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ABSTRACT

A facility for measuring the laminar burning velocity of fuel-air-
residual gas mixtures has been constructed. It consists of a spherical
combustion bomb in an oven which can be heated up to 500 K., The bomb is
equipped with ionization probes to measure the arrival time of the flame
at the wall and check the spherical symmetry of flame, a piezoelectric
pressure transducer to measure pressure during the combustion process,
and a balanced pressure indicator to calibrate the transducer. A laser
shadowgraph system was used to measure the arrival time of the flame
front at a known radius, and also to check the assumption of negligible
pre-flame reaction.

A thermodynamic analysis was used to calculate laminar burning
velocities from the pressure time history obtained during the combustion
process. The burned gas properties were computed using an equilibrium
assumption for the burned gas, and the unburned gas properties were com-
puted using thermodynamic data from JANAF tables and assumption of frozen
composition.

Laminar burning velocities of propane-air, isooctane-air, methanol-
air, and a multicomponent hydrocarbon fuel similar to commercial gasoline
(indolene)-air mixtures were measured in the pressure range of 0.4 to 40
atm and temperature range 298 to 750 K for fuel-air equivalence ratios from
0.8 to 1.5. The results are presented graphically and fitted to power law
and exponential relations.

In addition, the effects of residual gases on the laminar burning
velocity of stoichiometric isooctane-air mixtures were studied. The
resijdual gases were simulated by a mixture of carbon dioxide in nitrogen
(15% V/V with residual fraction of 10 and 20 percent by mass were used).
The autoignition of end gases for isooctane-air mixtures were observed,
and corresponding thermodynamic states are reported.

Thesis Supervisor: James A. Keck
Title: Ford Professor of Engineering
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CHAPTER 1
INTRODUCTION

The Taminar combustion properties of fuels at high pressures and
temperatures are of fundamental importance for analyzing and'predicting
the performance of internal combustion engines and power pjants. of
practicé] interest is the laminar burning velocity, which is also
cai]ed normal combustion velocity,'flame velocity, or laminar flame -
Spéed. The 1aminar burning velocity is a physicochemical constant
for a given combustible mixture, and is defined as the velocity,
relative to the unburned gas, at which a p1ané flame front propagates
into the mixture.

| As a result of recent analyses carried out in connection with
efforts-to improve the efficiency and reduce the pollutants of auto-
motive‘éngines ahd burners, the importance of laminar flame speed data
has become more evident. Among the parameters related to laminar flame
speed are: |
The thickness'of the wall quench layers that are a
primary source of unburned hydrocarbons and carbon monoxide
[11, [2].
The minimum ignition energy required to ignite the
charge. This in_turn affects the range of equivalence
ratios over which an engine can be operated [3], [4].
In addition the laminar flame speed is an important parameter in

various turbulent combustion models [5] - [7] and can be used in con-
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junction with basic combustion models to deduce activation energies
and reaction rates. «

At the present time there is only limited information about the
laminar burning velocities of different fuel-air mixtures; this infor-
mation is mainly for gaseous fuel at low'temperatures and pressures.
There is very Tittle information for liquid fuels at the high tempera-
tures and pressures of importance for practical engines and burners.

This thesis is concerned with experimental and analytical work
using a heated spherical constant-volume combustion bomb to measure
the 1aminar burning velocities of several practical fuel-air mixtures
at different equivalence ratios, temperatures, and pressurés encountered
in internal combustion engines and burners. The fuels studied werev
propane, isooctance, methanol andAan unleaded mﬁ]ti-component'hydro-
carbon fue1 similar to commercial gasoline. :

~ In the approach taken here, the pressure récord is the primary
measurement. A thermodynamic analysis of the pressure-time data was
performed to calculate Taminar burning velocity as a function of “
temperature, pressure and equivalence ratio. The effect of residual
gases on the flame speed for isooctance-air mixtures was also studied
and the spontaneous ignition 1imits for isooctance-air mixtures was
determined. . |

Chapter 2 discusses thermal, diffusion, and cOmpreheﬁsive theories
for calculating Taminar burning ve]oqity as well as different types of
experimental approaches to the probiem. Chaptefs 3 and 4 describé the

experimental apparatus used in this study and the experimental procedure
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for laminar burning velocity measurement. Analysis of the data is
discussed in Chapter 5. Chapter 6 contains the experimental results
and the laminar burning velocities for different fuel-air mixtures.

Conclusion and suggestions for further work are offered in Chapter 7.
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CHAPTER 2
LAMINAR FLAME PROPAGATION

Laminar flame propagation has been the subject of interest of
many scientists and has been studied for over a century. Some
researchers have stydied the subject from a theoretical point of view
while others have tried to understand this phenomenon by using an
experimental approach to the measurement of laminar flame speed.

2.1 Theoretical Approaches

There are three theoretical approaches to 1am1nar.flame propa-
gation: a) thermal theories, b) diffusion theories, and c) compre-
hensive theories.

The problem of determining the propagation velocity of a de-
flagration wave was first studied by Mallard and LeChatelier [8], who
employed the thermal theory. They assumed that the flame consists of
a preheat zone and a reaction zone and that the heat conducted from
the reaction zone is the amount necessary to bring the dnburned gases
to the ignition temperature. With this postu]ation the energy equa-

tion becomes

m Cp(Ti - Tu) = k(Tf - Ti)/d (1)
where
k = thermal conductivity
Cp = specific heat at constant pressure
§ = thickness of the reaction zone
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m = mass flow rate of combustible mixture into the flame
Tu = unburned gas temperature
Ti = 1ignition temperature
Tf = flame temperature

By substituting puSu s where Py is the unburned gas density and Su
is the Taminar burning velocity, for m for a unit area Mallard and

LeChatelier derived the following relation for laminar burning velocity

k f il
S T — —_— (2)
u pucp ii - lu 6 )

By relating the thickness of the reaction zone to reaction time and
reaction rate they came to the conclusion that Taminar flame speed is
proportional to the square root of the reaction rate.

Zeldovich, Frank-Kamenetski, and Semenov 1atek improved the
thermal theory of laminar flame propagation [9]. They included the
diffusion of molecules as well as of heat but not that of free

radicals or atoms. They derived the following relation for laminar

flame speed
' _ _ 1/2
s, = [(2k/a,C)(1/(T¢ - T )] (3)
where Tf
1 = - j wdT (4)
a
o7
u
a, = number of mole of reactant per volume
w -

reaction rate
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w = Z exp(-E/RT) - (5)
Z = pre-exponential term in the Arrhenius expression
E = activation energy
R = univeréa) gas constant

In this theory it was assumed that the total number of moles of
mixture did not vary during the reaction and that the Lewis number was
1. Later Zeldovich et al. removed those restrictions and derived the

following relation for laminar flame speed for a first order

reaction [10]

2kC 2 RT: exp(-E/RT,)
- fp f f
Po f u
p
where
kf = thermal conductivity evaluated at Tf
 Cpf = specific heat evaluated at Tf
_Cp = average specific heat between T and T,
n/n, = ratio of the number of moles of reactants to
‘ products
le =

Lewis number = k/pDCp

D = diffusivity

VonKarman and Millan [11] also solved the mass,'momentum, and
eﬁergy equations neglecting diffusjon and derived an integral relation

for flame speed measurement.
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The diffusion theory was used by Tanford and Pease [12]. They
- suggested that the diffusion of active particles from the flame front
is the confro]]ing factor in combustion, and they derived the following

relation for laminar flame speed

K x;D; /2
5, = []-qp, ] (7)
where

ki' = rate constant appropriate to the ith active species

C = concentration of combustible

D. = diffusion coefficient of the active particle

1 into unburned gas
Q = mole fractibn of potential combustion product
B, = a factor usually close to unity, which

corrects for the loss of radicals due to
chemical processes.

x. = calculated equilibrium mole fraction at the
flame front

Many inyestigators have developed comprehensive theories of
laminar flame propagation. The equations that describe a deflagration
wavé can be summarized as follows [8]:

Conservation of mass:

oY = m constant ~(8)

d si/dx ws/m (9)
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Conservation of momentum

pv2 +p - ( %'u + k)dv/dx = constant | (10)

Diffusion equation

dX

. X.X. €
1 _
dx ( .

. E, ,
Ly -v) (1)
IS S I

)
J

He~13

o |3

Conservation of energy

N
w b of - g g

(12)

= constant

where:

v = velocity of gas mixture
X. = mole fraction of species i
Y. = mass fraction of species i

w, = rate of produétion of species i by chemical
reaction

u = coefficient of (shear) viscosity
k = bulk viscosity coefficient
K = thermal conductivity

€. = pYi(v + Vi)/pv is the mass flux fraction of chemical
species i

V. = diffusion velocity of species i

Dij = binary diffusion coefficient for species i and j .
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Hifschfelder et al. [13] were among the first investigators who
tried to include both thermal and diffusion theories. In order to
solve the set of nonlinear equations, Hirschfelder had to assume heat
sink boundary conditions on the cold side. Von Karman and Penner [14]
later simplified the governing equations (Eqs. (9) through (13)) by
introducing the fact that the eigenvalue solution of the equations is
the same for all ignition temperatures whether it be near Tf or not.
Since then many investigators have solved the governing equations.
for laminar flame propagation using various assumptions [8]. These
solutions can not be used for complicated fuel where much essential
“information such as reaction rates, mu]ticompohent diffusion coefficients,
and diffusion velocity are not available to date. Because it is not yet
possible to calculate the laminar flame speed of different fuel oxidant
mixtures,it must be determined experimentally.
2.2 - Experimental Approaches
2.2:1_Tube Method

In this method a tube is closed at one end and the gas is ignited
at the open end. The combustion wave propagates from the open end to the
closed end of the tube. Gerstein et al. [15] used the tube method to
measure flame speed, and they used the following relation for determining
laminar burning velocity

| 2
s, = T (5 -5 (13)

where:
: R = flame radius
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A = tube area
SS = flame frdnt speed with respect to tube
Sg = gas velocity in front of flame.

Gerstein et al. used photocells to measure the flame front speed SS ’

and me&sured the gas ve1dcity S , from thé growth of a soap bubble

g
blown from a tube connected to the flame tube.

°2.2.2 Bunsen Burner Method [16]

This method has been used by many investigators. In this mefhod,
premixed gaées flow up a cylindrical tube that is long enough to ensure -
streamline flow at the mouth. The gas burns at the mouth of the tube
and the shape of the Bunsen cone is recorded and measured by various
means.

The laminar flame speed can be measured using the. following
relation |
S, = V,sina (14)

where:

-
]

ve]ocity of the unburned gas

the cone apex angle

" 2.2.3 Flat Flame Burner

A flat flame can be created by placing a porous metal disk or
a serﬁes of small tubes of 1mm or less in diameter at the exit of a
Targer flow tube. At lTow velocities, a flat stationary flame can be

obtained a short distance above the burner matrix, whereas at high gas
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velocities, a conical flame is produced. The burning velocity can then
be calculated by dividing the gas volume flow rate by the flat flame
area.

Since in this method there is an excessive heat loss from the
flame to the burner matrix, the flame cannot be considered adiabatic.
Botha and Spalding [17] utilized heat removal by the burner matrix,
to stabilize the flat flame. They calculated the burning velocity for
different flow rates by the area method. They plotted the burning
velocity against the heat extraction rate, and then extrapolated back
to zero heat extraction, to obtain the adjabatic burning velocity.

'2.2.4 Soap Bubble Method

In this method the gas mixture is contained in a soap bubble
and ignited at the center by a spark, and a spherical flame spreads
outwards. The pressure remains constant in this experiment. Strauss
and Edse [18] used the soap bubble method to measure the laminar burn-
ing velocity of methane-oxidant mixtures. They used the following

relation for determining the flame

SU = T (15)

where SS is spatial velocity which was determined photographically,
and E dis the expansion ratio, which represents the ratio of burned
gas yolume to unburned gas volume. The expansion ratio was determined
from calculation of adiabatic flame temperature and combustion gas
composition, assuming that complete chemical and thermodynamic equili-

brium prevails in the burned gas.
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'2.2.5 Constant Volume Combustion Bomb

In this method the gas mixture is contained in a constant volume
combustion bomb, and it is ignited centrally. This method measures
the adiabatic flame speed, and one of its advantages is that the
laminar burning velocity can be measured over a range of temperature
and pressure in each experiment. Other advantages of this method are :
that the experimental facilities are easy to build and that experimen-
tation_is also easy.

Many investigators have tried to derive an explicit formula for
the Taminar burning velocity given the presﬁure history and the flame-
front radius of the combustion process. Lewis and Von Elbe [19]
assumed that the mass fraction burned is proportional to the pressure

of the combustion process and derived the following relation

3 .3 ,
R N "
' u'f ~
where:

R = radius of the combustion bomb

Re = radius of flame front

’p = pressure inside the combustion bomb

Yy unburned gas specific heat ratio

Subsequent workers have developed improved ekpressions for
laminar flame speed. Garforth and Rallis [20] have derived the

following relation for flame speed calculation.
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s, = GRIF + €A - FA)Is, + (/) (nF/3) (i/et)

(17)
+ [r(1 = F)/3] (d&/dt) - (@ - &)FS(de/dt)}
where:
o Sb/po ratio of average burned gas density to
1n1t1a1 density
B= p,/P,
T = flame front thickness
F= 1- 7% '
€ = Bf/p0 ratio of average'deqsfty of gas.within
~ the flame front to initial density
'rf = flame front radius
g = T/re
For a thin flame, Eq. (17) reduces to the following relation:
Su = S, ;%J e (18)

which Garforth and Rallis [20] call the burnt gaS equétion for buning
velocity. Equation (16) is referred to as the unburnt gas equation
for burning velocity. |

Other investigators such as Bradley and Mitcheson [21] and
Ryand and Lestz [22] have recently measured the flame speed in a
constant volume combustion bomb, and have reported measurements for
different fuel-air mixtures which will be discussed in a later

chapter.
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CHAPTER 3
EXPERIMENTAL APPARATUS

3.1 Combustion Bomb

A schematic diagram of the combustion bomb used for the measure-
ments reported in this thesis ts showh in Fig. 1. The combustion bomb
is spherical and has an inside diameter of 152.4 mm with'a 19 mm wall
thickness, and was designed to withstand a pressure of 700 atm;' The
combustion bomb material is 4150 FM alloy steel in the annealed condi-
tion., The twd halves are held together by 6 clamp bolts and sealed by
a fluorocarbon o-ring. The combustion bomb is located in a 400mm x 400mm x
460mm glaes wool oven and can be heated electrica]]y‘to a temperature
= 700K. Hoﬁever, because of the temperature Timitations of the Kistler
pressure transducer and the o-ring, the maximum temperature at wh1ch
measurements could be made was 500°K

3.2 Gas and Fuel Manifold

‘The gas and fuel handling system is shown in ng. 2. The bomb
ie‘located inside the oven. A thermocouple gauge is used to measure
the vacuum pressure. Three bourdon tube gauges with djfferent ranges
are used to read the pressure of the system. Ah oil manometer and a
dead weight tester are connected to the system in order to calibrate
the pressure gauges. A mercury manometer is placed inside an'oven
directly beneath that containing the bomb. It can be heated up to 400°K
and is used to-measure the pressure of the fuel when the combustion bomb

is at elevated temperatures. Liquid fuel is injected through a septum.
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A.detail of the fuel injection system is shown in Fig. 3. The system

consists of a high temperature silicone compound under compression.

Liquid fuels are injected using syringes sized according to the amount

of fuel injected.

3.3 Electrodes and Ignition System

Standard 14 mm spark plugs with extended stainless steel elec-
trodes that were tapered to a point at their tips were used to form
the spark gap at the center of the bomb. Figure 4 shows a spark plug
with its extended electrode. The gap between two electrodes was set
at 0.5 nm. A standard capacitive discharge ignition system in which
the energy stored in the capacitors can be varied from a few millijoules
to 2 joules was used for producing the spark. Figure 5 shows the
electrical circuit for the ignition system.

‘3.4 Dynamic Pressure Measurement

The dynamic pressure inside the combustion bomb was measured with
a piezoelectric Kistler pressure transducer, Model 603B1, coated with
Dow Corning high-vacuum grease and calibrated against a balanced- |
pressure indicator.

Figure 6 shows a schematic diagram of the balanced-pressure
indicator that screws into the combustion bomb. At its inner end it
carries a 0.001 inch steel diaphragm between two 0.002 inch steel
riqgs,.supported by two heavy disks. In operation, a steady gas

_pressure, called the "balancing pressure", is applied to the outer
side of the diaphragm, whose inner side is exposed to combustion bomb

pressure. As the pressure inside the combustion bomb passes through
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equilibrium with tﬁe balancing pressure, the diaphragm is deflected
one way or the other, and makes or breaks an electrical contact wit-

a center conductor. 'This‘conductor is connected to the sensing
circuit shown in Fig. 7 which produces an output puise when the
contact'is made or is broken. This pulse is fed into the CRT cathode
of an osci]Toscope, and causes a bright spot to appear on the hressure
trace at a point corresponding to the balancing pressure. This pulse
also étops a counter, recording the precise time‘at which the pressure
inside the combustion bomb equals the ba1antjng pressure. This infor-
/mation:is used to calibréte the Kistler transducer on each run and
effectively minimizes errors due to the thermal sensitivity of the
Kistler,transducer;' o

3.5 Ionization Probes

The arrival time of the flame front at the wall was measured |
using jonization probes. There are_thfee ionization'probe positions
on the perimeter of the combustion bomb, two of which are diametrically
opbosed. A11 are flush with the spherfcal inner surface of the combus-
tion bomb. These‘probes are used to check for spherical symmetry of
the f1 ame propagation. |

The details of the probes are given in Fig. 8. The insulation
~gap on the probe was 0.025 mm. This prevented signifiéant penetration
of the electric field beyond the interior wall and eliminated the
prbb]em of premature signals [23]. The- electrical éircuit which was

used with the ionization probes is shown in Fig. 9. Three couhters
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were used to read the time at which each of the three fonization probe

pulses occurred.

3.6 Laser Shadbwgraph

The arrival time of the flame front at a known radius‘was méasured
using the laser shadowgraph system shown in Fig, 10. A 5 milliwatt
He-Ne 1aser with a wavelength of GBZBR was used. The beam diameter
was 1.8 mm and the intensity distribution‘inside the beam was Gaussian.
The distance from the center of the combustion bomb to the Taser beam
was 64.64 mm. The window inserts were made of sfainless steel and are
shown in Fig. 11. Since the ports are used'for fine opticé] measure-
ments,vquartz wihdows were used in the apparatus.

When the flame front passes through the laser beam a diffraction
pattern similar to that produced by a knife edge is produced. Using
this system the time when the flame front cuts the laser beam can be
measured to + 0.1 msec and the radius of the flame front can be mea-
sured to + 0.15 mm. A comparison of this radius with the corresponding
value from the pressure measurement is used to check the assumption of
negligible preflame reactions.

3.7 Data Recording Equipment

Figure 12 shows the data handling and processing equipments
used in the experiment. It consists of a two-channel 12-bit analog-
to-digital converter controlled by a microcomputer. The maximum
number of digitized points per channel is 256 and the time inérement
between points is 0.25 msec. The instrumentation also includes four

counters which are used to read the time at which the ionization probe
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pulses occur and that at which the balanced-pressure switch closes.
An oscilloscope is used to monitor all inputs. The experimental

procedure will be discussed in the next chapter.
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CHAPTER 4
EXPERIMENTAL PROCEDURE

The bomb was first heated to the desired temperature which was
monitored by four thermocouples. The first thermocouple was welded to
a washer and a small socket screw was used to hold the washer on the
top of the combustion bomb. The second thermocouple was welded to a
washer placed under one of the clamp bolts that holds the two halves
of the combustion bomb together. The third one was hung loose in the
oven one inch above the combustion bomb, and the fourth one was located
close to the injection septum. The accuracy of an individual measure-
ment was + 3°C, and the maximum spread in temperature among four
thermocouples was + 10°C. The time required for the temperature to
stabilize under heated conditions was 45 minutes at most.

