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~ ABSTRACT

Carbonecontaining combustion products were analyzed behind a
bluff body flameholder in 2 two-dimensional duct, Molar concentrations
of carbon monoxide, carbon dioxide, and unburned hydrdca:ebcm fuel were
abtained at various positione vertically across the duct 34 1/8 inches be~
hind the flameholder by means of an Infra Red Analyzer. A carbon bal-
ance was conducted across the duct, and parameters such as combustion
efficiency, temperature, pressure, sampling rate, density, and velocity
of the gas misture were determined,

The data indicate that the methods of sampling and measurement
and the use of the analyzer were aaﬁsf&étwy in this type of investigation.
Division of the flame into three distiact zones {unburned, reaction, and
burned) i{s shown to be a reasonable approximation. The carbon balance
acrosc the duct was found to be in good agreement with theoretical pre-
dictions, provided that the water vapor in the gas samples was properly
evaluated. E‘lanie spreading behind the flameholder iz a slow process,
and this fact was verified by evaluation of the combustion efficiency and

by determination of the limits of the burned zone.
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L INTRODUCTION

With the advent of high performance supersonic aircraft uiilizing

afterburning turbojet engines and air-breathing guided missiles using
ramjet engloes, it was necessary to provide meauns for continuous igni-

 tion of the faste-moving burnable gas mixtures. Such 2 flame stabilization
process was achieved by placing bluff bodies of various shapes and sizes
in the gas stream. The burned gases recirculating in the wake of the |
bluff body provide a continuous smcé of ignition for the highevelocity
combustible mixture. Considerable research has b@ﬂ. conducted in this
field to determine the mechanism of flame stabilization and the important
parameters of malintaining combu»stfioh.‘ |

Barly experiments by Nicholson and Fiekissﬁ}, ngwanm}. Hade

d@ck‘a }-. and &:wimk%' 5) dermonstrated the practicability of flame sta-
bilization in high velocity mixtures by the use of bluff bodies. A photo-
graph of a flarme stabilized on a circular cylinder flameholder is shown in
Figure 1. This flame bhas two distinct regions; the recirculation zone

- directly behind the flameholder,and the propagating flame extending down-
stream from the recirvculating region ;mpmading into the unburned gas.

Tz,uiwﬁkiw} divided the recirculation region into two zones; recire

culation and mixing. The mcimuimﬁ@m sone consists of the area direetly
behind the flameholdey where hot burned gases are confinually recirveulat-
ing., The mixing zone is 2 turbulent region on the perimeter of the recir-
eulation zone in which the burned gases supply heat to the combustible
mixture, causing ignition. This ignition process is continuous, providing
there is sufficient heat transfer in this zone. This ignition process has

been thoroughly studied and the processes of importance are undersatood.
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The flameholder and acemmyam*ing’ recirculation zone act ag an
anchor for the spreading flame which slowly propagates into the wnburned
gas flow, FPhotographs show that far downetream from the flameholder,

¢ flame appears as two distinet luminous hands separating two trans-
parent sones., In this area the flame has been assumed to consist of three
regions; wnburned, reaction, and burned. The unburned zones are the
external homogensous areas in which chemical action has not occurred,
The adjacent areas are the reaction zones which are easily identified by
their luminous appearance. The ceniral regilon is apain not luminous, and
is assumed to consist of burned gas. A gas element entering the reaction
gons becomes a non~-homogeneous mixiure of burned, partially burned,
and wburned gas, and remains in the sone until the element is zlmost
completely burned. It then passes from the luminous area into the burned
zone, which is the hot area composed of products of combystion.

The spreading vate of 2 flame of this configuration has been in-
vestigated by T”nuxmm{?? and S&iﬁrew). The characteristics of the
spreading process found in these studies may be summarized as follows:
at speeds above a critical value, the reaction zone has a turbulent ap-
pearance in high speed schlieren photographs, and in this turbulent re-
gime the flame spreading rate is substentially independent of approach
stream speed, fuszi~a.ir ratio, and temperature. In addition, far down-
stream from the flameholder, turbulent flame rates ave independent of
flameholder geometry and scale. The reaction zone thickness was also
found to be independent of the parameters discussed here. The present
work was carried dut to determine the flow parameters for a particular

giation downstream of the flameholder, with some generality, for the
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turbulent flow regime. The chemical parameters measured were ﬁwb
cemeentrations of carbon mmc:;ida, carbon dioxide, and the hydrocarbon
fuel. The fluid dynamic parameters which were evaluated include the
temperature, density, pressure, and velocity of the gas mixture. The
gummary of information eanéerning flame spreading presented in this
paragraph indicates that the measurement of these guantities at a single
station is of general interest, '

A continuous flow method wag used in this investigation to deter-
mine the chemical composition of combustion gases. Gas samples exe
tracted from the combustion nixture passed through a Beckman Infra
Red Analyzer where carbone-containing products were analyzed. Since the
reaction zone and the central core were regions of non-homogeneity,
particular care was used to withdraw samples at a flow rate equal to the

local velocity.
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I. EXPERIMENTAL APPARATUS

Figure 2 is the schematic diagram of the basic equipment and
flow systermn used in this investigation. The apparatus included the air
supply and contral system, liquid fuel supply, igﬁﬁen. tempersture and
presgure systems and the gas sample analysis system.

