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ABSTRACT

Simultaneous data on single event flame propagation, wall heat transfer,
and their interaction were obtained for a constant volume chamber. Pressure
variation, wall temperature variation, and hfgh speed sch]ieren movies were
obtained for the combustion of methane and air in a constant volume duct of
square cross section for a Qeries of equivalence ratios. Flame speed and wall
heat flux variation with respect to time were calculated from the data. The
results seem to indicate that there are important geometry effects on flame
speed due to side wall ihteraction. The wall heaf flux data show effects due
to pressure rise and due to the flame location relative to the location of the

heat transfer measurement.
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INTRODUCTION

This work is part of a study of the fundaménta1-processes important to
homogeneous Tlean burn enginesvwhich'is being conducted for the Department of
Energy. Lean combustion is a promising approach for the improvement of fuel
economy and reduction of emissions. Recent work on lean burn engines may be
found in IMechE (1979). Difficulties encountered in the application of lean
combustion to engines include ignition re1iabi1jty, flame speed reduction,
increased cyclic variations, and increased hydrocarbons emjssions aé the Tean
1imit is approached, Noguchi et al. (1976).' &

OQur studies include the dignition of very lean mixiures, flame propagation
as the lean limit is approached, (Andrews and Bradley, 1972), hydrocarbon forma-

tion processes, and waTl heat transfer fundamentals (Overbye, et al 1961; Alkidas,
1979), Experiments are being conducted in unigue compression—expansion devices
incorporating»square pistons and flat optfcé1 walls through which single combus-
tion events may be observed from ignition through completion under conditions

simulating reciprocating engine operation.



EXPERIMENTAL APPARATUS

The Compression Expansion Apparatus (CE-1) was designed to allow full
- optical access to combustion events simulating those occurring in reciprocating
internal combustion engines. The experimental apparatus and instrumentation are
shown in Figure 1. The test.settion consists of a horizontal duct with a 3.8 cm
x'3.8 cm square cross sectional area. The test section is enclosed on both vertical
sides by optical quality borosilicate glass windows and on one end‘b&\a movable
aluminum pfston. With the piston fully withdrawn, the test section has a total
volume of approximately 216 cm3 . The square cross section and glass sidewalls
allow the use of schieren photography to quantify the flame locations. The end-
wall opposite the biston contains the Tine ignition system consisting of a row of
fffteen 0.0508 cm spark gaps formed by brass electrodes, filed to a kni fe edge.
Tﬁe row of electrodes is mounted in the test section running horizontally from
wfndow to window. This igniter was used in an effort to obtain flame uniformity
in the direction perpendicular to the windows. A high voltage discharge system
was used to drive the Tine igniter. The ignition system was operdted at 47.7 kv
with an ignition energy of approximéte]y 285 mJ . Ignition timing relative to
particd]ar combustion events was variable, and was controlled from the main
opefation control panel. |

The piston is pneumatically d}iven énd the piston trajectory is controlled
by a variable diameter, oil filled snubber section. The piston isvmoved through
the use of high speed solenoid valves which connect the driver section with a
large air reservoir at 725 kPa ; Control of the apparatus fs provided by the

central operating panel which allows four operating modes : (1) constant volume

(piston fully withdrawn), (2) expanding volume (piston initially at top dead
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center (TDC), and then withdrawn with variable ignition timing), (3) compression
(compress and ignite, while leaving the piston at TDC), and (4) compression-
expansion (variable ignition timing). In this study the constant volume mode of
operation was investigated.

There are four access ports on the test section to allow for the insertion
of various instrumentation. These ports‘are located in the top and bottom steel
sidewalls. A more detailed description of the experimental apparatus can be
found in Oppenheim, et al. (1976) and Smith ([977).

In this study, simultaneous measuremerits of pressure, wa11 temperature, and
flame front Tocations, all as a function of time, were made. From these data,
the ‘temporal variation in flame speeds and wall heat flux in any given combustion
event were determined.'

The combustion chamber pressure was measured using a piezioe]eétric transducer
(AVL model 12QP300CVK) Jocated in the front access port juét be]ow the line
ignition source. The calibration of the transducer was dynamica11y verified in
a shock tube, and the observed rise time for the transducer ( ~ 10us) was found
more than sufficient for our purposes.

The wall temperature gauge, Figure 2, consists of a thin'p1at1num film
deposited on a glass ceramic base (Macor). The film acts as a resistance ther-
mometer which is part of a Wheatstone bridge circuit. The platinum fi1mvresis—
tance varies with changes in the film temperature, i.e. with the wall temperature.
The wall temperature gauge was located in the access port directly above the
pressure transducer. The response characteristic of the thin film gauge is of
the order of one microsecond. For calibration purposes and initial temperature
measurement,.the gauge contains a copper-constantan thermocouple mounted on the
surface. The dependence of the platinum film resistance on surface temperature

is determined by heating the gauge in an oven. The bridge output and thermocouple
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temperature determine the calibration. The gauge calibration was found to be
~Tinear to within 1% over the temperature range of interest.