In order to prepare a fuel-air mixture, first the combustion
bomb was pumped down to a pressure less than 30 millitorr. For gaseous
fuel the bomb was filled to the desired pressure and 5 minutes settling
time was allowed to elapse. Statistical studies described in Chapter 6
showed this time to be adequate. Then the plumbing lines were evacuated
ti11 pressure was less than 30 millitorr, and air was introduced into
the bomb up to the desired pressure. A waiting time of 5 minutes per-
mitted the fuel and ajr to mix completely and become quiescent.

For 1iquid fuels the amount of liquid necessary to make the de-
sired fuel-air mixture was calculated and then injected through the

septum in the manifold. It was noticed that the measured pressure of
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" the fuel was not the same as the calculated pressure basedvonvthe-ideal
gas‘calculat'ion of the fuel vapor and the assumption that. all the fuel
evaporates. This phenomenon was observed for all fuels»and is dis-
cussed in. Appendix A. In order to achieve the desired pressure, mbre
fuel was injected into the manifold and the pressure was read with the
‘mercury manometer. Again, the plumbing lines were pumped down, air was
introduced into the combustion bomb, and 5 minutes waiting time was
allotted to permit the fuel and air to mix comb]ete1y.'

- Next the question of charge‘stratificatipn was considered. The
density ratio of two different heights was calculated by the follow-
ing relation

-g(Z, - Z,)
9—2- = exP( ZRT L ) B (19)

where P and: pp are densities at two heights of Z‘ and ‘22 .
The ratio of densities at the top and bottom of the COmbﬁstion bomb was
0.99998 for air and 0.99993 for isooctane which was the heaviest fuel
studied.; The equivalence ratio variation in the combustion bomb is
- < .05%, which is neg]igibleucombared to measuremént errors.

| After the filling proceddre was comp]eted,’the pressure'transducer'
was zeroed and the mixture ignited. Figure 13 shows a typical oscillo-
gram for a stpchiométric propane-air mixture havihg initial conditions |
of 1 atm and 300K. The horizontal scale is 10 msec/div. for pressure
and fonization probe-signals. The vertical scale for the preséure
signal is 1.36 atm/div. The balancing time of the pressure‘ihside the

bomb with the pressure on the ba]ancing side of the balanced-pressure
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indicator is ﬁépﬁésented by a dot before maximum pressure. The laser
signal is delayed 22 msec and the sweep rate is 1 msec/div. It cén be
seeh,that the laser signal has the same characteristics of a signal
- produced by a §harp edge.

The analog signals from the pressure transducer and the laser
were fed directly to the microcomputer and the digitized data were
: transferred.automatiCally ffom the microcomputer to the hosf computer,
Times from the ionization probe and balanced-pressure indicator were
input manually to the host computer. The data could be processed

immediately or stored in the memory for later analysis.
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CHAPTER 5
ANALYSIS OF DATA

In the data reduction process the dynamic pressuré;record was
first calibrated. ’This was necessary since the ga]ibratién curve
of a piezoelectric transducer is temperature sensitive.' There are
three-options available for calibration of a piezoelectric transducer.
One method is to accept the piezoelectric pressure transducer signal
and calculate flame speed based on that signal. A seéond'method is
to use the balanced-pressure indicator. For this method,the-fol]ow—

ing relation was used

P; = P, ;ﬁfﬁf::{%?- (py - pq) o (20).
where: , ,
P = pressure of the mixture
p; = inijtial pressurevof the mixture
Pp = balancing pressure °
pk,b = pressure of the mixture at the time when

balanced-pressure switch closes

The third method is to match the final mass fraction burned to the

desired value. For this method the following relation was used:

X
| (p;

P = Py * - p,) . (1)

0

whehe Ps and Po are the same as Eq. (21), X4 is the desired

final mass fraction burned and x. fis the mass fraction burned
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c$1cu1ated at the maximum pressure measured by the KistTef'pressure
transducer. | |

In the analysis of the data it is assumed that for a flame
radius greater than a centimeter or two it ié a good approximation
to assume that the thickness of the flame front is negligibie and
that the gas within the bomb consists of a burned fraction x at
thermodynamic equilibrium and an unburned fraction 1-x frozen at
its origihal composition. The unburned gas itself consists of two
parts. The first part consists of the portion of unburned gas which
is compressed isentropically, and the second part is the pOftioh of
the unburned gas contained in the thermal boundary layer at the
combustion bomb wall, which conducts heat to the bomb wall. It is-
further assumed thét the preséure p 1is uniform, there is no strati-
fication of the charge and the flame front is smooth and spherical |
.although-ce11ular flames have been observed for rich fuel-air mixtures
by Babkin et al. [37].

Undér these conditions and using one-dimensional heat conduc-
tion from the unburned gas to the bomb wall it is shown in Appendix
B that the equations for the conservation of volume and energy Can be

written as follows:

X : 1 '
VM + AS/M = v, dx” + v dx” . (22)
0‘{ b XJ- u

6 .
X 1
M - (M) of pdss = f e dx+ Jedxs  (23)
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where:
V = combustion bomb volume
M = mass of gas in the bomb

E = total initial energy of gas in the bomb

v = specific volume |

e = specific internal energy
§ = displacement thickness

A = combustion bomb wall area
x = mass fraction burned
x! = iﬁtegration variable

and the subscripts b and u “refer to burned and unburned gas

respectively. The displacement thickness is defined as

5 = (/n) | (o-np, )dr | (24)
| /o)

where:

p = density of unburned gas within the thermal
’ boundary layer

p, = density of that portion of unburned gas that
compresses isentropically

It is shown in Appendix C that

S ' 1 1/ t '
st) = ()’ (2o M J O
. 0 0 (25)
. Wy t . =172
- () u)( { ) /]dt'
po A tl po -
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where:
My = viscosity of unburned gas at the initial
temperature and pressure
Y, © specific heat ratio of unburned gas
t = time
P = initial pressure of gas mixture
Po = initial density of gas mixture
t',t" = integration variables

For slowly varying specific heats of burned gas, vb(Tb,p)
and pb(Tb,p) may bé expanded in a Taylor series about the mean
gas temperature:

x .
T, = %- of Tp (x' ,x)dx' (26)

Neglecting terms of order (Tb - Tb)2 and higher, Eqs. (22) and (23)

become
VM + AS/M = xvp(p, Ty) + (1-x) v, (p,s ) -~ (27)
8 -
E/M - (A/M) Of pds' = xeb(p,Tb) + (1-x)eu(p,suo) (28)
where S is the initial entropy.

The fraction error in x introduced by this approximation is

derived in Appendix D, and is
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2 .
. (8Tp) ( 8Cyp, - ) (29)
X o (T -T) 9T |
vb''b u p‘

where cvb is the equijibrium specifip heat of the burned gas at
constant volume and 6T, 1is the spread in burned gas temperature.
For the range of conditions investigated, 6T = 500 K and the
corresponding value of &x/x < 0.002, which i$ neg1igib1e compared
to measurement errors; |

Equations (27) and (28) were solved for two unknowns fb and x
using the Newton-Raphson iteration method. The burned gas properties
were computed using an approximation to equiTibrium properties developed
by Martiﬁ and Heywood [24] and the unburned gas properties were com-
puted using thermodynamic data from JANAF tables_[ZS] for the individual
species in the mixture and the assumption of frozen composition. The
calculation procedure is along the line éuggested by Lorusso [26]. This
procedure is out]ined in Table 1 and fuel thermddyhamic propérties are
des;ribed in Appendix E. | 7 |

Figure 14 shows the relationship between the temperature dis-
tributions in the fuel-air mixtures as a function of mass fraction
 burned. It can be seen that first the unburned gas is compressed
'isentropica11y. It then burns at constant enthalpy, as shown in
Appendix F, to reach the adiabatic flame temperature; Finally, the
burnéd gas is compressed isentropically to the final stafe. _

The fo1lowing definitionS result from the assumption,of spherical

symmetry and mass conseryation.
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- 3
Ry = [3v,/an1'/3 RN
A, = 4mR2 | (32)
f f '
Su = M x(t)/puAf | (33)
S¢ = Re(t) (34)
Sy = S¢- S, - (38)
where:
Rf = radius of flame
Af = area of flame
Su = Taminar burning velocity
X = rate of mass fraction burned

Sf = flame front velocity

S = unburned gas velocity

The following relation was used to calculate x:

x = '%% b (36)

where:

Ll -
p = rate of pressure rise
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It is shown in Appendix G that

| . y |
u b A dé
v (1-(1-x) 3= (1 - ;;-) + V;’(prhaﬁff46))

& - 2 (37)
p(RTp = RTy)
where:
Y = specific heat ratio of gas
T°b = adiabatic flame temperature
R = R/M
E = universal gas constant
M = mean molecular weight of gas mixture
Vo = specific volume of gas mixture at initial state

The two terms YpP %%— and & in Eq. (37) are the consequences

of 1ncluding the thermal boundary. layer at the combustion bomb wall
and are shown graphically in Fig. 15 as a function of normalized
pressure for stochibmefric propane~-air mixtures having an initial
pressure of 1 étm:and an initial temperature of 296K. It can be
seen that the values for both.terms have the same order of magnitude
and both should be considered in the calculation.

A1l paraméters on the right hand side of Eq. (37) are known
from the calculation outlined in Table 1. Thus dx/dp can be evalua-
ted readily. The rate of pressure rfse is obtained by numerical
differentiation of the pressure data. Using this information, the

adiabatic flame speed can be calculated from Eq. (33). 'A_FORTRAN
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computer program was used to calculate the laminar burning velocity .

(Appendix I).
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'CHAPTER 6
EXPERIMENTAL RESULTS AND DISCUSSION

6.1 Mixing Time

Before undertaking extensive measurements, studies were made to
check the reproducibility of the data. First, the efféct of waiting
time on the combustion process was studied; Tests were run involving
waiting times of 2, 5, and 10 minutes with stoichiometric propane-air
mixtures having initial conditions of 1 atm and 298 K temperatufe.
Figure 16 shows the time deyiation of the ijonization probe pulses
frqm the mean time t, - £ . Also shown is the distance the flame
traveled {n that time. Figure 16 shows no measukable bouyancy effect.
Figure 17a shows the difference of the time when peak pressure |
occurred and the meén time of the ionization probe pulseslas a func-
tion of waiting time. The distance which the flame had travelled at
‘that time s also shown in this figure. Figure 17b shows the ratio
of the pressure inside the combustion bomb at the average arrival time
of the flame for three ionization probes to the maxihum pressure as a
function of waiting time. As a result of these studies it was.con-
cludéd that 2 to 10 minqtes of waiting time before combustion did not
have any effect on the measurement. Five minutés was then chosen as
" a reasonable waiting time to allow for fuel and air to mix"completéiy
ahd‘becbme quiescent. | , | A

| Using this five-minute wéfting time tests were done to check

the reproducibility of the data. Four identical runsvwere'made for
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stoichiometric propane-air mixtures at the initial temperature of
298 K and the initial pressure of 1 atm. and the laminar burning
velocity was calculated along the isentropes for each. Figure 18
shows the results plotted as a function of temperature and pressure.
It can be seen that the data are very reproducibie.

Furthér eVidence of this reproducibility is given in Table 2.
The parameters shown are peak pressuré pp » time at which peak

pressure occurs t_, the time deviation of the ionization probe

P
pulse from the mean time t, - T , the standard deviation of flame

radii deduced from the ionization probe pulses Gers s

of the calculated flame front radius from that given by the laser

the deviation

beam and the unburned mass fraction at the end of combustion Gxu .

As can bé séen, the maximum pressure and the time at which maximum
pressure 0c6urred.are very close for all four runs. Although there
ié some'evidence of a systematic variation in the arrival times of
the flame front at thé/ionization probes, which might indicate a small
asymmetry, it should be noted that since the flame speed is less than
100 ém/sec, the displacements involved are only fractions of a mil]i-
meter. This is smaller than the accuracy with which the probes could
be positioned and is not considered to be significant. The other

quantities in Table 2, &R and 8, » are all well

rms ° 6Rlaser
within the accuracy of the measurements.

6.2 Parametric Fit of Measured Burning Velocity

The measured laminar burning velocities for different fuel-air

mixtures have been fitted to two different functional forms. The
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first is the simple power law relation

- Tu o B
Sy = Sy (1) (g’;) (38)
where
Su = Taminar burning velocity cm/sec
Suo = laminar burning velocity at reference
point cm/sec

Tu = temperature of unburned mixture K

_Tuo = reference temperature 298K
p = pressure of gas mixture atm
Py = reference’pressure 1 atm

o, = constants

The constants o and B as well as Suo were determined by fitting
the data to the power law expression using the least square method.
The second relation to which the data has been fitted is that

used by Lavoie [29] to correlate data from previous experiments. It

is ‘ _
o, S :
Verp = ——4 = A( 2 )P exp(-£/2RT? 39
STP osTP ( P )" exp(-E/2R 5 ) (39)
where:
VSTP = mass average burning velocity cm/sec
Py = density of gas mixture
PsTp = density of gas mixture at standard temperature

and pressure condition (T = 273 K, p = 1 atm)
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Ty = adiabatic flame temperature K
R = gas constant 1.987 cal/(gm.mole.K)

A, B, and E are fitted constants

6.3 Propane-Air Mixtures

SyStematic measurements of laminar burning ve1ocitfes for
propane-air mixtures were made at equivalence ratios df 0;8, 1.0 énd
1.2. At each equivalence ratio, initial pressures of 0.4, 1.0 and
2,0 atm at room temperature were cﬁosen. Measuremeﬁts were first
made along the isentropes starting with these initial conditions.
Measurements at higher temperatures and pressures were made by heat-
ing the bomb to 400 K and 500 K and choosing initial pressures which
lay on the same isentropes. Using this method laminar burning veloci-
ties were obtained for the pressure range 0.4 - 40 atm. and the
temperature range 298 to 750 K.
| Figure 19 shows thevlaminar burning velocity along one of these
isentropes for a stoichiometric probane-air mixture having initial
conditibns of 296 K and 1 atm. Three overlapping runs are Shown: the
ciréle points indicate atmospheric initial conditions; the triangular
points indicate initial conditions of 400 K and 3.13 atm, and the
square points indicate initial conditions of 500 K and 7.6 atm. The
scatter in the data is less than + 2% and can be attributed to round-
off error in the analog-tb-digita] converter.

The temperatures at which ionization probe pulses occur are

shown in the figure, and it can be seen that these probe pulses occur
very close to each other.



47

The Taminar burning velocity increases along an isentrope,
peaks a little before peak pressure énd then falls off as the flame
travels the last millimeter to the wall. The fall-off is most likely
due to heat loss to the windows and the electrodes that‘profrude into
the bomb. The solid and dashed curves are exponential and power law
fits to the data.

| Figure 20 shows data for 9 different isentropes. The top set
is for propane-air mixtures with an equivalence ratio of 0.8, the
second set is for stoichiometric miktures and the bottom set is for
an equivalence ratio of 1.2, These data show that laminar burning
velocity decreases with increasing 1nitia]-pressufe‘ét constant
temperature and increases with the jncreasing initial temperaiuré at
constant temperature. . |

Figure 21 shows laminar burning velocity as a function of
equivalence ratios for propane-air mixtures at a temperature of 298 K
and pressure of 1 aﬁm. The Taminar burning ve1ocity peaks for an
equivalence ratio of 1.1 and falls off for both the rich:and Tean
mixtures. The smooth curve is the best fit of the data to a second

degree pb]ynomial. The equation for this curve is

Syo = 3831 +24.84(6 - 1) - 153 - 1 (40)
where ¢ 1is the fuel-air equivalence ratio. | |

The burning velocities obtained for propane-air mixtures were
fitted to the power law relation (Eq. (38)). The values of Sio * @
and B thus found are given in Table 3. In this table'the percentage

of data points falling within + 5% of the fitted curve is also given.



48

Note that the values of S,o given in Table 3 and by Eq. (40) differ
about 9 to 16 percent. _

The calculated burning velocity data were also fitted to the
exponential form. The values of A, B, and E are given in Table 4
along with the percentage of data points falling within + 5% of the
fitted curve. |

The exponential fits (40) are shown graphically by the solid
chrves in Figures 19 and 20. If can be seen from these Figures and
from the Tast columns in Tables 3 and 4 that the overall fit of the
power law and exponential relations are equally good. The exponential
rETation'appears to be slightly better at pressures below 2 atm but
it is sensitive to the calculation of the adiabatic flame temperature
and is less convenient to use than the power law relation. There
has been a preference for the exponential relation onvfundamentai
~ground. However, in view of the strong variation of both the pre-
exponentia1>coefficient A and the apparent activation energy E with
the equivalence ratio, the physical significance of these quantities
is doubtful.

There have been previous measurements of laminar burning velocity
for propane-air mixtures, but most of the data are for low temperatures
and pressures [25 through 31]. Comparison of the data in Tabie 4_with
the corresponding values obtained by Lavoie from previous data (Table 5)
shows reasonable agreement for the pressure exponent but significant
disagreement in the values of A and E. The most probable reason for
- this is the 1imited amount of high pressure and temperature data with

which Lavoije had to work.
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Figure 22 shows 1éminar burning velocities measured in this
study as a function of unburned gas temperature for stoichiometric
propane-air mixtures at atmospheric condition compared with those
measdrements reported by Kuehl [28]. It can be seen that the
differences are less than 8 percent. Table 6 shows laminar burning
velocity at 1 atm pressure and‘311 K temperature as a function. of the
equivalence ratio compared with Kuéh]'s heasuremehts. The laminar
burning velocity at 311 K is calculated using Eq. (40) and Table 3.
It can be seen that the differences are less than 7 percent.,

Recent measurements of the burning velocity of propane-air
mixtures made in a spherical bomb similar to that used in this
study hévé—also been reported by Ryan and Lestz [22]. Their results
agree with those measured in this study at a temperature of 500 K and
a pressuhe of 6 atm, as shown in Fig; 23, but show a significantly |
steeper temperature dependence of the laminar bdrning velocity. One
possible reason for this is fhe'assumption made Sy Ryan and Lestz
that the unburned mass consumed in eaph time sfep of their numerical
integration'burnS'at constant volume. ‘Since the combustion éctua]]y
occurs at constant pressure; this leads to an incorrect value of the
.entropy for the bufned gas which could in turn affect the calculated
flame speeds. | | |

6.4 Isooctane~-Air Mixtures

Laminar burning velocities of isooctane-air mixtures were
measured for different equiyalence ratios in the pressure range of

0;4'~ 4Q.atm and the temperature range of 298 - 750 K. The same
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procedure used for propane-air mixtures was empioyed here for setting
the initial temperature and pressure of the mixtures. At some points
autoignition was observed, as will be discussed 1ater; As a result
of this it was not possible to gather as much data as in the case of
propane-air mixtures. The effects of residual gases on the laminar
burning Qelocity.of isooctane-air were also studied and will be
discussed Tater. |

The measured values of laminar flame speed for isooctane-air
- mixtures were fitted to both power taw and exponentiél relations.
Table 7 shows values for Suo , as B, and the percentage of data
points falling within + 5% of the fitted curve as a function of the
equivalence ratio. The power Taw fit is shown graphically by the
dashed curves in Fig. 24. The power law fit is quite good except for
Tow pressure and temperature data.

The values of A, B, and E for the exponential fit are given
in Table 8 along with the percentage of data points falling within
+ 5% of the fitted curve. The exponential fits are shown graphically
by the solid curves in Fig. 24. It can be seen from Fig. 24 and the
last column of Tables 7 and 8 that the exponential fit is slightly
better than the power law fit, but the power law relation is much
easier to use.

The laminar burning velocities of isooctane-air mixtures were
measured at room pressure and temperature for different equivalence
ratios. These measurements are shown in Fig. 25. As in the case of

propane-air mixtures it was observed that flame speed peaks for an
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equivalence ratio of 1.1 and falls off for both rich and lean mixtures .
The data are fitted to second and third degree polynomials. 'The

equations for these polynomialé are

_ 2
S”o' = 31.97 + 23.24(¢ - 1) - 91.46(¢ - 1)° (41)
' § = 1.57
and
s, = 32.57 +20.62(6 - 1) - 139.12(¢ - 1)
0 3 . (42)
+ 104.8(¢ - 1) 5= 1.28
7 ' » P o > 2 1] .

u u

and Suf s Sum , and N are fitted burning ve]pcity, measureq |
burning velocity, and number of data points respectively. The smooth
curve in Fig. 25 is the second degree polynomial (Eq. 41).

