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ABSTRACT

Simultaneous data on single event flame propagation, wa11 heat transfer,
and their interaction were obtained for a constant volume chamber. -Pressure
variation, wall température variation, and high speed schiieren movies
were recorded for the combustion of methane and air for various equiva-
lence ratios. Flame speed and wall heat flux variation wfth respect to
time were ca]chated from the data. The results indicate that there are
important geometry effects on flame speed due to side wall interaction.

The wall heat flux data show effects due to the Tocation of the flame
relative to the location of the heat transfer measurement. Peak heat
flux values occur when the flame front passes the location of measurement.

High ignitidn energies are found to overdrive the rate of flame propagation.



INTRODUCTION

Premixed Tean combustion.ih reciprocating engines offers the poten-
tial advantages of improved efficiency and reduced-po]Tthnt emissions.
In the ideal 1imit, spark ignition gasoline engines could be operated in
an unthrottled mode the%epy providing advantages generally reServed to
diesel engines. Récent work on Tean burn engines may be found in a pub-

1 Difficulties

lication of the'Institufion of Mechanical Engineers
encountered in the application of lean combustion to engines include
ignition reliability, flame speed reducfion, increased cyclic variations,
and increased hydrocarbon emissions as the lean limit is'approached

This work is part of a 1arger study of fundamental processes impor-
tant to homogeneous, premixed, lean bdrn engines, including ignition of
very lean mixtures, flame propagation as the lean Timit is approached,
processes controlling hydrocarbon emissions, and wall heat transfer
fundamentals. Experiments are conducted in unique compression-expansion
devices 1ncorporating.square pistdns and flat optical walls through
which sing]é combustion events may be observed from ignition through
completion under conditions simu]ating.reciprocating engine operation.
Reported here are simultaneous, time resolved measurements of mean“f]éme
velocity and local heat transfer rates and coefficients. The interaction
of the flame and wall heat transfer are thereby observed and the action
of the wall to slow flame propagation and the flame to increase wall
heat transfer are noted. Although constant volume, expansion, and com-
pression-éxpansion conditions have been investigated, this paper is
1imited to the most thoroughly explored case, that of constant volume.

Important related work includes the study of Andrews and Bradley of



2,

flame propagation as the lean limit is approached3 and the studies of

wall heat transfer in engines of Overbye, et-*-a].4 and Alkidass.
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EXPERIMENTAL APPARATUS

The Compression Expansion Apparatus (CE-1) was designed to allow full
optical access to combustion events simulating tho#e occurring in recipro-
cating internal combustion engines, The test section consists of a
horizontal duct with a.3;8.cm x 3.8 cm square cross section area. The - -
test section is enclosed on both vertical sides by optical qua]ity boro-
silicate glass windows and on one end by a movable, pﬁeumatica]]y driven
aluminum piston. With the piston fully withdrawn, the test section has a

total ‘volume of approximately 216 cm3.

In this study, the test section
served-as a constant volume combustion chambér. The square cross section
and glass sidewalls permit the use of sCh]iereh phofography to quantify
the flame locations. The endwall opposite the piston'contaihs.thé line

ignition system consisting of a row of fifteen spark gaps. This row of

electrodes is mounted in the test section running horizontally from

window to window. This igniter was used to obtain flame uniformity in
the direction perpendicular to the windows. The ignition system was
operated ét 46 kV with an ign{tion energy ofbapproximately 260 mJ for
most‘events. Variations in ignition energy, when they occur, will be
noted. |

There are four access'pdrts on the test sectiqn to allow.for the
insertion of various instrumentation, These ports”are located in the
top and bottom steel sidewalls, at stations 0.5 cm and 13 cm from the
ignition source endwall. A more detailed description of the experimental

6 and Smith’.

apparatus can be found in Oppenheim, et al.
In this study, simultaneous measurements of pressure, wall tempera-

ture, and flame front locations, all as a function of time, were made,

-



From these data, the temporal variation ‘in f]amé speeds and wall heat
flux ddring a combustion event were determined.

