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/ ABSTRACT
ignition data has been compiled for combustible gaseois mixtures with hot burning

particle sources. High-speed photography, Schlieren photography, p,ometry have

been employed in the diagnostics. The ignition and non-ignition domains in terms of

particle size and mixture ratio have been determined. The design and fabrication of

the spray 'igitiotT 'xperiment 'it- uderway. Finite-difference and asymptotic results

have been obtained for the analysis of gaseous mixture ignition. These analyses

have been concluded and the ignition domains have been determined with good

agreement (within our limitations of knowledge about chemical kinetics) have been

obtained. The preliminary theoretical results about spray ignition indicated that

minimum ignition energy and ignition delay should be treated as probabilistic

parameters.
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OBJECTIVES

The direction of this study has been a continuation of compiling ignition data of

combustible mixtures ignited by burning particles. Additionally, different materials

have been used to ignite the fuellair mixtures to help in the understanding of the

processes involved in ignition.

Further, the technical objective has been to gain a fundamental scientific

understanding of the phenomenon of multiple ignition. Emphasis was placed on the

process leading to flame establishment in practical situations. Both homogeneous

and heterogeneous combustible hydrocarbonlair mixtures were considered. Also, two

kinds of ignition sources were considered:

I. inert, and

ii. burning sources (i.e.. burning metals).

Individual ignition sources of sub-millimeter scale and their local combustible

environment were examined in a way that both structure and global behavior were

resolved. The theoretical approach involves finite-difference calculations to resolve

spatially and temporally the behavior of temperature and.concentration in the vicinity

of the ignition source due to the combined processes of heat and mass transfer,

chemical reaction, fuel droplet heating and vaporization, and expanding gases.

ACHIEVEMENTS

INTRODUCTORY COMMENTS

There have been very limited spray ignition studies, experimental or theoretical,

which are reported in the literature. Miyasaka and Mizutani [5,6) used shock tube

techniques to study the ignition of a premixed spray column. From their

experimental results, they obtained correlations which indicate a strong influence of

temperature, oxygen concentration, drop size, fuel type, and a weak influence of
pressure on the ignition delay time. Ballal and Lefebvre [7,8) have reported

experimental as well as analytical results for the spark ignition of homogeneous and

heterogeneous fuel-air mixtures. They obtained extensive experimental results which

give the effects of various physical and chemical parameters on the quenching

distance and the minimum ignition energy. Their analytical results, however, were

based on a very simplified model, whereby the time required for the fuel evaporation

and burning was compared with the time required for a hot spherical kernel (created

by the spark) to get quenched by losing heating to its surroundings. A similar
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approach was followed by Peters and Mellor [9) to develop an ignition model fdr

quiescent fuel spray. They compared the time of heat removal from the spark kernel

to the fuel evaporation time. Their results also show favorable comparison with the

experimental data of Ballal and Lefebvre [7]. Chan and Polymeropoutos [10] used

electric sparks for the ignition of laminar tetralin-air monodisperse sprays, where

they varied the droplet diameter from 8 to 32 pm. Their results indicate that the

ignition energy first decreases as the drop size is decreased, and then start

increasing with a further decrease in the drop size.

EXPERIMENTAL PROGRAM

Experiments with burning magnesium particles in methane/air mixtures have been

conducted to identify the effect of different metals on the ignition limit. It has

been experimentally found that magnesium *particles can safely burn in a methane/air

mixture despite the fact that their size corresponds to a burning energy significantly,

greater than that which is able to ignite the mixture by a burning aluminum particle.

This data is presented in Figure 1. As this cannot be explained by their difference in

energy of combustion, it is speculated that other processes such as catalysis or

radiation might be involved.

During the last funding period and the first few months of the current funding

period, existing diagnostic techniques have been improved and complemented. 7 he

existing diagnostic techniques can be separated into two types:

o optical methods to observe and record the short time ignition and particle
burning process, and

* methods to characterize the initial and environmental conditions of the
test gas and the particle.