The effects of residual gases on the flame speed werevstudied,
A-mixfure-of nitrogen and carbon dioxide, which is described in
Appendix H, was used to simulate residual gases. The mixture was
composed of 15% carbon dioxide and 85% nitrogen based on the volume
and had a molecular weight of 30.4. The residual fracifon was cal-
culated as the ratio of mass of diluent to the total mass of gas mix-
ture. Two different residual fractions of 10 and 20 percent were used.

Theveffects of the residual fraction on flame Speed_were studied for

stbichiometric mixtures haying an initial temperature of 298 K and
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three different initial pressures of 1, 2, and 4 atm. These measured
values were fitted into the power law relation (Eq. (38)). Table 9
gives the values of ,Suo » a, and B, for stoichiometric mixtures as
a function of the residual fraction along with the percentage of data
points falling within + 5% of the fitted curve. ”

Figure 26 sﬁows flame speed data for three different isentropes
having the same initial conditions but with a varied percentage of
diiuent. ‘The three differentiratios used were 0, 10, and 20 percent.
The points indicate the measured data and the solid curves indicate
the corresponding power fits. Figure 27 shows f1ame speed normalized
with respect to the flame speed with no diluent as a function of un-
burned gas temperature. It can be seen that flame speed decreases about
20% for each 10% of diluent.

Autoignitions occurred as the initia],temperéture and pressure
of isooctane-a1r mixtures were increased, making it impossible to
_géther more flame speed data. Figure 28 shows the oscillogram for
stoichijometric isooctane-air mixtures with initial conditions of 500 K
| témperature and 15.1 atm pressure.. The ionization probe signals and
‘the laser signal are also shown. The horizontal scale is 10 msec/div.
and the vertical scale is 13.6 atm/div. for the pressure signal. It
can be seen that autoignition occurred about 35 msec after the ignition,
and that ionjzation probe puises occurred at the same time as was |
expected.

The values of pressures and temperatures at which autoignition

occurred as a function of the equivalence ratio are shown in Table 10.
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The pressure and temperature history of the combustion process of
isooctane-air mixtures in which autoignition occurred are shown in
Tables 11, 12, and 13 for three different ratios of 0.8, 1.0, and 1.2.
Different authors have measured the laminar burning veTocity
of jsooctane-air mixtures for a variety of conditions. Dugger and
Graab [34] used a bunsen-burner for measuring flame speed at atmo-
spheric pressure and at temperatures of 311 and 422 K. They varied
the mole fraction of oxygen in an oxygen-nitrogen mixture from 0.21 to
0.50. Heimel and Weast [35] also used a bunsen burner to measure the
laminar flame speed for stoichiometric isooctane-air mixtures at
atmospheric pressure for temperatures from 298 K to 707 K. They fitted

their flame speed data with the equation

s, = 12.1+8.362 x 107 T 2,15 | (43)

where Tu is in K . Figure 29 shows a comparison of the laminar
burning velocities measured in this study with those measured by
Ddgger and Graab [34] and Heimel and Weast (Eq. (43)) for stoichio-
metric isooctane-air mixtures at atmospheric conditions. It can be
seen that the agreement is quite close. |

In an earlier work this author and Keck [36] suggested the
following relation for laminar burning velocity of stoichiometric

isooctane-air mixtures

T 197 . -0.12 | |
S, = 3825 (y=) (%) (M)
uo : '
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where T . and p, are the same as in Eq. (38). Equation (44)
predicts a value of flame speed about 10 - 15 percent higher than
those predicted by this study. The reason for this is that in the
earlier work [36] the measured pressures were read from oscillograms
With a manual digitizer. In this study an analog-to-digital converter
was used to digitize'the pressure signals. The error in d{gitization
has most 1ikely propagated into flame speed measurement and has caused
a 10 - 15 percent error.

For high préssure and temperature data Babkin et al. [37] fitted
their data for stoichiometric isooctane-air mixtures with‘the |
equation | |

Su

(404 Tog T, - 1008) p~0-39 + 0.40(T /1000) (45)

where p , T and Su are in atm., K , and cm/sec . Ryan and

u
Lestz [22] fitted their data with the equation

S, = 7,452 (p)"25 exp(-2123.3/T ) | (46)

Figure 30 shows a comparison of the laminar burning velocities
measured in this study with those measured by Babkin et al. (Eq. 45)
and Ryan and Lestz (Eq. 46) for stoichiometric isooctane-air mixtures
at 6 atm. pressure. It can be seen that, as in the case of propane-
ajr mixtures, Ryan and Lestz found a significantly steeper temperature
dependence for the laminar burning ve1o§ity (see explanation above).
The values predicted by Babkin et al. differ by less than 8 percent
from values predicted by this study.
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6.5 Methanol-Air Mixtures

Laminar burning velocities for methanol-air mixtures at different
equivalence ratios were measured and the results were fitted to power
law and exponential relations. Because of low vapor pressure at room
temperature it was not possible tb_measure flameAspeeds along an
isentrope with the initial pressure of 2 atm. Therefore there are ,
fewer data points than for propéne-air mixtures. Figure Sf éhows the
measured burnfng velocities of methanol-air ﬁixtures aﬁ the three
different equivalence ratios of 0.8, 1.0, and 1;2 in the range of
298 - 750 K and 0.4 ~ 40 atm.

The yalues of Suo’ R B; and the percentage of-‘,gs_5 data points
falling within + 5% of the fitted curves for the power law fit are
giﬁen in Tab1e 14 as a function of the equivalence ratio. The power
law fit s shown by dashed curves in Figure 31.

The values of A, B, and E for the exponential fit are shown
in Table 15 a]éhg‘with the percentaje of data points falling within
* 4 5% of the fitted curve as a function of equivalence'ratfo. The
exponential fits are shown graphically by the solid curves in Fig. 31.
Both fits are quite good but the exponential fit is better than the
power law fjt for Tow pressure and temperature data.

The Taminar burning velocity of methanol-air mixtures.wés
measured as a function of the equivalence ratio at room temperature
and pressure. Because of the 1ow'vapor pressure of methanol at room
temperature the maximum equivalence ratio was 1.2. These data are

shown in Fig. 32, and have been fitted to second and third degree poly-
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nomials. The equations for these polynomials are

s, = 42.29 +42.86(¢ - 1) - 107.14(p - 12
(47)
8§ =1.57
5, = 43.40 +62.76(6 - 1) - 176.59(p - 1)
3 (48)
- 462.96(6 - 1) 5 = 0.3

The third degree polynomial is shown in Fig. 32. It can be seen that
the laminar burning velocity for a methanol-air mixture peaks at an
equivalence ratio of 1.1 and falls off for both rich and lean mixtures.

Ryan and Lestz [22] fitted their measurements of the laminar
burning velocity for stoichiometric methanol-air mixtures with the
equation

s, = 817.6 p-0.15 exp(-2172.8/T ) (49)

Figure 33 shows a comparison of the laminar burning velocities mea-

sured in this study with those measured by Ryan and Lestz (Eq. 49).

As in the case of propane and jsooctane Ryan and Lestz found a signifi-

cantly steeper temperature dependence for the Taminar burning velocity.
Gibbs and Calcoate [38] have measured the laminar burning

velocities for methanol-air mixtures using a bunsen burner. Their data

are for atmospheric pressure and temperatures of 298 K and 373 K. Wiser

and Hi11 [39] have measured the flame speed using a horizontal tube.

The measured Ve1ocities are for room temperature and 0.86 atmospheric

pressure. Figure 34 shows a comparison of the values of flame speed
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heasured by Gibbs and Calcoate [38] and Wiser and Hill [39] with
those measured-in this study. Considering the relatively weakvpressure
dependence found for laminar flame speed, it can be seen that the fe-
sults of Wiser and Hi11 [39] are in excellent agreement with those of
this study. The results of Gibbs and Calcoate are systematically high-
er, the difference increasing from 5% at ¢ = 1.2 to 20% at ¢ = 0.8 .
The reason for this difference could not be ascertained. |

For high temperaturg data Table 16 shows a comparisdn of the
values of Taminar burning ve1oci£ies-méasured by Gibbs andJCalcoate
[38] énd the power law relation of this study for atmospheric pressure
and a temperature of 375 K as a function of the equivalence ratio. It
can be seen that the predicted values for the equivalence ratios of 1.0
and 1.2 are within 10% of each other, but that the values predicted for
equivalénce ratios of 0.8 deviate about 29%.
6.6 RMFD 303-Air Mixtures

RMFD 303 s a widé-boi]ing-rqnge muTticompqnent hydrocarbbn pre-
pared by Howell Hydrocarbon; It is a standard'gasoline‘Qsed fdr,knock
rating.' The average molecular formula of the fuel is‘c7.8"i$.214'
Table 17 shows the physical properties and chemical analysis of RMFD
303 [40]. |

RMFD 303 does not evaporate completely at rcdm temperature. This
can be seen in Fig. 35 where the ratio of measured pressure 0ver’ca1f
culated pressure in the manifold is shown as a function of calculatéd
- pressure at room temperature. Calculated pressure is based on the

assumption of the ideal gas'for the fuel vapor and the assumption that
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all the fuel evaporates. The circle points indicate 300 K temperature.
It can beAseen that the ratio decreases from 62% to 52%. The .reason
for this is that some components of the fuel have very 16w vapor
pfessure at room temperature, and as pressure increases they saturate.
This problem is also encountered during an engine cold-starting where
fuel dpes not evaporate because the engine is cold and a rich mixture
is used to start the engine. This evaporation problem is discussed in
Appendix A. - In order to overcome the problem; initial temperatures
were increased from 298 K io 350 K. The square points in Fig. 35
represent the corresponding pressure ratios at 350 K. It can be seen
that as the temperature increased the ratio of measured pressure over
calculated pressure increased. This is because at 350 K the saturation
pressures of different components exceeded the pressure required to
make the desired mixture. |

Figure 26 shows laminar burning velocity measured at room tempera-
ture and pressure as a function of the equivalence ratio. There are
two different scales for equivalence ratios. One is based on the vapor
pressure of the fuel inside the combustion bomb and the other is based
on the mass of fuel injected into the manifold. These measurements
have been fitted to second and third degree polynomials and the

corresponding & are:

s, = 31.83 +28.87(¢ -.1) - 85.61(6 - 1)

u (50)

§= 1.97

s, = 33.9 +31.96(p - 1) - 193.75(p - 1)° + 174.48(6 - 1)°

(51)
6= 0.74
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where ¢ 1is the equivalence ratio based on the vapor.pressure of the
fuel in the combustion bomb. The Smooth curve in Fig. 36 represents
the third degree polynomial.

Measurements of laminar burning velocities for RMFD‘303-a1r
mixtures were made at equivalence ratios of 0.8, 1.0 and 1.2. At each
equivalence ratio, initial pressures of 0.4, 1.0 and 2.0 atm were used.
Measufements then were made for higher temperatures and préssures.
Using this method Taminar burning velocities werexbbtained,for the
pressbre range of 0.4 - 34 atm‘and the temperaiure range of 298 to
750 K. | |
| The laminar burning velocities for RMFD 303-air mixtures are shown
in Fig. 37. The dashed curves indicate the power law fit. Table 18
shows the values Suo’ o, and B as well as the percentage of data |
~points falling within + 5% of the fitted curve as a function of the
equivalence ratio. |

- The measured burning velocities for RMFD 303-air mixtures were
also fitted to the exponential. relation. The va]ues'for A, B, E, and
the pefcentage of data points fa11ing within + 5% of the fitted curve
are shown as a function of the equivalence ratio in Table:19. -

The lamfnar burning velocity of RMFD 303-air mixtures as a
function of the equivalence ratio at 350 K andri atm were meaéured‘andA
are shown in Fig. 38. The 1amihar burning velocity peaks for an
equivalence ratio of 1.1 and falls off for both rich and lean mixtures.'

The measured flame speeds have been fitted to both second and third
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degree polynomials. The equations of these polynomials with corres-

poriding & are:

s

39.76 + 27.58(¢ - 1) - 105.58(¢ - 1)2 (52)

§ = 1.38
and

‘ 2 3
.Su 40.59 + 23.38(¢ -~ 1) - 124.48(¢ - 1) +.42.47(¢ -1) (53)

§ = 1.18

The smooth curve in Fig. 36 is Eq. (52).

- Fuel=-Air Mixtures

The parameters Syo » ®» and B for the power Taw relation for
different fuel-air mixtures are shown in Tables 20 and Fig. 39 as a
function of equivalence ratios. Flame speed is a very weak function
of pressure and at a given equivalence ratio the burning velocity does
not vary much for the four fuel-air mixtures studied. The temperature
exponent o varies only about 8% at a given equivalence ratio. The
preﬁsuré exponent B increases as the equivalence ratio increases
while o .de;reases as the-equivaience ratio increases. The burning
velocity is fastest for methanol-air mixtures and slowest for RMFD
303~air mixtures. This might suggest that as the complexity of fuel

increases the burning velocity decreases.
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CHAPTER 7
CONCLUSION AND SUGGESTIONS

A facility for measuring the laminar burning velocity of fuel-
air-residual gas mixtures was constructed. A thermodynamic analysis
was used to calculate laminar burning ye]ocities from the pressure
time history obtained during the combustion process.

Laminar burning velocities for propane-air, isooctane-air,
methanol-air and RMFD 303 ( a primary reference gasoline )-air mixtures
were measured in the pressure range of 0.4 to 40 atm and temperature
range 298 to 750 K for fuel-air equivalence ratios from 0.8 to 1.5. The
measured values of flame speed were fitted to both power law relation
and to an exponential expression to provide correlations of the data
for use in combustion models. The exponential expression was derived
from Semenov's [9] theory. An apparent activation energy E was calculated
from the exponential expression; Both the pre-exponential coefficient A
and the apparant activation energy E was found to depend strongly on the
equivalence ratio. Thus the physical significance of A and E is doubtful.
The following conclusions can be drawn on the basis of the flame speed
measurements:

1)  Methanol-air mixtures have the highest flame speed among the
fuel-air mixtures studied, followed by propane-air, isooctane-air and
RMFD 303-air mixtures. |

»2) The laminar burning velocitiy peaks at an equivalence ratio

of about 1.1 and falls off for both rich and lean mixtures
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3) The laminar bufning velocity is a strang function of unburned
gas temperature and increases as the unburned gas temeprature increases.

4) The laminar burning velocity decreases as the pressure of the
gas mixture increases. |

On the basié of the results obtained it is concluded that the con-
stant volume combustion bomb is a useful device for measuring adiabatic
flame speed. In addition to the test performed the following stud1es
could also be made without mod1f1cat1on of the apparatus

1) Measure the laminar burning ve]oc1t1es of different multi-
component hydrocarbon fuels -

2) Investigate the effects of residual gases on laminar-burning
velocities of different fueI-aif mixtures at pressures and temperatures
up to 40 atm and 750 K. |

3) Analyze combustion products to check unburned mass fraction
and measure the mass of hydrocarbon per unit area, as well as carbon
monoxide and nitric oxides in the combustion product.

Suggestions for future experiments which would requfre modi fications
to the experimental facilities include:

1) Use the shadowgraph technique to phtotgraph the flame to see

if it is smooth or wrinkled.

2) Use laser scattering to measure flame thickness, especially
for low burning velocity mixtures

3) Make heat transfer measurements to check the theory used,

and study the quench layer structure.
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TABLE 1

The Calculation Procedure for Laminar Burning Velocity
from the Pressure-Time History Obtained During the

Combustion Process

Initial State
po’ To’ ¢ »

Measufe p(t)

i |

Isentropic Compression|
of unburned gas

: =T ..'l/
Ty = Tolp/p )Y

= y(T)

‘Use of Eq.(26)
to Calculate
- 8(t)

- |JANAF Table to Calculate| "
. JUnburned Gas Rroperties

Martin & Heywood

Model of Equili-
brium

Burned Gas

Properties for
Given ¢, p, TL

/l

Solve Egs. (28) and (29)
for x and Tb Using

Newton-Raphson Itera-
tion Method

B



REPRODUCIBILITY OF DATA

TABLE

2

!}\}gn pp(atm) tp(msec) t, - T t, -t tg- t GRms(mm) GRLaser(mm) 8x,,
y (msec) . (msec) (msec)
1 9,327 38.95 -0.32 0.68 -0.36 0.24 +0.004 0.001
2 9.135 39.21 -0.58 0.32 0.25 0.23 -0.069 0.025
3 9.210 39.21 -0.26 0.38 -0.11 0.15 -0.021 0.008
4 9.221 38.95 -0.49 0.45 0.04 0.21 +0.019 0.015
pp Max. Pressure SR\ms STD Deviation of I.P.
t, +t, +t
- 1 2 3

B 3

89



TABLE 3
Parameters Suo’ a, 8, and 65 Used in the Power Law Relation for

Propane-Air Mixtures as a Function of the Equivalence Ratio

s (T, %opy® _ _
(Su Suo( Tg__) ( po') s Tho 298 K , P, 1 atm )
uo '
Suo o B A %.of'the data
cm/sec within + 5%
0.8 23.3 2.27 -0.23 63
1.0 31.9 2.13 -0.17 74

1.2 33.8 2.02 -0.17 76
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TABLE 4

Parameters A, 8, E, and &g Used in the Exponential Relation

for Propane-Air Mixtures as a Function of the Equivalence Ratio

[ : B
(Verp = —2 = A(2) exp(-E/2RT® ) , p. = 1 atm)
STP PsTP Py b 0
A B E % of the Data
cm/sec (cal/gm. mole) Within + 5%
0.8 17.1x10% 0.757 72,500 62
1.0 136.8x10% 0.713 95,600 74
1.2 6.98x10" 0.803 66,900 | 88
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TABLE 5

Parameters A, B, and E Used in the Exponential Relation for Propane-
Air Mixtures as a Function of the Equivalence Ratio Calculated by

Lavoi [27]
A E
cm/sec B8 : cal/gm. mole
0.8 2.44x10* 0.8 54,348 .
1.0 29.00x10% 0.8 80,566 -

1.2 4.10x10% 0.8 | 61,355



TABLE 6

Comparison of Laminar Burning Velocity of Propane-Air
Mixtures at 1 Atm Pressure and 311 K Temperature as a
Function of the Equivalence Ratio with Kuehl's
Measurement '

Su(cm/sec) Sm(cm/sec)

Kueh1 This Study
0.8 31.8 30
0.9 38.5 37.7
1.0 40 41.9
1.1 42.86 | 42.9

1.2 43 ' 40.6



TABLE 7

Parameters Suo’ o, B, and 65 Used in the Power Law Relation for
Isooctane-Air Mixtures as a Function of the Equivalence Ratio

B
(Sy =Syl 7=) (5=) T, = 298K, p, = 1 atm)
uo o :
) SUO
cm/sec o B % of the Data within + 5%

0.8 19.25 2.36 -0.22 63
1.0 27.00 2.26 -0.18 58
1.2 27.63 2.03 0.11 75

€L
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TABLE 8

Parameters A, B, E, and &5 Used in the Exponential
Relation for Isooctane-Air Mixtures as a Function
of the Equivalence Ratio

Py B '
=4 S, = A( g—-) exp(-E/ZRTg)‘, Py =1 atm)

Vst PSTP 0
) A B % of the Data
cm/sec cal/gm. mole Within + 5%
0.8  36.2x10" 0745 . 79,700 7
1.0 454. x 10 0.693 107,500 7
1.2 4.46 x 10 0.848 63.800 | 81
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TABLE 9

Parameters Suo’ o, 8, and 65 Used in the Power Law
Retation for Stoichiometric Isooctane-Air Mixtures
as a Function of the Residual Friction

a B
= u : E—-— = =
(Sy =Sy (7—=) (5-) » Typ=298K, p =1 atm)
uo )
Residual Suo a B % of the Data
Fraction Within + 5%
cm/sec
0 27.00 2.26 -0.18 58
0.10 23.71 1.99 -0.23 71

0.20 18.50 2.39 -0.37 93
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TABLE 10

