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INTRODUCT I ON

PURPOSE .

The purpose of this research effort was to develop a mathematical model for
predicting ignition and propagation rates for flames in a fuel mist.

This report describes the model that was developed, and 'ncludes comparisons
of the theoretical predictions with experimental data on tetralin-air sprays
obtained by previous investigators.

In addition, this report describes experiments that were carried out for
measuring burning velocities in kerosene-air sprays, and includes compari-
sons of experimental data with predicted values from the theoretical model.

BACKGROUND.

The wotrk described in this report is related to the burning of fuel in mist
or fine spray form during an aircraft crash, and is aimed at identifying
pertinent parameters which control the propagation of a flame in a com-
bustible liquid fuel mist. Since the principal interest is in aircraft
crash fire safety, the analysis and experimentation are related to burning
under atmospheric conditions and to kerosene based fuels. |In addition,
experimental data from previous investigators (1-3) who employed tetralin~
air sprays are used for comparisons with the theoretical predictions of the
present work.,

The report consists of two principal parts: the first part describes the
mathematical model and the results of the numerical! computations that were
carried out, while the second part contains a description of experimenta)
work on the effect of droplet size on the burning velocity of polydisperse
kercsene-air sprays. Instructions for the use of the computer program for
calculating burning velocities, and a listing of the program in the
Fortran IV language are found in Appendices A and B, respectively.

The work presented in this report has in part appeared in references (4,5).

MATHEMAT I CAL MODEL

SPRAY MODEL.

GENERAL DESCRIPTION AND ASSUMPTIONS. Propagation of flame in a dilute
tiquid fuel spray has been studied by several investigators because of its
importance to flame stabilization and spray burning. Burgoyne and Cohen (1)
Burgoyne (2), and Mizutani and Ogasawara (3) have measured one-dimensional
laminar flame propagation velocities in monodisperse sprays. Their results
showed that with very small droplets and very dllute sprays the propagation




mechanism is that of a premixed flame, whi.le with large droplets the
mechamism is through a relay transfer of the flame from droplet to droplet.
Williams (6), using separate analyses for very small and for large droplets,
has obtalned satisfactory agreement with the results of Burgoyne et al (1,
within the accuracy of the assumptions and the constant property values

used In the calculations. Measurements of burning velocities 'n one-
dimensional polydisperse sprays have also been reported (7-10) as well as
calculated results for pure vaporization (11), and burning (12) of such
sprays. In a recent study Mizutani (13) presented calculations for the
burning velocity in turbulent polydisperse sprays neglecting preignition
vaporization. There is also a considerable body of work related to liquid
fuel rocket combustors which was disucssed by Sutton et al (14). The
authors of the last reference also describe their three-dimensional analysis
and modeling for the burning of a liquid fuel spray. However, as with most
other works related to liquic fuel rockets, their analysis does not address
itself directly to the flame propagation problem,

The burning of a liquid fuel spray is a process involving comp 2x transient
interactions between the droglets and the surrounding gas phase. The gas
flow is usually turbulent, and the spray is distributed among different
droplet sizes, which move at different velocities and are randomly distri-
buted in space. To simplify the fluld dynamical calculation, the calcula-
tions of spray burning velocities were carried out using a one-dimenslonal
flow model. A dilute spray initially consisting of a stream of air and
liquid fuel droplets is assumed to pass through a plane heat source located
perpendicular to the flow direction as shown in Figure 1. The heat source
both increases the gas temperature tc a lavel that is sufficient to ignite
the fuel so that combustion is completed within the domain of the numerical
computatlion, and fixes the pcsition of the flame during the calculations.
Under these conditions steady state combustion always takes place downstream
from the heat source, provided that the velocity of the gas stream is higher
than the burning velocity in the spray. The lowest gas velocity for which
the spray can exist In steady state is the burning velocity for normal

flame propagation. It also identifies the upstream conditions for ''flash-
back'' from a plane heat source., [t should be noted that the results are
expected to apply only to cases where the droplet trajectories follow the
streamlines of the gas. The mathematical! formulation follows the analysis
of Williams and Sutton er al (14), and employs the following general assump-
tions:

1. The gas flow Is one-dimensional, steady, at constant pressure, and
obeys the ideal gas equation. Thermal radiation effects zre neglected.

2. The gaseous mixture in each seclion is homogeneous. This implies that
there is an instantaneous mixing of the species, and that the presence of
the Ilquid phase affects the gas {low only through source and sink terms
for species produced or consumed around the droplets.

3., The mixture flow is adiabatic except at the location of the plane heat
source,

4. The spray is dilute, and the distribution of droplet sizes is described
in terms of a finite number of size groups. There is no interaction between
droplets during evaporation or combustion.
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5. For the small relative velocities considered here, the droplets do not
deform or shatter but are influenced by aerodynamic drag forces.

6. The droplet evaporation rate follows stagnant film relationshi(ps for
pre- and post-ignition vaporization, corrected for forced convection.

7. Droplet ignition cccurs when the liquid temperature reaches the leve)
necessary for the formation of a stoichiometric fuel-air mixture at the
liguid surface. According to reference 15 for hydrocarbon fuels this
occurs when the Tiquid temperacure, Tgp, is given by:

TR = Q.74 Tg ~70 [oc] (1)

where Ty is the liquid boilling point. Reference 15 suggests that for
sufficiently high ambient air temperatures equation (1) resuvlits in a rea-
sonable approximation of the ignition delay period. Before Ignition the
droplets act as sources of fue! vapor for the ambient gas. After ignition
occurs, the consumption of fuel and oxidizer and the generation of pioducts
of combustion around the droplets follow the stoichiometry of fuel combus~
tion.

Previous calculations (4) employed a prescribed gas temperature as the igni-
tlon criterion, regardless of the previous history of the droplets. The
use of a prescribed ignition temperature simplifies the description of the
transient droplet behavicr through the ignition point, but underestimates
the ignition delay for the droplets. Results were, therefore, presented
(4) for various ignition temperatures, which is equivalent to changing the
ignitior delay time. The use of equation (1) as the lgnition criterion
implles a dependence on droplet size, since the time for reaching 7; de-
pends on the droplet dlameter. However, TQ does not depend on the ambient
oxygen concentratlon. This, however, does not limit the usefulness of the
results with respect to dilute sprays involved in aircraft crashes.

8. The equations describing the gas flow are written in terms of four
species: fuel, oxidizer, products, and neutrals. They include the effects
of conduction heat transfer and diffusion of species and are coupled to the
liquid phase equations through appropriate source, or sink, terms for energy
and mass transpert. Chemical reactions for the fuel vapor, which is added
to the homogeneous gas phase during the droplet pre~ignition vaporization
period, are described in terms of one second order rate control:ing step.
The necessary chemical kinetic parameters are adjusted to give agreement
wlth available experimental data.

9. Physical properties are computed for ecach downs:ream position and
depend on the local gas phase temperature and concentration.

10. Boundary conditions include (a) the upstream temperature, velocity,
and combustion of the spray, and (b) the downstream absence of any fuel
as liquid or vapor. It is also necessary to specify the intensity and
position of the plane heat source.



1. Turbulent sprays are described In terms of an eddy diffusivity model
as in reference 13. Although this model does not represent the physical
processes occurring in wrinkled flames, when the scale of turbulence is
larger than the ftame front thickness, it at least gives a reasonable
qualitative variation of the effects of turbulence on the burning velocity.
It is also assumed that there is no effect of the flame on the scale and
intensity of turbulence.

LIQUID PHASE EQUATIJONS.

a. Droplet flux balance:

N: (2)

jvji = Njovjo

where N: is the number density of droplet group j which is moving with a
velocity uy, j =1, ...n. n is the number of droplet groups at the up-
stream boufdary which is denoted by the subscript .

b. Droplet momentum balance:
de 3 og {v- uj ) (3)

" 8B 5, Og RJ |v- UJI Dj

Yvj
. . 0.8
The drag coefficient is C 27/ReJ , (Reference )6) v is the gas
speed, R. is the radius oP droplet group j, Re. = |v uj |/v 1s the
Reynolds number, and p, and py are the gas liquid phgse denS|t|es
respectively. pg is assumed to be constant.

c. Droplet energy balance:

dR; y dT;
-T.) = - J L)
Zhj (T TJ) - pQ L + Cpﬂ ey Rj T (4)

The heat transfer coefflc1ent hJ is given by the relationship of Ranz
et al (17):

2R:h .
1) 22 4 0.6Re.0° (5)
K J

where k is the thermal conductivity of the gas. T. is the droplet tempera-
ture, which is assumed uniform within the drop. L is the heat of vaporiza-
tion and <p is the heat capacity of the fuel, which is assumed to be con-
stant. 2Z is a correction factor for using equation (5) with droplets where

vaporization (s appreciable. [t is the ratio of the droplet heat transfe;
coefficient with vaporization to that with necligible vaporization. It i:
given by (reference 16)
Z = z ()
expizi-\
where
dR;i ¢ :
. J “pfPe (7)
&7 7 Tde kg



d. Droplet evaporation rate:

The fotilowing equation was used for the rate of radius change of burning
droplets (8):

dR . k T c {T-T.) QY,
J - - In 1+ P J 0

— 8
at R_}Cp L Olol_ - ( )

where Q is the heat of reaction for the fuel, Yq is the local oxidizer mass
fraction, 0ap is the stoichiometric coefficient for the oxidizer, and cp is

the local value of specific heat for the gas. For quasi-steady state evapora-
tion without burning, equation (8) was used without the term (QYg/agl),
provided the droplet temperature was near the liquid fuel boiling point.

The initial transient preheat and vaporization period was described by the
fotlowing relationship (18):

dR: ko (Nujz) T Y-

. F1_F (9)
dt CPO-Q' 2Rj B ]'YFJ. ~

where it is assumed that the heat and mass transfer processes around a droplet
are similar. The fuel mass fraction at the droplet surface, YFJ, is given
by the Clapeyron equation:

M LM )
Fj = Foexp | 1 - l,> (10)
M R Jg T/
e. Spray evaporation rate:
m= -3 NpghnR:2 9Rj (1)
o -
] gt
where m is the spray evaporation rate.
f. Spray enthalpy flux:
Aj _}
Y . 2 dR: '\ o
dt g |
[ r j—

where HS is the spray enthalpy flux, and HC is the standard enthalpy of
formation for the liquid fuel taken at temperature T,..