Four optical signals are used to analyze the ignition of combustible mixtures by
burning metal particles. A sensitive photon detector records the photon current from

the combustion bomb generated by the laser pulse, the burning particle, or the

combustion of the gas mixture. Oscilloscope traces of the photo multiplier are used

to identify the different stages of the ignition v .cecs. During the first half of the

current funding period, measures have been take; ) improve the photo multiplier

signal quality and resolution. These steps resulted in more detailed ipformaton

about the particle ignition and burning process itself, and the time delay between

particle burnout and gas ignition.
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Figure 1: Burning Aluminum and Magnesium Particle Ignition of Methane

A high-speed (up to 10.000 frames/second) movie camera was installed to record

the history of the burning particle and to resolve the rapid ignition event. The laser

beam was triggered by the camera when the film was accelerated up to tt'e selected

number of frames per second. The camera was focused on the particle through

windows in the test section. A large magnification of the particle area is necessary

to collect enough light emitted from the particle onto the film. The arlealysis of

several films show that the burning particle is moving. An explanation-for this

motion might be a jet effect due to metal oxide being accelerated away from the

particle when it is ignited locally on the surface. Unfortunately. the intensity of the
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light emitted during the burning of the particle is too low to allow it to cover a

larger viewing area. In the future, Schlieren photography will help to overcome this

disadvantage.

The instal~ation of a three-color pyrometer was completed during the last few

months. This new diagnostic technique will enable us to measure the surface

temperature of the burning particle. The temperature information will help to identify

the influence of the particle surface temperature igniting the fuel-air mixture.

The experimental technique to determine the toluene-air mixture ratio was changed

and improved. In reviewing the procedure to fill the combustion vessel with a

known toluene-air mixture, an error source was detected which was not considered

during the earlier experiments. It was observed that condensation occurred in the

lines feeding the toluene saturated air into the combustion chamber. The former

experimental procedure assumed that the combustion vessel was supplied with'

toluene saturated air and the required toluene/air equivalence ratio was established by
adding pure air. Since condensation decreased the amount of toluene in the

combustion bomb, the actual equivalence ratio was lower than the one based on the

assumption to mix toluene-saturated air. It is not possible with the existing

.experimental apparatus to establish a toluene-vapor-air mixture of known ratio by

balancing the mass flow of toluene/air to the bomb. The direct measurement of the

toluene-vapor content by means of a gas chromatography was established as a

routine procedure. Careful calibration of the gas chromotograph and elimination of

possible error sources during the probe extraction improved the reproducibility and

accuracy of the measured equivalence ratio. Figure 2 gives data for particle sizes

igniting or burning without igniting different toluene vapor air mixtures. These data

compared to data taken during former experiments appear at lower equivalence ratics.

The data differs from that reported by Stanley [1), although a greater degree of

confidence exists for the results presented herein.

The design and construction of the experimental system to test ignition of sprays

with large droplets (10-100 pm) is underway. The problems associated with

condensation of toluene in the feeding lines of the system appear here too, resulting

in a stratification effect in the test section.

THEORETICAL PROGRAM

The theoretical development of the ignition of combustible gaseous mixtures by hot
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Figure 2: Critical Aluminum Particle Diameter vs. Toluene Equivalence Ratio

(inert or burning) metal particles has been completed. In particular, the minimum or

critical particle size was determined as a function of the particle temperature.

ambient gas temperature, and mixture ratio; propane gaseous fuel and air mixtures

were considered. Both global (one-step) and semi-global (four-steps) 'hemical

kinetics were examined. An unsteady spherically symmetric field around a hot

particle was considered. The expansion of the gas due to heating was taken into

account in the modelling. Both inert and burning particles were considered.
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Two theoretical approaches were employed:

i. a finite-difference calculation, and

ii. asymptotic calculations were made.

One asymptotic analysis was made for the case where the particle temperature is

comparable or higher than the gas adiabatic flame temperature. Another asymptote is

analyzed when the adiabatic flame temperature is higher than the particle temperature.