The combustion chamber pressure was measured using a piezioelectric
transducer (AVL model 120P300CVK) located in the front access port just
below the line ignition source. The ca]ibration of.the transducer was
dynamically verified in the shock tube, andbthe observed rise time for
the transducer (10us) was more -than sufficient for our purposes.

THe wall temperature gauge consists of a thin b]atinum film de-.
posited on a glass ceramic base (Macor). The film acts és a resistance
thermometer which is part of a Nheatstdne bridge circuit. The platinum
film resistance varies with changes in the film femperature, i.e. with
the wall temperature. The response characteristic of the thin film.
gauge is of the order'of a fewemicroseconds, For ca1ibratioh‘purposes
and initial temperature meaéurement,~a copper-constantan thermocouple is
mounted on the surface. - The dependence of the platinum film resistance
on the surface temperature is determined by heating the gauge in an oven.
The gauge calibration was found to be linear to within 1% over the
temperature range of interest.

A premixed methane/air mixture flows thréugh thevtegt section through
the back access ports. The equivalence ratio of the combustible mix was
controlled by flow rotometers. The mixing device was calibrated using
a Hewlett Packard Model 5750 Gas Chromatograph equipped with an Autolab
System IV integrator. The uncertainty in the delivered equi?a1ence ratio is
approximately 1%.

The propagétion of the two dimensional flame into the unburned fuel/
air mixture was determined from high speed (5400 frames’per second)
schlieren movies taken simultaneously with the chamber pressure and wall

temperature data. Parallel light was provided from a light source,
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through the test section, through a vertical schlieren knife edge stop,
and to the camera by the use of two,sphérica] mirrors each with a focal
length of 3.94 meters.

The pressure and wall temperature déta‘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

temperature and pressure signals every 200us.



ANALYSIS

Flame Speed

Flame speed with respect to fhe unburned gas was caTcu]ated.froh the
pressure déta and the 1ocation‘of\the f]ame‘front as determined from high
speed sch]iefen movies. The fo]ldwing assumptions were made:

(1) There is no nef heat flux across the boundaries of the unbﬁrngd
volume. | | |

(2) The flame front is considered to be negligibly thin and uniform
in. the horizontal diréction perpendicular to the windows. It need not,
however, be symmetric about the hokizonta] plane defined by the line
ignition source.

(3) The unburned gas is assumed to behave as an inviscid ideal gas
of constant.specific heat ratio,iyu, Its composition is that of the initial
mixture. | o

(4) The pressure is assumed fgvbe spatially uniform inside the com-
bustion chamber.

In general, these assumptions are acceptable as shown by Smith7,

The flame speed with respect to the unburned gas is defined by:

S, = - —j ' (1)
where m, is the time rate of change of the 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:

m, = 2 (oY) | (2)



70
where Vu is the volume of the unburned gas remaining at any given time.

Making this substitution into Eq. 1 and rearranging-yie]dS'fhis re1at10n:

<

S Lud g, - | |
" SU‘ = - A 5t { zn(puvu) } , (3)
: . ' . - . 1/Yu -1
From assumption 1), we have an isentropic process, P pu‘ = constant
givihg: |
' /v
L% . o2 ¥ @)
Pu ot P]/Yu ot N

The expression- for flame sbeed then can be redUced to:

)

- up 1P, ]__;_JL ) |
S, = ~m 1 v Pt v, I (5?

-+

Wall Heat Flux

The wal] heat flux is ca]cu]ated from the transient wall temperature
measurements. The time duration of the experiments is suff1c1ent1y sma11

that the resistance wall temperature gauge can be cons1dered to be

thermally infinite (Fourier number = at 0.00087 << 1). The one
. : S2

dimensional conduction equation in the solid is:

a ﬁ_% S :. _ (6)
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where X is the direction perpendicular to the wall surface, and the

thermal diffusivity, o = 5%— The initial and boundary conditions
are: | o
T(x;0) = T, (7a)
T(o,t) = Tw(t) (7b)
T(eoyt) = T (7¢)

The solution for this problem can be found using the solution for constant

wall temperature and the Duhamel integral theorem as in Carslaw and-Jaegers.