Equations {11} and (12) together with the expression for spray volume:

— bt 3 .
s = f Ni 3R (13)

v

provide the necessary coupling terms between the )igquid ahd the gas phase.



GAS PHASE EQUATIONS.

For constant pressure and Yow speed flow of a dilute spray the momentum
equation for the gas flow can be neglected. The remaining equations for the
gas are as follows:

a. Global continuity:

lle 3 v \
+ . = ]!']
Pgu *+ I Njujpg == R, % = M (
J
where M = Pgolo * Z NJO 0P is the mass flux for the mixture.
b. Species conservation:
d dyY; .
— Y. D; ——) = w; + mf; 5
dx (Pgv¥i) dx (09 dx ) ' ' (15)
i =F, 0, P, N
where Y; is the mass fraction for species i, and D; is the binary diffusion

coefficient for the ith species. The term mf in equacion (15) refers to
the volumetric rate of species produced or consumed within the boundary
layer of the droplets in the spray. Before ignition f; = &g;, where éF ls
Kroenecker's delta. After ignition fp =0, and f; = ai, i =0, P. The
reaction term w; is given by the Arrhenius expression:

- 2 /T
Wi = 0‘1399 YeY, exp (-E/RT) (16)
where E is the activation energy and R the gas constant B is a frequency
term and depends on temperature according to B = 8 T2, where B, is a con-
stant. Using equation (14), equation (15) can be rewritten as follows:

Cll"li d le — - _ f 1)
v D. =w. +m (f.-Y. {1
Pg dx dx fg”i dx ! ( ' ) H
¢. Energy conservation:

pgng -k %£-+ H = constant (18)

where Hg is the gas enthalpy. Hg is given by the following equation:

T
Hg = L Y; 5 cpidT + HJ (19)
(

where HS is the standard enthalpy of formation for the gas at T, and Spi
is the specific heat of species i. Using equation (19), equation (18)
can be rewritten as follows:



k dH .
- 9 =
Pgvty % + Hg =V (20)

where ¢, i5 the gas specific heat. The constant ¥ in equation (20) is
eveéluated at the downstream boundary where the derivative with respect to

x is assumed to be zero. The addition of heat to the mixture is accomplished
by changing the value of this constant at the position of the heat source,

by an amount equal to the added heat flux.

d. Equation of state:
p = pM/L(1-V)RY ] (21)

where V. is the spray volume (equation !3) and M is the molecular weight
of the mixture:

M= 2 1/{Yi/M) (22)

BOUNDARY CONDITIONS.

a. Upstream boundary conditions at x = 0 require a complete specification
of the mixture in terms of temperature, speed, gas composition and droplet
rumber density. For the present work the spray was polydisperse, the gas
was air, and there was velocity equilibrium between the droplets and the
gas. Equation (9) results :n a non-zero droplet evaporation rate at the
upstream boundary. Results were, therefore, obtained for a fixed distance
between the upstream boundary and the ptane heat source,

b. Downstream boundary conditions are expressed In terms of vanishing
gradients for all variables irvolved. Thus, at x = x_ it ‘s required that
aY;/dx = 0 and ng/dx = 0, which implies the absence of liquid phase, or
My = 0.

i

PROPERTY CALCULATIONS.

Properties were computed using the local gas temperature and mixture con-

centration. It is assumed that for dilute sprays the Lewis numbey (pc ,0/k) can be
set equal to one. The properties under consideration are, therefore, E, 0;,
U and Cp Following reference {19) for the molecular values of k
k =% niki (23)
i
and
W= Lonju; (24)
k
where n. is the mole fraction of species i, while kj and ; are the molecular

i - . . . . X
thermal conductivity and viscosity of the species. The specific heat is
given by:

c. =T Y.c {(25)

p L iTpi
[
Following reference (20) the individual species properties were expressed
as linear functions of temperature.



For turbulent sprays the computed laminar transport coefficients k and D
were augmented using the following relationships (13):

ky = k # pcpe (26)
and

Djy = D; + ¢ (27)
where k. and D;, are the turbulent thermal conductivity and species
diffusion coefficients, respectively, and £ i5 the eddy diffusivity. In
turn:

e = u' (28)

where A is a characteristic turbulent length scale of the approach flaw
and u' is the rms velocity fluctuation.

In the formulation described above, the burning velocity is pot an
eigenvalue. It is, instead, defined as the lowest upstream gas velocity for
which the boundary conditions of the problem can be maintained. This is
equivalent to calculating incipient "flashback'' conditions for a liquid

fuel spray streaming towards a hot source; for example, towards a region
where burning of combustible material is already taking place.

NUMER{CAL CALCULATION

Equations (3) and (4) and either (8) or (9) for a single droplet can be
easily integrated using 3 step-by-step method beginning at the upstream
boundary, provided that the gas profiles are known. 1In turn, equations
(Y4), (17), and (20) and the boundary conditions for the gas, form a two
point boundary value problem of first and second order non-linear ordinary
differential equations, which require the spray coupling terms given by
equations (11) through (13) for their integration. Following Williams!
(6) suggestion, the following iterative scheme was used for the sclution
of the coupled set of spray and gas phase equations: beginning with assumed
gas profiles, the equations for each droplet group were solved, and the
coupling terms calculated. The coupling terms were then used in the
solutions of the gas phase equations, thus providing profiles for new
spray phase calculations, and so on. Convergence was achieved when there
were negligible changes in the coupling terms between iterations:

i

S =% (am)? + AR )% + a(v, )P 1% e (29)

m

sm

where the summation is taken over all grid points, m, A denotes differences
between successive iterations, and e is a small positive number, The con-
centrations of species at the downstream boundary were checked for agreement
with those calculated using the stoichiometry of fuel burning.

Regarding the details of the numerical integration, the first order dif-
ferential equations for the spray (Equations 3, 4, and 8 or 9) were inte-
grated beginning at x = 0 using Euler's predicteor-corrector method. The

gas phase species conservation equations are non-linear through the tempera-
ture and concentration dependent gas properties, but the main contribution



to non-linearity arises from the reaction term Wy in the sgecies equations.
Using the quasi-linearization method described by Fay et al (21), solution
of equation (17) for i = F, 0, and F was therefore approached through
successive iterations involving a linearized form of w; and its derivatives.
The round-robin iteration scheme involved successive calculation «f product,
fuel, oxidizer and enthalpy profiles, in that order, using the results of
each previous iteration for computing non-linear terms, until the non-
linear species equation (16) was very nearly satisfied. The matrices
involved in rhe integration of the gas phase equations are tri-diagonal

and can te easily inverted. The matrix inversion process was started at

x = ¥, and required a Raphson-Newton iteration scheme for matching with
the upsteam gas boundary conditions.

For a given spray, numerical solution of the equations could be obta ned
provided the upstream gas velocity was larger than the burning velocity.
Decreasing the velocity eventually results in non-converging iterations
with relatively large values of e (Eq. 29). Moreover, the temperature cal-
culated during each ite ‘ation became progressively larger in the upstream
direction, Therefore, the criterion for a non-converging solution was the
calcuiation of a temperature exceeding the dreplet ignition temperature at
a convenient upstream point. The value of burning velocity was bracketed
between adjacent gas velocity values corrasponding to convergent and non-
convergent solutions. With slight modlfications the integration method was
also used to compute the burning velocity in a premixed gas without a
liquid phase. This was accomplished by setting the droplet number density
equal to zero, and adjusting the upstream value of fuel mass fraction for
the desired fuel! concentration.

The calculations were carried out using the |BM 360-67 computer at Rutgers
University. The CPU time depended on the fuel concentration and droplet
radius, but averaged about three minutes for a convergent sclution, and
about five minutes to determine lack of convergence. For a given fuel con-
centration, decreasing the droplet radius results in a decrease in burning
time of the spray. Consequently, sprays wlth very small droplets required
a minute step size, Ax, aad long vomputing times. For a monodisperse spray
with ap 8um diameter droplets the CPU time for a convergent solution was
approximately 20 minutes. 8jacketing of the flame propagation velocities
was accurate to £5%,

Calculations were carried oi:t for monodisperse tetralin-air sprays (4),
and polydisperse kerosene-aii sprays. Thermodynamic properties of liquid
tetralin were obtained from thie Handbook of Chemistry and Physics (22).

Table | lists pertinent physicochemical properties of kerosepe that were

used in the calculations. The properties of fLel vapor were assumed to be
Ehoie of decane and were obtained from correlations used by Faeth et al
20).

The heat source intensity was sufficient to increase the pure air stream
temperature by approximately 1200°K. The comruted burning velocities were
insensitive to the choice of heat source inteasity, provided the resulting
temperature was sufficiently high for consumption of fuel vapor.

10



TABLE |. PROPERTIES OF KERCSENE

Density:

Heat Capacity:

Latent Heat of Vaporization:
Heat of Formation (1liquid):
Heat of Reaction:

Chemical Formula:

Stoichiometric Coefficient for Oxygen:

Stoichiometric Coefficient for Products:

Bhysical Properties of the Vapor and
the Products of Combustion:

Boiling Point:

0.8 gm/cm3
0.64 cal/gmPK
6l cal/gm

598 cal/gm
10,400 cal/gm
¢12M26

3.48

4. 48

Decane Vapor (20)

483°%

W.H Technical Center

ammmmmmmmmm

0090601



For the calculations reported in this work vy = uj, and T T~ except
as noted. The step size was between 0.5 x 10~ 3 and 5 x 18 3cm, and =the
integration region extended 0.2 to 0.5 cm upstream from the heat source,
and 0.2 cm to 0.5 ¢m in the downstream direction depending on the dropist
size.