Values of Pressures and Temperatures for Isooctane-
Air Mixtures at which Autoignition Occurred as a
Function of the Equivalence Ratio

p T,
) atm K
0.8 73 738
1.0 66 698

1.2 47 645
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TABLE 11

Pressure and Temperature History of the Combustion Process
for Isooctane-Air Mixture ¢ = 0.8 , in which Autoignition
Occurred (Ti = 500 K, Pi = 14.5 atm)

" Pressure (atm) ‘Temperature (K)
15.33 507
17.15 521
19.05 535
21.11 549
23.39 563
25,86 ‘ 577
28,526 591
31.437 605
34.60 ‘ 619
38.03 : : 633
41.74 647
45,68 661
49,94 675
54,57 689
59.46 703
64.89 17
70.73 731

73.00 738 autoignition
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TABLE 12

Pressure and Temperature History of Combustion Process
for Stoichiometric Isooctane-Air Mixtures in Which
Autoignition Occurred (pi = 15,1 atm, Ti = 500 K)

w

 Pressure (atm) Temperature (K)
16.00 507
17.94 521
19.98 535
22,17 549
24,72 563
27.42 | 577
30.28 591
33.484 605
36.92 619
40.70 | 633
44,78 647 .
49.13 661
53.85 675
59.01 689

66.00 ; 698 autoignition
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TABLE 13

Pressure and Temperature History of Combustion Process
for Isooctane-Air Mixture ¢ = 1.2, Which Autoignition
Occurred (Pi = 6.26 atm, Ti = 400 K)

Pressure (atm) " Temperature (K)
6.81 409
7.85 423
8.97 437

10.20 451
11.59 465
13.12 | 479
14.79 493
16.66 ‘ 507
18.67 | 521
20.89 | 535
23.34 | 549
25.99 563
28.88 577
32.07 591
35.62 605
39.37 619
43,62 . 633

47.00 645 autoignition
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TABLE 14

Parameters Suo’ o, B8 and 8 Used in the Power Law
Relation for Methanol-Air Mixtures as a Function of
Equivalence Ratio

T % 8
= u P_ = =
(S, = S, ¢ 12:—) ( b ) 5T, =298 K, p, =1 atm)

S

uo % of the Data
¢ cm/sec o B Within + 5%
0.8 23.58 2.47 -0.21 60
1.0 32.69 2.1 -0.13 60

1.2 38.11 198 -0.11 76
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TABLE 15

Parameters A, 8, E, and 85 Used in the Exponential
Relation for Methanol-Air Mixtures as a Function
of the Equivalence Ratio

o, Ny o
] ) =E/2RT° =
(vSTP ot A( P ) exp(-E/ RTb) s Py =1 atm)

A E % of the Data
¢  cm/sec B cal/gm. mole Within & 5%
0.8  55x10% 0,751 77,200 66
1.0 578x10" 0.732 105,900 74
1.2 1.05x10° 0.896 45,700 73
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TABLE 16

Comparison of Laminar Burning Velocity of Methanol-
Air Mixtures of 1 atm Pressure and 311 K Temperature
as a Function of the Equivalence Ratio with the
Measurements Reported by Gibbs and Calcoate [38]

Su ‘ Su
¢ Gibbs & Calcoate This Study
cm/sec cm/sec
0.8 58.5 41.05
1.0 71.2 63.16

1.2 66.4 99.44
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TABLE 17

Physical Properties and Chemical Analysis of RMFD 303 (Indolene)

Stoichiometric Fuel-Air Ratio 0.06988
Lower Heat of Combustion (Kcal/gm) 10.15
Motor Octane Rating 88.3
Research Octane Rating 101.4
Specific Gravity 0.765
Average Molecular Formula | C7'8H]3.214
Component Weight Percent |
~Aromatic . - 45,3%
0lefin : 13.9%
Parafin 40.8%

Component Molecular Percents

Aromatic 52.49%
0lefin 9.36%
Parafin 38.16%

Component Typical Hydrocarbon

Aromatic . Toluene
Olefin : Undecene
Parafin Isooctane
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TABLE 18

Parameters S, o, B, and 85 Used in the Power Law
Relation for RMFD 303-Air Mixtures as a Function of
the Equivalence Ratio

T © B
- u L = =
(S, =Sy (=) (5-) » Tyg=298K, py=1 atm)
. uo 0
Suo
, % of the Data
¢ cm/sec a B Within + 5%
0.8 19.15 2.27 -0.17 76
1.0  25.21 2.19 -0.13 74

1.2 2814 2.02 -0.087 80
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TABLE 19

Parameters A, 8, E, and §; Used in the Exponential
Relation for RMFD 303-Air Mixtures as a Function
of the Equivalence Ratio for the Exponential Relation

p,S B
(Verp = —24 =4 ( E) exp(-E/2RT?) , p_ =1 atm)
STP PSTP po b (] '
A E % of the Data
¢ (cm/sec) B cal/(gm.mole) Within + 5%
0.8 10.9 x 10" 0.807 70,400 0
1.0 51.7 x 10% 0.795 88,300 64

4

1.2 2.9 x 10 0.884 60,400 84
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 TABLE 20

Parameters Suo’ a, and B for Mixtures of Air with Indolene
(RMFD 303), Isooctane, Methanol, and Propane as a Function

of the Equivalence Ratto for the Power Law Relation

T B _
= u P_ = =
(S, = Sy T ) Pe ) s Ty, = 298K, p, =1 atm)
Fuel ¢ =0.8 ¢ =1.0 b =1.2
uo
Methanol 23.58 32.69 38.11
Propane 23.20 31.90 33.80
Isooctane 19.25 27.00 27.63
RMFD 303 19.15 25.21 28.14
a
Methanol 2.47 2.1 1.98
Propane 2.27 2.13 2.06
Isooctane 2.36 2.26 2.03
RMFD 303 2.27 2.19 2.02
8
Methanol -0.21 -0.13 -0.11
Propane -0.23 -0.17 -0.17
Isooctane -0.22 -0.18 -0.11
RMFD 303 -0.17 -0.13 -0.087
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FIG., 4 Schematic Diagram of the Spark Plug
with its Extended Electrode
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APPENDIX A
LIQUID FUEL INJECTION

Liquid fuel was injected with a syringe through a system into the
manifold. In order to make a mixture partial pressure of fuel was
calculated, then mass and volume of fuel were calculated at room tempera-
ture based on the assumption of perfect gas for fuel vapor.

It was observed that the measured pressures were different from
the calculated pressure. Figure A-1 shows the ratio of measured pressure
to calculated pressure as a function of calculated pressure for iso-
octane, toluene, and benzene. The corresponding figure for RMFD 303 is
shown in Chapter 6 of the text. It can be seen that even at very Tow
pressure, much less than saturation pressure, the fuels do not evaporate
completely. The volume of the bomb and manifold in these tests was 2300
cc including the combustion bomb, the plumbing 1ines, and the bourdon
tube gauges. It was thought that some of the fuel was absorbed by the
walls and in cracks. To check this idea tests were done with smaller total
volume and with less area to volume ratio. In these tests the combustion
bomb and the mercury manometer underneath the bomb (refer to Fig. 2)
were used. The results for isooctane and RMFD 303 are shown in Fig. A.2.
It can be seen that for isooctane the ratio of measured pressure to the
calculated pressure is around 95% and as the area to volume ratio of the
plumbing system is reduced, Tess fuel is absorbed by walls and in cracks.
Although in the case of RMFD 303 the ratio of measured pressure to calcu-

lated pressure was increased from 55% (Fig. 35) to 70%, but this is
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substantially less than the ratijo for isooctane. The reason for this
is that the saturation pressures for some constituents of RMFD 303 are
very low and therefore the fuel does not evaporate completely at room
temperature. For this reason the lowest initial temperature used for
RMFD 303 was 350 K, so that the constituents of the fuel vapor would

be the same as the Tiquid fuel.
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APPENDIX B
CONSERVATION EQUATIONS

B.1 Conservation of Volume

The gas mixture within the combustion bomb consists of burned
gases my and unburned gases My = My - The volume equation is as

follows:

Mo

My
Vo = j vpdm  + j v, dm (B-1)
0 mb
The unburned gas itself consists of two parts. The first part is
that portion of the unburned gas that is compressed isentropically.
The second part is that portion of the unburned gas contained in the
thermal boundary layer of the combustion bomb wail which conducts
heat to the bomb wall. The voiume of the unburned gas can be calcu-
lated as follows:
Mo R Mo Mo
I vudm =3 J (T-T )dm + I VioedM (B-2)
M M, My,
where Vi and T are specific volures and temperatures of the por-
tion of the unburned gas that compresses isentropically, and T s

the temperature of the unburned gas within the thermal boundary layer.

Defining a mass coordinate n where

r
N (B-3)
0
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where the wall js at zero coordinate.
Then
dm = A dn

where A is the inside area of the combustion bomb.

The first term on the right hand side of Eq. (B-2) will be

RT

[ee}

o=

0 w

using the definition of displacement thickness (Appendix C)

(e o]

f(l-%—)dn

6:..1_.
pooo ©

The equation (B-5) then becomes

mO
R (T-T )dm = - —2— A§ = - AS
P,

and the conservation of volume will be

me Jmo
V + A5 = v, dm + v dm
0 b u

0 m

or dividing by m

[t am = - <= A [0 -1

(B-4)

(B-9)



B.2 Conservation of Energy

The energy equation for gases within the bomb is:
m "
E -Q = e dm + eudm (B-10)

where Eo is total energy, and Q 1is heat transferred to the combus-
tion bomb wall. Again the unburned gas consists of two parts

m
o]

my m
[ edm = C [ (T-T_ )dm + J e dm (B-11)
M M i

where Cy is the specific heat of unburned gas at constant pressure.
The first term on the right hand side of the equation can be simpli-

fied as the following:

m
o 0
¢ J (T-T)dm = -ACT. | (1 -1 )dn (B-12)
v © V o T
mb 0 o]

(g
Sy
3
o
—
D
—
a
3
|

- A CV Py T, 8 (B-13)

One-dimensional heat conduction is used to calculate the heat

transfer from the gass within the bomb to the bomb wall,

[
WA = | k%%' dr (B-14)

Rs
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where k is the thermal conductivity of the gas, and RB is the

radius of the combustion bomb., Substituting n for r :

Q/A J ok 5 . dt (B-15)
The following assumptions are made:
uC
P, = —k-E = (B-16)
valT (8-17)
and heat transfer becomes
- aT -
Q/A I Cp pU 5 ‘O dt (B-18)

Equation (C-10) of Appendix C is integrated to calculate the
integrand of Eq. (B-18). It follows that:

00 T O
3T . 9 ©
o |- & OI (-7, )dn - OI (T-T )dn (8-19)
3 To
= - E— poo Too(s + T: pooToo6 (B'ZO)
Then
Q/A = Cp P T8 - I Cppoo T.8den T, (B-21)

using the isentropic relation between pressure and temperature

danT, = &~ danp (B-22)

p

Then
WA = C oo T8 - [ sdp

(B-23)
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Substituting Egqs. (B-11), (B-13), and (B-23) into Eq. (B-10)

Eo - (CpOmeéA - A J 8dp) = [ ebdm + | euwdm - A CvomeS (B-24)
E - AT S(C -C) -] 5dp) = | sdn+ | e d (B-25)
o - AlTuflly = L ) - [odpl = fepdm ® eyeem -
£ - Alps - | 6dp) = | e dn+| e dn (B-26)
0 P J P ;b T Tue
or
[‘6 ' f‘mb l(mo
E,-A j opdst = | edm+ e, dm (B-27)
0 0 My
and, by dividing by M
lroo X []
- LR ! vl
E,/m, (A/m) R p dé OJ epdx’ + ) A (B-28)
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APPENDIX C
DISPLACEMENT THICKNESS

C.1 Temperature Distribution Within the Thermal Boundary Layer

kg

The continuity and energy equations within the thermal boundary

layer can be written as follows:

Continuity:
Energy:
P Bt CpT pCp( %% u %} ) = %&
+ %?'k %F
d

Equation (C-1) can be intergrated

P .
) =
5{ OJ pdr' + pu = 0

r

Mass coordinate n = j pdr' is used here, the equation (C-3)
0

becomes

Substituting the mass coordinate in Equation (C-2)

(c-1)

(c-2)

(C-3)

(C-4)
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D - My il - 9T _on 2T
o pE CpT "Cp( 5t + PU 5y ) pCp( 5E " 8t 5 )
and finally !
D _ oT
pﬁprT = pCpﬁ-M
Therefore the energy equation becomes
M| . dp ., 2, o
P Cp at N T dt TP ;P k an
: aT
Using Pr =1 and adding and subtracting —t to Eq. (C-7) then
oT 2
) (T-T) + ® RT dp _ 3 T
ol W Bk N AT " T n = pu
T 3t cpp dt a—n?
Using the isentropic relationship between pressure and T
dan T _ R dun
dt o t
p
then .
T 2
9 © o T
STE (T-'Too) + (T-T ) T; =0 U —8?—
Multiplying Eq. (C-10) by ;r- and simplifying the equation results
in
2
d T _ 9 T .
E—E(i-1)-pu;§(Tw ])

(C-5)

(c-6)

(c-8)

(c-9)

(c-10)

(c-11)
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Defining a new variable t where

dt = p u dt (c-12)
and assuming that viscosity is proportional to temperature. Then
d o= P (L) = 2(20)at (C-13)
R T R T0
= P_ -
dt g (pouo)dt (C-14)
Defining another variable ¢ as
6= 1 - 1 (c-15)
and substituting Egs. (C-12) and (C-15) into Eq. (C-11)
] 32
2 - 24 (c-16)
T n

Equation (C-16) is one-dimensional heat conduction with the following

boundary and initial conditions

(C-17)

6(0,1) ¢0(T)

and
(C-18)

1
[es]

¢(n,0)
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This problem is solved in Section C.3. The result is

n T N e
o(n,t) > Of ¢gis)(t-s) 3/2 gm"/A4(T=s) 4 (c-19)
S
where
ds = pgig ﬁggdt" (c-20)
and
ft" "
T =-S5 = oMo J p—dt" (c-21)
T! p0

Substituting temperature for ¢

t T ) 2
1- %—'= ] PoHQN I (1 - TQ—) Bl (g - 5)73/2 g /A(1o5) g
o W 0 = Po
(c-22)
C.2 Displacement Thickness
Defining displacement thickness as the following
§ = 1 I (o - 0 )dr (c-23)
P 0 d
and using mass coordinate insteac of distance
1 o P 1 ) T
= 1 -=Vdy = — 1 = o -
5 % 4 OJ (- = o= ] () (c-24)
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Substituting Eq. (C-22) into Eq. (C-24)

It T 2
§ = %3—_ I J (] - -.-r—?—) 1 e"'n /4('1"'5) (T'S)-3/2 n deﬂ (C_]5)

» 0 0 o 2/7

or

T T © 2 2
1 J _ 0y =172 1 J -n"/4(t-s) dn
8 o 0 (] TI)(T S) ( = 0 e m)—)ds

and

T T
5 = —! J (1 - Tg-)(T~s)']/2 ds
ym p, O ®

Using Eqn.(C-20) into Eq. (C-27)

oM t T -
s(e) = =22 [T R Dy (ees) 2 g
p YT O Po o

Using Eq. (C-21) into Eq. (C-28) and simplifying it

1
, T Y~ VY
to_ /2 J (,S’—'>Y“<<P—'>” Y

s(t) =
() T 0 0 Po

(C-26)

(c-27)

(C-28)

(c-29)
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C.3 Solution to Heat Conduction Equation with Variable

Boundary Condition

The problem is a standard textbook problem which can be found
on page 527 of reference [41]

Statement of problem:

o 17 _ 1 oT o
= oo O<x< (c-30)
oX a
8.C. T(0,t) = F(t) (c-31)
I.C. T(x,0) = 0 (C-32)
Solution:

Let A(x,t) solve the problem with F(t) = 1, then

IO T<Tq
T(x,t) = (c-33)
lA(X,t-T) ™1,
0 <14
solves the probiem with F(t) = (c-34)
11 T>T-!

Defining Alx,t-1) to be zero for 1<ty . Then using Duhamel's
principle [41]

Tix,t) = F(OJADGE)+[F(zy)-F(0}] A(x,t-ty )+[F(15)-F(r ) JA(X,t-1,) +

vevee # [F(r)-Flr, ] Alxst-t,) (C-35)
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Solves the problem when the temperatute at x=0 1is given by:

0 1<0
F(0) 0<t<
F(T1) T,
F(TT) Ty < T < Tog
F(Tn) T, < T

The above solution approximates the solution to the present problem.

In the 1imit, as n+« and T -1 -0 for all i , this approxima-
i+l i

tion converges to the exact solution. In reference [41] it is shown

that the limit of approximation is:

t
T(x,t) = A(x,0) F(t) + OI F(r) 2AtT) o (c-36)

but T(x,0) =0 and A(x,0) =0 , therefore

t
T(x,t) = oj F(r)a—"—(-"—,(;—?ﬂ-dr (c-37)
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To find A(x,t) consider a solution of the form
A{x,t) = T](x,t) - Tz(x,t) (C-38)
where T,(x,t) solves the probiem with boundary and initial conditions

of
T(0,t) =

)

(C-39)
T(x,0)

il
—

and Tz(x,t) solves the problem with boundary and initial conditions

of
T(0,t) = ©
(C-40)
T(x,0) = 1
then
A(O,t) = 1
C-41
and ( )
A(x,0) = 0
Tt is obvious that T(x,t) =1 1ds the solution for T1(x,t) and
Tix,t) = erf ( 2X— ) (c-42)
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is the solution for Tz(x,t) (Section 9.14 of Reference [41]).
Then

Alx,t) = 1 - eV du (c-43)

t 2a/T-tT" 9
T(x,t) = [ Fo) 3 (1 - =2 J eV du)de (c-44)
0 /Y7 0
2
t -X
T(x,t) = J Fr) (- e daltr) ) & (X g (c-45)
0 m 2a/t-T
2
T -X
T(xt) = =2 (X)) J F(r) e (tT) —%—(t-‘c)-]/z dt (C-46)
s %0
and finally
-X2
T
-
T(x,t) = —2 J F(r)ete (E1) (4)73/2 o (c-47)

2a/m 0
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APPENDIX D
THE FRACTURE ERROR IN X INTRODUCED BY
USING AVERAGE BURNED GAS TEMPERATURE TO CALCULATE
BURNED GAS PRCPERTIES

The volume and mass conservation equations are:

rX 1
VM+AS/M = 1 oy dx' o+ J v, dx' (D-1)
0
S X 1
E/M - (A/M) J pds' = f e dx + J e, dx' (D-2)
0 0 X

vb(Tb p) and pb(Tb,p) can be expanded in a Taylor series about the

mean gas temperature

X
T J »
T, = % . Ty (x ,x)dx! | (D-3)
which are
- Beb -
eb(Tb,P) = eb(Tb) + ( ‘5'1-“' )— (T!D - Tb)
Ty
.2
o € -
P =2y (1 -T)% . (D-4)
2 ﬂTz - b b
(& p Tb
) N = \ avb e 8va ( = 2
Vb(ibsi)) = Vb(Tbi + ( 5'1’""‘ )_-[-_ (Tb = TD) + (( e ) )- \Tb'Tb) ...
b T p Tb
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Neglecting terms of order (T, - T"b)3 and higher and substituting
Eqs. (D-4) and (D-5) into Egqs. (D-1) and (D-2) will result in

2 X
_ 9V,
VM + A s/M = x vplp,Ty) + (1-x) v + % (( S—TQB) )T oJ (Tb-Tb)zdx'
| P b (D-6)
8
E/M - (A/M) OI pds' = x e (p,Tp) + (1-x)e, +
| 2 X
3 e
+ 2 ((—3)) ] (T, - T,)%dx" (D-7)
oT  p -—I--b 0

The burned gas temperature can be approximated as the following

T(x'x) =Ty + aT(5-%) (D-8)

where Tb(x',x) is the temperature of the element burned at mass fraction
burned x' when the mass fraction burned is x , and AT 1is the spread
in burned gas temperature which is about 500°K.
Assuming that molecular weight does not change within the burned
gas, and, substituting Eq. (D-8) into Eqs. (D-6) and (D-7) will result
in:
V/IM+ASM = x vb(p,Tb) + (1-x)vu (D-9)