It was necessary to carry the low particle temperature asymptotic analysis to second

order in the reciprocal of the nondimensional activation energy; otherwise good
agreement is not obtained between numerical integration and the asymptotic theory.

The major conclusions of the theoretical development are represented in Figures 3

and 4. In the first figure, critical particle temperature is plotted versus critical
particle size. These may be regarded as the minimum values of temperature and

diameter to obtain ignition of the surround gas; that is, ignition is assumed above

the curve. The basic curve is the result of a finite-difference calculation and may be
regarded as an exact solution. (The details are provided in the paper by Su, Homan

and Sirignano [3), in the paper by Su and Sirignano [4), and in the Ph.D. thesis of
Y.P. Su.) It is seen that small particles must have Kigh temperatures in order to

serve as an adequate ignition source. Similarly, less hot particles must be larger to
ignite a given mixture. The two asymptotic results agree well with the exact

solution in their respective ranges of validity.

Figure 4 shows critical particle size as a function of equivalence ratio. A four-step

propane oxidation mechanism was employed. The minimum critical size is slightly

on the fuel rich side. The two figures indicate that chemical rates and transport

rates are key in determining probability of ignition. Higher particle temperatures and
near-stoichiometric mixtures result in faster chemical rates, thereby enhancing

ignition. Smaller particles result in faster transport of heat and radicals away from

the high temperature region thereby inhibiting ignition. These theoretical results are

consistent with experimental results also reported herein. Precise comparison

between theory and experiment will be made in the near future.

In the present study, one-dimensional transient calculations are conducted to

examine the spray ignition process. A quiescent fuel-air mist in a one-dimensional

tube is considered. One end of the tube is taken to be a hot isothermal surface,

which acts as the ignition source. The other end can be either open or enclosed by
an adiabatic surface. An Eulerian approach is used to solve the gas-phase equations,
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whereas the liquid-phase equations are solved by a Lagrangian approach. Unsteadly

numerical computations are continued until the ignition is detected in the mixture.

The occurrence of ignition is defined by the condition of zero heat flux at the hot

surface. This marks the initiation of a propagating flame into the mixture, The

physical model and the appropriate two-phase equations are given in the next section.

Results are presented later, where effects of various parameters are also-giscussed.

Parameters influencing the spray ignition process can be grouped into (a) the gas-

phase parameters which include convective motion, turbulence, chemical kinetics and

thickness of the thermal layer near the ignition source, (b) the liquid-phase parameters
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which include fuel type, vaporization characteristics and spray characteristics such as

droplet size distribution droplet spacings and locations, and (c) the ignition source

parameters which may include its geometry, temperature and radiation characteristics.

The ignition process is also affected by other considerations. For example, it is

important to know (i) the nature of interaction between the droplets and the ignition

source (ii) the nature of droplet-droplet interaction (iii) whether the droplets get

ignited, i.e., envelope flames appear around individual droplets and (iv) whether the
ignition source is inert or reacting. Effects of several of these parameters have

been examined in the present study.

THE PHYSICAL MODEL AND THE GOVERNING EQUATIONS

The physical model is shown schematically in Fig. 5. It is used to study the

ignition of fuel-air sprays in contact with a planar hot wall. Single-component fuel

has been considered. The spray is characterized by monodisperse droplets. It is

further assumed that the initial droplet locations can be represented in a deterministic
sense. Implications of this assumption are discussed in a later section. The

appropriate two-phase equations along with the gas-phase source terms are given as

follows:

Gas-Phase Equations

ap a (1)

aY aY 1 a(/ Y
P a 'ax Sy p s2)

Y = Y1 Yo (3)

1-r

T p' (4)
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l /r 
(5)

P -

LIQUID-PHASE EQUATIONS

dXk . Vk
dt

d Vk 5 Lr2 CD 2 Re (V-V()

dt 16 k

r k _2 {P r L r ) p D k(B 
)

dt Pk

where

R 2 rp -VVk (9)

k Lr
Rek = -

GAS-PHASE SOURCE TERMS

s- - k m nk 

)