RESULTS AND DJ)SCUSSION.

RESULTS OBTAINED USING A PRESCRIBED GAS TEMPERATURE AS THE IGNITION

CRITERION OF THE LIQUID DROPLETS. A discussion of calculated burning veinci-
ties of laminar tetralin-air sprays is found in reference 4. These were
obtained :sing various prescribed gas temperatures as the conditions for
ignitlon of the 1iquid droplets and as a result the Ignition delay of the
droplets is5 underestimated. The present report contains additional resvlts
obtained using the Ignition criterion described by equation (1). The new
results are qualitatively similar to those of reference 4, but more realis-
tic since the ignition delay period of the droplets is taken into account.

CHOICE OF THE PARAMLTERS B, AND E FOR FUEL VAPOR-AIR MIXTURES. . h1ished

experimental data on premixed flame burning velocities was used for obtain-
ing appropriate values of the pre-exponential factor, B,, and the activation
energy, E, which are necessary for describing the homogeneous gas phase re-
actions in the spray model. This was accomplished by matching available
experimental laminar burning velocities with calculated results using
assumed pairs of B, and E. Reference 23 gives a value of 40 cm/sec for the
maximum laminar burning velocity of a kerosene vapor-~air mixture at an
equivalance ratio* of 1.06. Figure 2 shows computed burning veloclities
which were obrained using B, = b x 10'2sec™! and E = L0,000K cal/gmole

Tne experimental point at 40 cm/sec (23) is in good agreement with the cal-
culated results, Similar results Yere obtained for tetralin-air vapor mix-
tures, and resulted in By = 5 x 10 1 and E = 40,000 cal/gmote. The pres-
ent value of By is different than that employed in referenue 4 because the
experimental data that was used for :-he matching process in the previous
work was actually spray datz with 8pm diameter droplets, which did not
accurately represent the fuel vapor behavior.

MONODISPERSE TETRALIN-AIR SPRAYS. Figure 3 shows the effect of fuel con-
centration on the calculated laminar burning velocity of monodisperse
tetralin-air sprays with 15 m diameter droplets. On the same Figure are
included calculated results from reference 4 for various values of the
prescribed gas temperature for droplet ignitton, Tl’ for comparison with
the present results which were obtalned using equation (1) as the ignition
criterion for the liquid droplets. Both methods of describing the condi-
tions of dropfet ignition yield a qualitatively similar dependence of busn-
ing velocity on fuel concentration., However, the use of equation (1) seems

“The equivalence ratio is defined as the ratio of the actual over the
stoichiometric fuel=-air ratio.
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to be more convenient because it does not require the use of Ty as an input
to the calculations. In addition, it results in a burning velocity of

76 cm/sec at a fuel concentration of 69 mg/1 which Is in reasonab'e agree-
ment with the experimental point of reference 1, alsc shown on Figure 3.

Calculated burning veloclties for a premixed gas are also shown on the

same figure, and are lower than those in the mist with equivalent fue)
‘concentration. For relatively low fuel concentrations Figure 3 shows that
it is possible to have two different speeds of flame propagation in a spray.
The higher upper branch of the curve is associated with heterogeneous com-
bustion around the droplets with very little preignition vaporization. The
lower branch of the curve describes the mist as it moves very slowly towards
the flame, and there Is appreciable time for preignition vaporization.

Since the pure vapor has a lower burning velocity than the 15pum mlst, the
effect of preignition vaporization is a double valued burning velocity at
the same fuel concentration. Similar behavior can be shown for large droplets.
However, as the droplet size increases at fixed fuel concentrat.on, appreci-
able preignition vaporizaticn in a spray occurs for speeds which are too low
to be of practical significance.

Figure 4 shows the effect of droplet diameter on the laminar- burning velocity
of tetralin-air sprays of fixed fuel concentration at 69 mg/l. Beginning
with sprays of large droplets, decreasing the diameter resulis in increasing
the burning velocity, since the burning rate of a monodisperse fuel spray
with constant Initial fuel concentration is inversely proportional to the
square of the droplet radius. Eventually, as the droplet diameter becomes
very small the droplets completely evaporare before reaching the ‘gnition
temperature of the liqulid fuel, and the burning velocity approaches that of
a premixed gas. Far small droplets the final decrease in burning velocity
as the droplet diameter decreases is, therefore, due to the transition from
a heterogeneous to a premixed gas burning mechanism. Thus the curve on
Figure 4 has a maximum at a droplet diameter between 0 to 15um. At zero
diameter the burning velocity is that of a premixed gas.

It should be noted that the calculated burning velocity at Sum droplet diameter,
which is shown on Figure 4, corresponds to flame propagation with appreciable
liquid preignition vaporization or to the lower branch of a curve similar

to that shown on Figure 3 for 15um diameter droplets. The second higher
burning velocity sclution, which corresponds to the upper branch of the

curve, results in a burning velocity of 120 cm/sec. The use of the lower
branch solution is justified because of agreament with previous experimenta.
data as wlll be shown in the next section. Rigorous justificatlon for this
chaice will have to await further study.

The following section presents experimental data which confirm the influence
of droplet diameter on burning velocity which is predicted by results such
as those shown cn Figure 4. A qualitative discussion of possible mechanisms
for flame propagaticon in a spray will also be discussed in that section.
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COMPARISON OF CALCULATED BURNING VELOCITIES WITH AVAILABLE EXPERIMENTAL
DATA. - Table 2 can be used for camparing burning velocities with presently
available experimental data. The experimental measurements are those of
Burgoyne and Cohen (1) for monodisperse tetralin sprays, as wel! as one point
obtained during the present work using turbulent polydisperse kerosene-air
sprays. For the turbulent flow calculations the upstream turbulent in-
tensity was 8%, and the turbulence scale was 0.3 cm. There were equal to
the experimentally measured turbulence intensity and the 0.D. of the pilot
flame tube, respectively. Agreement between predicted and measured valdes
for tetralin is satisfactory except for the relatively large droplet diame-
ter of reference 1. It should be noted that for droplets larger than
approximately 20um, the experimental praocedure of reference | consisted in
measuring the mean burning velocity using direct photographs of highly
asymmetric flames anchored at the mouth of a tube. For droplets smaller
than 20um, the flame had a well-defined flame cone, and could be photo-
graphed using a shadowgraph method.

EXPERIMENTAL WORK

PREVIOUS WORK ON THE EFFECT OF DROPLET SIZE ON THE BURNING VELOCITY OF
L{QUID-AIR SPRAYS,

The effect of aroplet size on the burning velocity of liquid fuel sprays has
been studied Ly several investigators to date. The experiments of Burgoyne
and Cohen (1) using monodisperse tetralin-air spravs showed that the taminar
burning velocity in sprays with very small droplets is smaller than the
burning velocity in comparable sprays of larger droplets. Moreover, very
small droplets appear to vaporize completely upstream of the flame front,
thus giving the flame a premixed gas flame appearance, while large drops
burn in diffusion flames around the liquid phase, thus giving the flame a
“brush' type appearance. Unfortunately, the air-fuel ratio in Burgoyne and
Cohen's experiments was not constant over a wlde range of droplet dlameters
for finding a critical diameter for maximum burning velocity at constant
air-fuel ratioc.

The following mechanism for flame propagation can be used to qualitatively
interpret the experimental results: In sprays of large droplets the flame
propagation is in relatively vapor-free space with a relay process across
the diffusion flames surrounding each droplet. Heterogeneous combustion
around the droplets takes place in the optimum air-fuel ratio, and the
droplets act as high temperature heat sources for the ignition of adjacent
droplets, thus resulting in flame propagation with pockets of coo! air re-
maining between the droplets. In addition, the thermal expansion of the
gas around the burning droplets intensifies the transport process, and
accelerates the burning velocity. At constant air-fuel ratio, beginning
with relatively large droplets, an initia! reduction in a droplet size re-
sults n a more closely spaced suspenslon, a higher volumetric heat release
rate, and consequently an increase in burning velocity. However, further
decrease in droplet size eventually results in slgnificant amounts of fuel
evaporating ahead of the flame and mixing with the air between the dioplets.



TABLE 2.

Flow Fuel
lamtnar Tetralin
laminar Tetralin
laminarc Tetralin
laminar Tetralin
Turbulent Kerosene

Drop
Diameter
(31m)

15
22
30
38

Polydisperse
Spray A

Concentration

18

Mass
(mg/1)
69
64
60
48
69

CALCULATED VS. EXPERIMENTAL BURNING VELOCITIES

Burning Velocity

Experimental
(cm/sec)

59
55
67
58
60

Calculated
(cm/sec)

76
42
35
23
67



Burning of this lean homogeneous fuel-air mixture requires high temperatures,
or a relatively large amount of heat transferred ahead of the flame for
ignition. As a result, for the relay flame transfer associated wilth hetero-
geneous combustion around the droplets, an increase in the amount of fuel
evaporated before ignition will also decelerate the burning veloc:ty. Thus,
increasing rthe droplet size in such a spray may result in increasing the
burning velocity. Although this was not confirmed by previous experimental
investigations, an interesting conclusion of the previous results s that
there 1s a range of droplet diameters for maximum burning velacity in a
spray, and that very find atomization may nolt always be desirable in com-
bustion applications.

A quantitative interpretation of the transition from heterogeneous to homo-
geneous combustion in a spray, and of the accompanying influence on burning
velocity, must take into account the relative magnitudes of the characte'r -
vstic ignition delay and burning times for individual droplets and for a
premixed gas. According to Williams' (6) approximate analysis, it is ex-
pected to have both increases and decreases itn hurning velocity upon
transition from heterogeneous to homogeneous combustion in a spray depending
on the properties of different fuel oxidizer systems. Reference 4, using
several different ignition detay times for the droplats, shows how this
transition process can result In a maximum value for the calculated burning
velocity as the droplet diameter decreases at constant air-fuel ratio.
References 24 and 25 include discussions of a possible decrease in air-Ffuel
ratio as the spray particle size decreases in the lean limit for flame
propagation.