BCVb

) .
E/M - (A/M) OI pds' = x ey(p,Ty) + (1-x) e, + (x/28)( =7~ )(a1)? (0-10)
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The following procedure is used to calculate the fractional error in x:

fi = VM+A §/M -y, - x(vb(Tb) - vu) (D-11)
8

f, = E/M -~ (A/M) OJ pds’ - x(ey(T,) - e ) (D-12)
E)vb !

df] = (vb - vu)dx - X — d'b = 0 (D-13)
Qi

2 p

e, |

df, = (eb - eu)dx - X lp dT, = x & ey (D-14)

1, L 2 dx .
where A e = Zﬂ'( _ET"')(AT) . Solving for == in Egs. (D-13) and
(D-14) results in:

( avb )
XA € N
b ' aT
d . b_p (D-15)
X avb aeb
(eb - eu)( il ) - (Vb - ‘!u)( N )p
Using the following relations:
v R
b b
( ) = = (D-16)
BTb D p
TY) - = (T - - -
eb(Tb) e‘d hbnTb) hU + RbTb RUTU (D ]7)
-/-_ - = T - o i A -
hy(Ty) hy = CTy - Tp) C, T (D-18)
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Equation (D-15) becomes:

d o - (D-19)

Considering C AT and R are much smaller than C_ Eq.

u
(D-19) will be

2
dx & (AT) ( E(_:%b_ ) (D-20)
X = )
24(Tb-Tb)Cvb P
and %%— for the cases investigated is not more than 0.002, Therefore

average burned gas temperature has been used to calculate the thermo-

dynamic properties of burned gases.
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APPENDIX E
FUEL THERMODYNAMIC PROPERTIES

In the thermodynamic analysis of the combustion process in the
combustion bomb, specific enthalpy and specific heat values for different
species are required. Specific enthalpy h and specific heat at constant

pressure cp can be expressed by the following relationships:

) 2 3

2

- 2 3 4
h, = ai1t + aizt /2 + ai3t /3 + ai4t /4 .
(E-2)

-/t o356t agg

where
;5 = fitted valués, J-1 to 5
A6 = constant for using 298K as datum
3,9 = constant for using 0 K as datum
Cpi = specific heat at constant pressure (cal/gm.mole.K)
h, = specific enthalpy (cal/gm.molej

t = temperatue in K/1000

The coefficients a;; are obtained by curve fitting JANAF [22] table data

to the abovye functional form, The fitted constants for COZ’ H20, co, H2,

09, Ny C8H]8’ CsHg, and CHyOH are given in Appendix A of LoRouso [23].
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For multi-component fuels such as RMFD 303,thermodynamic proper-
ties are defined by summing mole-weighted contributions from its
compenents. Hence specific heat and specific enthalpy for a fuel of

average molecular weight ﬁ% are:

Cp ) ——;tf—— kg1 el é] 2 e - a—:;) (£-3)
and, J
e AL S
Me k=1 J=1
(E-4)
tag g
where
Yg = mode fraction of component K in the fuel
M} = average molecular weight gm/gm.mole
ay; = same as a., in Egs. (E-1) and (E-2)

Table E-1 shows the coefficient aIJ for different fuels. For

more information references [23] and [36] should be consulted.



TABLE E-1

COEFFICIENTS FOR DETERMINING THERMODYNAMIC PROPERTIES OF VARIOUS FUELS
300 K < T < 1000 K

FORMULA

&

NAME 8s1 22 253 qd i5 6 18
Propane CoHg _1.4867  + 74.339 - 39,0649 + 8.05426 + .0121948 -27.3171 + 8.8500
Methane CH4 - .291491 + 26.3271 - 10.6096 + 1.56557 +0.165726 -18.3313 + 4,3000
Isooctane C8H18 -17.9283 +242 .674 -172.904 +51.362 +0.418388 -56.1743 +20.225
Methanol CH4OH - 2.70585 + 44,1677 - 27.5009 + 7.21927 +0.20299 -48.3211 + 5.37100
QMED 23 75 258 67 - +71.1899 +0.576267  -41.81371  +17.798
RMFD 302 Cq os6M5. 727 ~23-70726 +258.678 204.2074 +71.189
RMFD 303 Cr oMy 012 -22.5012 +227.9934  -177.258  +56.0483  +0.484497 -29.7816 +15.235
7. D

Toluene Cig 19,5513 +176.392  -135.306  +41.5136  +0.237377  +11.8563  + 9.856
Benezene /Mg 15,3997 +142.517  -111.628  +34.5597  +0.126649  +19.4247  + 7.581
n-Heptane  CoHyg 15,1162 210,313 -147.158  +42.8266  +0.357146  -47.2987  *i7.945
Cthy - Callyg 12,7091 +198.583  -151.776  +46.4746 +0.217607  + 6.44725  +12.132
Benzene -

. 5 +0.846336  -36.3036  +25.034
Undecene  Cy iy -29,2788  +348.87 -276.331  +89.7694 .8463C .
Nonene CoHyg 25,5920 4290.542  -233.238 +76.7157 +0.726636  -25.7007  +20.473

06G1L
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APPENDIX F
CONSTANT ENTHALPY COMBUSTION IN THE BOMB

To show the combustion process in the combustion bomb is isenthal-

pic the conservation equations of (B-9) and (B-18) are used:

y , X

O A C - . ] ‘
my ﬁg ) OJ Vplspapdx! + (1-x) v (s.p) (F-1)
8 X
F |
ﬁg-“ %5' 0J pdst = OJ ep(spspldx’ + (1-x) e (s,.p) (F-2)

Equation (F-1) is multiplied by p and added to Eq. (F-2)

$ X
ey + pvg + %a (ps - o[ pds') = oJ hy(sy,p)dx" + (1-x) h (s .p)
(F-3)
or

p X
A
hg + o J 6 dp' = J hy(sysp)dx' + (1-x) h (s .p) (F-4)
0 0 0
Differentiating Eq. (D-4) with respect to p and using de = dv =0
will result in:
Vo + 22 = (h (s,p) - h (s ,p) & + Jx ( EEE—)I dx’
0 b Sbsp u SU,P dp 0 Bp _Sb X

“h (F-5)



Equation (F-1) can be used in Eq. (F-5)

|
dh
dx X b i
mylspp) - hylsor) Gy v (R e
“b
ahu X
- —_— = w\/ §
+ (1-x)( 5 ) . N v, (sp s pldx
u

and consequently:

hy(spsp) = b (s, ,p)

That is the combustion process is isenthalpic.

(F-6)
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APPENDIX G
dx/dp CALCULATION

The conservation equations are written as follows:

X

6o |
Vo + ‘m— = Vb(sbsp)dxl + (]‘X) Vu(suap)

0 0

§ X

b e - | .
ey = — pd§' = e (s, ,p)dx' + (1-x) e (s ,p)
0 My o 0 b*>b u"u

Equation (G-1) is differentiated with respect to p

X
oV
Lo AT L N
ﬁ‘]" a"ﬁ = (Vb(sb:p) Vu(Susp) dp + ( p ) < dx
0 0 b
oV
u
+ (1-x) ( 55— ) )
“u
for semi-perfect gas
pv = RT

and

ng + d_V = Q.R_-l- _d.l

Using the first Taw of Thermodynamics

de = CvdT = Tds - pdy

(G-4)

(6-5)
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Substituting Eq. (G-4) in Eq. (E-6)

Substituting Eq. (E-5) into Eq. (G-7)

_ dv dp . dR
ds = (Cv + R) v 7 CV«E -0, 5 (G-8)

Then
IS RIS A ) (6-9)

or

( %%-)5 = - %—%—(1 - (8 g ) ) (6-10)
Substituting Eq. (G-10) into Eq. (G-3)

o) (e (6-11)
PY, 3p
u

for slowly varying y and R



x
dx _ A ds B J
(Vb-vu)_d-p-_ M p+ ﬁ?b_O Vb(SbsP)dX
(G-12)
(1-x) 8
+ (I-x) —
PY,
Substituting Eq. (G-1) into Eq. (G-12)
dx A dé AS
ypplvy, = v ) == = v p— T + vy o+ =
b 'b dp b my dp 0 My
(G=13)
y
#(1ex) v, (2 - 1)
Y,
rearranging the terms in Eq. (G-13)
dx Yo Vi Yb
dx 1-(x) 4 (-2
dp yb(RbTb-RuTuf( (1-x) vo( yu)
(G-14)

A dé
+T(prd“p‘ +6))

0
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APPENDIX H
RESIDUAL GASES SIMULATION

The combustion products of fuel-air mixtures primarily consist
of nitrogen, carbon dioxide, and water vapor. Residual gases are
used in combustors to reduce peak temperature, and consequently to
reduce the formation of nitric oxides. The residual gases are
simulated by a mixture of nitrogen and carbon dioxide. The
specific heat of the mixture should be as close as possible to the
specific heat of the combustion products. Figure H.1 shows the
specific heats for the combustion products of stoichiometric iso-
octane-air mixtures, and for different mixtures of the nitrogen-
carbon dioxide mixture as a function of temperature. It can be seen
that the specific heat of combustion products is lower than the
specific heat of a mixture composed of 20% carbon dioxide (volume
percent) and 80% nitrogen, and that it is higher than the specific
heat of a mixture composed of 15% carbon dioxide and 85% nitrogen.
It should be noticed that Figure H.1 does not include dissociation
of molecules, which increases specific heat, but as dissociation
occurs in mixtures of carbon dioxide and nitrogen as well as combustion
products the relationship between specific heats for different mixtures
in Fig. H.1 will not change a lot. For this study a mixture of 15%
carbon dioxide and 85% nitrogen with a molecular weight of 30.4 was

used.
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APPENDIX I
COMPUTER PROGRAMS

This appendix contains some of the computer programs used in
this study. The main program,called "FLAME", calculated the laminar
burning velocity of a fuel-air-residual mixture given the initial con-
ditions of the mixture and the pressure-time history of the combustion
process. The pressure-time history was read from a raw data file and.
the results were saved in a reduced data file. There are 12 sub-
routines and subprograms used in the "FLAME" program. These are
UPROP, CLDPRD, HPROD, TRANSP, PPDTCL, TRAP, TSUBU, TEMP, IDATE, TIME,
SUFIT, HGASJO.

Subprograms UPROP, CLDPRD, HPROD, TSUBU, and TEMP calculated
the unburned and burned gas properties and are described by Andre By
[40]. Programs IDATE and TIME were used to register the date and time
of the experiment and are standard subroutines in the PDP 11/60 computer.
Program TRAP, another standard subroutine, was used for numerical inte-
gration using the trapezoidal rule. Program HGASJO was used to solve
simultaneous linear algebraic equation. For =ach run program SUFIT

€

u Suo( TE; )
The values of ¢ from three measurements along an isentrope were com-

fitied the calculated burning velocity in the form

pared to check the validity of the data.
Program TRANSP was used to calcuiate the transport properties
of the fuei-air-residuail mixture. Program PPDTCL was used to calculate

the pressure fcr a constant increment of unburned gas temperature, and
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to calculate time rate of change of pressure of. the combustion process.
The program FLAME and subprograms TRANSP and PPDTCL are listed

at the end(of the appendix. The comments within the programs should help

to make the programs easily understood. A typical output of the program

is shown in Fig. I-1,
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FTN

/TR:BLOCKS/WR
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nnnonnoonoonnonoonnoonoonooonooooooooooooonooonoooonoo

PROGRAM FLAME

PURPOSE:
TO CALCULATE LAMINAR BURNING VELOCITY OF FUEL~AIR MIXTURE FROM
A PRESSURE TIME TRACE OF THE COMBUSTION PROCESS

INPUTS:

NAME OF THE RAW DATA FILE

INPUTS FROM RAW DATA FILE

FNAM -NAME OF FUEL

PNOT ~INITIAL PRESSURE (ATM)

TNOT =-INITIAL TEMPERATURE (K)

PHI ~EQUIVALENCE RATIO

RESFRK-RESIDUAL FRACTION

FN -THE FIRST FOR CHARACTERS OF CHEMICAL FORMULA OF FUEL
PSPMVT-CALIBRATION CONSTANT OF CHARGE AMPLIFIER (PSIA/MYOLT)
TDELY -DELAYTIME OF A/D CONVERTOR (MSEC)

TOTIM -TOTAL TIME OF A/D CONVERTOR (MSEC)

TP -THREE IONIZATION PROBES TIME (MSEC)

TEP -TIME OF BALANCING OF BALANCED-PRESSURE INDICATOR (MSEG)
PBP ~BALANCING PRESSURE(PSIA)

NPN -256 POINTS OF PRESSURE DATA

NLAS =256 POINTS OF LASER DATA

NAME OF REDUCED DATA FILE
OPTION-OPTION TO BE USED TO CALIBRATE PRESSURE DATA

RESULTS:

2AHONOT-~DENSITY OF INITiAL GAS MIXTURE (GM/CC)

PMAXK -MAXIMUM PRESSURE OF KISTLER PRESSURE TRANSDUCER (ATM]
XFINLK-MAX. MASS FRACTION BURNED USING KISTLER TRANSDUCER

PINF =~INFLECTION POINT OF PRESSURE SIGNAL (ATM)

TIMIN -TIME AT WHICH INFLECTION POINT OF PRESSURE SIGNAL OCCURS
EXPNT -EXPONENT OF PRESSURE CURVE FIT (SCUBROUTINE PPDTCL)
CHMASS~MASS OF GAS MIXTURE {(GM)

TH ~-VECTOR OF TIME (MSEC)
PR ~VECTOR OF PRESSURE (ATM)
X -VECTOR OF CUMULATIVE MASS FRACTION BURNED

XDOT -VECTOR OF RATE OF MASS FRACTION BURNED

FRN ~VECTOR OF NORMALIZED FLAME RADIUS W.R.T. BOMB RADIUS

QOUT -VECTOR OF CUMULATIVE HEAT TRANSFER TO COMBUST!ON BOMB
WALL (CAL/GM)

su -YECTOR OF LAMINAR BURNING VELOCITY (CM/SEC)

DELTA ~-VECTOR OF DISPLACEMENT THICKNESS (LM)

TU -VECTOR OF UNBURNED GAS MIXTURE TEMPERATURE (K]

TBAV -VECTOR OF AVERAGE BURNED GAS TEMPERATURE (K)

TBNO -VECTOR OF ADIABATIC FLAME TEMPERATURE (K)

RHOU -VECTOR OF UNBURNED GAS MIXTURE DENSITY (KG/M3}

RHOB -VECTCR OF BURNED GAS MIXTURE DENSITY (KG/M3)

EUAV -VECTOR OF SPECIFIC ENERGY OF UNBURNED MIXTURE (CAL/GM!)

EBAV ~VECTOR OF SPECIFIC ENERGY OF BURNED MIXTURE (CAL/GM)

GAMMAU-VECTOR OF SPEC!FIC HEAT RATIO OF UNBURNED MIXTURE
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/TR:BLOCKS/WR

IONP  -THREE PRES. AT THE TIMES OF |.P. PUSES (ATM)

IONRA -THREE FLAME RADIUS AT THE TIMES OF |.P. PULSES(CM)

DFW  -THREEDISTANCES FROM WALL AT THE TIMES OF |.P. PULSES (MM)

XION -THREE MASS FRACTION BURNED AT THE TIMES OF |.P. PULSES

TUl -THREE UNBURNED GAS TEMP. AT THE TIMES OF |.P. PULSES

THMAX -TIME AT WHICH MAXIMUM PRESSURE OCCURS (MSEC)

PMAX -MAXIMUM PRESSURE (ATM)

TMAX ~MAX. UNBURNED GAS TEMPERATURE (K)

AMSIPR-AMS OF FLAME RADI| WHEN 1ONIZATION PULSES OCCUR (MM)

PBP ~BALANCING PRESSURE (ATM)

PTBP -KISTLER PRESSURE AT THE TIME OF EQUILIBRIUM (ATM)

PTBPA -KISTLER PRESSURE INCLUDING CORRECTION (ATM)

PTE -PERCENTAGE DIFFERENCE OF B.P.Il. & KISTLER GAUGE

FRPR  ~RADIUS OF FLAME FRONT WHEN IT CROSSES THE LASER BEAM (CM)

RADER -VALUE OF (6.464-FRPR)/6.464 (6.464 CM IS THE DISTANCE
FROM CENTER OF THE BOMB TO THE LASER BEAM

SUBROUTINES AND SUBPROGRAM REQUIRED:
UPROP CLDPRD HPROD TRANSP PPDTCL TRAP TSUBU TEMP
IDATE TIME ~ SUFIT HGASJO

REMARKS :
IN CASE OF PROBLEM CONTACT MOHAMAD METGHALCHI AT 253-6647

60T 0000000 36 36 36 36 36 3030 36 0 3 6 6 36 36 36 36 06 36 56 6 26 36 36 36 36 36 36 6 6 36 36 36 6 36 36 36 36 36 36 36 3036 36 36 38 30 36 96 96 96 36 6 36 36 3626 36 36 36 96 36 36 36 30 30 36 36 34 9¢ 3¢

DIMENSION PR(30),TH(30),X(30),XDOT(30),FNAM(20) ,RHOU(30) ,FR(30),
&FA(30),8U(30), EUAVA(SO) DELTAAI30) DDLTDPISO) TBAVA(SOI TBNOA(GOI
&RHOBA(30) EBAVA(30J,DISPLA(1001 PNEXT(2) TNl256] PNI256) NPN(256)

& PCTDLT(100),ID(258,2) NLAS(255) XMOLE(?) FRNlSOl NLAS1(256)
DIMENS I ON ITIM(4), Al (24) AFUEL(S),AENTHIG,S),EMOL(4,5),PTDELT(30)
DIMENSION TIP(3),PI P(S),RIPIS),TU(256),SUCISO],TUN(30),PDOTI30]
DIMENSION DISPLT(260),TNEXT(2) ,RAW(4) , TMFA(2) ,REDUC(4)

&,00UT(30],GAM!2501,S|GMAA(5] EPORKA(5)

BYTE NRAW(15),NREDUC(15)

COMMON/FUEL/AF (6) ,ENW,CX,HY,0Z,QLOWER

COMMON/CHARGE/PHI ,DEL,PSI| ,RESFRK,CHMASS, TREF,CFUEL

COMMON/A/A

COMMON XINT(260) ,DELTDP(260)

EQUIVALENCE IRAW(11 NRAW(1)), (AANONE ,NRAW(5)), (REDUC (1) ,NREDJC (1))
DATA COMBV,NDD/1853.3333,256/

DATA NREAD,NRITE/S5,5/

DATA PSCALE/2.42173E-2/

DATA TBNO/2000./,BAREA/724.0201/

DATA IDG/0/,TINC/14./ ,NDP/2/

DATA AFUEL/4HCH4 ,4HC3H8,64HC8H1,4HCH30,4HC7 .8/

DATA AENTH/-.291491,26.3271,-10.6096,1.56557,0.165726,=14.03813,

& -1.4867,74. 339, -39, 0649,8.05426, 0121948 -18, 4611,

& -17.9283,242.674,-172. 904 51.362,.418388, -35. 9493,

& -2. 70585 44, 1677 -27. 5009 7. 21927 20999 -42, 9501

& -22.501, 227. 993,-177. 258, 56. 048, 484498,-14.547/
DATA EMOL/0.0,1. 0,4 0,0.0,

& 0.0,3.0,8.0,0.0,

& 0.0,8.0,18.0,0.0,

& 0.0,1.0,4.0,1.0,
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& .0,7.8,13,.214,0.0/