A premixed methane/air mixture flows through the test section through the
back access ports. The equivalence rafio of the combustible mix was controlled
by f]ow.rotometers. The mixing deVice was calibrated using a Hewlett Packard
Model 5750 Gas Chromatograph equipped with an Autolab System iv integrator. The
error in the delivered equivalence ratio is approximately 1%.

The propagation'of the two dimensional flame into the unburned fuel/air
~mixture was determined from high speed ( ~ 5400 frames per secqnd) schlieren
movies taken simultaneously with the chamber pressure and wall temperature data.
The camera is a Hycam Model 41-0004. The light sourcé,an Oriel Xenon lamp, was
collimated through a 2.0 mm hole. A vertical schlieren knife edge stop was used
and the film waé Kodak Tri-X Reversal. Parallel 1ight was provided from the
light source, thrbugh the test section, and to the camera by the use of two
spherical mirrors each with a focal length of 3.94 meters, Figure 3.

The pressure and wall temperature data were sampled by a PDP 11/34 mini-
computer using an AR-11 analog to digital converter.. The software written for
data acquisition permits samples to be taken from both the temperatﬁre and
pressure signals every 200 US . This system allows for much greater resolution
in the sampled data than in the past when data éignafs'were stored in analog
form on an oscilloscope trace, and then digitized by hand. To
prevent harmful ground Toops and possible current surges from damaging the
computer, the instrumentation was connected to the power outlet through a 15 amp
isolation transformer. While the transformer protected the computer, it also
added noise to the sampled data. The processing of the data to remove this

noise is discussed later.
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ANALYSIS

Flame Speed

Flame speeds with respect to the ‘unburned gas were cd]culated from the
pressure data and the location of the flame front as determined from high
speed schlieren movies. The following assumptions were made:

(1) There is no net heat flux across the boundaries of the unburned
volume.

(2) The flame front is considered to be negligibly thin and uniform in
the horizontal direction perbendicu1ar-to the windows. It need not, however,
be symmetric about the horizontal plane defined by the line ignition sourte.

(3) The unburned gas is assumed td behave as an inviscid ideal gas 6f
constant specific heat ratio, Yy - Its composition is that of the initial
mixture.

-{4)i<The-pressure_is assumed to be spapia11y uniform inside the combustion
chamber.
In.genera1,1these assumptions are acceptable as shown by Smith (1977).

The flame speed with respect to the unburned gas is defineduby;

Coom :
S : (1)

where ﬁu is the time rate of changevof unburned gas mass, Py is the unburned
gas density and Af represents the area of the flame front. The first quantity

may be expressed as follows:

(o3

fyo= 3p ) = % (o) (@
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where Vu is the volume of the unburned gas remaining at any given time.

Making this substitution into Equation 1 and rearranging yields this relation:

)
. u3 | -
SU - = Af Bt { Q/n(puvu) } : (3)
v : 1/y 1
From assumption 1), we have an adiabatic process, P u p; = constant,
giving:
1/y
p . ot 1/v. at
u u
P
The expression for flame speed then can be reduced to:
A A - g
. f oYy u '

A set of 15 to 30 pairs of coordinates defining the 1ocafion of the flame
front were taken for the 15 to 20 frames of each film analyzed. This information
as well as the pressure data and pressure derivatives with respect to time, were
input to a computer program called FLAME. This pfogram first calculates the un-
burned vé]ume, Vu , and the area of the flame, Af , as functions of time. A
natural cubic'spline is fit to the calculated unburned volumes and derivatives
with respect to time are ca]cu1ated.. The program then uses Equation 5 to
calculate the flame speeds.

Wall Heat Flux

The wall heat flux is calculated from the transient wall temperature measure-
ments. The time duration of the experiments is sufficiently small that the

resistance wall temperature gauge can be considered to be thermally infinite

(Fourier number = 9% = 0.00087 << 1) . The one dimensional cdnduction equation
S

in the solid is:
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-
oT T \

= o271 | (6)
ot %52 | |

where X 1is the direction perpendicu]ar to the wall surface, and the thermal

diffusivity , a- = B%f The 1nitia1‘ahd boundary conditioné are:
T(x,0) = T, _ ‘ ¥ (7a)
T(o,t) = T (t) (7b)
T(=,t) = T, - - o (7¢)

The solution for this problem can be found using the solution for constant wall
température and the Duhamel integral theorem as in Carslaw and Jaeger (1978).