S - -- - " 1 - Y f )

-W M o 0 y 
(12)
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where

mk = 4v p D rk fk 
(14)

-k Re , nt (148k) 
(0 

1)

Rei (1 + 0.3 Ree (5k

W C exp(-T!r (M~ ) (YI P b17

C (T ) + Sf v Y 8

Bk 

H 
-8

0 (1.Ys)[C p T- k) SfvYoQ 
(19)

H - S v Y + Y* - Yf (1'S1)

(20)

St f or burning droplet

0 or vaporizing droplet

y 
x - I

Yts M t
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(22)

pn LM' I 1S- exp I I - ,) Ip' ( Tbn' TI'

The above equations are written in non-dimensional form. For non-

dimensionalization. the length scale L' is the length of the computational domain and

the time scale t r U 21D. where D,' is the characteristic gas diffusivity. The
velocity scale is obtained from these two scales. The gas-phase properties are non-
dimensionalized by using the respective initial properties. For the liquid-phase
equations, the droplet location, velocity, and temperature are respectively non-
dimensionalized by the gas-phase length, velocity and temperature scales. The
droplet radius is non-dimensionalized by the initial droplet radius. The above non-

p

dimensionalization gives rise to two additional dimensionless groups Lr and Pr; Lr is.
the ratio of gas-phase length scale and initial drop radius, and P. is the ratio of
reference gas and liquid densities.

The important assumptions made in writing these .equations are that the gas
pressure is spatially uniform, radiative heat transfer is negligible, the species

diffusion follows Fick's law with equal mass diffusivities. For each pair. the specific
heats are constant, and the gas-phase Lewis and Schmidt numbers are unity. In

addition, the product pD(=p) is assumed constant.

INITIAL AND BOUNDARY CONDITIONS

The initial conditions correspond to a quiescent mist of air and fuel droplets. The
initial properties for both the phases are specified to be uniform. Droplet spacing
and the number of droplets with each characteristic are prescribed after the
equivalence ratio and the droplet size have been prescribed. For the species mass
fractions, zero gradient boundary conditions are specified at x-O and x=L (see Fig. 5).
For the gas temperature, at x-0 an isothermal condition is used. whereas at x=L an
adiabatic condition is used. Note that x=L can be an open or closed end.

RESULTS

Results for the ignition of n-octane/air spray are shown in Figs. 6-8 and Tables 2-
10. The characteristics of the transient ignition process are displayed in Figs. 6-8.
The ignition source supplies heat to the environment. As the environment
temperature increases, the amount of heat supplied to the droplet increases and
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vaporization is initiated. The resulting fuel vapor mixes with the oxidizer and the

chemical reaction, which is weak initially, is started. Typical gas-phase and liouid-

phase properties during this phase (at time = 10 msec) are shown in the figures. As

the environment temperatures and the fuel vapor concentrations increase, chemical

reactions intensify. Finally an ignition or temperature 'runaway' state is reached such

that the combustion process becomes self-supporting, i.e. without any heat transfer

from the ignition source. This ignition state is defined by the zero heat flux

condition at the ignition source. The profiles of fuel vapor mass fraction and gas

temperature at the time of ignition are shown in Figs. 6-7, respectively. The liquid-

phase properties, i.e., the droplet location, size and temperature are given in Fig. 8.

The droplet vaporization and the gas heating cause an expansion and movement of

the gas so that the droplets are dragged away from the wall, as indicated in Fig. 8.

These figures also indicate that the droplets nearest to the wall take the most active

part in the ignition process.