Mizutani and Nakajima(10) used an open inverted-cone-f.ame burner, and mea-
sured the local rate of flame spread in turbulent kerosene-mist-propane-air
mixtures, The normal rate of flame spread, 5,,, into the mixture was de-
fined Tn terms of the expression S, =V sin 0, where V is the local mean
flow speed and 0 is the angle between the mean position of the flame front
and of tracks from every small droplet in the Tlow. Since droplets track
the flow strezamlines according to their size, it is not clear why it is
appropriate to use tracks from small droplets for the measurement of 6

in polydisperse sprays.

The measurements in reference (10) were carried out in a region of relatively
constant average gas speed and turbulence intensity. fr is, therefore,
assumed that flame elements reach their "equilibrlum'' speed of propagation
in that region so that the measured value of 5, is the burning velocity of
the mixture. Data in reference (10) shows that for the same upstream con-
ditions and overall air-fuel ratio, addition of kerosene spray to a
propane-air flame increases the burning velocity while addition of kerosene
mist consisting of very fine droplets may produce the opposite effect. It
was corncluded that the measured changes In burning velocity, as the kerosene
is added in relatively large droplet or mist form, are a consequence of the
presence of the mist, and not of the different physicochemical properties

of kerosene and prapane vapor. Thus, this conclusion is also in support of
the previous qualitative description of the effect of dropiet size on the
burning velocity.



Ine present work is an experimental investigation of the effect of droplet
size on the burning velocity of polydisperse keiosene-air sprays. The
experiments were similar to those in reference (10), and the normal rate of
flame spread into the combustible mixture, measured in a region of rela-
tively constant mean flow speed and turbulent intensity, will be identtfied
as the burning velocity of the mixture for the turbulence level present in
the apparatus. No rigorous justification for this assumption {s attempted
here. However, from schlieren photographs it apncars that the flame front
is flat in that region, suggesting a constant speed of flame propagation.

EXPERIMENTAL APPARATUS AND PROCEDURE.

The experimental apparatus was similar to that used in reference (10) and
is shown schematically on Figure 5. 1t consisted of a vertical stainless
stee) tube 24 mm [.D. and | m long with kerosene-air spray flowing up-
wards and discharging into the ambient atmosphere. A small acetylene pilot
flame, with a 3 mm 0.D. burner, was located at the exit of the tube and was
used to ignite the spray. The resulting inverted cone flame was photo-
graphed using a schlieren system. The primary air supply was metered using
a rotometer, and a second rotometer was used for measuring the air supply
to an ultrasonic atomizing nozzle operating at 35,000 cps which was employed
for atomizing the liquid fuel. The fuel was supplied to the nozzle through
a variable flow rate rotary pump, and the air-fuel ratio, as well as the
droplet size disiribution, were set by adjusting the pump exit pressure,
and the primary and atomizing air flow rates. The air-fuel ratio was cal-
cuvlated from the rotometer readings, and by weighing the mixture collected
at the tube exit using a plastic bag. The kerosene and alr flow rates were
constant for all the experimental runs, and the air-fue! ratio was 18,

Figure 6 shows the distribution along the tube radius of mean velocity and
rms velocity fluctuations upstream from the flame front at the tube exit
measured using hot wire anemometry. The flow Reynolds number based on the
tube diameter was 2700. The rms fluctuations shown are average values in-
cluding turbulent bursts due to the transitional flow regime.

Droplet dlameters were measurad from photographs of the spray obtained using
an instantaneous light source with a flash duration o7 approximately S5u sec.
The optical system was simiiar to that used by {ngebo (26), and produced a
magnification of X8 on the film with a depth of field of approximately | mm.
To avoid excessive attenuvation of the light passing through the fine spray,
a 10 mm wide slit was placed perpendicular to the light beam over the tube
exit when photograph’ng ~he droplets. Photographs were taken only at one
position corresponding tn a distance of haif a tube radius from the tube
centerline and from the tube exit. Oroplet sizes were measured after mag-
nifying the negatives about 3 times. About 300-650 droplets were counted
using several negatives for each rum. The .iroplet sizes measured with

this method are subject to uncertainty because of (a) nersonal interpreta-
tion of the position of the droplet boundaries, as well as of the droplets
which are out of focus, and (b) the effect of film developing time on the
image size of the very small droplets. The rounting and film developing
were carried out by the same person to minimize differences in interpreta-
tion and developing technigue. The resulting drop'et size counts were used
to qualitatively describe the relative extent of atomization between dif-
ferent sprays. This was accomplished by comparing the liquid volume in
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each droplet size groug fo- the sprays tested. ODroplets that appeared
smalier than 30um in diameter were not included in the results because their
diameters could not be measured accurately with the present system.

Figure 7 shows schlieren Images of flames obtained for three different de-
grees of atomization. The exposure time was IOOO‘]sec , the magnification
was X3 on the film, and the depth of focus was about 6 mm. The light source
was a high pressure mercury vapor lamp. DOroplet streaklines can be clearly
observed ahead of the flame using the photographic negatives, and can be
used to track the mean position of particle paths In the flow. Occasional
large scale turbulent bursts produced large scale distortions of the flame
front, and only photograplis where the flame front appeared smooth were used
for measurements.
Th . » . . _ = ry Ar

e burning velocity, 5,, was calculated using therelation S, = FE i
which is derived from the diagram on Figure 8. V is the mean flow velocity
over a length Ar, measured at the tube exit and at a radial distance of
half the tube radius, and AL is defined in terms of the surface enclosed by
the mean particle path 1 nes from Ar to the flame front. ry is the mean
distance of A2 from the tube centerline. It should be noted that AL appears
as a straight line in the region of measurement. This method of calculating
Sy minimizes the error due the differences in the mean position of stream-
lines and droplet path lines, since differences at large and small radii
tend to cancel out. As it turned out this method of calculating S, yielded
values approximately 10% lower than those obtained by the angle method of
reference (10).

RESULTS AND DISCUSSION

DEGREE OF ATOMIZATION (N THE SPRAYS TESTED. Figure 9 presents direct photo-
graphs of spray flames showing the effect of increasing fuel atomization on
flame appearance. Fiqure 9a is for spray A consisting of relatively large
droplets which burn epveloped in yellow diffusion flames. Combustion appears
to take place downstream of a well-defined region that does not necessarily
coincide with the flame front recorded on schlieren photographs. Incireasing
atomization in sprays C and E (Figures 9b and 9c) results i1n decreasing the
number of individually burning drops, and in the gradual appearance of a
blue flame front which is characteristic of premixed gas flames. Spray E

is for the finest atomization that was used in the present tests and shows

a well-defined blue flame front with a small number of burning drops in the
downstream region.

Figure 10 shows the cumulative volume distribution versus droplet diameter
for sprays A to E calculated from the droplet size counts. The liquid and
air-fFlow rates were the same for all tests. As a result, the liquid volume
in each size range was normalized with respect to the total volume of

spray A. Spray A consisted of relatively large drops whose diameter could
easily be measured. Figure 10 gives no information about the important
droplet diameter range below 30um. However, it shows that from spray A to
spray E, (a) the number of large diameter droplets decreases, and (b) the
fluid volume atomized in droplet diameters below 30um increases. Thus, the
results on figure 10, together with the direct photograpbic observations of
the spray flame, confirm that from spray A to spray E the atomization be-
comes progressively finel.
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{a) SPRAY A (b) SPRAY ¢

(c) SPRAY E

FIGURE 7. SCHLIEREN IMAGES OF FLAME FRONT
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From the data it is possible to estimate the number density of the droplets
in spray A, assuming a uniform spatlal particle distribution. Table 3

shows the droplets counted per cm? of focal plane measured from photographic
negatives, together with the calculated number density (droplets/cm3) for
each sjz2e group. The combined number density for spray A :s thus estimated
at 1750 droplets/cm?. Using Table 3 and the liquid fuel density (0.8 gm/cm3)
it is possible to estimate the liquid concentrations at 6.8 x 1075 gm/cm3.
This compares favorabl, w.th the value of 7.1 x 1075 gm/cm3 which is mea-
sured directly at the tute exit, and suggests that for si'ray A the measured
particle size distribution includes practically all the droplets in that
spray. Our inability t~ measure Ziameters below 30um prevents us from
making similar calculations for the other sprays tested.

BURNING VELOCITY RESULTS. Table 4 shows the burning velocities (S,) measured
for the sprays tested. The velocities are average values from several dif-
ferent measurements. It was estimated that measurements from photographic
negatives resulted in a £+ 4 cm/sec error in the calculated values of Sg.
Reproducibility between different measurements was within £ 5 cm/sec from

the average values of §, shown on Table 4. S, initially increased from

60 cm/sec for a r=fatively coarse spray to a maximum of 9! cm/sec as the

degree of atomization increased. MHowever, further atomization resulted in
a decrease in burning velocity to 50 cm/sec for spray E, which for the pres-
ent tests appeared to burn mostly as a premixed flame. |t should be noted

that the laminar burning velocity of kerosene vapor is reported as 40 cm/sec
at an air-fuel ratio of 14 (23). From the results of Table 4 it appears
that for a given kerosena-air mixture, there is a drop size distribution
which results in a maximum rate of flame propagation, which is lTarger than
that of a premixed gas of the same air-fuel ratio.

Observation of schlieren images of the flame front such as those on Figure 7
shows that as expected, the flame appears to be ignited in the boundary
layer ahead of the pllot tube tip, and that the paint of ignition is further
vpstream for spray C which had the maximum measured burning velocity. In
addition, it should be noted that the angle of the flame with the vertical
axis is not a true indication of burning velocity, because the effect of
flow angle at the flame front must also be considered. Observation of :he
sample photographs on Figure 7 shows that the particle tracks appear to
diverge outwards at the flame front by an increasing amount as the degree

of atomization increases. This is because the zone of fuel burning (in
gaseous or droplet form) downstream from the flame front is shortened as the
droplet size decreases, thus increasing the effect of flame thrust, which

i1s the reason for the diverging droplet pathlines at the flame front.