DATA SIGMAA/3 796,5.061, 7.451 ,3.584,6.6/

DATA EPORKA/144, 254 320, 507,360/

DATA RAW/4HDM1:,4H ,4H .R,4HAW / ,REDUC/4HDM1:  4H AH LR,
& AHED /,IPR/2HPR/,ILA/2HLA/

DATA LRAW/2/,LREDUC/1/ ,NVERS/1/

DATA ERLIM/.001/,MAXiITS/100/ ,RALAS/6.464/

c
C INPUT SECTION
C MAJORITY OF DATA READ FROM DISK FILE
C C DISK FILE NAMES
WRITE(5,6000)
6000 FORMAT(* INPUT:RAW DATA FILE NAME')
READ(5,6001) (NRAW(1),125,10)
6001 FORMAT (6A1)
WRITE(5,6002)
6002 FORMAT(* INPUT:REDUCED DATA FILE NAME (6CHAR) ("NOKE” MEAMNS’
& ,’ NO REDUCED DATA STORED)')
NRAW(16) =0
NREDUC(15)=0
READ(5,6001) (NREDUC(I),1=25,10)

C
C READ RAW DATA -
OPEN (UNIT=LRAW, NAME=NRAW,TYPE='OLD’,READONLY)
READ(LRAW,6003) 11,12,13,ITIM, VRS
6003 FORMAT(8X,12,1X,12,1X,12,8X,4A2,12X,12)
READ (LRAW,6004) FNAM
6004 FORMAT (3X,20A4)
READ (LRAW,6005) PNOT,TNOT,PHI ,RESFRK,FN,PSPMVT
& ,TDELY,TOTIM,TIP,TBP,PBP
6005 FORMAT (4 (1X,E10.3) ,1X A4/6(1X,E10.3))
C READ MICRO DATA
DO 5000 I1=1,2
ICHAN=
READ (LRAW, 6006 ,END=7000) (ID(J,1)
6006 FORMAT(16(16(1X,14),/),1X,A2,3X,!
5000 CONTINUE
7000 CONTINUE
C END OF INPUT
CLOSE (UNIT=LRAW)
WRITE(NRITE,2210)
2210 FORMATI(SX, "INPUT:OPTION TO BE USED 1(KISTLER) ,2 (MATCH X(MAX.)), 3¢
&BAL. PRES.})’)
READ (NREAD,#)OPTION
IF(OPTION-2)2241,2242,2243
2241 WRITE(NRITE,2212)
2212 FORMAT(5X, KISTLER SIGNAL 1S USED FOR PRESSURE’)
GO TO 2231
2243 WRITE(NRITE,2213)
2213 FORMAT(5X, BAL. PRES. IS USED TO CALIBRATE KISTLER SIGHAL')
GO TO 2231
2242 CONTINUE
WRITE(NRITE,2214)
2214 FORMATI(5X,’FORCING X(MAX) TO BE A DESIRED VALUE IS USED TO CALIBRAT
&E THE KISTLER SIGNAL’)

,J51,258)
4
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FLAME .FTN /TR:BLOCKS/WR

0060 WRITE (NRITE,2230)

061 2230 FORMAT(5X,’ INPUT: MAX. MASS FRACTION BURNED DESIRED’)
0062 READ(5,%) XF

0063 2231 CONTINUE

C IDENTIFY CHANNEL WITH PRESSURE DATA AND CHANNEL WITH
C LASER DATA

0064 NPR=0
0065 NLA=0
0066 DO 5001 1=1, ICHAN
0067 IFC ID(257,1) .EQ. IPR) NPR=|
0068 IFCID(257,1) .EQ. ILA} NLA=I
0069 5001 CONTINUVE
0070 IF(NPR) 7001,7001,7002
0071 7002 DO 5002 1=1,256
0072 5002 NPNCI)=ID(I,NPR)
0073 IF(NLA)7003,7003,7004
0074 7004 DO 5003 1=1,256
0075 5003 NLAS(1)=ID(1,NLA)
0076 : GO TO 7005
0077 7001 WRITE(NRITE,6008)
( y

0078 6008 FORMAT NO PRESSURE DATA PGM QUITS’)
0079 STOP
0080 7003 WRITE(NRITE,6009)
0081 6009 FORMAT(’ NO LASER DATA PGM CONTINUES')
0082 7005 CONTINUE

C ACTUAL PROGRAM CONTINUES

0083 DELT=TOTIM/NDD
g FIND THE ENTHALPY COEFFICIENTS AND FUEL CHARACTERISTICS
0084 DO 61 1=1,5
0085 NF=|
0086 IF(FN.EQ.AFUEL(1)) GO TO 62
0087 61 CONTINUE
0088 62 DO 63 1=1,6
0089 63  AF(1)=AENTH(I NF)
0090 ENW=EMOL (1, NF)
0091 CX=EMOL (2,NF)
0092 HY=EMOL (3, NF)
0093 OZ=EMOL (4 ,NF)
0094 SIGMA=S|GMAA (NF)
0095 c EPOVRK=EPORKA (NF)
g READ IONIZATION PROBS TIMES
0096 Do 92 I=1,3
o097 92 TIPCI)=TIP(I)+TDELY
C OUTPUT SECTION
0098 IFCIDG .EQ. 0) GO TO 7771
0099 WRITE(NRITE 100) (FNAM(I1),121,20)
0100 100  FORMATI(20A4
0101 WRITE(NRlTE 200) ( AF(1),1=1,6)
0102 WRITE(NRITE,300) ENW,CX, HY 0z
0103 WRITE (NRITE,400)PNOT, TNOT PHI RESFRK
0104 WRITE (NRITE, 1011TOT|M PSPMVT DELP TDELY
0105 WRITE(NRITE,98) lTlPlll =1, 3)
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WRITE(NRITE,6698)
98  FORMATI(5X,3F10.0)
6698  FORMAT(//’ RAW DATA'/)
WRITE(NRITE,6669) NPN

6669 FORMAT(16(1 X 14))
506 FORMAT(5X,’WAITING FOR PRES. DATA ')
7771 PTRESH=2,0%PNOT
DO 102 1=1,NDD
PN{1)=(NPN(1))%2,44%PSPMVT/14.7+PNOT
TNC1)=(1=-1)%DELT+TDELY
IF(1.EQ.1) GO TO 102
IF(PN(1).GT.PTRESH.AND.PN(1} .LT.PN(I=1)) GO TO 104
102 CONTINUE
104 NOUT=!-1

THMAX=TN (NOUT)

FIND THE TIME WHEN FLAME FRONT CROSSES LASER BEAM

IF(NLA)8800,8800,8801
8801 NLAS1(1)=0
DO 8802 1=2,NDD
8802 NLAST(I)=NLAS(|)=NLAS(I=-1)
- DO 8803 1=2,NDD
IF(NLAS1(1-1).GT.75.AND.NLASt1(1=-1}.GT.NLAST(1)) GO TO 8804
8803 CONTINUE
8804 1=1-1
TFLAS(TNC(1)+TN(LI=1))/2,
8800 CONTINUE

CALL UPROP TO CALCULATE INITIAL MASS,INTERNAL ENEGY , AND INITIAL DENSITY

CALL UPRCP(PNOT,TNOT,PHI,DEL,PS{,RESFRK,ENTHLP,CSUBP,CSUBT, RHONOT,
& DRHODT,DRHODP,CHi , XMOLE)
WRITE(NRITE,7310) RHONOT
7310 FORMATI(SX,'RHONOT=’ ,F10.6)
ENOT=ENTHLP%1000.-PNOT*PSCALE/RHONOT
VNOT=1./RHONOT
CHMASS=RHONOT%COMBY

WRITE(NRITE,S5537)PN(NOUT)
CALIBRATE PRASSURE DATA EITHER BY MATCHING THE BP OR THE FiNAL
MASS FRACTION BURNED

PBP=PBP/14.7
2222 CONTINUE
Do 180 1=1,NOUT
IF(TBP=-TN(1))181,182,180
182 PTBP=PN(I)
GO TO 183
181 DPTBP=(TBP-TNI(I~- l*(PN(I)-PN(I-1ll/DELT
PTBP=DPTBP+PN( |-
GO TO 183
180 CONTINUE
183 CONTINUE
DPDTBA=(PN({)-PN(I-1})/(TNCI)-TN(I=1))

OO0

(2 Xz X2]

OO0 O
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0150 DELTAT=3.3668%(7.83%.005%.001/(DPDTBA))%x*(.333333)
0151 TBPA=TBP=-DELTAT
0152 PTBPA=PN(1=1)+ (TBPA-TN(I=~1))%DPDTBA
0153 FACT=(PBP=-PNOT)/ (PTBPA-PNOT)
0154 PTE=(PTBPA-PBP)%100./PBP
0155 IF(OPTION .NE. 3)Q0 TO 2221
0156 DO 184 1=1,NOUT
0157 184 PN(1)=PNOT+FACT*(PN(I)-PNOT)
0158 c2221 CONT I NUE
c CALIBRATE PRES. SIGNAL BY MATCHING THE FINAL MASS FRACTION
g BURNED TO A DESIRED VALUE
c
0159 DATA SFIN,TBFIN/0.95,2500,/
0160 TUF IN=TSUBU (PN (NOUT) ,PNOT, TNOT ,ERL IM)
c FIND PRESSURES CORRESPONDING TO iONIZATION PROBES
0161 CALL UPROP(PN(NOUT),TUFIN,PHI,DEL,PS] ,RESFRK,ENTHLP,CSUBP,CSUBT,
& RHOUF | ,DRHODT , DRHODP ,CHI , XMOLE)
0162 VUF IN=1,/RHOUF |
g}gi 5U5|N=ENTHLP*1000.-PSCALE*PN(NOUT)/RHOUF!
0165 2223 J=J+1
0166 1F(IDG.NE.OQ)
&'RITE(NRITE 2224)4
0167 2224 FORMAT{5X, "NO. OF ITERATION 1§’,13)
0168 CALL HPROD (PNINOUT), TBFIN,CHI, DEL PS1,H,CP,CT,RHO,DRHODT ,DRHODP)
0169 VBFIN=1./RHO
0170 EBF IN=H¥1000.-PSCALEXPN (NOUT) /RHO
0171 F1=ENOT=-EBF IN®SF IN=(1.=-SFIN)*EUF IN
0172 F2=VNOT~-VBF INXSF.IN=(1.~-SFIN)%VUFIN
0173 DF1DS=EUF IN-EBFIN
0174 DF2DS=VUF IN-VBF IN
0175 DF1DTB=(=CP-PN(NOUT)%PSCALE*DRHODT/ (RHO#RHO) ) #SF IN
0176 DF2DTB=SF | N¥DRHODT/ (RHOXRHO)
0177 D1=DF1DS*DF2DTB-DF1DTB*DF2DS
“0178 D2=F2%DF1DTB-F1%DF2DTB
0179 D3=F1%DF2DS-F2%DF1D$S
0180 DELS=D2/D1
0181 DELTBV=D3/D1
0182 SRATIO=DELS/SFIN
0183 TRATIO=DELTBV/TBFIN
0184 IF(J-MAX1TS)2225,2226 2
0185 2225 IF(ABS(SRATIO).LT.ERL .AND. ABS(TRATIO) .LT.ERLIM) GO TO 2226
0186 SFIN=SFIN+DELS
0187 TBFIN=TBF IN+DELTBY
0188 GO TO 2223
0189 2226 WRlTElNRITE,2227JSFIN
0190 2227 FORMAT(5X,'MASS FRACTION BURNED AT MAX. PRES. =',F8.3)
0191 IFIOPTION.NE.2)G0O TO 2220
0192 §537 FORMAT(5X, 'MAX. PRES. OF THE KISTLER TRANSDUCER=',F6.2,’' ATW')
0193 WRITE(NRITE 5587) TN (NOUT)
0194 §587 FORMAT{SX, "TIME AT WHICH MAX. PRES. OCCURS" F7.2,'MSEC’)
0185 DO 2228 1=1,260

0196 2228 PN(1)=PNOT+(XF/SFIN)%(PN(1)=PNOT)
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c2220 CONTINUE

DO 5594 1=1,3
DO 986 J=1,NOUT

IF(TIP(1)=-TN(J}}95,94,903
93 IF(J.EQ.NOUTIPIP (1) =PNINOUT)
GO TO 96
94 PIP(I)=PN(J)
GO TO §7
95 DPIP=(TIP(1)=-TN(J=1))%(PN(J)~PN(J=1})/DELT
PIP(IJ=PN{J-1)+DPIP
GO TO 97
96 CONTINUE
97 CONTINUE
IF(IDG.NE.OJ
AWRITE(NRITE,5593)1,PiPtll)
5593 FORMATI(3X,i1,’TH 1.P. > ,’P=2’ F7.3,’ATM")

5594 CONTINUE

OO0

CALCULATE UNBURNED GAS TEMPERATURE

DO 70 I=1,NOUT
P=PNI(])
TEMPU=TSUBU(P,PNOT, TNOT,ERLIM)
70 TU(I)=TEMPU
PMAX=PN(NOUT)
TMAX=TU(NGUT)
DO 7301 1=1,7
7301 XMOLE(1)=0.0
CALL UPROP(PNOT,TNOT,PH! ,DEL,PSI ,RESFRK,ENTHLP,CSUBP,CSUBT HACONCT,
& DRHODT, DRHODP,CHI , XMOLE)

c
g CALL TRANSP TO CALCULATE INITIAL VISCOSITY OF THE MIXTURE
CALL TRANSP(SIGMA,EPOVRK,XMOLE,TNOT,PNOT,V1S8C, THCOND ,DIFFUS)
¢ DSFCTR=SQRT(VISC/(3141,593I%RHONOT))
C DSFCTR HAS THE DIMENS!ON OF CM/(MSEC)x%.5
C CALL XXDTCL TO CALCULATE P AND PDOT ARRAY OF CONSTANT INCREMENT OF
c UNBURNED GAS TEMPERATURE.ALSO TO FIND INFLECTION POINT FOR PRESSURE
c CURVE(POINT WITH MAX. PDOT) , AND THE EXPONENT N FOR FITING THE
C PRESSURE DATA TO THE FOLLOWING RELATION:
g P=PNOT+(PiINF<-PNOT)*(TIME/TIMIN) %%N

CALL XXDTCL(PN,TN,TH,TU,TINC NOUT NDP,PR,PDOT,TUN,NNPTS
& ,PINF,TIMIN,EXPNT)
WRITE(NRITE,7311)PINF, TIMIN, EXPNT

7311 FORMAT(SX,'PINF=’ ,F6.3,' TIMiN=', F8.3,’ EXPNT=',F6.3)

CALL UPROP TO CALCULATE THE ARRAY OF UNBURNED SPECIFIC HEAT

DO 7302 {=1 NOUT

P=PN(I)

TEMPU=TU( 1)

CALL UPROP(P,TEMPU,PHI ,DEL,PSI|,RESFRK,ENTHLP,CSUBP,CSUBT AU,

OO0
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&  DRHODT,DRHODP,CHI,XMOLE)

0231 R=PSCALEXP/ ( TEMPUXRHO)

0232 GAM(1)=CSUBP/ (CSUBP-R)

0233 7302 CONTINUE

0234 DO 5453 [=1,260

0235 XINT(1)20.0

0236 c5453 DELTDP(1)=0.

c THIS SEGMENT CALCULATES THE DISPLACEMENT THICKNESS BY PERFORMING
g INTEGRAT ION

0237 DISPLT(1)20.0

0238 DO 7304 1=2,NOUT

0239 Jz1-1

0240 DO 7305 K=1,d

0241 a(gF't':iT'rézuunm()/mmmm1./ca/mmmnumm(l/rmon«uluyumu-n/

AM(K) ) =1,

0242 DFCTR3=1./SQRT((TN(1)-TN(K) )+ (PINF-PNOT)% (TN( ) %% (EXPNT+1.)-TN(K)
&%% (EXPNT+1.)) / ((EXPNT+1.,)%PNOT% (T IMIN®¥EXPNT)))

0243 XINT (K} =DFCTR2%¥DFCTR3

0244 7305 CONTINUE

0245 CALL TRAP(J,DELT,XINT,VALUE)

0246 &EXT?A=2*((PN(l)/PNOTl**((GAM(I!-1]/GAM(I))-1.J*(SQRT(DELT*PNOT/

PN(1)))

0247 DISPLT(I)=DSFCTR* (VALUE+EXTRA)

0248 7304 CONTINUE

0249 DO 7331 I=1,NOUT

0250 7831 XINT(1)=0.0

0251 DELTDP(1)20.0

0252 DO 7332 i=2,NOUT

0253 Jz1-1

0254 DO 7333 K=1,J

0255 DFCTR4= ( (PN(K)/PNOT) %% (1./GAM(K) =2,) )%TN(K) %% (EXPNT-1.

0256 DFCTR5=1./SQRT (TN (1) =TN(K)+(PINF-PNOT)I®(TN(I)%% (EXPNT#1.)=TN(K)%x
&(EXPNT#1.))/ ((EXPNT+1.)%PNOTHT IMINXXEXPNT))

0257 XINT(K)=DFCTR4%*DFCTR5

0258 7333 CONTINUE

0259 CALL TRAP(J,DELT,XINT,VALUE)

0260 EXTRAZ2% (PN (1) /PNOT) %% (1. /GAM{1)=2.5)%TN (1) %% (EXPNT=1.)%
&SQRT(DELT)

0261 DFCTRG=( (GAM(1)=1.)/GAM(1))%DSFCTR% (TN(1)%%(1.-EXPNT) )% ((PN(1)/
&PNOT) %% ( (2. %GAM(1)-1.) /GAM(1)))/PN(I)

0262 DELTDP (1) =DFCTR6% (VALUE+EXTRA)=DISPLT(1)/(GAM(I1)%PN(1))

0263 7332 CONTINUE

0264 DO 7337 I=1,3

0265 PZPIP(1)

0266 IF(1DG.NE.O)
&WRITE (NRITE,2256)1,P

0267 2256 FORMAT(5X,11,’TH IONIZATION PROBE’,3X,’P=’ ,F8.3)

0268 TEMPU=TSUBU (P, PNOT, TNOT,ERL IM)

0269 JENNPTS+|

0270 PR(JIZPIP(I)

D271 TUN (J) =TEMPU

2272 7387 TH(JI=TIP(1)

1273 NDPTS=NNPTS+3
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C , .
- C CALCULATE DI(DELTA)/DP FOR CONSTANT INCREMENT OF UNBURNED GAS
g TEMPERATURE
0274 DO 7338 1=1, NDPTS
0275 DO 7339 J=1,NOUT
0276 IF(PR(II=PN{J)) 7340,7341,7342
0277 7342 GO TO 7339
0278 7341 DELTAA(1)=DISPLT(J)
0279 DDLTDP (1) =DELTDP(J)
0280 GO 70 7338
0281 7340 DELTAA(1)=DISPLT(J=1)+(DISPLT(J)-DISPLT(J=1))%(PR(I)-PN[J=12)/
&(PN(J)=-PN(J=1))
0282 DDLTDP (i} =DELTOP(J=1)+(DELTDP(J)-DELTDP(J=-1) )% (PR(1)-PN(I=-1}]/
&(PN(J)-PN(J~1))
0283 GO TO 7338
0284 7339 CONTINUE
0285 c7338 CONT INUE
c CALCULATE THE INTEGRAL OF P W.R.T, DELTA.DELTA IS DIVIDED 1O
g 100 POINTS WITH 99 CONSTANT INCREMENT IN BETWEEN
0286 : DELINC=(DISPLT(NOUT)-DISPLT(1))/99.
0287 DISPLA(1)=DISPLT(1)
0288 PCTDLT(1)=PN(1)
0289 DO 7343 1=2,100
0290 DISPLA{1)=DISPLA(I-1)+DELINC
0291 DO 7344 J=1,NOUT
0292 IF(DISPLA(I)~DISPLT(J)) 7345,7346,7347
0293 7347 GO TO 7344
0294 7346 PCTDLT(I)J=PN(J)
0295 GO TO 7343
0296 - 7345 PCTDLT(I)=PN(J=1)+(PN(J)=PN(J~1))%(DISPLA(I)~DISPLT(J=1))/
&(DISPLT(J)=DISPLT(J-1))
0297 GO TO 7343
0298 7344 CONTINUE
0299 7343 CONTINUE
0300 DO 7348 [1=1,NOUT
0301 7348 XINT(1)=0.0
0302 DO 7349 1=1,100
0303 CALL TRAP(I,DELINC,PCTDLT,VALUE)
0304 c7349 XINT(1)=0.0242173%VALVUE
C 0.0242173 |15 CONVERSION FACTOR FROM ATM-CM TO CAL/CMxx2
g XINT 1S THE VALUE OF INTEGRAL OF P¥D(DELTA)
g CONVERT XINT TO ARRAY HAVING CONSTANT TU INCREMENT
0305 DO 7350 1=1,NDPTS
0306 . Do 7351 J=1,100
-0307 IF(PR(1) = PCTDLTlJll7o52 7353,7354
0308 7354 GO TO 7351
0309 7353 PTDELT(1i=XINT(J)
0310 GO TO 7350