Results of a parametric study are summarized in Tables 2-10. Values of various

parameters used in the test case are shown in Table 1. n-Octane fuel droplets have

been used for these calculations. For the results shown in Tables 2-10, the

possibility of droplet ignition, i.e., of .having envelope flame around individual

droplets is included. A droplet ignition criterion as suggested by Law [113 is

employed for this purpose. Implications of including droplet ignition are discussed

later. The effect of hot wall temperature on the ignition delay time and ignition

energy are portrayed in Table 2. Ignition delay time is defined as the time to reach

the condition of zero heat flux at the hot wall, whereas the ignition energy is defined

as the total heat per unit area conducted from the wall prior to the point of ignition.

An increase in wall temperature leads to faster heating and vaporization, which leads

to shorter ignition delays and reduced ignition energies.

Table 3 shows that the initial gas temperature has a modest effect on the ignition

delay and the ignition energy. An increase in the initial gas temperature leads to

faster vaporization and thus shorter ignition delay. As indicated in Table 4, the

initial fuel vapor mass fraction has a small effect on the ignition delays and the

ignition energies. Thus the initial fuel vapor mass fraction is not a very important

parameter if the initial gaseous mixture is well on the lean side of the flammability

limit. Most of the fuel vapor required for ignition must come from the droplets.

As shown in Table 5, the initial droplet size has strong effect on the ignition

delays and ignition energies. Note that to keep the overall mixture ratio fixed as
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initial droplet radius decreases, the number of droplets with each characteristic

increases inversely as the square of the droplet radius and the droplet spacing

decreases linearly with droplet radius. With a decrease in droplet size, ignition delay

end ignition energy decrease until a minimum is reached. Further decrease in droplet

size causes an increase in ignition time and ignition energy. This behavior is

believed to be for two reasons. First, there is no envelope flame or individual

droplet ignition for very small droplets. For example, with an initial drop radius of

13.12 microns. there is no envelope flame, whereas for drop radius r'f 26.25. 52.5 and

105 microns, the droplet nearest to the hot wall are individually burning. Since the

vaporization rate for non-burning droplets is small, spray ignition takes longer time.

The second reason for the above behavior is that as the droplet size is reduced, the

fuel vapor distribution near the ignition source changes significantly, which in turn

influences the ignition delay time and the ignition energy. As shown in Fig. 9, for

droplet radius of 105, 52.5 and 26.25 microns, the fuel vapor mass fraction has a

very steep front near the ignition source.- Of course, the peak value of Y increases'

as the droplet size is reduced. For the droplet radius of 13.12 microns, the fuel

vapor distribution is much more uniform and there is a large drop in the peak value

of Yf which increases the ignition delay time.

The difference between the burning-droplet case and non-burning-droplet case are

further elucidated by comparing Tables 5 and 6 and Figs. 9 and 10. Note that in the

burning-droplet case, a droplet ignition criterion is used to determine the possibility

of an envelope flames around individual droplets. Results indicate that for drop

sizes of 105.0, 52.5 and 26.25 microns, the droplets closest to the hot wall has

envelope flame. For drop size of 13.12, there are no envelope flames. In the non-

burning droplet case, individual droplets are not allowed to burn; they only vaporize.

Figures 9 and 10 indicate that the fuel vapor distribution near the ignition source is

markedly different for the burning-droplet and the non-burning-droplet cases,

respectively. As a result, the droplet ignition has a strong influence on the spray

Ignition delay time and the ignition energy. As shown in Tables 5 and 6. especially

for large droplets, the values of ignition delay time and ignition energy can vary

significantly depending on whether the droplet ignition is considered or not.

The purpose of Table 7 is to demonstrate that the exact location of the droplet

nearest to the ignition source can strongly influence the ignition delay timre and the

ignition energy. Part (a) of this table gives the effect of drop size when the nearest

droplet is placed at .05 cm from the wall. Comparison of these values with those in



15

Table 5 shows that changing the location of the nearest droplet can produce large

quantitative changes in the ignition delay time and the ignition energy. This is

further substantiated in Table 7, part (b). The reason for this behavior is due to the

fact that the average distance between droplets is of the same order as the gas

thermal layer thickness at the hot wall that is developed during the ignition process

(see Fig. 7). Since in practice the exact location of the droplet is not known, a

statistical phenomenon is indicated. Thus, there is a need to study the ignition of

fuel sprays by employing a probabilistic approach.

