecting com-
buation in a flowing gas stream was instituted in order to supply
& bagis for future design and evaluation of Jet-propulsion pcower
plants. The tests were made using a combustion tube that incor-
porated an annular heating space in which-a fuel-alr mixturs was
burned and the resulting onergy releasc measured., Thils typoe of
apparatus was selected primarily becausse of its suitability and
convenlence for the study of individual factors affecting combus-
tion ani is not moant to be a suggosted type of jet-propulsicn
burner or its prototype.

The data reported were obtained as part of a survey performed
at the (leveland laboratory of the NACA early in 1944 covering a
range of operating variasbles including inlet-mixture velocltles,
heat edditions, and fuel-air ratlios. The purpose of the survey
was to cbtain gualitative kncowledge of the effects of these varl-
ables or. cumbustion phenomena, as well as to discover the capabll-
ities of the apparatus.

APPARATUS

The combustion tube and the flow dilagram are shown in fig-

ures 1 to 3. The combustion tube consists o>f a horizontal silicon-

carbide slectric heating element (Globar) placed concentrically
within & stainless-steel plpe, thus formling a narrow annular space
whogse width 1g 0.06 and 0.12 inch, respectively, for the 5/8- and
1/2-inch-diameter heating elements used. Through this space, &
metered fuel-alr mixture is passed. Because of the high rate of
heat transfer obtained in such a small annulus, the mixbture ls
rapldly heated from room temperature to its ignition temperaturs,
vhich causes combustion to teke place in & confined, relatively
short space of 15 incheés or less., The completeness of combustion
can then be calculated from a heat balance for the combustion tube.

The air for the tests was supplied from a leboratory sygtem
under a pressure of 100 pounds per square inch. The fuel was a
comercial product contalning a minimum of 99 percent propane.
The air and fuel flows were controlled by pressure-rogulating
valves and measured by orifices. Electrical power was suppliled
by a 14 silovolt-ampere saturable reactor-voltage regulator.

In order to makxe a heat balance for the combustion tube, as
well as to obtain information pertinent to thse combustlion process,
the following measurements were made: : '

Al
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(1) Air and fuel flows

(2) Inlet and exhaust temperatures

(3) Tube and heating-element surface temperatures

(4) BElectrical power input to the heating element

(5) Pressure drop across the combustion tube
The meximum error of the individuval measurements used for the calcu-
lation of the heat balance was estimated to be less than 10 percent.
Because estimations of the specific heat of the exhaust gases and an
approximetion of the heat losses through conduction, convection, and
radistion introduced a considerable error, the uncertalinty of any
results shown in the present paper may be as high as + 25 percent.

SYMBOLS

o cambustlion factor, dimensionless . o
Cp mean specific heat at constant pressure, Btu per pound per o
Cy dimensional constant

Dg hydraulic diameter (Dy - Dy), which is equal to four times the
hydraulic radius, feset : .

Dy diameter of Globar heater, feet

Dy inside diameter of pipe, feet

AH net theoretical heat of resction of propane, Btu per pound air
L heating length.réquired for ignition, feet

q rate of heat energy input or output, Btu per second

Subscripts roferring to q:

c energy libsrated by combustion
e electrical powsr input 5
h © Increase of total enérgy in gas

1 - ‘total snergy loss
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m;; theoretlcal maximur encrgy liberatod by combustion
prime (') indicates alr datum rurn’

Tyy welghted average temperaturs of inelde surfacus, OF

Ty  inlet-mixture tampergture, Cp

lgnitlon tomperaturs of fuel-ailr mi#turs, OF_

ATy increass in tumpsrature of tho air from inlet to exhaust
conditions, “F -

ATy Incroase in temporature of fusl-alr mixture from inlot to exhaust
conditions, .

v meximun inlot-mixturs velécity for ignition, feet per second
Wg weight flow of ailr, pounds per second

Wy welght flow of fuel-air wlxture, pounds per second

EXPERIMENTAL PROCEDURE AND CALCUIATIONS

In order to determine the effect on dombustion of the addition
of heat from hot surfaces, the inlet-mixture velocity, and, the
fuel-air ratio, about 500 runs were made covoring the following

rengoes: :

Inlet-mixture voloolty, fust per second . . . . . . . . . . 0-200
Power input, or heat addition, kilowatts . . . . . . . . . 0.50-6
Fuel-alr ratio . . . . . . . . . .. . .o v . v ... 0-1.,00

Illustrative data have been seclected for prosentation in this repurt.
For tho data presentud, the absolute pressurc varied betwven 1 and

l% atmospherss and tho inlet-mixture bemperature was 80° F. The

Pressurs droﬁ across the tube during combustlion was generally less
than 15 inches of water. . :

The fuel-air mixture was admitted to the tube, ignited by
increasing the electrical power input, and burnsd. When stebls
conditions of combustion were cbtained, pertinent prsssures, tem-
peraturvs, and powers were rccorded. The flamo-front—position was
ostimated from the sbrupt change in temporature along the outer
tube surface that occurrsd during combustion. Physical limitations
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of the apparatus wilth regard to maximum allowable temperatures
caused gaps in the data. The maximum observed Globar temperature
was about 2900° F.