0311 7352 PTDELTUI)=XINT(J=1)+(XINT(JI=XINT(J=1) )% (PR(I)=PCTDLT (d=1))/
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, &(PCTDLT(J)=PCTDLT(J=1})
0312 GO TO 7350
0313 7351 CONTINUE
0314 7350 CONTINUE
0315 IF(IDG .EQ. 0) GO TO 7370
0316 WRITE(NRITE,7371) ‘
0317 7371 FORMAT(6X,'TIME’,6X, ' PRESS’,6X,’PDOT’' ,5X, DELTA’ ,1X, D(DELTA)/DP’
&,4X,'P%D(DELTA)’)
0318 DO 7372 1=1,NDPTS
0319 7372 WRITE(NRITE,7373)TH(1) ,PR{1),PDOT(!),DELTAA(I),DDLTDP(I1),PTDELT(I)
0320 7373 FORMAT(2F10.3,4F10.86) : : '
0321 7370 CONTINUE
0322 DO 7355 1=1,NOUT
0323 c7355 GAM(1)=0.0
¢ ERLIM 1S MAXIMUM ALLOWABLE RELATIVE ERROR
g MAXITS 1S MAXIMUM NUMBER OF ITERATION
c _ : .
. C CALCULATE THE -ARRAY OF UNBURNED MIXTURE DENS{TY,TEMPERATURE,
c SPECIFIC ENERGY,GAS CONSTANT,SPECIFIC HEAT RATIO AND ADIABATIC
g FLAME TEMPERATURE
0324 DO 1 I=1,NDPTS
0325 P=PR(1)
0326 TEMPU=TUN(1)
0327 CALL UPROP(P,TEMPU,PHI,DEL,PS!,RESFRK,ENTHLP, CSUBP CSUBT,RHO,
&DRHODT, DRHODP CHI, XMOLE)
0328 c R=PSCALE¥P/ (TUN (] %RHO)
g CALCULATE SPECIFIC HEAT RATIO
0329 GAM(1)=CSUBP/(CSUBP=-R) .
0330 c RHOU (1) =RHO ‘
c CALCULATE ADIABATIC FLAME TEMPERATURE BY CALLING SUBROUTINE TEMP
c AND SETTING THE ENTHALPY OF UNBURNED GAS EQUAL TO ENTHALPY OF
g BURNED PRODUCT
0331 CALL TEMP(P,TBNO,PH|,DEL,PS|,ENTHLP,TBNO,ERMAX ,MAXITS, IER)
0332 TBNOA ( 1) =TBNO
0333 c1 EUAVA (1) =ENTHLP%1000.~PSCALEXP/RHOU(}) .
c SOLVE FOR MASS FRACTION BURNED AND TEMPERATURE OF BURNED MIXTURE
C USING MASS AND ENERGY CONSERVATION EQUATION AND USiING NE'TON-
g RAPHSON ITERATION METHOD
0334 DATA S,TBAV/0.005,2000.0/
0335 DO § 1=1,NDPTS
0336 IF(IDG .NE. 0)
n*RITElNRITE 508) | :
0337 ‘508 FORMAT (5X, ' THE' 15, TH DATA,POINT’)
0338 P=PR(1)
0339 IF(P.EQ.PNOT) GO TO 490
0340 VUAV=1,0/RHOU(])
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141 EUAV=EUAVALL)

142 Js0

43 2 JsJ+t

144 IF(IDG .NE. 0)

#WRITE(NRITE,509) J

145 c509 FORMAT(5X,'NO. OF ITERATION 1S’ ,15)

C USING SUBROUTINE HPROD TO CALCULATE DENSITY AND INTERNAL
g ENERGY OF BURNED MIXTURE

146 CALL HPROD(P,TBAV,CHI,DEL,PSI,H,CP,CT,RHO,DRHODT,DRHODP})

147 VBAV=1,0/RHO

148 EBAV=H%1000.-PSCALE%P/RHO

149 F{=ENOT-EBAV#S=(1.0-S)%EUAV-BAREAXPTDELT(!)/CHMASS

50 F2=VNOT-VBAV%S-(1.0-S)%VUAV+BAREAXDELTAA(])/CHMASS

51 DF1DS=EVAV-EBAV

152 DF2DS=VUAV-VBAY

i53 DF1DTB=(-CP-P%PSCALEXDRHODT/ (RHO®RHO) ) %S

54 DF2DTB=S%DRHODT/ (RHO%RHO)

55 D1=DF1DS%DF2DTB~-DF1DTB%DF2DS

56 D2=F2%DF1DTB-~F1%DF2DTB

87 D3=F1%DF2DS-F2%DF1DS

58 DELS=D2/D1

‘59 DELTBY=D3/D1

60 SRATIO=DELS/S

61 TRATIO=DELTBV/TBAV

62 IF(J=-MAX1TS)3,4,4

63 3 IF(ABS(SRATIO) .LT.ERLIM.AND.ABS(TRATIO) .LT.ERLIMJQO TO 4

64 $=S+DELS

65 TBAV=TBAV+DELTBY

66 GO TO 2

67 40 Xt(l1)=0,

68 TBAVA(1)=0.

69 RHOBA(1)=0.

70 EBAVA([)=0.

71 XDOT{1)=0.0

72 GO TO 5

73 4 Xt1)s=s

74 RHOBA (1) =1, /VBAY

78 EBAVAL(1} 'H*1000 =PSCALEXP/RHOBA (1)

76 TBAVA (1) =TBAV

17 RE=PSCALE#PR( 1)/ (TBAVA(I)%RHOBA(I))

78 ‘GAMB=CP/ (CP-RB)

79 RU=PSCALE#PR(1)/(TUN(I)®RHOUC(I))

80 CPU=RUXGAM(I)/ (GAM(1)~1.)

81 QOUT(1)=(BAREA/CHMASS) % (CPUXRHOU( 1 )%TUNIT1)#DELTAA(!)~PSCALE%
. &DELTAA(L)®PR(1)+PTDELT(1))

82 DXDP=(VNOT=(1.=X(1))%{1, -GAMB/GAM(|l)/RHOUlI)+BAREA*DELTAA(I #*
&(GAMB*PR(|l*DDLTDP(|l/DELTAA(|)+1 ) /CHMASS) / (GAMB* (RB%TBNOA(}) -~
&RUXTUN(!1) )} )#PSCALE

83 XDOT(1)=DXDP%PDOT(1)

84 IF(IDG .EQ. 0)GO TO 7383

85 WRITE(NRITE,7381)

86 7381 FORMAT(6X,’'GAMB’ ,5X,’GAMU’ ,8X,'P’,2X,'D(DELTA)/DP’ ,5X,’'DELTA" ,6X,’

&DXDP' ,6X,’'PDOT’,6X,’ XDOT")
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87 &?n;ggéf?;TE ,7382)GAMB, GAM (1) ,PR(1) ,DDLTDP (1) ,DELTAA (1) ,DXDP ,PDOT(
88 7382 FORMAT(3F10.3,5F10.5)
89 7383 CONTINUE
0 5 CONTINUE }
¢ CALCULATE FLAME RADIUS AND FLAME AREA
91 DO 6 1=1,NDPTS
02 IF(X(1).EQ.0.) GO TO 45
93 FRO1)=(3,0%X(1)%CHMASS/ (4,.0%3.141593%RHOBA (1)) )%x%(1.0/3.0)
94 FALI)=4,0%3,141593% (FR(I)%%2.0)
95 GO TO 6 .
96 45 FR(1)=0.
97 FA(1)=0.
% 6  CONTINUE
¢ FIND THE TIME WHEN FLAME FRONT CROSSES LASER BEAM USING PRESSURE
A
c
99 - IF(NLA)8815,8815,8814
00 8814 CONTINUE
01 DO 8810 I=1,NDPTS
02 IF(TFLA-TH(1))8811,8812,8810
03 8812 FRPR=FR(I1) » s
04 GO TO 8813
05 8811 FRPR=FR(1=1) ¢ (FRUI)=FR(I=1) )% (TFLA=-TH{1=1))/(THU1)=TH(I=1})
06 GO TO 8813
07 8810 CONTINUE
08 8813 CONTINUE
09 RADER=100.0% (RALAS-FRPR) /RALAS
10 8815 CONTINUE
¢ CALCULATE BURNING VELOCITY
11 DO 33 I=1,NNPTS
12 IF(1DG .EQ. 0) GO TO 7772
13 WRITE (NRITE,151)
14 151 FORMAT(5X,’ i’ ,5X,'CHMASS',5X,’XDOT’,5X,’RHOU’ ,5X, 'FA’)
15 | WRITE(NRITE,152) |, CHMASS,XDOT (1) ,RHOU(i} ,FA(I)
16 152 FORMAT(16,4F9.4)
17 7772 CONTINUE
18 IF(FA(I).EQ.0.) GO TO
19 $UC1) 21000 %CHMASSXKDOT (1) / (RHOU (1) XFA (1))
20 GO TO 33
21 37  sU(1)=0.
22 33 CONTINUE
¢ PRINT GIVEN DATA AND RESULTS
23 7006 WRITE(NRITE,600) (FNAM(1),121,20)
24 WRITE (NRITE,700)
25 WRITE (NRITE,200) (AF(1),121,6)
26 WRITE (NRITE,900) COMBV
27 WRITE(NRITE,910) PNOT



ITRAN IV=-PLUS V02-51 15:45:27 20-8EP-79 - PAGE 13

\ME.FTN /TR:BLOCKS/WR

18 WRITE (NRITE,920) TNOT

!9 WRITE(NRITE, 9303 PHI

10 WRITE (NRITE,940) RESFRK

H WRITE (NRITE,1200) CHMASS

12 WRITE(NRITE,1300)

i3 WRITE (NRITE, 1400)

4 WRITE(NRITE,1500)

I5 WRITE(NRITE,1550)

16 DO 12 I=1,NNPTS

17 FRN(IJ=FR(1)/7.5906

I8 RHOU(1)=RHOU(|)%1000.

19 - RHOBA (1) =RHOBA(1)%1000,

10 12 WRITE(NRITE,1600) TH(I),PR(1),X(1),XDOT (1) ,FRNUI),QOUT(1),8U(1),
ADELTAA(I), TUNCI), TBAVA(I),TBNOA (1) ,RHOU(I) RHOBA (1) ,EUAVAL(I),
&EBAVA(1),GAM(1)

H WRITE(NRITE,1700)

12 1700 FORMAT(///,’ 1ONIZATION TIME PRESSURE P/PMAX  RADIUS  NOAM
&ALIZED DISTANCE X ,6X,'TU’)

13 WRITE(NRITE,1800)

14 1800 FORMAT(3X, ' PROBE’ ,7X,'MSEC’,4X,'ATM’ ,16X,’CM’ ,8X,’RADIUS FROM WAL
&L (MM)' ,10X,°K’)

}5 DO 132 1=1,3

16 J={+NNPTS

¥4 PRAT=PR(J)/PMAX

I8 FANP=FR(J) /7.62

9 DFW=10.0%(7.62-FR(J))

0 132 WRITE(NRITE,1900)1,TH{J), PR!J) PRAT,FR{J) ,FRNP,DFW, X!Jl TUNUJ)

i 1900 FORMAT(16,F14.3,F9,3,F8, 3 F10.3,F11.3,F12. 3,F8.8, F7.

2 - WRITE(NRITE.2000)THMAX PMAX , TMAX

3 2000 FORMAT(3X, MAX TIME=' F7.2,’ MAX PRES.z’ ,F6.2,” MAX TU=' ,F§.2)

V4 RMEAN= (FRINNPTS+1) +FR (NNPTS+2) +FR(NNPTS+3)) /3.

1] SUM=(FR(NNPTS+1)-RMEAN) #%2 .+ (FR(NNPTS+2) ~RMEAN) %#2. + (FR(NNPTS+3) -
&RMEAN) %2,

] AMSIPR=10.0% (SQRT(SUM/3.)) /1.0

"7 WRITE(NRITE,2050) RMSIPR

18 WRITE (NRITE,2100)PBP

9 WRITE(NRITE,2200)PTBP

i0 WRITE(NRITE,2250)PTBPA

i1 WRITE (NRITE,2300)PTE

i2 7358 CONTINUE

i3 IF(NLA)8850,8850,8851

i4 8851 CONTINUE

i5 WRITE (NRITE,2400)FRPR

i6 WRITE (NRITE,2500)RADER

i7 8850 CONTINUE

i8 IF(ANONE .EQ. AANONE) GO TO 7007

i9 OPEN(UNIT=LREDUC, NAME =NREDUC)

0 WRITE(LREDUC,6010) (NRAW(I),!=5,10) ,11,12,13,ITIM

B 6010 FORMAT(' RAW DATA FILE ' ,6A1,8X,12,'/',12,'/',12,6X,4A2)

‘2 WRITE (KRITE,6011) (NREDUC(1),1=25,10)

'3 6011 FORMAT(’ REDUCED DATA TO FILE ’,66A1)

"4 CALL IDATE( 11,12,13)

‘5 CALL TIME (ITIM)

'6 WRITE (LREDUC,6012) 12,13, 1TIM

"7 6012 FORMAT(’ REDUCTION PERFORME 2,077,127 77 ,12,6XK,4A2)



FORTRAN 1V-PLUS V02-51 15:45:27 20-SEP~-7% PAGE 14

FLAME .FTN /TR:BLOCKS/WR

0478 7007 CONTINUE

0479 WRITE (LREDUC,4000) FNAM

0480 4000 FORMAT(3X,20A4)

0481 4001 FORMATI4(IX E10.3),13)

0482 DO 4002 [=1,NNPTS

0483 4002 !RITE(LREDUC 4003)PR(1),TUN(I), RHOU(I] sutll), TBNOA(I) ,FRN(1),
&THII1), DELTAA(I) X(1, TBAVA(I), XDOT(1)

0484 4003 FORMAT(11(1X E11.4))

0485 CLOSE (UNIT=LREDUC)

0486 DO 5321 =1 ,NNPTS

0487 IF(X(1).GT. 0.8) GO TO 5322

0488 5321 CONTINUE

0489 5322 NFIT=1-1

0490 IF{TNOT-370) 121,122,122

0491 121 TMFA(1)=450

0492 TMFA(2)=550

0493 NCOR=2

0494 TNEXT(1)=400.

0495 TNEXT(2)=500,

0496 NNEXT=2

0497 GO TO 125

0498 122 IF({TNOT-450) 123,124,124

0499 123 TMFA(1)=2450

0500 TMFA(2)=5§50

0501 NCOR=2

0502 TNEXT(1)=500.

0503 NNEXT=1

0504 G0 TO 125

0505 124 TMFA(1)=550

0506 NNEXT=0

0507 NCOR=1

0508 125 DO 126 i31,NCOR

0509 TUNOT=TMFA (1)

0510 CALL SUFIT(SU,TUN,TUNOT,SUO,ALFA,NFIT)

0511 126 WRITE (NRITE,2600) TUNOT, SUO,ALFA ' -

0512 2600 FORMATI//,3X.'SU=SUO*(T/T0)§*ALFA’.5X.'T0=’.F5.1,5X.'SUO='.F5.1.
&5X,'ALFA=’ ,F§.2)

0613 |F (NNEXT .EQ. 0) GO TO 7362

0514 DO 7360 I=1,NNEXT

0516 DO 7361 J=1,NOUT

0816 IF(TNEXT(1)-TU(J)) 7363,7364,7365

0517 7365 GO TO 7361

0518 7364 PNEXT(1)=PN(J)

0519 GO TO 7360

0520 7363&§TEXTlIl=PN(J-1)+IPNIJ1-PNIJ-1)lN(TNEXT(Il-TUIJ-1)l/|TUlJ)-TU(J-1

0521 GO TO 7360

0522 7361 CONTINUE

0523 7360 CONTINUE

0524 DO 7366 1=1,NNEXT

0525 7366 WRITE(NRITE,2700)PNEXT(1),TNEXT(1)

0526 2700 FORMAT(5X,'PRESS.=’',F8.3,3X, TEMP.=' ,F8.1)

0527 - 7362 CONTINUE :

0528 101 FORMAT(4F10.0)

0529 103 FORMAT(15(14,1X))
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30 200 FORMAT(6F10.4)

Ky 300 FORMAT(4F10.0)

32 400 FORMAT(4F10.0) :

33 600 FORMAT(1H1,////,20A4,//)

34 700 FORMAT(10X,’ENTHALPY COEFFICIENTS ARE:’)

35 900 FORMAT!(//,10X,’COMBUSTION BOMB VOLUME IS:’,F16.4,5X,’CC’)

36 810 FORMAT(10X,’ INITIAL PRESSURE 18:’,F22.4,4X,’ATM’)

37 920 FORMAT(10X,’ INITIAL TEMPERATURE 1S5:’ ,F19.4,6X,'K’)

38 930 FORMAT(10X,’ EQUIVALENCE RATIO [S:’,F21.4)

39 940 FORMAT(10X,’'RESIDUAL FRACTION 1S:',F21.3)

40 1200 FORMAT(//,5X,’MASS OF MIXTURE S’ ,F15.3,’GM’)

41 1300 FORMAT(///,2X,’TIME’ ,4X,’PRES’ ,6X, X’ ,5X,’XDOT',1X,’ NORMALIZE’, X,
& CUM.’,1X,’BURNING’,1X,'DELTA’ ,5X, ' TU’ ,4X,’ TBAV’ ,1X, ADIABATIC’ ;1
&X,’RHOU’ ,4X,’ RHOB’ ,4X, EUAV’ ,4X, EBAV’' ,4X, GAMMA U’)

42 1400 FORMAT (32X, FLAME’ , 4X,'QOUT’,2X, VELOCITY’ ,2X,5X,18X,  FLAME’}

43 1500 FORMAT (32X, ' RADIUS’ , 42X, ' TEMP’)

44 1550 FORMAT(1X,'MSEC’,4X,’ATM’ ,12X,’PER MS’,10X, 'CAL/GM’,2X, CM/SEC’ 63X,
& CM ’ 4X,’K’',7X,'K’,6X,’K’,6X,'KG/M3’,3X, KG/M3’',2X, CAL/aM’' , 2X
&,’CAL/GM’)

45 1600 FORMAT(2X,F5.1,2F7.3,2F8.3,F8.3,F8.2,F9,.5,3F8.0,2F9,3,2F8.1,F8.3)

46 2050&FOGMA}lII.3X,’RMS OF RADII WHEN IONIZATION PULSES OCCUR=’ ,FB.§,’

47 2100 FORMAT(//,3X,’BALANCING PRESSURE=’,F27.3,' ATM’)

48 2200 FORMAT(3X,’ TRANSDUCER PRES. WHEN SWITCH 1S CLOSED=’',F7.3,’ ATM’)

49 2250 FORMAT(3X,’ TRANSDUCER PRES. INCLUDING CORRECTION=’ ,F8.3,' ATM'}

50 2300 FORMAT(3X,'PERCENTAGE ERROR=',F9.2])

51 2400 FORMAT(//,3X,’RADIUS OF FLAME FRONT(USING LASER)=’,F7.3,’ CM"}

gg 2500 ESQMAT(3X.’DELTA RADIUS/RADIUS OF LASER =’ ,F14.3,’ %')
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cw*w***u*m*xau*u**mn*m**u*x*u**m*x******mmax*m*ﬁm*mmuumu*uum
 SUBROUTANE TRANSP

PURPOSE :
TO CALCULATE VISCOSITY,FROZEN THERMAL CONDUCTIVITY OF A
HOMOGENEOUS MIXTURE OF GARBON DIOXIDE,WATER,CARBON MONOXIDE,
Esgﬁogﬁg X?EGEN »AND FUEL.AND DIFFUSIVITY COEFFICIENT OF