The solution for constant wall temperafure, Tw , is given by:

X
/et n?
v I n
(T(x,t) - T.) = (T -T,) (1._‘;TE g e’ dn )
= (Tw_Ti) (1? erf —X ) = F(x,t) "(8)
2/at _

Using the Duhamel integral, the solution for the transient wall témperature can

then be written as:

T(x,t)-T, - T) gf-F(x,t-x)dx (9)

"
O —
—
—
—
>
et

or

t . _dTw(A)
) + [ (1-erf( )~
2/ot 0 2valt-X)

T(x,t)—Ti = (Tw(o)-Ti)(l-érf
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The wall heat flux is given by:

y t - dT ()
- oT _/kpc 1 W ,
= k| { o (10)

Y

'By integrating by parts, the following convenient result for numerical calcula-

- tion is obtained:

v T (t)-T. t T (t)-T (A)
qw(t) - / kﬁc [ wer' 1,+ %. g, _!L____%7?_ dk] v | (11)

(t-1)

The values for the properties of Macor are:

Kk = 1.676 Ym K
o = 2520.02 X9/p3
c = 460.55 Y/kg K

Thus the wall heat flux depends only on the wall temperature variation and the

properties 'k, p, and c .
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EXPERIMENTAL MEASUREMENTS

Pressures, wall temperatufes, and schlieren movies were obtained for a
series of experiments with conditions 1isted in Figure 4. The pressure and wa11-
temperature data were sampled every 200 usec and recorded by a PDP 11/34
computer through an AR-11 analog to digital converter. Iso]gting the instrumen-
tation from the outside power supply with an isolation transformer was necessary,
and added noise to the experimeﬁta] data.

The actual experimental measurements of pressure and side wall temperature
are shown in Figures 5 through 16. For all equivalence ratios (1.1 to 0.6) during
the pressure rise, a change of slope occurs. This change is thought to be a wall
quenching effect as the flame contacts the side walls. The wall temperature data
(Figures 11 to 16) show a sharp noise spike in first few milliseconds. This is a
result of the ignition source and marks the occurrence of the spark. The tempera-
ture data shows a very rapid 1nitié] rise which is followed by a slower rise to
the peak value. The sharp initial rise is thought to result from the passage of
the flame by the wall temperature gauge that is located on the side wall near the
igniter.

The experimental noise was reduced before analysis of the data was performed.
The data were processed by a data smoothing subroutine, PSMTH1 (Hashel and
Vandevender, 1980). This subroutine makes a piecewise fit to the data with a least
squares polynomial and also calculates a smoothed first derivative which_is used in
the flame speed analysis. A comparison of raw and smooth data is shown in Figures
17a and 17b. The results are quite satisfactory with only low level noise remaining

in the tail ends of the data.
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Figure 4: Experimental Conditions

Fuel/Oxidzer: ‘Gaseous, Premixed Methane/Air
Equivalence Ratio: 0.6 - 1.1
Mode of Operation: Constant Volume; Square Cross Section Duct

(3.8 x 3.8 x 15.0 cm)

Ignition Energy: 285 mJ
Data Sampling Rate: 200 usec
Temperature Gauge

Location: Side Wall
Film: Kodak Tri-X Reversé1'
Schlieren Step: Vertical Knife Edge
Camera Speed: 5400 frames/sec
Initial Pressure: Atmospheric

Initial Temperature: Ambient
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To calculate flame speeds the locations of the flame front had to be
digitized from the high speed schlieren movies. This was accomplished by using
a Vangaurd Film Analyzer equipped with an x-y digité1 coordinate system. Twenty
to thirty coordinate pairs were taken for each frame of film analyzed. Examples
of the data points used fq outline the flame fronts are shown in Figures 18a and
18b. The x-y coordinate pairs were then input to a compﬁter program used to
calculate the temporal variations of both the unburned volume and the area of the

flame. This information is necessary to ca]culéte flame speeds.



Flame front location from schlieren movies for time stéps
of 3.76 ms starting at ignition; total elapsed time to
last location shown is 56.4 ms; equivalence ratio 1.J.