A well-regulated supply of air was heated to & fixed temperature
in the E@aﬁ esxchanger systerm. ’“fhe hydrocarbon fusl was injected into the
heated air well upstream of the @lmm chambey to ensure complete va-
porization and to provide 8 homogencous gas rxﬁ‘mm at the plenum cham-~
b@#. A smoothly converging nozgle connected the plenum chamber to the
combustion duct, This ensured that a uniforme flow having low turbulence,
fixed teroperature, and controlled velocity, would enter the combustion

chamber,

Alr Supply and Control Syatem

The air supply was furnished by two reciprocating pumps with a
capacity of 3. 7 Ibs/sec at a pressure of 140 pelg. The mass flow rate
was regulated by a remotely controlled sonic-throat regulating valve lo«
cated upstream of the heat exchanger and fuel injector. In this mammer,
the air mass flow rate was made independent of variations in mixture
temperature, fuel injection rate, or fuel-zir ratio, and combustion charm~
ber conditions. Mass flow was measured downstream of the heat ex-
changer and upstream of fuel injection by use of a sharp-edged orifice.
The flowmeter used both mercury and water manometers for measuring
pressures, and a chromel-alumel thermocouple read by a Brown Auto-

matic Potentiometer was used in measuring temperature. A constant air



mass flow rate was maintained on all runs in this investigation, since it

was degived to create similay conditions on all runs,

Air Temperature Control

The mixture temperature was maintained by paseing a portion of
the incoming aiv supply through a multitube heat exchanger. A turbojet
can burner with an independent air &aypiy was used 28 a heat source.
Two butterfly valves fized the portion of air passing through the heat ex-
changer. The operation of these valves or regulation of the fuel to the
turbojet can burner could be used to maintain the desgired mixture tems
perature entering the combustion duct. With this system, the tempera-
ture was conirolled within + 2°¢ for long periods of operation regardiess
of flow rates or mixture ratios.

In this investigation, it was desired to eliminate mixture temperaw
ture ag a variable. Therefore, in all experimenial runs the temperature
wag maintained ag constant as possible at 100°¢C. This temperature wasg
 chosen since it was high enough to ensure complete vaporization of all

fuel s:ézmpamms.

Fuel System

The fusl used was Standard Ol Thinner No. 200, whose detailed
specifications ave given in Table A, This gasoline«type fuel was used be-
 cause of its uniform chemical properiies, availability, sase of handling
and metering. Fuel tanks of 600-pound capacity were pzeswﬁimﬁ to 150
psig with nitrogen pressure bottles. Fuel was injected into the air supply
through & constant-p ressure, variable-area nozzle well upstream of the

plenum chamber to ensure proper vaporization. The fuel was metered by
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a Fisher-Porier Flowrater which measured the flow within + § 1b/hr,

In this investigation, fusleair mixture was eliminated as a varia-
ble. Ia all runs, the fuel flow was mainieined as constant 28 possible at
400 1bs/hr. This flow rate gave a calculated fuel-air equivalence ratic of

b= .93,

Ignition System

The ignition of the fuelealr mixture in the duct was accomplished
by a bighevaltage spark between a remotely p@e’ailticn@é igniter rod and the
surface of the flameholder, A 4, 000 volt power supply provided sufficient

power to produce igunition for the flow velocities used in this investigation.

Plenumn Chamber and Nozzle

The plenum chamber (see Pigure 2) was a 24«inch diameter cyline-
der 90 inches long. The high speed fuel-air mixture entering the chamber
was broken up by three perforated blockage plates at the upstream end of
the chamber. The circular cross«section of the chamber was converted
into a 15«inch square cross-section 15 inches afier the firast blockage
plate, Two 30-mesh and two 60=~mesh wire screens were mounted in the
downstream end of ﬁm plenum chamber to reduce the turbulence of the
mixture entering the nozzle. An B-inch rupture disk was provided in the
top of the plenum chamber at the upstream end to allow quick veduction in
plenum chamber pressure in the event of a blow back. Also, a flame ar«
rester was placed just upstream of the chamber to prevent flashback
through the lines.

A 15-inch convergent nozzle reduced the cross~section {rom the

15-inch square crogs-section to the 3" x &' rectangular cross«section of



&71’
the combustion duct, giving a contraction ratio of 12, 5:1. Pressure sur«

veys of the inlet to the combustion duct showed a flat velocity profile,

Combugtion Chamber and Flameholder

The combustion chamber was a 3-inch by 6-inch rectangular duct
33 1/2 inches long (see Figures 3 and 4). The side walls were made of six
6 7/16-inch high by 5 9/16-inch wide Vycor glass plates. The plates were
inscribed at every inch with straight lines parallel to the duct axis to fa-
cili‘i;’ate accurate la_catiem of pressure and gas sampling prc:hés in the duct.
The forward ends of the glass plates were supported by l-inch wide cold~
rolled mild steel plates. These plates aleo served as the mounting plates
for the 1/4-inch circular cylinder flameholder. The glass plates allowed
visual and photographic observation of the flow. The top and bottom walls
of the duct were made of stainless steel. These plates were water-cooled
to preveant warpage of the duct.

A 1/4-inch circular cylinder water-cooled flameholder was used
durimgf:his investigation. It was constructed of stainless steel tubing and
located on the ceanterline at the upstream end of the duct. The water
cooling @ainzaineé the temperature of the flameholder constant through-

out the tests.

Pressure and Temperature Measuring Equipment

The plenum chamber total pregsure, the combustion chamber en-
trance état’ic presggure, and the pressure difference were measured by
both water and mercury manometers, The plenurm chamber total head
wag obtained from a total head probe located on the vertical centerline

just upstream of the nozzle. A series of six static pwésuw taps located



8w

5 i:i:i;f;?’zé% upstream of the flameholder was led to a cornmon line to obtain

the average static pressure reading at the combustion chamber entrance.

The sampling probe was also used {0 measure total pressure in the flame.
The inlet mixture temperature was measurcd in the plenwm cham-

ber with a chromelealumel the mma@i&. The thermovouple voltage

readings were measured with a Brown Automatic Potentiometer.