A combustion Pactor was used as a measure of the extent of
combustion. The combustion factor '@« is defined as the ratic of
the actual rate of heat liberated by combustlon to the theoretical
maximum rate of heat liberated by combustlon based on the standard
net heat of combustion of propane.

The actual rate of heat-energy liberated g was obtained by
a gimple heat balance for the combustion tube. The heat balance
included (1) the electrical power Input gqg, (2) the rate of
increass in heat content of the gaseous mixture qy, (3) the
combustion-tube ratss of heat loss through radiation, conduction,
andl convection g3, and (4) the rate of combustion-energy
release qg;. )

The heat balance for a combustion run can thon be expressed by
9o = + 41 - o : - (1)

where q; 1is obtained from the data for‘air-datum runs at a similar
temperature level and distribution as for the combustion run.

For the air-datum runs, in which no fuel was introduced, the
heat~balance eguation is _ -

q"EJ = q-'h + qlz (2)

The value of q'; 18 dotermined by the difference between the
meagured value of Qg and the calculated value of q'h, where
'y 1is equal to WycpATg. The values of .. q'; aro determined for
a range of conditions by meking air-datum runs for a range of tem-~

peratures and tempsrature distributions of the combustion-tubc
outer surfaece.

For simplificatlon of the calculation of gy, the reaction
was assumed to take place at tlhe inlet-mixture temperature with
the resulting products being heated %o the final temperature (ref-
erence 1, p. 204). Theo rate of increase in heat content can thon
be calculated from : . -

~
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Tho maximum rate of cnergy release for camploye combustlon of
the fuel can bo expressed by the relation
Upax = A'ng | | (4)

where AR 1is a function of fuel-alr ratio for lean mixtures and
constant for rich mixtures. The combustion factor o 18 then

calculated from the relation’ o = L

dec¢ _ Q¢

= S (5)
dpax AHW@ _

RESULTS
Tne Effwct of Heat Addition on Maximum Inlet Velocity

Heat transfer from the heating element to the inlet-mixture
stream reapldly ralses its tewperature to the lgnitisn point, that
1s, to the point at which oxidation resctions will become appreci-
able. It is evident that the more heat which can be added to the
mixture per unit tlme the higher the mixture velocity at which
ignition and combustion will occur within a given length of chamber.
An examinatinon of figure 4 shows thut the maximum permissible
inlet-mixture velocity ig a function of the heat additlon for the
two gizos of Globar heater under consileration.

The maximum permisaible Inlet mixture velocity may be assumed
to correspond to the minimum temperaturs risa required for 1gnition
to occur in a length equal to that of the combustion tube. In
general, the temperaturs rise 1s a function of the mixture velocity,
the power input, and the hydraulic radius of the annulus (refer-
ence 2, pp. 197-202). In this reference, the heat~transfer rate for
turbulent flow conditions in tubes and annuli is shown t3 increase
approxinately wilth the 0.8 power of the véloclty, wheureas the time
of contact of the gas with the heatbing ovlement is decreased in diroct
proport.on to velocity increass. The preiicted tompsrature rise of
the stream will therefore vary inversely wlth thu 0.2 pawor of the
voloclity., Furthermors, the heab-trangfsr rate varies almost inversely
with tho hydraulic diamete:r Dg. The ignition temperature for con-
stant inlet density would  then be expectud to follow theo oquation
(derived in the appendix)

"T--T—(T T)l Y e (s)
1g " Ty= aV'iil‘exl‘“‘im 6
=]



NACA TN No. 1037 7

Equation (6) predicts, for a given ignition temperature and
heated length, a greater meximum inlet veloelty for a smaller
hydraulic redius, or larger Globar size., The trend of the data of
figure 4 agrees wilth this prediction. It should bs noted that
for a given powsr input the values of Ty, will not be the seme
in the two annuli considered. For the larger Globar (smaller
annulus) Tg, Wwill be smaller for two reasons: (1) for the same
radiative power loss (same electrical power), the radiation per
unlt area of surface 1s smaller Ffor the larger Globar, and (2) the
convective heat transfer per unit temperature difference between
gas and surface is greater at a given velocity. A given amount of
electrical power 1s therefore dissipated from the larger Globar at
a lower surface temperature. -Curves of constant Tqy Superimposed

on figure 4 would thus have a greater positlive slope than the curves
presented. The experiments were not run under conditions that
isolate the ignition tempsrature while holding all variables but
one constant. For the range of veloclitles and electrical powsr
inputs in the experiments, ths ignition tempergtures varied betwsen
550° to 700° F.