N

ime7 step)

‘Figure 18b. Flame front Tocation from schlieren movies for time steps
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last Tocation shown is 283.40 ms; equivalence ratio 0.6.
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RESULTS AND DISCUSSION

The temporal variation of the flame speed for the constant volume combustion
of methane and air at severa]vequivalence ratios is shown in Figures 19 to 24.
The symbols on the graphs répresent actual data points with a smoothing cubic
spline also shown. In general for all equivalence ratios considered, the flame
speed has two major pe&ks. It should be noted that for the higher equivalence
ratios 1.1, 1.0, and 0.9 the relatively high ignition energy, 285 mJd, may be
initially overdriving the flame (de Soete, 1981). Thus thé'peak flame speed in
these cases may be somewhat high. |
| The temporal variation of the heat flux for the constant vo]uhe combustion
‘of methane and aif is shown in Figures 25 through 30 for all equivalence ratios
considered. In géhera] the heat flux exhibits two major peaks. It appears that
the initial rise in the heat flux is a result of the flame passing tHe wall
temperature géuge on the side wall. This is then followed by a decrease in the
heat flux as the flame proceeds down the chamber. After the flame Has passed,
however, the pressure, density, and bulk gas temperature continue to rise. This
then results in a second'peak in the heat flux. A less pronounced third peak in’

the heat flux is also observed for a few cases.

The peak flame speed, Figure 31, is observed to increase with increasing
equivalence ratio, as is consistent with other observations, Andrews and Bradley
(1972). The variation of peak pressure with equivalence ratio, Figure 32, shows
the peak pressure highest ‘for an equivalence ratio of 1.0. A comparison of the
variation with time of flame speed and pressure for an equivalence ratio of 1.1
is shown in Figure 33. The sharp dip in flame speed between the two peaks is

found to coincide with the point in the pressure rise where the slope changes.
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volume combustion; equivalence ratio 0.9
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Figure 22, Flame speed variation with time; constant
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Figure 23. Flame.speed variation with time; constant
volume combustion; equivalence ratio 0.7
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Figure 24. Flame speed variation with time; constant
volume combustion; equivalence ratio 0.6
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Figure 25. lall heat flux variation with time; constant
volume combustion; equivalence ratio 1.1
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Figure 26.

Wall heat flux variation with time; constant
volume combustion; equivalence ratio 1.0
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Figure 27. Wall heat flux variation with time; constant
volume combustion; equivalence ratio 0.9
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Figure 28. Wall heat flux variation with time; constant
volume combustion; equivalence ratio 0.8
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Figure 29. Wall heat flux variation with time; constant
volume combustion; equivalence ratio 0.7
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Figure 30. Wall heat flux variation with time; constant

volume combustion; equivalence ratio 0.6
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Figure 31. Peak flame speed variation with equivalence
ratio.
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Figure 32. Peak pressure variation with equivalence
ratio.
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Both of these phenomena are thought to be related to the interaction of the
flame and the_side wall. A comparison of the variation with time of the wa]ll
 heat flux and the absolute pressure is shown in Figure 34. The pressure is
‘observed to peak at approximate1y'the same time as the second peak of heat flux.
fhe variation of peak heat flux with equivalence ratio is shown in Figure 35.
The nature of the variation is similar to that of the peak préssure,'with the -
stoichiometric case yielding the highest peak heat flux. The magnitudes of the
peak heat fluxe§ aré in general agreement with the data of Isshiki and Nishiwaki

(1974).
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CONCLUSIONS AND RECOMMENDATIONS

Experiments provided simultaneous data on single event flame propagation,
wall heat flux; and their interaction. Pressure variation,'wa]] temperature
variation, and high speed schlieren movies were obtained for constant volume
combustion of methane and air for a series of equivalence ratios. The flame
speed.and wall heat flux variations with time were calculated from the data.
Thevre501ts seem to indicate that these are important geometry effects on the
f]ahé’speea due to side wall. interaction. The wall heat flux data show effects
due to pfeésure rise and due to flame Tocation relative to the location of the
heat transfer measurement. These data are preliminary in nature and further
analyses remains to be QOhe.

| In the fdtdre, heat flux variations will be obtained for other locations of
the wall temperature gauge in the test apparatus; for example, the side wall far
from the ignitef and on the piston face opposite the igniter. It is also planned
to assess the interaction of the platinum film resistor with the combustion
process, by considering alternative metals for the thin film resistor temperature
gauge. Experiments will also be extended to the cases of expansion and of com-
pression expansion.

It is p]ahned to obtain flame speedvand heat f]ux variations for two other
fuels: ethylene and toluene. Ethylene is expected to prqduce a much higher flame
speed. Toluene is of interest because of the 1uminéscence of its flame and

relatively high molecular weight.
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SYMBOLS

Area

Heat Capacity‘

Thermal Conductivity

Mass

Pressure

Heat Flux

" Flame Speed

Temperature

Time

Volume

‘Directipn Normal to Sidewall
Thermal Diffusivity

Ratio of Specific Heats (= cp/cv)
Dummy Variable of Integration
Dummy Variable of Integration

Mass Density
SUBSCRIPTS

Flame

Initial

Constant Pressure
~ Unburned
Constant-Volume

Walil
SUPERSCRIPTS

Time Rate of Change
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