Gas Sampling Zquipment

Gas sampleg were taken at‘ various stations acroess the duct by use
of wwer-cmﬁeél gampling probes of two sizes; . 0135" by . 079" elliptical
probe, and a . 050" ingide diameter probe. The probes were constructed
of stainless steel, and were waﬁex;caaied to prevent burning of the probe
tips and to ensure adequate guenching of the samples. Tips of the probes
extended beyond the water-cooled jacket to prevent interference. Same
ples Wi&drawn from the stream were passed through a 1/4-inch copper
tube to an infrared analyzer, to a flow meter, and finally to & vacuum

%

pump. Fressure in the samgé},ing tube wasg measured by use of 2 meroury
manometer, While the samples were withdrawn, a partial vacuum of
three-tenths of local atmospheric pressure {730 mm Hg) and an average
room temperature of 22°C were maintained at the entrance of the gas an-
alyzer. TFlow rate was adjusted by a valve, which allowed the sample
rate to be varied through the desired range. A Fisher-Porter Flow-
meter was used and calibrated to measure the ﬁm;v in gms/sec, The in-
strument had an accuracy of + . 001 gms/sec.

The probes were mounted to permit vertical and fore~and-aft
movement, Vertical probe positioning was accomplished by a remotes

conirol electric motor and indicator whereby the probe could be positioned



D
within + . 001 inch. Position calibration was accompliehed by use of the
seribes on the Vyeor glass plates. Due to turbulence in the wake and
heating of the probe, some wandering of the probe occurred during 2
eseries of teste. Repeated tests were made of probe zero positions and
gas analyzer daia to ensure experimental accuracy.

A Beckman Infra Red Analyser was used fo measure yas compos
nents of hydrocarbons, CO 2nd C{}z‘ Saraples withdrawn from the come
bustion duct were investigated at a partial pressure of three~tenths at-
mosphere and a temperature of 22°C. The analyzer was calibrated

againgt samples of hydvocarbon, CO, and Cey of known composition.

Hydrocarbon readings were corvected for CO and Qa‘f}a cross contamis
tion, since these components gave small increases in the hydrocarbon
reading, depending on their concentration. The ari,aiym:: was calibrated
to read molar {raction of the component in the test sample. Readings
were measured in milllamperes and converted to meolar fraction by use of
calibration curves, obtained from tests with samples of known componie
tion.

Combustion duct temperature surveys were conducted using the
sodium line reversal method and chromel-alumel thermocouples. In the
line reversal method, a 6-volt tungsten larmp was calibrated for bright-

- ness temperatuve by use of a standard pyrometer, The lamp was cali-
brated after each run., Sodium chloride and sodium piteite were used to
introduce sodlum inte the flow; they were placed in the duct 10 inches up~
stream of the station being investigated by use of a streamlined, perfo-
rated pinched probe. The probe was inserted in the flame just long
encugh for a reliable reading and then removed to prevent burning of the
p:e%m.
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Sehlieren Equipment

A conventional double-mirror type schlisren system with a BH-6
mercery vapor light sourece was used. The mirrors were concave, 10
inches in diameter, with {focal lengths of 78 and 85 inches respectively,

A flash system with a flash duration of approximately 7 microseconds
was synchronized with the camera shutter by timing relays. A short
sparxk %W%tion was used to stop motion. Super XX film was used for all

photographs.
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i, EXPERIMENTAL PROCEDURE

All results and data were taken from a station 34 1/8 inches be-
hind the flameholder, as shown in Figure 3. This station is jﬁst outside
the duct.

In this investigation, all runs were performed under the same
operating ac;aditians. This was done by maintaining a constant air mass
flow rate, a constant fuel injection rate, and a plenum exit temperature of
100°C. The measured fuel-air ratic was 0. 063, which gave an equivalence
m,tié of U.93; and the Mach number was 0. 20, The flame was furbulent,
and combustion chamber oscillations were negligible. Corrections for
varistions in local atmospheric pre ssure and temperature, plenum fem-
perature, and fuel-air ratic were taken into account in evaluating the re-

gults,

Sample Esxtraction Rate

In order to have a valid evaluation of mixture composition, it is
necessary to extract the sample from the duct at a velocity corresponding
to the velocity of the mixture at that point. Sample extraction rates
greater than local velocity produce a mixture with a greater proportion of
lighter density components, and slower rates produce an excess of the
more dense components. Expérimemal resulis, e.g. reference 3, sup-
port this statement. Also, Leeper, in reference 10, indicates that os-
cillations may be set up in the sampling probe due to an incorrect sam-
pling exiraction rate, which would produce further errors in the com-
ponent proportions in the mixture.

The length of the probe extending beyond the water-cooling jacket



-i2-
was regulated to meet two conditions. If the probe were too short, then
interference would be created by the probe water-cooling jacket, and if
the probe were too long, it would become overheated and 9@%@’&1‘? fail or
become clogged. Also, in a hot probe, reaction of the mixture would
continue to occur, giving erroneous results for gas composition at that
station. A probe length of less than one inch was used to ensure proper
cooling and quenching of the samples and to eliminate most of the cooling
jacket int@éfer&ﬁca.

Two gizes of probes were used. The , 0135 by . 07%-inch elliptical
probe wag used in the outer portion of the duct where high sampling rates
and moderately low temperatures were encountered, In the inner reglon,
where the temperature apm*a&ﬂ'm& the adiabatic flame temperatures, this
probe failed due to ingufficient cooling, and samples were improperly
quenched. In this central portion of the duct, the . 050.-inch probe wag
vesd, where low sampling rates and high temperatures were encountered.
Tuis probe was constructed of heavier tubing than the elliptical probe and
was 1/8Y ghorter, which gave it better heat transfer characteristics.
Fressure losses in the sampling tubes commecting the probe to the vacuum
pump , and insufficient capacity of the vacuwm pump, precluded the use of
the largey sampling probe, i.e., the 0. 050-inch probe, in the outer re-
glons of the duct where high sampling rates were required,

| The correct sampling rate was determined by use of the mass

flow equation:
o= p VA .