The Effect of Fuel-Air Ratio and Veloocity on
Combustion Factor and Heat Output

Figure 5, which is rupresentative of the test data, shows the
relation betwsen fuel-alr ratio, velocity, and combustion factor «.
The dotted portions indicate that an abrupt decrease to zero in o
occurs with decroase in fuel-alr ratic at fuel-air ratios in the
reglon of 0.02. The data in the very lean region is meager but
seems characterized, as far as has been observed, by a falling off
in combustion factor from a very high value to a_nagligible value
in a narrow range of fuel-air ratios. Such an abrupt drop in «
would be caused by a combustible limit but was not found in the
rich range of mixture retios tested. The value of o roaches a
maximum at about 0.02 in figure 5 and decrcases -as the fuel-alr
ratio 1s: lncreased; however, other dabta obtained in the investi-
gaetlon indicate that the maximum values of « occur in a region
between 0.02 and 0.06. The most rapid decrease in a in the rich-
mixture range occurs between fuel-air ratios of 0.10 and 0.14, after
which the drop is quite gradual. For the experimental conditions
investigated velocity increases produce a gensible decrease in @
only in the rich region,

The effect of fuel-air ratio and velocity on the total rate
of heat ocutput is illustrated in figure 6. The total rate of heat
output refeors to the sum of q, + 43 or its equivalent qg + q,.
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It is a udsful index of the tutal heat generated by the unit—and
clearly illusitrates the maximum output for fuel-air ratios near
stolchiometric, the maximum belng of the order of 17 Btu per second
at 150 feet per second and 3.8 Btu per second electrical power
input. The trend 1s similar for all power inpubts encountersd.

Figure 7 is a plot based on the total heat reolease per pound
of fuel and reflects the marked effsct of the decrease of o with
increassing fuel-sir ratlio, as well as the effect on o of lncreas-
ing the velocity. The difference in appearance between the curves
of figures 6 and 7 at lean mixtures is due to decreasing fuel flow
in the ordinate variable of figure 7 with decreasing fuel-alr ratio.

The gquantity of heat released in Biu per hour per cubic foot
of combustion volume per standard atmosphere was computed from the
data plotted in flgures 6 and 7, Thoe volume of the annular space
with the 1/2-inch Globar is 0.0025 cubic foot. For a pragsure of
1 atmosphere, tho heat liberated by combustion varivs between
1 %106 and 19 x 106 Btu/(hr) (£t3) (atm) , whoreas the heat release
of the Globar approximates 5 X 108 Btu/(hr) (£t3)(atm). Hence,
the total rate of heat output varled from 6 X 10 to
24 x 10® Btu/(hr) (££3) (atm). In comparison, a conventional
Jet-propulsion burner releases betwoon 2 X 106 and _

6 x 108 Btu/{hr)(£t3)(atm). The rate of combustlon~energy release
por unis volume for the combustion tube can thus bs seversl times
largor —<han for a Jot-propulsion burner. It should also be notod
that the hvat-release values for the combustion tube woro based

on the =otal annular volume althwugh combustion occurred in only
approximately 50 percent of the total wvolums.

MIXTURE INFLAMMABIT.ITY

The inflammability of a gas mixbure may be described in various
ways. INlame speed may be the useful criterion of inflammability if
the rate at which a mixture can be burned is of interest. The rela-
tive ease with which gas mlxtures can be ignited by sparks, hot spots,
pilot flames, or other energy scurces may also be teken as a measure
of Inflammability. The ignition temperature, or the temperature st
whlch self-propagating reactions begin is another inflammability
criterion. A fourth is the range of mixture proportions of fuel,
oxildent, and diluent than can be ignited by a standard enorgy source
and that are capable of self-propagation of flameo.

It has beon recognized in the literature that the data used
a8 a messure of the inflammebility of a gas mixture dopond on the
cholce of the criterion of Inflammebility and that inflammebility

Fk
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is a function of the intrinsic properties of the mixture and the
properties of the confining system. The data of previous investl-
gators (references 3, 4, and 5) have indicated that gas mixtures
of stoichiometric proportions or with & slight excess of fuel are
most Inflammeble with respect to thse aforementionsd criteria of
inflammability.

In the combustion tube, mixture inflammsbility 1s associated
with the flame-front position, which is the upstrsem boundary of
the burning zone. The farther upstrsam in the tube the flame front
will stebilize for a given inlet velocity, or the lower its ignition
temperaturs, the more inflammable 1s the mixture. Relating Inflem-
mability to the flame-front pogitlon appears to be a more satisfac-
tory procedure for the combustion tube than relating inflammability
to the combustion factor o because o involves the burning rates
after ignition has occurred and these rates are difficult to deter-
mine at present. Also, the effects of any ignition lag the mixture
mey possess is included in the measurement of flame-front position.