In order to examine the effects of fuel type, it seems appropriate to isolate the

chemical kinetics effects. and the vaporization effects. The influence of chemical
kinetics is studied by varying the activation energy and the pre-exponential factor.

The results are shown in Tables 8 and 9. An increase irr activation energy results in

an increase in the ignition delay time and the ignition energy. At higher values of

the activation energies, the effect is much stronger since the ignition process

becomes chemically controlled. Similar effects are observed by varying the pre-

exponential factor. A decrease in this factor increases the ignition delay and the

ignition energy. The effect is stronger at relatively lower values of the pre-exponent

factor as the ignition process becomes chemically-controlled. An interesting result is

observed by comparing the effects of pre-exponential factor for the spray case and

the premixed gaseous case. In the latter case, the pre-exponential factor has a

relatively stronger effect on the ignition delay and the ignition energy. This is due

to the droplet vaporization process in the spray case. where the ignition process

becomes vaporization-controlled at large values of pre-exponential factor. As seen in

Table 9, the ignition delays and the ignition energies are higher for the spray case.

At low values of pre-exponential factor, the ignition process becomes kinetically-

,:ontrolled for both the cases. However, for the spray case, the mixture becomes

locally fuel rich due to the sufficiently large time available for vaporization. This

reduces the ignition delay and the ignition energy, for this case as compared to the

premixed case. Note that for one-step reaction scheme with unity exponents for fuel

and oxidizer concentrations, the optimum equivalence ratio for the minimum ignition

energy in the premixed case is about 9. This is shown in Table 10. which gives the

effect of equivalence ratio for the spray and the premixed cases. It is interesting to

note that the optimum equivalence ratios are so different for the two cases. The

difference is due to the fact that for the spray case. the initial droplet distribution

causes a stratification in the fuel vapor distribution. For example, even for the case

when equivalence ratio is unity, a fuel-rich zone develops near the ignition source. It
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i$ also noteworthy that in the spray case the optimum equivalence ratio for the

minimum ignition time is different than that for the minimum energy.

The second effect, which is perhaps more significant, of changing the-fuel type is

Clue to its vaporization characteristics, i.e.. the volatility. Table 11 gives the variation

of the ignition time and the ignition energy with droplet radius for three different

fuels, namely hexane, decane and hexadecane. The properties for these three fuels

are given in Table 2. Note that the corresponding values for octane are given in

Table 5. As expected. the fuel volatility has a strong influence on spray ignition.

Moreover, the effect of fuel type is much more pronounced when the initial droplet

fize is large.
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Table 1: VALUES OF VARIOUS PARAMETERS USED IN SPRAY IGNITION STUDY
(TEST CASE)

Value

Parameter

Fuel 
n-octane

a

b
0.25 cal/gm / K

104 cm 3 mole- sec -

0.526 cal/gmfOK

d; 
'0.2 cm

LU 
86.25 callgm

LeU 
2.0 cm

28.9 gm/moleao

M1  114 gmImole

32 gm/mole

n Uk 

20 1/cm 2

10700 9 MU cal/mole

1.98717 cal/mole

r 0 k52.5 

microns

r; 
40000.0/R' K

T'T 
1500 " K

lU 
398.8 OK

Tk# 
300 *K

TC 
400 OK

Y 
0.01

Sf,
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Axe
.02 cm

'10- sec

1.38

pp-PcD' 1.8446 x 10- 4 gm/cm/sec

0.707 gm/cm
3

=12.5
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table 2: EFFECT OF HOT WALL TEMPERATURE

IT (K) Ignition Time Ignition Energy

w811 (m sec) (mcalIcm2

2000 5.31 3.743

1800 8.15 5.328

1600 13.31 7.283

1500 18.17 8.658

1400 27.69 i0.643

1300 54.71 14.127

1200 No ignlitionl up to 160 msec.
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Table 3: EFFECT OF COLD GAS TEMPERATURE