The area of the probe was accurately determined from direct measure-

ments and was corrected for thermeal expansion.
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In oyder to obtain p and V, a more cc&mglieamé procedure was
necessarys The molecular weight of the gas mixture az:”ail conditions of
partial combustion ww required. Curves showing tie ratic of the mo~
lecular weight of Standard Oil Thinner No. 200 to the molecular weight of
air as a function of percentage of mixture burned for vméw values of

equivalence ratio, ¢, have been prepaved by Dy, F. H. Wﬁghﬁum.

Dr.
Wrigiit calculated the g}rc&p@rﬁes of the mixture, taking intc account the
apg}faprﬁ,am fractions of combustion products and unburned gases. Dee
composition of the fuel into lighter hydrémrb@s was negioeted. This dew
composition of fuel in the real case would not make appreciable errors,
since the fuel-air ratio, 0. 063, is small. (

The percent of CO, measured at a station at & particular sampling
rate mﬁl& be used to obtain an spproximation for the local combustion ef-
ficiency. From this approximation, the m@iﬁmlar w&ighg vatio,

(M /M, ) of the partially burned mixture can be estimated, Assum-
ing the mixture acté as a perfect gas at these elevated temperatures, the

universal gas law was ¢considered valid:

p - ERT

Therefore:
pmime’ia and ?airmair
Pmix ) g;ifjmix » o Pair } ¥ air ’

where p,.  is evaluated at 106°C and 730 mm Hg = 5,68 = 167% 1bs /cu ft.

The local temperature still must be measured before p mix can be
eveluated, The temperature across the duct was determined by the sodi~
urn line reversal method and by chromel-alumel thermocouples. The ling

reversal method was used in the center reglon of the duct where the tem-
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perature approached the adiabatic flame temperature. This method
measures the local static temperature of sodium gas in terms of the
brightness temperature of a tungsten filament which must be converted
to true temperature. v

The ‘:hmmacaupla wag used inthe outside regions of the duct
where the temperature was not ag high, Corrections for conduction and
radiation losses were made, using reference 12, to give total tempera-
ture, which in turn was converted to static temperature. At the Mach
numbers used in this amparﬁmﬁm@ the difference between static and total
temperature was less than 2 per cent.

The static pressure across the -dw:t has been shown to be con-
stant, and is equal to the local atmospheric pressure at the station used.

Therefore, using these measured values of p ix* T » and the

mix

approximate value of (M i x:j M &ir}' the density Prmix €20 be determined:

o o feirfaty Momix, 22 Mow

The same results could be determined by finding Eﬁy i and placing this
value in the universal gag law; however, the above relationship c@parea
the gas density with air at 730 mm Hg and ma“’c, whﬁch is more con-
venient.

Asr a check, the molecular weight ratio was verified by compar-

ing with curves of (M I3 ai r) ve., temperature found in veference 11,

mix
The velocity was determined using Bernoulli's equation for steady
flow and the universal gas law:
2(p, ~ Plgy |
v nJ 3 mix
Prnis

[



where all values of the parameters have been previously determined.

The equations can thus be summed as:

4, 24 P i Mmi w A\

. [ s A\
h o= pVA = A \]2@ p-p_, )} = &\] (P,=P) ... o
min™y Tmin Tméx Tﬁ&i? t “imis

Using the sampling rates determined by the above relationship,
better values of ﬁ@a percentage were found, which then led to a better
approzimation for sampling zates, 'E‘hus.: by 2 reiteration process, which
was convergent, the correct sampling rates were aaléuiaﬁed. With these
determined $&mpﬁﬁg rates, {3532. €O, and hydrocarbon molar concen-
tration surveys were conducted. Concentrations at sampling rates helow
and above the correct rate were also determined to investigate the change
of component bancentratinn with sampling rate, |

A crma*piet of probe totel presgure v, stations across the duct
was used in conjunction with the probe position indicator to ensure posi-

tioning of the probe in the same spot in the duct on varicus runs.

Gas Analysis of Combustion Products

One of the parameters of interest is the total carbon balance. The
carbon balance at 2ll stations across the duct wae determined by com-
paring the total amount of carbon in the mixture sample with the amount
of carbon in the unburned mixture. The carbon-containing components
in the mixture sample were the unburned hydrocarbon fuel, CO,, and CC.
The maolar {ractions of the components were determined by use of the
Infra Red A&ﬁyx&t.

it was necessary to correct these data for loss of water vapor

from the sample. Two assumpiions concerning the condition of the sam-



wlb~
ple at the analyzer were used in reducing the data; first,that the gas sam-
ple was at most saturated; and second, that the gas sample was dry. The
corrections were based {irst on the raeasured value of the local combus«
tion eﬁici@nksy and second on the s:m&zchi@métric equation for complete

combustion for & = 0. 93,

° 93 Sé. ggz §4§139 gss + lQ. 3! Qg ‘*‘ 3&0 %5 I\?z =

6. 34 Hz%i} + 6. 49 {;Gz + .72 O, + 38,85 N,

é
The combustion efficiency determines the total moles of combustion

products (nt} and the moles of H,0 formed {(n In the partially

H,0"
burned mixture there are also present quantities of H, Ha, NG, OH, O,
and f:f:v. These species appear in very minute amounts until the mixture
appmmhes complete combustion, when the temperature approaches the
adiabatic flame temper&tére. and dissociation occurs. Even under these
conditions, CO ec;uiiibriuni concentration is 0. 75 per cent and the total of
the remaining components is less than 0. 82 per cent. Thus, the total
concentration of this group is small compared to the assumed products of
complete combustion, and may be neglected, ’

The partial pressure of water vapor in the mixture is the total

pressure of the mixture timee the ratio of the number of moles of water

vapor to the total number of moles of combustion products:
“}zij
2
* Prmix
t

where the pressure of the sample during analysis, p_ 1 219 mm Hg.