The results for the wall heat flux is given by:
Tw(t)'Ti , ] ft Tw(t)-Tw(A)
3/2

t) - kpC 1
! S o (ta)

The values for the propertfés of Macor are:

af  (8)

k =1.676 W/m K, po = 2520.02_kg/m3, c = 460.55 g/kg K

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

the matér1a1 propérties k, p, and c.



RESULTS AND DISCUSSIONS

Pressures, wall temperatures, and schlieren movies were obta1nedv
simultaneously for a series of combust1on events .in which prem1xed methane
and air were consumed in a constant vo]ume process.. With the-_ h
temperature gauge located in the upper port near the igniter, data.werei
obtained for equivalence ratios from 1.1 to 0.69.. In Figs. j and 2,; |
pressure and wall temperature measuremehts for.eqaivalence ratios Qt 1;0
Fig. 1 and 0.6, respective]y,fare shown. vThe'pressure data exhibit a changeh
Fig. 2 of slope during the pressure rise whtch,is thought to.beha wall quenching
effect as the flame contacts the co]d steel side wa1]sv> Thié phendmenene
was observed for all equivalence ratios.. The wall temperature data show
- a very rap1d initial rise, followed by a slower r1se to the peak value
The sharp»initial rise results from the passage of the flame near the wa]]
v temperature gauge, wh1ch for these cases is located near the 1gn1ter ’
‘F1gures 3 and 4 show the 1ocat1ons of the flame front as a funct1on of
Fig. 3 t1me for equ1va1ence ratios of 1.0 and 0.6, respect1vely - These data
Fig. 4 'wéré'digitized'frdm the high speed schlieren moyies,_vThe flame initially
assumes an'elongated shape, which then comes in contact with the:stee]
 side wa]ds. For an equivalence ratio of 1.0 (Fig. 3),the»f1amermaintains
’an»approkimate vertical shape with an instability near the center]ine
In F1g 4 for an equ1va1ence ratio of 0.6, and therefore slower f]ame
propagat1on, buoyancy forces cause the burnt gases, . wh1ch are hotter than the
1Unbdrnt gases in front of the flame, to rise. The: flame, as a result, assumes
mva sloping profile. |
From these experimental measurements, the tempora] var1at1on in wa]]l
Fig. 5 heat flux and in flame speed were calculated. In Fig. 5,_the wa]] heat
flux variations for equivalence ratios of 1.0 and 0.6 are shown. In
general, the heat flux exhibits two major peaks; although in the lean case

(equivalence ratio of 0.6) the second peak is less significant,



Fig. 6

Fig.. 7
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As previously discussed, the initial rise in the heat flux results from
the flame passing the wall temperature gauge which is located on the
side wall near the igniter. Thevvariation of.wall heat flux with respect
to lTocation was also studied and is discussed later, A less pronounced
third peak in the heat flux is éometimes observed and is attributed to
run to run variations in flame shape and propagation,

The temporal variations of the flame speed at equivalence ratios of
1.0 and 0.6 are shown in Fig. 6, The symbo]s on the graph represent actual
data points; a smoothing cubic sp11ne is also shown. In genera], for a]]
equivalence ratios considered, the flame speed has twovmajor peéks. be
the equivalence ratio of 0,6, these peaks are much Tess pronouncéd. Thev
sharp dip in the flame speed that is present between the two peaks is found
to coincide with the point on the pressure curve where the slope changes
These phenomena result from quenching of the flame due to interaction
with the cold side walls. It should be noted that for the higher equivalence
ratios; eg., 1.0, the relatively high‘ighition energy of 262 mJ, may be

10 The effect of decreasing

overdriving the flame as shown by de Soete
the ignition energy was also studied and will be discussed later.

The effect of temperature gauge location on wall heat flux was analyzed
by obtaining measurements of temperature in the various instrumentation
ports in the apparatus. The wall -heat flux éa]cu]ated from these wall
température measurements is shown in Fig. 7. For an equivalence ratio of
1.0, the heat flux is shown for the upper ports both near and far from the
igniter. For the upper port far from the igniter, the steep rise in heaf

flux occurs much later, and there is only one maximum. For an equivalence

ratio of 0.6, the heat fluxes for ports near and far from the igniter are
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shown in Fig. 7. For the upper port far from the igniter the rise in heat
flux occurs about 175 ms later than for the upper port near the igniter.