The data obtained with the combustion tube (fig. 8) are in
agreement wlth the results on inflemmebility given in the litera-
ture. Figure 8 shows qualitatively the effect of fuel-air ratio
and veloclty on fleme-front position. In egreement with the the-
oretical reasoning which suggested equation (6), 1t is also found

that an increase of electrical power moves the flame front farther
upstream.

SUMMARY OF RESULTS

From a study of the combustion of flowing gas in a combustion
tube, the following resulis were obtained:

1. The greater the surface-volume ratio, or the greater the
amount of heat addible to the gas stream, the greater the inlet-
mixture velocity at which appreciable combustion can be obtained.

2. For a given fuel-ailr ratio, the total rate of heat output
(Btu/sec), equal to the sum of the electrical and chemical energy
released, incroases with increasing velocity. Howsver, both the
extent of combustlon, as measured by the combustion factor wu,
and the total heat output (Btu/lb of fuel) decrease with increase
of vsloclty for most of the fuel-air ratios tested.
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3. Tho most inflammable mixtures, as detorminod by the length
21 hoating elument neceesary to produce fgnition, ars those of
approximately stolchicmotric proportions -f fuel and air.

Aircraft Engino Rosvarch Laboratory,
National Advisory Commitbteo for. Acronavtics,
Clevwluand, Ohio, April 1, 1946.

My
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APPENDIX - HEAT TRANSFER TO A FLUID FLOWING IN AN ANNULUS

\\\\\\\\\\(\x\\\\ 1
////////ﬁ///yy §?

T. + 4T

\\\\\\\\\%\L}Q\\

dx

If A 1is a cyllindrical heating element whose surface tempera-
ture i1s Ty and B 1is a concentric outer wall at temperature Ts,
the heat absorbed per unit time dq 1in a section dx by fluid
Tlowing with a mass velocity G is -

ne,,G o
dq = --I'--(Dz2 - D;8) 4T _ (7)
where <p is the mean gpeclfic heat at constant pressure in
Btu/(1b) (°F).

The heat absorbed by the gas is equal to the heat transferred
from the walls .in length dx.

dq = nDyhodx (Tp - T) + wDjhjdx (Ty - T) (8)

where hy and nz are hegt-transfer ocefficients in

Btu/(sec)(ftz)(oF) If the heat-transfer coefficients h; and hg
are assumed to be equal, equation (8) becomes

dq = =hdx [DaTpy + DTy - T(Dy - Dy)] (9)
Equate_(?) and (9) and define

Dy Do

T b = and Dg = Dz - D3
Dl + Dz Dl + D2
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which pives

an GD am N
4x = — (10)
4h -\aTq + bPT2 - T/ _

Since G is constant and if ¢ h, a, and b are also

p)
agsumed constant, squation (10) can be integrated bstween the limits
x=0, L and T =1T;, T, glving
¢p GDg aTy + bTg - Ty
L = ——— log,
aT1 + bT2 ~ Tg

4h ?
where
L length of combustion annulus, £+
Ty, T, 1inlot and outlet fluid temperatures, regpettivoly, °F

which may be shown t¢ be equivalent to
1 -4hL
To - Ty = {aTy + Ty - TiJ 1 - 8xv ——-——{) (11)
T =)

For h thers may be substituted (refersnce 2, p. 202) a
relation of the form

u v z
b c Dy DG Cp M k
= Cg {— — - —
Dy H £ De

and als» oV = G, T,, = alj + bTp

where

C dimensionlogss constant

(<}

K fluid viscosity, Ib mass/(sec)(ft)

thermal conductivity, Btu/(sec)(f+2)(°F/ft)

b

p fluld density, 1b mass/cu 't

13
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Vv fluid vélocity;-ff/ssc
Tavy wolghted average tomperature of inside surfaces,_oF

Then, if p, ¢y, i, and k are assumed constant;

. - - 1L
Tg - Ty = (Ta.v -~ T3) {1 - exp (12)

\\ 2=V 1 -7
D }

whers vA~(0.8. Equation (12), oressnted as equation (6) in the
toxt, glves Tig for T, for the casec where the outlet temperature

To corresponds to the ignition tomperature of tho fluid

The assumption that by = hy 1s questionable since recsnt data

(reforsnces 6 and 7) show that the values for the inner and outer
wall coefficients are different. ZEquation (1Z2) ie based on inlet
conditicns and thus neglects the variation of p, V, and h with
temperaturs. Also, Tgy 1In equation (12) is a couwplex weighted
average temperature in the case where Ty and T, are ng% constunt

along the length of the annulus. e
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