Py,
H,O0

n

A sample temperature of 22°¢ gave a vapor pressure, VI , of
H,O

19. 827 mm Hg.
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For the first assumption, when the partial pressure of the water
vapor in the mixture exceeds the vapor pressure of water at a given fem«
perature, water is assumed to condense. The amount of water condensing

is:

PH,0 " VPy o

The molar concentration of any component can be determined by adjusting

for this loss. The corrected molar concentration for the first assumption

is:
' ; : P - Vi
( n ) %y (1 wnz—raa [ H,0" TTH,O ] )
n__, n, n Poy - °
mix cor. mixn t HZJ

The corrected concentrations were then reduced to gms of carbon per

mole of mixture:
el

meer = R ) Mg 0 gms/mole mixture

4
where n = number of moles and M = molecular weight.

For Standard Oil ThHoner No. ZGG, M = 96, chemical formula =
Ce. 22213, 955° and for 4 = 0.93. The amount of fuel in/ the theoretical
unburned mixture is:
= 018536 x 96 = 1.781 gms fuel/mole mixture .

Heael

The amount of carbon in the unburned mixture is:

m = ,018536 % 6.822 % 12,01 = 1,519 gms carbon/mole mixture .
fuel

Similarly, the amount of carbon due to the hydrocarbons in a mixture

sample ig:
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o (nﬁﬂ ) % 6,822 % 12,01 = 81, 93 { ) gms carbon/mole mixture.
CQH raix mm

The carbon in the COZ is:

E

[+

%@

#

} x 12, 01 gms carbon/mole mixﬁ;usm .

The carbon in the QO is:

= ( oo
€co raix

m ) x 12.01 gms carbon/mdle mixture .

The total grams of carbon per mole of mixture at any station, x, is
found by adding the carbon contributions of the unburned hydrocarbouns,
CO,, and CO:

= + mc +
4 H?.Qm) Q&z{x)

i
B

Fet oo
‘ “Cta)

As shown in reference 11, molecular weight of the mixture decreased as

the mixture burned to completion. Dividing m by the correegponding
(=)

molecular weight which was discussed earlier, the ratio [(gms of car-

ﬁ't

bonj/{gms of mixture)] was determined. Dividing this quantity by
’[(gms of carbon)/{gms of mi:cturei] of the unburned mixture gives a
ne.rmaiiﬁ@& carbon balance for each station.
The second method of obtaining the carbon balance was based on
the assumption that all water vapor was removed from the samples. | The

corrected molar concentration then is

(E ) - E . 2’ )
n n_, n ¢
mix cor. mix t

The corrected concentrations were then normalized as described above.
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V. DISCUSSION OF RESULTS

General

The Hime exposure photograph, Figure 5, shows the three dise
tinct zones in the duct. In the cutside region, the gas mixture is un-
burned. The region of strong radiation is the reaction zone, in which the
gas consists of a mixture of wnburned, partially burned, and burned ma-
terials. The central portion of the wake v;hich appears dark is a region
of burned, and hence non-radiating, gas. In a schlieren photograph,
Figure 6, the unhurﬁed region is wniform; the reaction zone shows iarg@
gradients substantiating the presence of chemical reaction and mixing,
The burned region appears as 2 transparent region, and is reasonably
free of striations, indicating that this region is composed primarily of
completely burned gas. References 6 and 7 go into further detail in the
discussion and photographic {nterpretation of these mgiam;.

Examination of photographs such as Figures 5 and 6 and the tabu-
1&&:&& data show that the reaction zone extended from + 1.0 to + 2. 0 inches
above the centerline, and - 0.8 to - 1.8 inches below the centerline at the
34 1/8+inch station. This indicates the combustion profile is slightly un-
symmetrical about the centerline of the duct, the center being at + 0. 1
inches. Investigation of the Vycor glass plates at the conclusion of the
investigation revealed some warpage due to the intense heat in the burned
region. This warpage and the comparatively long distance downstream
~ from the flameholder makes this slight sbift in the centerline quite
feasible. Although the flame is in a gravity field, convection would shift
the flame profile upwards less than 0. 02 inches.
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Total Fressure Survey

The total presgure survey in Figure 7 shows a constant pressure
in the unburned region Quisi&e of the boundary layers, and a marked de-
crease through the reaction zone, and then a gradual increase to the
centerline, Fassing through 2 simple laminay flame front, 2 gas element
undsrgoes a lavge density change and a negligible change in veloeity.
Hénw, the change in total pressurs, ‘ﬁ?t ’ is the result of the c.ﬁmg& in
dynamic pressure and can be expressed by

spy = q (1~ '}X}
where 4, ig the local dynamic pressure, and ) is the ratio of the une
burned gas density to the burned gae density. Since ) is of the order of
6, the total pressure loss due to combustion alone is of the order of 0.85
4y for simple systems. In the present case, an additionsl loss due to
mixing is to be exgec‘%:ed. The observed change is about equal to 1. ¢ Qe
which agrees well with the predictions. | '