7 (K IgntionT~meIgnition Energy

(M sec) fcl~ 2

400 
14.25 

7.362

3bo .15.918.0 11

320 
17.46 

8,472

310 
18.17 

8.658
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Table 4: EFFECT OF INITIAL FUEL VAPOR MASS FRACTION

Ignition Time Ignition Energy-

F vap~or (m sec)

0.01 18.17 8.658

0.005 18.67 8.912

0.002 18.97 9.067

0.001 19.07 9.118
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Table 5: EFFECT OF DROPLET SIZE (Burning-Droplet Case)

(First characteristic at 0.02 cm from the wall)

Droplet Radius ignition Time Ignition Energy

(P m ) (m s e c ) (m c a f )

105 14.79 7.89

52.5 8.98 5.98

26.25 
7.25 

5.25

13.125 
10.4 

5.56

Premixed 11.54 S.54
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Table 6: EFFECT OF DROPLET SIZE (NON-BURNING DROPLET CASE)

(First characteristic at 0.02 cm from the wall)

Droplet radius ignition Time Ignition Energy

(rpm) (m sec) (mcalIcm2)

105.0 
23.45 

9.38

52.5 
12.10 

6.72

26.2 
8.51 

5.50

13.1 
10.40 

5.56
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Table 7: (a) EFFECT OF DROPLET SIZE

(First characteristic at 0.05 cm from the wall)

Droplet Radius Ignition Time Ignition Energy
(prm) (m sec) (mcal/cm2)

105 20.69 9.1

52.5 14.25 7.36

26.25 13.92 6.82

13.125 17.25 7.1

(b) EFFECT OF DISTANCE BETWEEN THE HOT WALL
AND THE NEAREST CHARACTERISTIC

Distance(cm) Ignition Time Ignition Energy

(msec) (mcal/cm 2)

.01 8.43 5.50

.02 8.98 5.98

.03 10.25 6.31

.04 12.09 6.81

.05 14.44 7.43

.05 14.44 7.43

.06 17.62 8.17
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Table B: EFFECT OF ACTIVATION ENERGY

Activation Energy Ignition Time Ignition Energy"-

(Kcallmoie) 
(msec) (mcaIIcm2)

35 4.35 3.78

38 6.49 4.90

40 8.90 5.95

42 12.92 7.39

44 19.85 9.39

46 
30.84 

.11.82

* -



27

"Table 9: (a) EFFECT OF PRE-EXPONENTIAL FACTOR (SPRAY CASE)

Pre-Exponential Factorxl0-14 Ignition Time Ignition Energy-

(cm 3mole - Isec- 1) (msec) (mcal/cm " 2 )

10 4.05 3.65

8 4.30 3.80

5 4.93 4.15

2 6.69 5.02

1 8.90 5.95

.5 12.60 7.24

.2 21.94 9.76

.1 41.00 12.31

(b) EFFECT OF PRE-EXPONENT FACTOR (PRE-MIXED CASE)

Pre-Exponential Factorxi0 - 14 Ignition Time Ignition Energy
(cm 3 mole - t sec 1) (msec) (mcal/cm2

10 3.07 2.67

8 3.36 2.82

5 4.16 3.19

2 6.98 4.26

1 11.54 5.54

.5 20.28 7.42

.2 43.95 11.14

.1 79.14 15.24
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Table 10: EFFECT OF EQUIVALENCE RATIO

(a) Spray Case

Ignition Time Ignition Energy

(msec) (mcal/cm2)

0.5 10.62 6.15

0.8 9.34 5.97

1.0 8.98 5.98

2.0 8.95 6.621

3.0 10.18 7.79

4.0 12.83 9.51

5.0 20.09 12.30

6.0 31.79 16.08
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(b Pre-Mixed Case

Ignition Time (mcal/cfl'2 )