Reference 9 gives the foilowing empirical correlatiaon for the burning
velocity of kerosene-air sprays in apparatus similar to that used in the
present stody:

Sy

- 6—-?—0(4) - 0.012) ()" Cm/sec] (30}

where ¢ is the fuel-air ratio, d Is the Sauter mean diameter in microns,
and u' is the rms velocity fluctuations in m/sec. For spray A and the
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TABLE 3. DROPLET NUMBER DENSITIES FOR SPRAY A

Droplets/cm2

Diameter Range, um (counted) Droplets/cm3
31 4o N 868
4 50 51 364
51 60 59 453
61 70 12 41
71 80 6 15
81 30 ] 1
91 100 | |
1742
)
TABLE 4. BURNING VELOCITIES (AIR-FUEL RATIO = 18)
KEROSENE-AJR SPRAYS
v u' Su
Spray cm/sec cm/sec cm/sec
A 266 22 60
B 72
C 91
D 60
E 50
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value of d can be calculated and is 5bum. For ¢ = 0.055 and u' = 22 cm/sec,
the value of S, is calculated as 94 cm/sec, and should be compared with the
measured value of 60 cm/sec for spray A. The poor agrasement is probably

due to the poor accur-acy of the empirical correlation which was obtained

in reference (10) using data wi-h considerable scatter.

CONCLUSIONS

A mathematical model was developed which 15 capable of predicting the burning
velocity in polydispe.se air-luel sprays given the initial conditions of the
liquid and gas phases. The analytical predictions were tested against pre-
vious experimental data using monodisperse tetralin-air sprays, and the agree-
ment was satisfactory.

The burning velocity in apen po-ydisperse karosene-air sprays was measured
at constant air-fuel ratio and for various degrees of atomization of the
spray. The results showed that as the degree of atomization increases, the
burning velocity first Increases to a maximum value, and then decreases to a
burning velocity approaching that of a premixed gas mixture. This result is
a'so predicted by the mathematical model. For one of the sprays tested, it
was possible to accuraiely measure the upstream droplet size distribution,
For that spray comparison between measured and calcuiated buraing velocities
was satisfactory.

In view of the good agreement between the analytical and experimental pre-
dictions, it is concluded that the mathematical mode! can be used with
sprays produced during wind turnrel or fie!ld testing of aviation fuels.
Calculations using modified fuel sprays produced by wind shear in a wind
tunnel wll] be carried out in the near future when the spray data from the
5 ft wind tunnel at NAFEC becomes available.

Further work is currently being carried out in order to assess experimentally
the effect of upstream alr and fuel temperaiure on burning velocity., ‘la
addition, a holographic method for particle size measurement is currently
being developed. These will provide additional data for checking the theo-
retical model. Regarding the use of the holoaraphic technique 1t s ex-
pected that it will Find useful application during wind tunnel and field
spray tests of modified and heat fuels.
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APPENDIX A. PROCEOURE FOR CALCULATING THE

BURNING VELOCITY IN A LIQUID FUEL SPRAY

A fortran tV listing of the computer program used for the calculation of
burning velocities can be found in Appendix B. Inputs to the program are:
(2) Pertinent physical properties for the liquid fuel, fuel vapor, oxygen
nitrogen, and the products of combustion which are treated as a single gas,
(b) Appropriate values for the activation energy, and pre-exponential rate
constant for the fuel! vapor reactions, (c) The initial temperature, and
droplet size distribution of the spray, (d) The initial air temperature,
the velocity difference between the liquid and gas phases, and the intensity
and scale of turbulence in the flow, (e) The step size for integration,
the velocity step for bracketing a solution, and the position of the high
temperature heat source in the grid, (f) Various options for printing
intermediate results before the final convergence of the iteration process,
and (e) An initial guess for the upstream gas speed. Given the appropriate
information, the program goes through an jteration procedure which results
in the bracketing of the burning velocity within a predetermined velocity
step size.

The listing includes explanatory comments regarding the input quantities,
and the following discussion is included as a supplement to these comments.

a) The required physical properties are introduced into the program through
a series of READ statements, and also by changing the appropriate statements
(as indicated) in subroutine PROPS. The identifization of the properties
and the appropriate units necessary are included in COMMENT statements.

b) The choice of activation energy, E, and pre-exponential factor, By,
for the gas phase reactions of kerosene-air mixtures are discussed in a
previous section of this report.

c) The initial droplet size distribution can be expressed in terms of a
maximum of nine size groups. |t is possible to introduce arbitrary drop
size distributions or an initial distribution corresponding to the
Nukiyama-Tanasawa function.

d) The initial temperature and velocity of the air stream may be different
than those of the spray, if desired. {t is also necessary for turbulent
flows to input the rms velocity fluctuation and Lagrangian turbulence scale
of the flow.

e) It is suggested that the position of the high temperature heat source

be left in the middle of the integration regime. Convenient step sizes for

the velocity step and integration step are 5 cm/sec and 0.003 cm, respectively,
the latter depending on the average drop size. Large drops will require

a large step size for integration. The number of spacial steps have been

set at 200, but this can be changed by changing the DIMENSION statements.

f) The options for printing intermediate results are self explanatory.
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g) The upstream gas speed is introduced through Lhe parameter FLOW )

which is the product of gas speed times the air density. For kerosene-air
sprays initially at 3000K, it is suggested to use FLOW | = 0.085 gm/cm? sec
corresponding to an initial gas speed of about 72 cm/sec.
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APPENDIX B. COMPUTER PROGRAM LISTING

0001 DIMIGIOTON YO (2013020 1) Y N2, YI{r¢1) . VBOVE( 291
2).Y(261].“(9).L1H(Q).VDlU).RF(O).DtLT(Q)-TD(Q)\EVAP(W),f(U)

3 JEMD(2O0Y YL ENC(29)).TDO(9) ZyS(2N1) L, RACZNLIWXE (201,20 (XO( 221 .2,
QDR (2C)1)«DR{IZOL).DLOCZ201Y 0P (2CL) 0V 201) PRY(2CL) E(aDt) 1)
SaVAUNDL) e FLUX(S) (R E20LYGUY ) yCUY (91 «TR(G) VP LYY JEVAIII Y ) (EMRIDO L)
6 VOD LYY yAR(2I1 ) « K201 2) 3 yOFL LI oDFD(20) ) O (201D YYT(201)
Z2.VERE2TI) s TP Y JZB0201 0 «ZOC o)) o /ZN(20Y)Y 20 1201) el a)

0Qdz COMMORZINTIY N /ZYEL o YDY YR L G YNL, YLZINIT /000008177

ZACEC VAR AP NG ANO /G /s CONAVIND (VO OLLT o 5185 T, 6

UK TR RR VDD L TOOD/ZVRUE /VE YO YNGYP AN DGV G TWWG/SRU/ZAF, BF
&/PROCG/VIFF L DIFD Y

INBUT PARAMETERY 26 (Reedve vrnch @i hed vk an 21 A gk ot @r nhSU U ¢ Rar <y
CEYTD=1 USE EXTLRRALLY SUPPLIED UROPLET S1ZE DISTRIMUYIGN
EXTO=C. USE NUKIYAMA=VANASAWA DISYRIAUTIGN IFOR THEE OROPLLT SISLS
ALIPISA  CONSTANT [N NUKIYANA-TAICASAWA DISTR (MUTION
CRETA CONSYANT IW N-T DISTRICUYINN
SAUY SAUVTER MEAN OIAMETER
RANG RANGL OF VALUES FOUR TRHE RATID OF DROP DIAMETER YO THE
SAUTLER MEAN DI AMLTES , ATCRANS
DCNS  OLNSITY OF FUEL IN THE MIXYURE JGM/CAM3
0003 READ 997+ EXTOALPHABETASAUT,FANG),DENS
0004 Y97  FORMAT (0E}0.2) .
a8 PRELXFQONCNTIAL RATEZ CONSTANT, SEC-I
AE  ACTIVATION ENERGY.CAL/CM MUOLE
© HCAT QF RUACTION,CAL/GM fUEL
SYO MASY STOICHICMETRIC CUEMEICIENY FOR OXYGOEN
HP  STANDARKRD HEAT OF FORMATIUN FOR THE GASEOULS FULL,CALZGM FUEL
_ KHE  STANDARD HEAT UOF FORMATION FOR THE FUZL.CA /GM FUEL
K3 STANOARO JIGAT OF FORMATION FOR THE GASTSOUS VRODUCTS.CAL/GH PR
HFL. STANDARD HEAT OF FORMATION FOR THE LIOCGUID FUEL,CAL/GM FULL
NOTE--HFL=HF-AL
. . _ STP  MASS STOJCHIOMETRIC COEFFICIENT FDR PRNODUCTS
0005 READ 9988 +AE C«STAMHF s HP JHFL,STP
_ . 998 FURMATI(3L10c1+¢5F10.3) _
d AFyBF, AD0,B0, ANBN,AP AP SPECIFIC HEAY CONSTANTS FOR FULL
C . OXHIUVI2ER.NEUTRALS,ANO PRUDUCYS RESPLCTIVELY
C NOYE-~ CP=A#0%T, CAL/GM-DLG K, T IN OCG K
0007 READ 999,:4F .AQ AP, AN,8F ,B0.8P,BN
0008 999 FORMAT(HELQ.D)
~ € AMF L AIUGAMNGAMP  MOLECULAR WEIGNHTS OF FUEL +DXIOUZER,REUTRALS JAND
c PRUDUCTS RE SPECY(VELY
d PR GAS PRANDTL NUMBER
c T8 LIQUID FUEL BOILING POINY., OCEG K
0009 READ 1000.AMF « ARI] ,AMN+AMP PR, T8
0010 1000 FORMAT(AF 10.,2.,2F)1C.5)
C RM30 RMS TURABULLNCE FLUCTUATION.CM/SEC
C ALG  LAGRANGIAN TURBULEMCE SCALE.CHM
C YFLyYOLYPleVYNI UPSTREAM SPECILS MASS FRACTIONS
C
c

|
|
|

Moo ncoananrn

|
{
!