For the'lowef port far from the igniteh, the speed of the flame and
buoyancy both have an efféct on the heat flux. Since the f]ame assumes a
more horizontal orientation, as shown in Fig. 4, the lower témperature gauge
detects the flame much later. There is approximately a 180 ms difference
in the time of the heat flux rise between the upper and lower ports far
from the igniter.

Figure 8 shows the effect of varying the,ignitioh"energy on the _
measured flame speeds. Curve A is the flame speed for an ignition energy
of 261.8 mJ; curve B, for 159.0 mJ; and curve C, for 57.5 mJ. For
higher ignition energies, the overall rate of consumpﬁi@n of fuel and
oxidizer is increased, as shown by the .decrease in time required for the
Tower ignition energy flames (curves B and C) to reach completion. The surprising
high peak flame speed for an ignitiqn energy of 57.5 mJ is the result of .

1

a smaller flame kernel for the smaT]estvignition energy (the A; term

dominates in the mean flame speed calculation, Eg. 5). The overall energy

" release rate, as reflected in the rate of pressure rise, increases with

increasing ignition energy.
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- CONCLUSIONS

Simultaneous data on single event flame propagafion, wall heat flux,
and their interaction were obtained, Pressure variation, wall temperature
variation, and high speed schlieren movies were fecorded for constant
volume combustion of methane and air for a éeries of eduiva]ence ratios.
The flame speed and wall heat flux yariations with time were calculated
from the data. The resu]fs indicate that there are important geometry
effects on the flame speéd due to side wall interaction, The wall heat
flux data show effects due to flame location ke]ative to the location of
the heat transfer meaSﬁfement. Peak heat flux values coincide with flame
passage near the temperatﬁre gauge. To further investigate this f]amev
Tocation effect on heat flux, waj]vtemperatures were obtained for three
temperature gauge locations. These data indicate that the speed of the
flame and buoyancy both havé an effect on the heat flux. Data were also
obtained to study the effect of ignition energy on’flame~speed, High

ignition energy reducés the time required for'comp1etion'of combustion.
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SYMBOLS

Area

Heat Capacity

Thermal Conductivity
" Mass
. Pressure

" Heat Flux

Flame Speed
Temperature
Time

Volume

~ Direction Normal to Sidewall

Thermal Difquivity

Ratio of Specific Heats (=’cp/cv)

‘Dummy Variable of Integration

Dummy Variable of Integration

Mass Density

SUBSCRIPTS

Flame
Initial
Constant Pressﬁre '
Unburned
-Constant-Volume
Wall-

' SUPERSCRIPTS

Time Rate of Change '

13.
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Figure 1
Absolute pressure and wall temperature variation with time;
constanf volume combustion, equivalence ratio 1.0.
Figure 2 “ |
| Absolute préssure and wd]] temperafﬁre variation with time;
constant volume combustion; equivalence ratio 0.6.
Figure 3 |
| Flame front location from schlieren movies for time steps of
3.74 ms starting at ignition; total elapsed time to last
location shown is 56.1 ms; equivalence ratio 1.0.
Figure 4
Flame front location frdm sch]ieren movies for time steps.of
14.17 ms starting at ignition; total e]apsed time to last
location shown is 283.4 ms; equivalence ratio 0.6.
Figure 5
Wall heat flux variation with time at upper port near igniter;
constant volume combustion; equivalence ratio 1.0 and 0.6,
Figure 6 |
Flame speed variation with time; constant volume combustion;
equivalence rafios 1.0 and 0.6.
Figure 7
Wall heat flux variation With time for three locations in
apparatus: A) upper port near igniter, B) upper port far
- from igniter, C) bottom poft far from igniter; constant volume
combustion; equivalence ratios 1.0 and 0.6,
Figure 8 |
Flame speed variationbwith time for three ignition energies:
A) 262 mJ, B) 159 mJ, C) 57.5 mJ; constant volume combustion;

equivalence ratio 0.8.
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Flame front location data  Equivaience ratlo = 0.6 Constont volume

Fig. 4
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