(msec) 
niinEeg

.526.73 
8.04

.8 
14.43 

6.15

1.0 
11.54 

5.54

2.0 
6.89 

4.27

3.0 
5.64 

3.83

4.0 5.09 '3.61

5.0 
4.79 
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6.0 
4.63 

3.41

7.0 
4.54 

3.37

8.0 
4.50 

3.346

9.0 
4.49 

3.335

10.0 
4.5 

3.335

11.0 
4.54 

3.34 3

12.0 
4.59 

3,357



30

Table 11: EFFECT OF DROPLET RADIUS FOR DIFFERENT FUELS

(a) Fuel: Hexane

Rsdius Ignition Time ignition Energy

(pRm) (msec) (mcal/Cm 2 )

105.00 
10.60 

6.23

52.50 
8.04 

5.43

26.25 
7.02 

5.03

13.12 
10.58 

5.586

Fuel: Decane

105.00 
22.64 

10.14

52.5 
10.64 

6.755

26.25 
7.41 

. 5.377

13.12 
11.2 

5.656

Fue: Hexadecane

105.00 
48.88 

15.30

52.50 
17.29 

9.171

26.25 
8.53 

6.012

13.12 
9.98 

5.474
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Table 12: FUEL PROPERTIES

HEXANE OCTANE DECANE HEX ADECANE

w 1(gm/mole) 86.18 114.00 142.30 226.45

y9.5 
12.5 15.5 24.5

pj(gm/cm 3 ) .659 .707 .73 .7

L'clg)88.5 
86.5 76.7 68.03

OCp~al9mK).2 .526 .526 .526

k py'xi0 6 0K 2 265 226.5 226.5 226.5

caxIOmIe6 K)265

T' (K) 341.9 398.8 447.3 560.
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NOMENCLATURE

a.b exponents of fuel and oxidizer concentrations. respectively.

Cp'eCp Cp¢" specific heat at constant pressure. caligm/*K -

CpkmCpk CpC' liquid specific heat

Cf OC(P•/M) -ab pre-exponent factor.
(mole cm 3 )1-o-bsec"1

d droplet spacing, cm

D'=D D gas diffusivity. cm 2 lsec
C

E, activation energy. callmole

H'rH C'PC'T C  heat given to the droplet per unit mass, cal/gm
PC C

L. characteristic length-scale. also the length of the computationaldomain

L'aL Cp.C' T C heat of vaporization, cal/gm

r C kCLr L'rk

Mi'aMiMc, molecular weight of fuel, gm/mole

M 'aM M ' molecular weight of oxidizer, gm/mole

mk km PC'Dc'rko' vaporization rate of a droplet.
gmlsec

n,'n kILc 2 number of droplets with each characteristic, 1tcm 2

P'Pp c' pressure, atm

P no normal pressure. 1 atm

Q*&Q Cp T M heating value of fuel, callmole

r k' a rkO' droplet radius. cm

R, gas constant. 1.9B717 cal/mole/lK

tt t ' time. sec

t L 2 1D' characteristic time scale "

T&-T aT activation temperature, OK

Tt"' boiling temperature at normal pressurebnJ
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T'sT T ' gas temperature

TSwTk Tel droplet surface temperature

V'wV V gas velocity, cm/sec

Vk *Vk V c  droplet velocity

XUX L' droplet location, cm

XfS fuel vapor mole fraction at the droplet surface

x'xx L spatial coordinate

Y mass fraction

Yf$ fuel vapor mass fraction at the droplet surface

Yfi initial fuel vapor mass fraction

Ax'wZx L' spatial grid size, cmC

At'",At t ' temporal step size, cm

transformed temperature (see Equation 4)

ratio of specific heats

P'tp pC'De viscosity. gm/cm/sec

V M 1'/rIMo'

P 'up PC gas density, gm/cm 3

Pr=P,*lP'k ratio of reference gas and liquid densities

molar stoichiometry ratio of oxidizer and fuel
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