POoraln a6 N AN

1

TI UPSTREAM GAS TEMPERATURE. UEG K
FLOW! GAS MASS FLUX, GM/CM2-5LC
0011 READ 1001 YFL.YUIl.YPY, YR1«V1,FLDW]  RUSULALG
0012 10Ol FORMAT(4F10.5.F10+2.3F104.61
c IGAS=3 PRINT ALL GAS PUUFILES
c [GAS=0  PRINT ONLY FINAL PROFILCS
c 1CO=1 CDMPUTE NUXT DROP NUMBDER DENSI(TY
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C 1CU=0 FINIEN COMPOTATION AN TE'Y GLUVEN NUALT 2 DERSITY
C oo EINCRENE ST 1 DROSLELT i Ak’ DENSIYY DECREASE
C DEX INCREMUMNT 31 (INVLGRAYIUN, Ci4
C N LUMAOAER OF GRI0O POINTS
R < _ LOGRIG PPSINT o HE8R ZUURCEH (POSITION
0013 KL O 10T 3DEXs s L e IGAS L ICO.DCY
00t A 1003 FERVAT(F 10, QA I .1 1 0.)
C OL LICQUID D NSIYY, GM/TM3
C NJ O HUMIER OF S(70 GRUUES TN DROFLEY SI1ZC OISTRIKUYIONM
C AL L ICUIN LATLNY HCAY OF VAFURIZAYTIUN. CAL/ZOMN
C CCPL M tRUT O SUECLFIC HEAT. CHL/GM-DLG K
Qots FCAD 1002 yNL NI ALCPL
cCo16 10C4L Y UTMAY(FILIO.5,.1 2:2F10.5)
C Tre ) DLLUWING CAN 17 GIVEN ARYITIZARY VaALUES ¥ EXTD=0
. C GUY) DROPLIFT RADIUS O GRUOUD 2 CM
C TREd) TEMPEEATUSRL DF ODOPLET GRUUP Jy DEL K
_ _¢ COL{ ) DRUPLETY NUMBLH DINSITY 0F GROUP 2v0OROPLITS/CM3
C VRJ) VUPSTRERM VELUCIYY DITIHLIENCE BEYWLEEN DRQABLEY OF GROUP U
C AND THEZ GAS, VR{J)=VGAS~VUORLI'LLTYS, CM/SLC
0017 RPEADISVICONS)I(GUIYCOTLM) v TREJY e VR L) (I WNJ)
001t 10GL FURMAT(2E10.5,2F10:5)
C LFR POSITION FRUM 1=l FOR CHECKING UPSTREAM PROUPAGAT JON
e 54 G __ _ trOLl  INTCRVAL FOR PRINTING OAOPLET DATA
C DVEL VELOCITY CHANGE AFTERNR A PRUFILL CALCULAYION CM/SEC
0019 READ 1006 LFHIHOL L yOVEL.TYIGD
o020 1006 FOAMAY (2{10.2F10.5)
C ENO UF TANPUT P Er¥ k3 ¥oev R b i p 0 koK) ¢hdrFued ek b hrkknks e enro ki
0021 TTIG={0474x(YO=2723)=702)42723,
0022 e i _YF (EXTDWEOsL-} GO TO 1116
0023 CALL DISTR (ALPRHA.ZBETAYSAUTRANGiNJvG«COl DL DENS)
0024 1116 PCrl1=0a
0625 CCK2=0.
0026 PRINY (007 ,DL+ALCPL «AF 4QF , A0ODOVAPIBP AN UN, B4 AE
1 b Qs STOSTRyHE VHFL s RP.TU PR, RMSUy ALG
0027 _______ _1007 FORMAT (//TS50,'INPUT PARAMLTLRS'//
175, 'OROPLET DENSITY, GM/CNMI=  FNH2/T5FUEL LATENT HEAT OF VARQDRIZ
2ATIONLVCAL/GM="?, F6E+2/T54L 10UID FUFL SPECIFIC HEAY, CAL/GM-X=',
3F 622/7S5s "FUEL VAPOR SPECIFIC HEAT (CONSTYANTS=!',2E1S.5/75,'0XI
ADIZER SARCIFIC REAT CONSTANTS=' 1 281S5,.5/T5«"PRONUCTS SPECLIFIC H
SCEAT CONSTANTE='",2E15.5/T5, *NEUTRALS SPECIFI1C HEAT CON3STANTSTY,
e 62E15.5/TS5.'PREECXCOUNENTIAL CUNSTANT ,CMI/GM-SEC=*.E15.5/T5
2+ "ACTIVATION ENERGY CAL/GM='4EISS/TS5»'HEAT OF REACYLION(CAL/GM=?,
BELS »2/T3, FSTOICHIOMETRIC
YMASS COEFFICICNTS CORR OXIDIZER AND PROOUCTS' 4 2F1S43/75.
A'HEAT OF FORMAYION FOR THE FUEL VAPOR,CAL/GK=!' .FI5.1/75,!
BHEAT OF FUORMATION FOR THE LIOUID FUELWCAL/GM=*,F15.,1/T75,°*
= CHEAT OF FORMATIOQNFOR THE PRUODUCTS,CAL/GM=t.F1541/TS, 'L IQUID
DFUCL 8QILING POINT K= ,F)5.1/
EYS, "PRANDTL NUMBER=<'",F15.3/75, '"AMS TYURBULENCE INYENSITY(PERCENT
F='eF15.3/T75, "LAGRANGIAN SCALEL.CM=",F15.3)
0028 GUES5S=0.
0029 1106 CALL [INTAL (N,DEX WPRLILWPCKIL LPCK2, E€ETALGUESS)
o030 _ _ PRINT 2008 B
0031 EPSLON=AMRUTAL G«VG(1)
0032 2006 FURMAT(T20,('OROPLET (NLET CONOITIONS ')
0033 [ (EXYV.EQ.L1.) GO ') 2032
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00 .\
00 .54
0C .35
0037

003H

00349

GOaD
onay
Oea2
o043
00naA
Q0alL,
QCan
oon7
anan
0049
0050
0cCs5)
o052
0053

0054
0055
0056
0057

_o0sa _

0059
00560
0061
0062
0063

0064, _

0055
0066
0067
0068
0069
0070
0071
0072
0073
0074
0075
0676
0077
0070
0079
0000
0081
0082
0003
00us
00us

PRINT 2003
2C03 I'ORMAT (1293 "NUKIYAMA-YANASAWA DISYRIAUTIAN S USED')
PRINY 2004 ALPHA QT TA
2004 fORMAT (T V. BHAS v FIO,2/TOQ *DBLETA=Y ,F10.2)
2C02 PRINT 110>
P1IGS TORMATLTR, PGROUND * 485 4 "RADIUSGyCHY (5K, *NUMBZN/CMI ' o liXy P TEMPLERATURE ® &
23K "RELACMIVLE SBEFEDCM/CET )
PRINT 10003 (Jhy6(I3)4COI(IYeTR(J)I 4 VA(I)eITLRI)
1008 FURMAT(TL . [ &SR F9eD eIV s (FRs00XF5:.] e 7X.FG&Hl
XC1=0.
XCR=0,
DEMNS1=0.
DO 1IO7 U=l .NJ M
XCY=CO1{ oI %{ (2G5 )t 3) ¢XT)
11C7 YC23XCRACOILI) (2,460} ) xx2)
DENSLI=0OENSY H{XCi1®xDLA3.14/64)
DENS=0ENS])
I (XC240:0.04) XC2=).
DSAYT=XCY1/7xl2
11CHC PIIINY 11OV DSAUT,,DENS
L1009 FURKAT (/715 SAUTER MCEAN DIAMETLR.CN=!1,£10:.2/7/
1TS, *FUEL CONCENTRATION« AN /CHMASC EVCL2)
CHrs e h AN RS IR AR CKORRE KK REN A CED ERR N CAERIRT TR RO K kD F RIS P U b P hor ek
C INITIa 1248 VARITABLLS

OFL)I=DVEL ¢0GVG L L)

JEINAL=O0

KFINAL=O0

IFINAL=D
JFL=LFR

YINF=1500

1SOURC =L

1SDURL=L )
CLSTOP=0,

18=1%

AMMET 27 (YT Y /ZAME ) ¢#(YOLZ7AMO) ¢ (YP1/AMPL 2 LYNL /AMN))

DO 110) [=)1.N

ZP{1y=vypl1)

20(1)=YD(1)

ZN{ L )=YN(L)

ZF(IY=YFL D)
_S(1)=0,

EMD(1)=0,
E(1)=0.
1103 ENCC(I)=0.
1100 SCKYI=0.

SCK2=0.