The rise of total pressure within the burned region can be ace
counted for by investigating the previous bhistory of the gas elements. A
gas element on the centerline entered the burned region furthest upstream
where the velocity and dynamic pressure were lower. Therefore, it is
expected that the total pressure will be slightly higher as the center of

the unburned region is reached,

Temperature Frofile

A plot of the mmp@rame profile across the duct is showa in Pige
“ure 8. In the center region, the sodium line reversal method was used.
Sodium injected into 2 burned gas is vaporized and its temperature is

raised to that of the gas. It is the temperature of the sodium vapow in the
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gas mizture which is measured in the line reversal method, a.mi this is an
indication of gas temperature. In a mixture of burned and unburned gas,
only the burned portion of the gas would vaporize the sodium, and the line
reversal method would be measuring the temperature of the burned gas
and not the gverage value {or the complete mixture., Thus, the peak teme-
perature and not the average wmi:@ram is measured. In the burned
zone of the fame (e, g. see Figure 10), where combustion is nearly com-
pleted and the gas is nearly homogeneous, the line reversal method gives
an accurate value for the mixture temperature. The peak %myara&uw in
the duct was 2135°K, or 5.5 per cent below the theoretical value of the
adiabatic flame temperature of 2250”K. Two reasons for this difference
can be cited. Complete combustion was not attained at the centerline; and
sodium was injected into the duct in an agqueous solution and heat was re-
moved from the gas to vaporize and heat the solution. Radiation and con-
vection losses ave negligible, since the speeds used in the duct were
above 247 ft/sec and the stay time of a gas element in the &m:i was of the
order of 8 milliseconds, In the reaction zone, the amount of unburned
gas to burned gas became appreciable, and the line reversal method
measured the burned gas temperature rather than the mixture tempera-
fmré. This accounts for the high line reversal results in this zone.

Starting in the unburned zone, thermocouple readings were taken
until the thermal limits of the thermocouple were reached.. The thermuos=
couple reads the average total temperature at any station. Unlike the line
reversal method, it does not distinguish between burned and unburned gas
temperaturs, but records the mass average.

Estrapolation of the thermocouple data intercepted the sodium line
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pointe at the inside limiis of the reaction zone. The combination of these

two sets of data gives a reasonable femperature profile.

Gag Density Distribution

Figure 9 displaye the gas mixture density distribution across the
duct.  Thesge data were based on the measured temperature profile. The
density decreases rapidly through the reaction zone and then stabilizeg in
the burned zone. This leveling in the central region substantiates the as»
gumption that the burned zone is composed primarily of completely
burned gas. Both the pressure and dengity profiles show clearly the

slight shift in centerline as previously discussed.

Velocity Distribution

Figum 1! depicts the velocity distribution across the duct. The
curve shows a steep velocity gradient through the reaction zone, which is
the result of the high density gradient in this region. In the burned zane,
where the gas density is almost constant, the velocity gradient is less and
is a result of the increase in total pressure. It appears that the velocity
may be approximated by a linear variation from the edge of the flame to

the centerline without incurring appreciable errors.

Sample Extraction Rate

Using the velocity and density distribution, the ideal sample ex«
traction rate was determined, and is displayed in Figure 12. It ie of in-
terest to note that in the reaction zone, the rate of dm:_rease in gas density
predominated and produced a decrease in-the sampling rate. Iu the
burned region, the velocity became the predominant factor since the den-

sity approached a constant value, and the ideal sample rate increased.
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At several etations across the duct, two siges of sample extrac-
tion probes were used., The variation of sample concentration due to
probe size was negligible, as shown in Figure 13,

It is evident from Figure 13 that the hydrocarbon concentration
is slightly sensitive to the sampling rate. A change in rats from
3.5 gms/sec to 10. 5 gms/sec produces a variation in hydrocarbon con~
centration of 5 per cent. Figure 12 shows a required change in sampling
rate of more than a factor of 3 when centerline and unbuwrned sampling
rates are compared. Thus the exireme importance of using the correct
sampling rate is demonstrated. The game observation equally applies to
the variation of CO, GOZ’ and hydrocarbon concentrations with sampling
rate at other positions in the {lame,

The variations of species concentrations with sampling rate is a
maximum in the reaction zone, and drops off as the centerline is ap-
proached. This indicates that the gas is a non-homogeneous mixture in

the reaction zone and approaches homogeneity in the burned zone.

Component Concentration Curves

/

Figures 14, 15, and 16 show the uncorrected molar per cent cone
centration of CO, CO,, and unburned hydrocarbons across the duct at the
proper sample extraction rats.

Figure 14 shows that CO concentration reaches a peak near the
ingide edge of the reaction zone and then decreases as the centerline is
approached. In the reaction zone, the combustion does net go to comple-
tion and excess CO is formed, The time for a gas element to pass
through the reaction zone ig of the same order as that for a gas element

passing through a laminar flame, i.e., 2bout 5 to 10 milliseconds,
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During this ¢ime, chemical reaction has been initiated, but chemical
equilibriurm hasg not been km&c}@é; and the excess CO has not reacted with
the remaining oxygen to form CO,. |
The sample entering the extraction probe is gquenched by the
~ probe water-cooling jacket in a distance of m inch; at the velocities ob-
served in this lavestigation, this would give an approximate thmhmg
tirme of 0. 2 milliseconds. This time is short enough to prevent equilibri-
um from being reached, and the excess CO is frozen in the sample. _
As the conterline is approached, total combustion and equilibrium
are approached., The CO molar concentration yeaches a minimum valus of
X 763 per eent. This compares very favorably with the theoretical mm«-’
centration of 0. 752 per cent for equilibrium, |
The ﬁ:@g concentration indicates & continual increase in concentrae
tion with the greatest gradients occurring within the reaction zone. Near
the center, there is a leveling off as the CO, approaches 2 maximum mo«
‘lar concentration of 12. 29 per cent. This is slightly high when compared
‘with the theoretical value of 11, 31 pex cent. 4
The hydrocarbon curve shows the same steep graﬂimt in the re-
ection zmone and leveling off in the burned zone. Of the three components
measured in this investigation, the hydrocarbon was the most difficult to
measure. An error in hydrocarbon amnﬁmﬁaﬁim ereates an error in
overall carbon balance 6.8 times as large as the same exror in CO, ov
CO. The hydrocarbons in the samples had a tendency to adhere to the
walls in the infrared analyzer and the sample extraction tubing, and thus
created z contamination problarm, To reduce this to 2 minimum, the an-

slyger was flushed with nitrogen and evacuated until correct sero read«
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ings were obtained, The extraction tubing was flushed with dried air.
Near the centerline, where the actual hydrocarbon concentration was
gquite small, even the alightest amount of contamination would ereate an
appreciable error. It is believed that this was the predominant reason
for the flagtening of the curve at the ceaterline insteas? of approaching a
zero concentration as expected. It was possible to make corrections for
the effects of CO, and CO concentration on the infrared analyzer hydro-
carbon readings and for the hydrocarbon content in the alr entering the
combusition duct from the alr compressors. However, these corrections
had little effect on the resulis,