USAGE :
CALL TRANSP(SIGMA,EPOVRK,X,T,P,VISC,THCOHD, DIFFUS)

DEg?Sé;TION OF PARAMETERS:
SIGMA - MOLECULAR DIAMETER OF FUEL FOR A LENNARD JONFS (12-6)
POTENTIAL (ANGSTROMS)
EPOVAK- DEPTH OF POTENTIAL WELL DIVIDED BY BOLTZMAN,S CONSTANT
: TgEGT&E LENNARD-JONES (12-6) POTENTIAL OF THE FUEL
COMPOSITION VECTOR OF DIMENSION SEVEN
CARBON DIOXIDE MOLE FRACTION
WATER VAPOR MOLE FRACTION
‘CARBON MONOXIDE MOLE FRACTION
HYDROGEN MOLE FRACTION
OXYGEN MOLE FRACTION
NITROGEN MOLE FRACTION
FUEL MOLE FRACTIOK
TEMPERATURE OF THE MIXTURE (DEG K)
PRESSURE OF THE MIXTURE (ATM)
COMMON AREA/FUEL/:
6 DIMENSIONAL VECTOR OF ENTHALPY COEFFICIENTS SUCH THAT
THE ENTHALPY OF FUEL VAPOR AS A FUNCTION OF TEMRERATURE
(T DEG K) IS GIVEMN BY:
HUT)SAF(1)%ST+(AF (2)%#STu%2) /2+ (AF (3)%STn3)/3
+(AF t4)uST*%4) /4-AF (§) /ST+AF (6)
WHERE ST=T/1000 AND H(T)3z <KCAL/MOLE>
THIS PROGRAM ASSUMES THAT FUNCTION H(T) 1S VALID OVER
THE FOLLOWING TEMPERATURE RANGE: 300 < T < 1500
ENTHALPY DATUM STATE IS T=0 ABSOLUTE WITH 02,N2,AND
H2 GASEOUS AND C GRAPHITE.
- AVERAGE NUMBER OF NITROGEN ATOMS PER FUEL MOLECULE
CX - AYERAGE NUMBER OF CARBON ATOMS PER FUEL MOLECULE
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AVERAGE NUMBER OF HYDROGEN ATOMS PER FUEL MOLECULE
AVERAGE NUMBER OF OXYGEN ATOMS PER FUEL MOLECULE
QLOWER=- LGWER HEATING VALUE (KCAL/G)

RETURNS:
VISC = VISCOSITY OF THE MIXTURE (G/CM-~SEC) OR (PO1SE)
THCOND=- FROZEN THERMAL CONDUCTIVITY OF THE MIXTURE
{CAL/CM-SEC-DEG !
DIFFUS- BINARY DIFFUSIOH COEFFICIENT OF FUEL AND AIR(CM¥%2/SEC)

REMARKS :
1) POLAR MOLECYLES WATER AND IN SOME CASES FUEL (E.G. CH30H)

QAT OONNOONCCONOOOOOONOO0OOOOOCON



176

RTRAN 1V-PLUS V02~51 16:43:56 20=-3EP-789 ' BAGE 2
/TR:BLOCKS/WR

ANSP.FTN

01
03

04
05

06

07

o BN

c
¢
c
c
c
c
c
C
C
c
C
C
C
c
c
c
c
c

QOO0

SO0

&

» 12O~ O —
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2)
3

ARE TREATED THE SAME AS NON-POLAR MOLECULES

DIFFUSION COEFFICIENT OF THE MIXTURE iS5 APPROXIMATED AS
BINARY DIFFUS!ION COEFFICIENT OF FUEL AHD AIR

CODED BY HAMEED METGHALCH! 253-6647 (ROOM 3-358 MIT)

METHODS AND REFERENCES:

1)

2)
3)

4)

R.S.BROKAW :ALIGMMEMNT CHARTS FOR TRANSPORT PROPERTIES,
VISCOSITY ?7,THERMAL CCNDUCTIVITY,AND DIFFUSION COEFFICIENTS
FOR MOM-POLAR GASES AND GAS MIXTURES AT LOW DENSITY,

NASA TR R-81 1961.

R.A,SVEHLA :ESTIMATED VISCOSITIES AND THERMAL CONDUCTIVITIES
OF GASES AT HIGH TEMPERATURES. NASA TR R-132 1962, :

A.A . WESTENBERG :PRESENT STATUS OF INFORMATION ON TRANSPORT
PROPERTIES APFLICABLE TO COMBUSTIGN RESEARCH.

COMBUSTION & FLAME VOL. 1 #3 1957 P346

DANON & ADMUR, 1.J OF CHEM. PHYS. VOL. 50 P.4178 1969

HMNRIIIN I NI NN I NN AN NS MMM BRI NN NN MMM A NN RRNN NI U NRNALRARREE

SUBROUTINE TRANSP(SIGMA ,EPOVRK,X,T,P,VISC,THCOND,DIFFUS)
REAL%4 LMMIX1, LMMIX2,LMBDAT(7),LMBDAZ(T7) ,M(T7) MJ ML ,MAIR
DIMENSION A(6,7,2),A1142),A2(42) ,ETA(T),SIGMAL(T) EPS{T) ,CP(T),

EQUIVALENCE (A1(
COMMON/FUEL/AF (6
3

DATA A1/11.9403

X(7)
1),A01,1,13), (A2(1) ,A(1,1,23)
} ,ENW,CX HY,OZ, QLOWER

,2.088581,-0.47029,.037363,~.580447,-97.1418,
7

6.139094,4.60783,~.9356000,6.669498E-02,.0335801,-56,62588,
7.099556,1.275957,-.2877457,.022356,-.1598696,~27.73464,
5.55668,1.787191,-.2881342,1,951547E~02,.1611328,,76498,
7.865847,.6883719,-.031944,-2,68708E~03,~,2013873,~,8934535,
6.807771,1.453404,-.328985,2.561035E-~02,~-,1189462,~.3318235,

6%0.0/

DATA A2/4,737305,16,.65283,-11.23249,2,828001,6.76702E-03,~93.75793
,7.809672,-,2023519,3.418708,-1,179013,1.43629E~03,~57.08004,
6.97393,-.823819,2.942042,-1,176239,4.122409E~04,-27.18587,
6.991878,.1617044,-.2182071,.2968197,-1.625234E~02,~-.118189,
6.295715,2.308387,~.0314786,~.3267433,4.35925E-03,.103637,
g.895199,-1.295825.3.20688,-1.202212,-3g457938E~04.-.013967,

%0.0/

DATA SIGMA1/3.941,2.641,3.69,2.827,3.467,3.7¢8,0.0/

DATA EPS/195.2,809.1,91.7,59,7,106.7,71.4,0.0/

DATA M/44,01,18.02,28.01,2,016,32,,28.02,0.9/,R/1.8872/

DATA MAIR/28.97/,SGMAIR/3.689/,EPSAIR/84./

STATEMENT FUNCTIONS FOR COLLISION INTEGRALS OMEGA{1,1}3,
OMEGA(2,2)%,PHI(],J) ,ANDPSI(1,)

OMEGA1 (TSTAR) =AMAX1 {1 . 464%TSTAR%*(-0.493) ,1 145%#TSTAR#R(-0.177})
OMEGA2{TSTAR) =AMAX T (1, 220%TETAR% (-, 1600) ,1 . G10%TSTAR#%(-0,450})
PHI(ETAL,ETAJ M1 MI)=(1, +(ETAI/ETAJ) %50 5% (MJ/M1)¥%0.25) %42

/(2. %8QRT(2.%(1.+MI/MJ)))

PST(PHILJ ML MBI =PHIITI®(T ., +2. . 41%(Mi-MJIIx(MI~0.142%MJ) / (M1 +MJ )52}

CALCULATE THE VISCOSITY AND THERMAL CONDUCTIVITY OF THE
INDIVIDUAL SPECIES
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/TR:BLOCKS/WR

" -~ i
P - B B
~ -

[Z. X2 B SN

SINCE FOR MOST FUELS THE ENTHALPY COEFFICIENTS ARE VALID ONLY
FOR T<1500, WE ASSUME CP(7)=CP(7) EVALUATED AT T=1500 FOR
THOSE CASES WHERE T>1500.

IF(1.EQ.7 .AND., ST.GT.1.5) S8T=1.§
CPUIY=((A(4,1,IR)%ST+A(3,1,IR))I#ST+A(2,1,IR))I%ST+A(1,1,IR)

+A(5,1,1R)/8Tn%2

TSTAR=T/EPS (1)

ETA(1)=26.693E-06%SQRT (M
LMBDA1 (1) =3 . 75%R#ETA(I) /M
LMRDA2(1)=0.88%(0.4%CP (1)

%#T)/SIGMAT () %%2/0MEGA2 (TSTAR)
] .

1)
(1
/R-1.)%LMBDA1 (1)

CONT INUE

CALCULATE VISCOSITY AND THERMAL CONDUCTIVITY OF THE MIXTURE

ETAMIX=0.

IF(J .EQ. | .OR. X
DUMMY=PHI (ETA(I) ,E
DEN1=DEN1+DUMMY%X (
DEN2=DEN2+PS| (DUMM
CONT I NUE

ETAMIX=ETAMIX+ETA(])
LMM1X1=LMMIX1+LMBDA1
LMM1X2=LMMIX2+LMBDA2

{
T
J
Y
1

DEN2
DEN1

NN Z

CONTINUE
VISC=ETAMIX
THCOND=LMMIX1+LMMIX2

CALCULATE DIFFUSIVITY

SI1G={SGMAIR+SIGMA1(7)) /2.

EPVRK=SQRT(EPSAIR%EPS(7))

TSTAR=T/EPVRK

DIFFUS=2.628E-03% (SQRT( (T#x3)%(M(7 MAIR)/(Q *M(TIHMAITR) )

/(P%(SIG¥%%2)#OMEGA1 (TSTAR)
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0057 RETURN

0058 END
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SUBROUTINE PPDTCL

PURPOSE:
TO CALCULATE PDOT AT CONSTANT INCREMENT OF UNBURNED
GAS TEMPERATURE

USAGE : .
CALL PPDTCL(P,TH,THN,T,TINC,NPTS,NDP,PN,PDOT,TN,NNPTS,PINF,
TIMIN,EXPNT)
ogfanpTlou OF PARAMETERS:
" -PRESSURE
TH -TIME (MSEC)
T  -UNBURNED GAS TEMPERATURE K

TINC ~-TEMPERATURE INCREMENT K
NPTS -NUMBER OF DATA POINTS
NDP -DEGREE OF POLYNOMIAL WHICH FITS THE PRESSURE DATA

RETURNS:
. THN =TIME (MSEC)
PN  -PRESSURE
TN  -UNBURNED GAS TEMPERATURE K
PDOT ~TIME DERIVATIVE OF PRESSURE
NNPTS-NUMBER OF NEW ARRAYS OF DATA POINTS
PINF -PRESSURE AT INFLECTION POINT (ATM)
TIMIN-TIME AT INFLECTION POINT '
EXPNT-THE EXPONENT FOR THE FITTED CURVE FOR PRESSURE
(P/PNOT=1+((PINF=PNOT)/PNOT)®(T/TIMIN)¥%EXPNT

SUBROUTINE REQUIRED:

HGASJO

METHOD :
FIT THE PRESSURE DATA LOCALLY TO A POLYNOMIAL OF DEGREE NODP
WITH A WEIGHTING FUNCTION OF W=EXP(=(T(1)=TN)%%2/2(TINC/2)%%2)
WHERE TN(I)=T(1)+(N=.5)%TINC A

REMARKS : '

IN CASE OF PROBLEM CONTACT HAMEED METGHALCHI 3-359 M.I.T.
AT 253-6647

6000636 30 36 36 36 36 36 38 96 6 36 28 96 30 303690 30 36 36 90 36 3696 96 36 36 3036 30 20 26 96 30 36 96 30 56 30 30 90 0 30 30 36 30 30 36 30 36 36 30 96 36 90 D0 90 6 30 96 0 36 30 30 96 34 36 90 96 34 30 34 349

SUBROUTINE PPDTCL(X,TH,THN,T,TINC,NPTS,NDP,XN,XDOT, TN ,NNPTS,
PINF,TIMIN,EXPNT)

&
aDlMENSION X{NPTS),TINPTS) ,XDOT{30),C(3,5),R(260) ,XN(30),

S(260) ,THINPTS) ,TN(30),THN(30)
COMMON XINT(260) ,DELTDP(260)

CALCULATE CONSTANT INCREMENT OF TEMPERATURE

DO 1 I=1,NPTS
Fiz|
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0006 TNCD) =T(1)+(Fl=-,5)%TINC
0007 IF(TN(L)=T(NPTS)) 1,2,3
0008 1 CONT INUE
0009 2 NNPTS=|
0010 GO TO 4
0011 3 NNPTS=|-1
0012 c4 CONT | NUE
g FIND THE CORRESPONDING TIMES TO THE NEW TEMPERATURE ARRAY
0013 DO 17 [=1,NNPTS
0014 DO 14 J=1,NPTS
0015 IF(TN(I)=T(J)) 16,156,114
0016 15  THNLI1)=THWJ)
0017 GO TO 17 '
0018 16 THN(DSTH(I=-1)+(TN(1)=TW=1)})%(TH(J) =-THH=1)) 7(T(I)=T(d=1})
0019 GO TO 17
0020 14  CONTINUE
0021 c17 CONTINUE
g FIT DATA TO POLYNOMIALS OF DEGREE NDP
0022 DO & 1=1,NNPTS
0023 K122%NDP +1
0024 $(1)=0.0
0025 -DO 6 J=1,NPTS
0026 DELTDP(J)=TH(J)=THN(I)
0027 XINT(J)=2,71828u% (=2%(T(J)=TNCI))®%2/(TINCH%2))
0c28 6 S(1)=8S(1}+XINT(J)
0029 Do 7 K=2,K1
0030 $(K)=0.0
- 0031 DO 7 J=1,NPTS
0032 7 S(K)=S(K)¢XINT(J)HDELTDP (J)un(K=1)
0038 K2=NDP+1
0034 R(1)=0.0
0035 DO 8 J=1,NPTS
0036 8 RI1)=R(1)+X(JI%KINT(J)
0037 DO 8 K=2,K2
0038 R(K)=0.0
0039 DO 8 J=1,NPTS
0040 9 R(K)SR(K)+(DELTDP{J) %% {K-1) ) %#XINT(J)2uX(J)
0041 DO 10 N=1,K2
0042 DO 10 J=1,K2
0043 10 CIN,J)=8(N=1+J)
0044 K3=NDP+2
0045 DO 11 N=1,K2
0046 'c11 C(N,K3)=RI(N)
g CALL SUBROUTINE HGASJO TO SOLVE NDP LINEAR EQUATIONS
0047 CALL HGASJO(C,K2)
0048 AN(1)=C(1,1)
0049 XDOT(1)=C(2,1)
0050 S CONT I NUE

0051 DO 12 [=2,NNPTS
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0052 IF(XDOT(1).LT.XDOT(I~1)) GO TO 18
0053 12 CONTINUE

0054 GO TO 18

0055 18 PINF=XN(1=-1)

0056 TIMINSTHN(]1=1)

0057 PDTINF=XDOT(I-1)

0058 EXPNT=TIMIN®PDTINF/PINF

0059 GO TO 19

0060 18 PINF=XN(NNPTS)

0061 TIMIN=THN (NNPTS)

0062 PDTINF=XDOT (NNPTS)

0063 EXPNT=TIMIN%PDTINF/P | NF

0064 19 CONTINUE

0065 RETURN

0066 END

PAGE 3
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ENTHALFY COEFFICIENTS ARE:
-2,7058 44,1477 -27.5009 7.2193 0.2100 -42.9501

COMBUSTION RONE VOLUME 1S: 1853.3331 ce
INITIAL PRESSURE IS: 1.0000 ATH
INITIAL TEMPERATURE IS: 298.05000 K
ERUIVALENCE RATID 1S: 1.2500
RESIDUAL FRACTION IS: 9.000
MaSS OF MIXTURE IS 2.22006M
TINE FRES X XDOT NORMALZE CUM. BURNINE DELTA T TRAY ADINLAEATIC RHUL RHOE EUAY EbAY GAnma U
FLANE GOUT VELOCITY FLANE
RADIIUS TEnF
MSEL ATH FER #5 CAL/GM LUM/SEC L ¥ K KG M3 KG/M3  CAL/GH  CAL/GH
9.24 1.088 0,009 0.00¢2 0.411 0.0t 47,57 0.0003% 305, 2182 274 0.162 -168.3 -310.7 1.360
13.76 1.293 0.031 0.007 0.585  0.053  45.45 0.0utd) 3 jg K t.447 0.188 ~-165.6 =-293%.4 1,337
16,58 1,526 0.056 0.0%2  0.679  0.105  48.83 5.0023% 33 22% 1,636 0.218 -163.0 1,855
18,40 1.783 0.085 0.017  0.742  0.1ed 51,03 9.0031 3 228 1.834 0.252 -160.3 1.352
20,37 2,077 0. 118 0 0.022 0 9.79¢ 0.3t 32,37 2.p0ia 3 2319 2,094 0.28% -157.4 10349
21.96 2.408 0,155  0.028 0.828  0.308 S4.0¢ 37 2318 1.293 9.331 -154.8 1.346
23.38 2.781 0,198 0.033 0.858 0.397 Ls.l8 3 2304 2,553 0.278 -152.00 1,342
24,69 3,191 0,245 0.041 0.884  0.48%  C&.68 ac 2386. l.827 G.430 -14%.3 1,34
25.93 3.650 0.298  0.047  0.905 0,587  £3.41 4 2414, 3125 0.487 -146.5 1.337
27,13 4,170 0.35%  0.03%  0.%24 0,703 &0, 4 2433, 3.454 0.551 1437 1,334
28,21 4,729 0.424 0,069 0.940 0.BI2 83,58 4 2458 1,794 0.619 -140.8 -208.% 1,33
29.24  6.339 0.499  0.085 .0.754  0.924  4B.48 4 2474 4.169 0.596 -137.9 -201.7 1.329
30.17 4.058 0.582  0.108  0.967 1,095 77,54 4 2493, 4.572 0.780 -135.0 -194.7 1.32¢
30,97 6.825 0.673 .0.130  0.978  1.241 53,48 0.00673 4 2810 5.003 0.872 ~-132.1  -188.0 1,322
373 7,691 0,777 0,143 0.988 1,395 41,64 9.00e80 S 2830, 5.481 0.976 -129.4 -181.3 1,325
32.52 8.592 0.88% 0.1t7  0.997  1.582  40.36  9.004%0 5 2547 5.958 1,083 -126.4 -175.3 1.32
TONIZATION TIME FRESSURE  F/FMAX  KADIUS  NORMALIZED DISTANLE L] T
FRORE HSEC ATH [o,} RADIUS FROM JALL(MN: 3
1 32,670 8.730  0.980 2.577 0.994 9.428  0.992
2 2,220 8.257 0.908 7,545 0.9990 0.780  0.845
3 32,150 8.172  0.899 7.038 0.989 0.818  0.83%5
MAX TIME= 33.73 MAX FRES.= 9.09 MAX TU=322.23

kNS OF RADII WHEN IDNIZATION PULSES OCCUR= 0.17022 &M

BALARCING FRESSURE= JUING A
TRANSIUCER PRES. WHEN SWITCH IS CLOSED= 38.098 ATH
TRANSIUCER FRES. INCLUDING CORRECTION=  7.9&7 ATd

PERCENTAGE ERKOR= 2.74

RADIUS OF FLAME FRONTCUSING LASER’I= 5.443 (4
DELTA RANIUS/RALIUS OF LASER = 0,428 %
REDUCED DATA TO FILE METO0O3

SU=5U0*{T/TO)e+ALFA T0=4530.0 5Ul= &9.¢ CIR-E R R
PRESS.=  3.098  TE#F.= 400.0
FRESS.=  7.603 TEMP.=  500.0

FIG. I.1 A Typical Computer Result Showina Laminar Burning Velocity as a
Function of !Measured Pressure for Methanol-Air Mixture of
Enuivalence Ratio of 1,2 with Initial Pressure of 1 Atm and
Initial Temperature of 293 K