_ _SCK3=0. _
SCKa4=0.,
CAQUNT=1
00 1102 J=1,NJ
aC{J1=0.
RUJII=GCY)
CON( ) =CCL(D)
TO( D =2TRLIS
TOD(JI=TLD)
RAR(JI=G( S)
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oQu6 1102 VOL ) a(FI.DVML/ZDGVYG LT ] )=\ J)

0057 ERTH =2,
00w FLUws 0.0
ocu9 DG=1 v L)
oono VvV L)
0091 C2YEFLAAI P YULEAN TV AANI YO LY AD
2092 CI=YFLINZSFEYDLAOUEYNI RONEY P #00
[IXel=1N] Ca=C2xlT=204. )4+ 1C3/2)%({(T)1 =293 .)¥=2)
[oLe2) CRSYF 1£1FEYC ey
0065 H1=Ca+C5
oove _ COELC L=
0067 C4=C2w(TINF =203, 4 (C3/72)%{(TIME~-29H.)¥42)
00983 CHENVEVAAYPYE LR1IP .
0099 HG=Ca+(Ch
0100 1=1
0101 CALL PROPSUYFIy YOI o YP I YN o AMM T ] ( AKySHHEAY yVISCEPSLONIOG)
N C*g_;g:kn«*-‘ma;—«w-u-ww«t‘rh&\\V&Lut¢vvbt-rt(ixbictﬂn\m*v-l*n'#t@wlﬂti‘ka
C COMPUTIE INLEY MASS FLUX AND ENERGY FLUX
o102 00 1 J=1,NJ
0l03 CEVA?{JD)=0.
03104 DENS=0OL*CON{ I mVO(J)IPR(J) A3
0105 ENTHRJSCPLE(TD( J)=29R4«)+HFL
0106 . . __ _ __  _ EVAPR(J)I=D,
0107 ENTHSSENYHSeDLNSE¥FNTYRI® (A4 /3. )%3,18
0108 FLUXTJI)=VDLI)"CON(D)
0109 1 FLOWS=FLOWS+DENS*A,%34107/3,
otlo FLOW=FLOWS+FLOWI1
0111 ENA= { HG-H) }4FL 0wl
otw2 YPIWFE((YFL¥STRPeYAL) *FLOWIAFRLOWS=STP) /FLOW
crx YOINF=L({YQI-YFI*STOQ) *FLOW I -FLOWNS*STQO) /FLOY
(RY] IF (YOINFALY,.O) YOIMF=0,
0115 EM=FLOWS
0116 o VGIZ(FLOW-FLOWS*#{4%3,14/3.))/70GV¢G(1)
CHEEE N Ak AR T A E RN R AN TR KRR KA KT E R KT RAE R RN R R R XN PR AA ARG kT ¥ 6 &
o ____€_____ COMPUTE SPRAY CUNUVITION AND COUPLING TERMS _
0117 tROLO=THOL L
o118 2 DG=DGVG( L)
ot1tL9 YEF=YLt (Y1)
0120 YoU=YO(T[)
01214 YPP=YP (1)
or22 . YNN=YN()1) .
0123 AMM= Y o Z((YF LI ZAMEY$(YQ(L)/Z7AMO) ¢ (YP(1)/ANMP) ¢« (YN(L)/AMN))
0124 T¥=7(1)
0125 ITT(Lt)=YT
0126 ) DO 3 J=3eNJ
0127 3 CON{J)Y=FLUX{J) /VDLJ)
0126 CALL_PROPSIYFF JYDOLYPP,YNNsAMMLTT sAK (SHEAY (VISC(EPSLONOG)
0129 DFP({I)=DIFP
0130 OFU(L)Y=01¥ 0
013t DFF( I)=DIFF
0132 RA(1)=AK/SHEAT
0133 SG6=vGll)
0134 ____ CALL SPORP(DEX»DG.VISC.OL.SG)
013s CALL IAD{(T1, SHLATWALIPR(AKCPLLEVAP,DLYOQU+Q,00, STOLEVADPR, 1,
TAMMAYF, YIGDY
0136 CALL CPUNG(EVAP EMOUT«ALCENCOU,CRLIMFL +SP SGIEMDLFYAPRCMDAR,
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10X

D137 SIK1I=SCRT (LSO )=5)ve™)

0143 SUH2=28CKR2¢( (MDD L) -LMDU 7)) x&2)

014y SCRASSCRIV(IERCU L)Y ~1ENT QU =t )

014C 3 R(ry=sp

0)al VOR(T ¥=vor 1)

Nlag: IDRELP=TDLY)

0143 EMDC S )=ENMDOT

of4n EMRCT ) =6 DR

o1ns CNC({ IY=UNCOU

01406 _ LB UG T . ISAURY ) GU TO 4

ola? I[F (1. GT.iS0OUxC ) GU TO 201

oran SCRA=SARAC {1} =(FLOW=L M) )aaD) '

oLen ECT)Y - L Uw=$1

0150 oG TC 6

0151 Jot SCRA=GCKAA( (L))~ tFLOW-CMI =52}

0152 . . CE(1) =KL 0w -EM

0153 GO 70O o

0)Se 4 SCRA=SCra+( (i L)Y=(FLOV —EM) J¥w2)

A15% E{I)=FLOW -EN

0154 ) IF (1S.£Qa1) &I TO S02

0157 GO YO 501

DLSE 302 LF (1.EDa1) GO TO 10312

0159 L01 1F (L -EQs1NOGLD) GO TO 7

0160 ) GO TO 8

01561 7 1=t

0162 FRINT 1009,11

0163 1009 FORMWAT{/T20,'AT SPACE STUP [=1',15)

Gloa - .. . PRINY 1010 L

0165 1610 FOUNAT(TG "GROUP® 6% "RADIUS * 44X« "NUMIER' { 3R * TUMFLRATUGE! , 3X.'DRN
20 SPEEDY)

0166 WRITE (6410351) (JDeRREIYCON(I) 4 TIDDCI) VDI 3) 4 J=10NJ)

01&7 IOL)Y FORRATUTS I ADKXFOuS IXFNHa04EXiFSa) v 7XeFbad)

0160 1012 PRINT JOL3,CMOUT LMDORENCUUGSPEME(L)

0169 ___ 1013 FURMATI/TS,'TUYAL EVAPORATION RATE,GM/CHM3-SEC=* ELG. 0/
2T5v'RCACTIVE CVAPQORATION RATE.GM/CHMI-SEC=" ,E1S5,.,48/
375, 'SPRAY ENTHALPY FLUX,CAL/CM2-SCEL=!'.,E)15.4/
ATS '*SPRAY VRLUNE CM3LIQUID/CMI SPACE='"E15.4/
STSe ¢SPRAY MASS FLUX,GM/CM2-SEC=!? ,E]15.4/
6TS,1GAS MASS FLUX,GM/CMZ2-SEC=",EI15.4)

LoLro o _ . _.. [HOLO=LHOLOvZ — - R

0171 8 [=1+1

0172 [F{14GT N ) GU YL 104

0173 GO T 2

0174 1014 1IF (1FINAL..EQ. 1) GO TO 204

aL75 LT=1

oVY6 o oaT=1 . i i o

C
G COMPUTE SPRAY PRASE CANVERGENCE

oL77 PRINT 1015, SCK1 ¢SCK2,SCK3,SCK4

o178 1015 FORMAT ( TS5 '"SEPRAY VOLUME MEAN SQUAKRLE ERRUR='.
IE1043/T5,'EVAPNRATION RATLE MEAN SOUARE LRRAR=',

o _ PF10.3/T5, ‘LICUID ENTHALPY fLUX MEAN SQUARC ERKOR='.E10.3
A/THe"GAS FLUX MCAN SOUARE LRROT=¢.E10.3/77)

0179 QCK=SCKI+BCR2ESCKIVSEKRS

olsaos IF (SCKLTe0Wall-2) GO TO 30
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CRAED B R2XTLTR L E TV Clle BA VB Cdd A Ay TN Vv HYI Ve dr o bR *r gy X ARSI Ldid > sk

C CUMNUIE GAS §9ASE COUNDITION
orn] 20C0 CONTINUL
ol1az NI-N-])
0l1:.3 00 LI 122,01
0184 CI=MC(BLVGEIIAR2)XEXD(=AL/ () O T L)) IISSONRTIY (] })
oLas YSTLI=Y (LY ¢} Co
0186 IF (T(1)-LTaTSTOR) C1=0.
0187 RECL e VYo~ ubLEX] (L) UDGNG (I » 1 )¥OFT (T¢1)=DCVG( [- 1) LB (I=1)
V=8 2 DOGVGLTICDFIS 1)
0188 XOUD (V) ==Z2a #0L XL (D) #DGVGL I L) eDFOT 14 1) -0GVGII-1 ) NFO( L)
[-4,xDGVG(T1)YDFOCT )
0189 X1 ) =- 24D Z*C U1V 4DGVGI L4 1) AOFP LI I ) =DGVGI Y =LIRDFZLI-1)
V=4 DGV LY P(T)
oL90 XF LI 2)=2-7 1> LU -0OGVG( J#1)4DFT L Te LY+DGVCI Y=L} =OFF (1-1)
Y =4 xDBVO( TILDFFCT)
[P E=2 R B CXO( YA 2)E2a AEXPF (L) =DGVGUL T4 ) Y ®DFEML I+ 1)20GVC( )~ Y®«DFO( T~}
14 xLOYGUIIADIF0I L)
0192 XP{1.2)SRa¥CEX* L (1) =DGVG( I+ L I«UF R {1+ 1) ¢DGVGIT~1)*DFP(L-])
1=4,40GvlL1)enrD(L)
0193 OF(I)1= D.2DGVGIIIFMDFF (L) ¢4 ,xDEXF*DEXS (EMO(T ) eYQ (1) =CH)
0194 DOCI)= Be*DGVGLUIIFVFTI 1) €2 2308 XVPDEXS (LMD (I+STO*YR (1) %C))
01385 _ 11 DPUL)= BLFDGVGI NI *OFEPII) +0 . *DEXADEXSEMD( 1)
0196 1€ (IT.EQ. 1) GU TO 112
C COMPUTE QUASILINEARIZATION CONVERGENCE OF THE SPECIES CCUATION
c
0197 Cr3=0.
0198 D0 165 [=2.N]1
0199, ALHSEYO( L) X001, 2)+Y0( ) ¥BDGVGL I ADFOL 1IHXYOL1~1)*x0() 1)
0200 ALHSSALHS/( 4 ¢ DEXADLEX) .
0201 CI=UrlDGVG( I ¥H2)SEXPI=AEZ/ () Q8 &T{ 1)) I#SURY(T (1))
0202 ARRHS==STOLYF (1 )AYO (1) =C1~EMRIL)XSTO-EMD (L )AYO(1)
0203 CK=(ARIHG~ALHS) v w2
0204 165 CK3I=CK+CKR3
0205 CH3=CK3/IN=-2) .
0206 CK1=0.
0207 DO 110 I=2,N1
o208 ALHSRYPII+1)“%XP (1 ,2) e YPLI) 2B ADGVGI L) SOFP( T ¢ YP(T-1)&EXP(1,1)
0209 ALNS=ALHS/ (4, DEX»UEX)
ozio CI=0¥{OGVG( T )Re2)%FEXP(—AE/{ 1 ,98%TV{§)) | «SQRT(Y(I))
_.oavr __ARHS= STPeYF(1)TYD(I)*CI+EHR(I)Y ¥STP—ENO(T) *YP(1})
0212 CR=(ARI{S~ALKS) ¥ %2
0213 110 CKI=CK]) ¢CX
0214 CK1=ClY Z7(N=R)
0218 [F (1T.GT.680 ) O YO 2a
o216 I€ (CX1.LTe1.E-4) GU TO 24
02ty _ROY=0. L
0213 112 )T=J5v+1
C CONTYINUE COMPUTVATION OF GAS PIASE CUNDITIUN
c CONSTANTS FOQ GAS INTEGRAYION
C
0219 1112 M=N-I
o220 _ D1 —OF(N=)=XF(N-1«2))/7%FIN=1,1)
0221 DDI={~0UlN=1)=XOIN-]42))/XO(N~1 1}
0222 ODOI={(~DP(N=1}~XF{IN=1,2)) 7XPIN-F ]}
0223 DL=(—DF(N=2)1 %D ~XI'IN~2,2))/XF (N=-2,1)
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~