Note that the concentrations pmsmzwé 13;1 Figures 14, 15, and 16

have not been corrected for any loes of water vapoz,

Carbon Dalance

Theye are strong indications that water vapor was abseunt from the
gas samples entering the analyzer. Comparison samples e&ﬁ:r&cm& from
the combustion duct were passed through a dryer prior ¢o eniry to the an-
alyzer. Comparison of these resulis with samples passed divectly
through the analyzer showed no change in C%‘Z‘az concentration. If water
vapor were z#maenz in {he sample, the dried sample would have shown a
richer concentration of Gﬁz. It appears iagicai to assume that the water
condensed out of the sample and adhered to the walls of the sample ex-
traction tubing between the duct and the znalyzer. Purging of the sample
tubing with dried air as described earlier would prevent the accumulation
of water in the lines.

Figures 17 aad 18 show the variation of the normalized concentra-

tions of CO and %'Z:é'??a. {gras carbon in species)/{gme carbon in w:harnmi
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mixture), as a function of position é»craw the duct. The corresponding
hydrocarbom curve and the complets hydrocarbon balance curve are shown
in Figure 19. These figures are based on the assumption of a dry sample,
and the data are normalized by the measured carbon content of the un-
burned mixture entering the combustion duct. In Figure 19, there is a
discrepancy of 3. { per cent with the theoretical value in the unburned re-
gion. 'S;‘x&ght eryors in the measurement of the fuel flow and air flow into
the duct could account for some of this ervor. Iﬁ is therefore considered
morve consistent to compare the carbon balance across the duct with the
mesagured value of the carbon in the unburned mixture than to use the vale
ues obtained from air and fuel flow rate measurements.

Figure 19 shows that the greatest error was about 5 per cent high
and ai:@sit: occurred in the reaction zome; in the burned zone, the meas~
urement was consistently lower than the expecied value of unity, This
suggests that theve is diffusion of Cco, from the burned mone, where C’@Ei
concentration ig Mgh, into the reaction zone, where the {‘:@z concentyae
tion is relatively low. However, this suggesied diffusion process is not

impeortant in §

xing the overall carbon balance, and the accuracy of the
methods used in this investigation is not high enough to show with confi~
dence that diffusion actually occurs. Integration of the area under the
carbon balance curve indicates the carbon balance for the entire duct is
0. 995 of the total carboen ﬁalm@ of the unburned mixture across the duct.
The assumption of a dry sample lowers the normalized carbon

balance on the centerline to 0. 992 and causes the CO, and CO concentra-
tioms at the a@nﬁ:ﬂm to compare favorably with the theoretical values

for complete combustion. It alse lowers the hydrocarbon concentration
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by 12 per cent on the centerline. The trends in the CO, COy and hydro-
carbon curves are unchanged by making the assumption of & dry sample.
Hence, the conclusions drawn from Figures 14, 15, and 16 are still valid.

Figure 20 depicts the same carbon balance based on the assumpe
tion that the gas sample entering the analyzer is saturated with water vae
por, and thai the remaining watey vapor has céndensa& and adhered to ahé
walls of the sample exiraction tubing, Errors of 11.5 per cent are en-
countered in the reaction zoue, and an average ervor of 7 per cent in the
burned xfegimz.

Comparison of Figures 19 and 20 readily shows the difference in
- ecarbon balance which can be encountered, depemiing upon the evaluéﬁm
of the water vapor in the gas mixture. For the particular apparatus used
in this ezperiment, the correct water vapor content lies between the dry
and saturated levels, and lies closer to the dry sample assumption. A
desiccator was not used in the investigation, since it had the tendency to
remove hydroearbons from the mimfure when hydrocarbon concentration
wap igh,. A possible method of prewnﬁng the loss of water vapor would
be the ﬁwa&ing of the sample tublng. Time limitations preveunted the in-
véstigai:im of this method,

Investigation showed that the carbon balance ww:s very insensitive
to changes in temperature. Taking 2 station in the center of the reaction
zone,; the local temperature was vavied by 25 per ceunt. This variation
caused a maximum change in sample extraction rate of 15, & per cent, but
a change in carbon balance of 0.8 per cent, as is shown in Table B. This
station, used for example purposes, was 1.4 inches above the centerline,

28 in this region the change in molar concentration with sample extraction
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rate of the three components was a maximum as shown in Figure 21.
These curves show that the unburaned hy&rnéa.rhana in the high density,
unburned gas decrease in concentration with an increéase in sample exs
traction rate, and the CO, and CO occurring in the low density burned gas
increase with increase in oxiraction rate. This variation is in agreement
with theory {e.g. see reference %) Over the extraction rate range in the
investigation, the carbon balance at auny station varied very little. Thus,
any ervor incurred in the previously mentioned method of determining the
temperature profile had insignificant effects on the overall carbon bal-
ance.

Note that although the carbon balance is inesensitive te the sam-~
pling rate, the species concentration does change strongly with sample
extraction vate. This variation agaln supports the corpntion menticned
earlier that the gas in the reaction zone is a non-homogeneous mixiure of
burned, partially burned, and unburned gases, and once again shows the

great importance of uweing the correct sample extraction rate.

Combustion Efficlency

An estimate of the total combustion efficiency at the station under
investigation was caleulated. The product of the density and velocity at
. each station across the ﬁact was divided by the product of the unburned
mixture density and velocity entering the combustion duect. A plot of this
relationship is shown in Figure 22. This curve shows an approximate
lineayr decrease in the reaction zone and a constant value in the burned
zone. Integrating the area under this curve showed the mase flow rate
paseing the station under discussion was 1, 002 times as large as the mass

flow entering the combuetion duct.
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Compressibility and boundary I&Wr effects were ignored in this
determination. Since both would tend to decrease this value slightly, the
closeness in the evaluation is considered surprising.

Local combustion efficiency was calculated in two manners for
comparison of results as shown in Figure 10. One method was based on
the comparison of the COg concentration at any station with the CO, con-
centration for the corapletely burned mixture:

n -
1 . 5% irzz.?
c

2 Y
The other method was based on the enthalpy change:

o ¢ T -G T

_ by By - P, ®* Pg ©
e ® B -0 oI R v S ’
x a o Py 2 P, ©

where h ig the local enthalpy, Cp the specific heat, T the temperature.
The subscript, =, denotes the conditions at the local duct station; o, at
the entrance to the duct; and &, at the adiabatic flame temperature.
Specific heats were determined {rom reference 11, taking into account
specific heat é@pmzémme on temperature for Standard Ol Thinner No. 200,

The total combustion efficiency was determined by multiplying the
local combustion efficiency by the corresponding local mass flow rate ra=-
tio and integrating the area under the curve:

3

)

\'2

Thf' X %
n. = e R < &2 B
¢ P
o o
.

where S iz the element of cross-sectionsl area and ‘Eﬁ iz the total duct

crogg-sectional ares.
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A curve of
PV
°x Po'q
across the duct for both methods is shown in Figures 23 and 24, The
combustion eﬁﬁciency based on the CO, was calculated to be 19, 55 per
cent and by the enthdpy method \m be 24. 95 per cent, showing a fairly
close agreement. The enthalpy method is considered the more satisfac-
tory, since enthalpy ie the important parameter in propulsive systems.
This investigation indicates the slow ra&é of flame spreading be-
hind the fameholder. Af the station under investigation, which is ap-
prozimately six ducts heights behind the flameholder, the burned zone
=e:a»::rm;;%;ss approximately one-third of the duct height and the fraction of
fuel completely burned (7 c yis of the order of 25 Wr ceunt, If flame .
spreading were agssumed linear with distance downstream of the duct,
between 18 and 24 duct heights would be required for complete burning of

the fuel misture.
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V. CONCLUSIONS

Thie investigation indicates that the methods of sampling and
meagurement, and the use of the Infra Red ﬁnal:ymex are satisfactory for
the analysis of the gas mixtures behind a flameholder. This investiga-
tion also shows the ext reme importance of using the corrvect sampling
rate.

The analysis of the combustion products and the investigation of
the local mizture temperature and pressure profiles show that the flame
is divided into the three distinet zones (unburned, reaction, and burned).
The data indicate that a rapid change in composition occurs in the reacs
tion zone and that the concentrations of important components are almost
congtant in the burned region. These data also indicate that the thickness
of the reaction zone is large, about 16 per cent of the total duct haight
on each side of the flame, even at 34 1/8 inches behind the flameholder.

The mqwz:im@nm data suggest that for the purpose of analyzing
the agrodynamic features of the flame gpreading process, the reaction
zone may be cémraéterimei by the following approximations without ap-
preciable error: the temperature, ﬁémsif:y, and the mass ﬁw per unit
area (pV) vary linearly through the reaction zone and are roughly con-
stant in the burned gone; and the miaﬁty may be approximated as a
linear function from the outer edge of the reaction zone to the center-
line.

Investigation of the CO concentraiion across the duct reveals the
CO concentration is atill high in the burned zone, which agaln indicates

the slowness of the terminal steps in the hydrocarbon oxidation process.
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The carbon balance across the duct is in agreerent with the the-
oretical pradictiém. provided that proper allowance is made for the wa~
ter vapor losses in the sample entering the analyzer, The excesgs carbon
atoms in the reaction zone and the deficit of carbon atoms in the burned
zone suggests that there is diffusion of CO, from the burned r@giaﬁ.
wWhere m‘}z concentyration s high, to the reaction zone, where the Cﬁz
concenirvation is relatively low., However, this suggested diffusion pro-
cess is not important in fizing the overall carbon balance, and the ac-
curacy of the m@t}md@ used in tids investigation is not high enough to show
- with condifence that diffusion actually occura.

Flame spreading behind the flameholder is a slow process. In

this work, the station investigated was ag;pmxima%;ely & duet heights be-
“hind the flameholder; yet the burned zone at this station occupied lesa '
than one-third of the duct helght and the fraction of the fuel mixiure coms=
pletely burned (nc).ww 25 per cent, If the flame spreading in the duct
were assumed linear with respect to distance downstream of the flame-~
holder, as suggested in rafamm:e 7, it would take 18 to 24 duct heights
for complete flame spreading and for complete combustion of the fusl

mixture entering the duct.
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TABLE A

PROPERTIES OF STANDARD OIL THINNER NO. 200

Heat of cmmbas%iam nes

Average molecular weight

Latent heat of vaporization at 71°F

Vapor pressure at 100°F
Density, epecific, at 60%F
Density, lbo/gal, at 60°F

Hydrocarbon type analysis

Distillaiion Asgim

Initial

5
0
20
30
A5
50
60
10
80
90
C}g
Dy

U

172°

179
160
183

186

188
191
195
198
202
208
214
224

18,675 BTU/1b
96
148 BTU/1b

2.5 psi

0.7366

6.132 1b/gal

Saturates 94, 5%
Olefins 040, 501’@
Aromatics 05 0%

7. Chemical analysis (proportions by weight)

Carbon - 85. 4%

Hydrogen - 14, 6%

8. Equivalent chemlical formula ~ €, 322}113 955
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Normalized CO Concentration Based on Dry Sample.
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