027
Qr25
022is
02»v
02

027¢
€230
G231

02212
0233
0214
0235
0236

0237
2238

. 0239

Q240
024}
02e2
Q241
_ 0240
0265
0246
Q247
Q2r8
02249

0250

0251
0252
0253
0254
028s
0z2%6
0257
02sa
0259
0260

_ 6261

0262
0263
Q26a
0265
0266
0267
0268
0269
0270
0271

0272
0273
0627a
Q275

C

C

12

£12

V7

18

ON2={~DNIN-2)61INT = XDl N=24P)Y) /XUIN=2 1)
DD (-OPI =) R HODE=XIMIN~2.2) ) /XP(N=-7 1)
N2 N=2
NU 12 13,2
Al =DEUN=I)=DE=XE (N~ Ly &I 31 /X (N~ 1)
AZ=t=0OUIN=L]s L= =XO0(N=-{ ,2)OM I /XDIN-T+1Y)
A2 {~UDP{N~1)vDOVL2-XP(N~ 1. 2)Y4LODI)/ZNOIN=-T. )
) =02
PCI=alsr
DROL=DUN2
D2-Al
DU2=Aa2
[sNIMEEY Y]
LeLpuCTs

50 113 1=2M
CL=N-141)

_ ORILL)=(STPLLI<{DGVGILL) *¢2)vYOULLL) «YF(LLYAEXPI-AL/ (1,98~

TTE)IIASORVITULI ))&« STRELMR(LL) ) &4, %D X£DUX
IP=0«

¥YOUN-L1)=YP ()

00 I8 1=2,M4 -

Ll =N=1+1
YRUN-T)=(DRLL)-OP(LL)*YP{LL)=-XP(LLa2)sVYILL*1))/7XP(LL 1)
IF (ABS{YP{1)-YP1),LT.0.9705 } GO YO 133
OLL YN =(YRI=-YP(1))/7Ad

YR{NISYP(KR)DELYP

1P ¢

IFf {1P.GT.2¢0) GO YO 137

G TO 17

133

172

13 YF(N-1)=YF (N}

14

FUECL SPECIES

DU 172 (=2.,M

ru=N-=1¢1

ARILL)I=4, *OEX4DEXREMR(LL) *(-5TU)
DR{LL)=z2a%{UMOILL)-EMIIILL) ] $OEX*DEX

DO t4 1=2,M

LL=EN-131

YEAN=F IS {ORILL ) ~OF (LU »YFLLL ) =XFILL12)¥YF(LL+1) ) /XFLLL L)
CONT INUE

IF(AGBSIYF(1)=YF1)4LT,0.001 ) G0 TaO 1S5
pELVF=(VFl—VF(2))/Al

YE(N)=YF(N)2QELYF

GO YO 13

15 YOUN=1)=YU(N)

16

19,

102

DD 16 1=2,M
LL=N~1+)
CYOUN=1 1= ARILL ) -00(LL)Y* YO(LL) —XOULL 208 YO(LL*1) ) /XO{LL 4}
LF (ARS{YO(!})-YO!)LT.0.001 }) GO TO 19
DELYO=(YL1~YO(1)) /A2
YOUN)=YO(N)+DELYO
GD TO 15
GAS CNFHRALPY
_CONST2=FLUWISHE( L) ¢FLDASP?LNTIHS+ENA
TIN)=CONST2/7V LU
COUNSYTY=CANSIZ2-ENA
CUNST=CONSTY
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o276 DO ¥1¢{ 1=I1.N

0277 DYIL == (Ll 1)22 %D K/ (RAL]1)))=3,
0278 DIV2=a.
0279 DTTU=~1,
0248 . Sk LG L) SOURC ) CURST2CONST?
0281 101 DRTLIIT(ERC(I) —ENC {N)=CONSTIR/a LOLX/RALT)
nzp2 TIN~J)=TIN)
0283 DO 20 [-2,R
0254 LL=N=-I
a2us 20 TLLLYS(ORT (L) —OTT2AF{LL¢1)-DYTI=1{LL+2))/707(LL)
0236 L. CARS(TU1I-R1) LT C.05 Y GO TO 22
0247 TT1=1.,
0zs8a Tr2={(-oTT2¢ V)1 ~DTV I {2 »OLXYC(N)/(RA(TI~2)
1)) /NTUIN=-2)

0289 DO 21 €(=3.N)
az2yo AA=(~VV V2T TZ-DVTIAYYLII{2.2DLX2E(N)/(RAIN-T)

e . 1Y ZUTIN=)
0291 IT1=YT?
0292 21 TT2=A4
0293 OELTTI=(T(L)~{1) /Al
0294 T(NY=T(N)¢DELTY
0295 CONSTZ2=R(NI»TIN)
0296 ___ _ .. . ____ .GO0 YO 102

c CONVERT  ENTHALPY TO TEMPERATURE
Q297 22 DO 103 1=1,H
0298 C3= (/P (1) 38F 2O (1 )XBO+ZO(T)ADPEZN(1)*0ON)
0299 C2=ZF UM AF+20{ L) %AUCZP (1) % AP ZR{ 1) AN
0300 HE(1)Y=T(1)
0301 o IF (C.FU.0.) GQ TO 104
0302 T(E)=2298a#((=C2¢SQART (C24C2¢2. 4 (TEI)=ZFL 1) EHM=ZP (1 ) *HP Y &C3))/C3)
0303 GO 10 103
0302 1046 Y(I)=298¢~((ZFRULI¥HF «ZP L L )SHPY/L2) 0L T(1)/7C2)
0305 103 CONTINUE
0306 TYTI=T{1)+309,
0307 _ . _ IF (TCIFL)«LY,LTYTI) GN TO 105
0308 RPRINT 1017
0309 1017 FORMAT (/7/7T10,'FLAME PROPAGATES UPSTREAM!)
o310 PCKL=1.
0311 Go TO 33
C COMPUTL GAS MOLECULAR WEIGHTOENSITY . .SPEED.SP.HEAT

0312 __ . 105 _0D_ 23 1=1.N .
o33 16 (YP(1)YaGToYPINF) YP(L)=YPINF
0314 . IF (YP{1)dLT.0s) YPL1)=0.
0315 1F (YF(1).LTL.0) YF{I1)=0,
0316 o . IF (YO(L)«LT.YOINF) YD())=YOINF
0317 YNCLYS Lo =YF(LY=YO(L)=-YP(1)
0318 L __ _WF (YN(I)-LTe0.) YN(IDI=O. .
0319 YOO=vO(1)
0320 YPP=YP(I)
0321 YFF=YF(])
0322 YNN=YNST)
0323 TY=T(L)
0324 __AMM  =1,0/(L0YFF ZAHF) #(YO( S ) /AMD) +(YRIT)/AMN) ¢ (YPP /ANP) )
0325 DGVG(T)=AMM % (1.,0-S(1))/(BR.05=T(1})
0326 DGTOGVG (1}
0327 VGIL1)=L(T1)/DGVGLTL)

Lo



QA7 CALL DRUDSLYFED s YU e YR Y AN TY 3 2R L AT v W LR TLONGGGY
C'320) [RU OV ER I VLR Y 2o

0334 BEGT 1) =0 [y
D121 DEFELY =00
C332 ; 23 BALLY=AL/ S LY
06333 IF (IGA>aNI + 1) GO TO 203
033« 6O YO 167
023, L2id IR IaAL =)
C WRITE GAS PRDFILES
032y YU7  1THYQY Iy LS, 01T
037 o 198 F ORAT ("1 s TH0"CYCLE " v IDB//TRO 4 *OLrS I'ROVILO W ITSY
0340 FANT 200
0434q 200 FORNAY (TE L' s0A 2N (BX " YO yBXIVYO W OX e TYNS LB "Y' yBX
2 'QHU“RX.'T‘VBK.‘VG'.uK.'H'.ﬁx.'EHDUY'.HH“TQH'.bx.‘VuR:>
034y 00 201 I=1.WwN
0341 LX< DEX%(1~L})
Qsez o YpBozyp (1)
0ol V) EYROT)
034 20 FEIMT 20241 0% 0YF1F, YO YU & Yre, DGVGCL) TULLY
2VCU DY el B L) D 1) TR Y 4 VORLL)
0345 202 FUORIMAY (T2, 1 & FI L A 4F10-4, F10.4:3F10a2uFIDE,FBs24,F6.1)
044 1F (JNINALLEQa L) GU TO 333
03ur o N (IFINALCLOS1) GO YO 1100
034y 203 G 10 2000
Q349 Ra CONY T NDE
c COMPUTE COMVLUGENCE QOF EWULRGY EQUATION
0350 CK2=0,
0351 CONST=CAMmS T
0352 . bL 25 J=).NZ
0353 IF ([,GYsL) CONST=CONST2
Q354 ARHS= (Y NCC I )-ENCI{N)-CONST}
0355 ALMS=E(IY*HE(T })-RA(1) X((=34HE(1) ¢4 e HE{] €1} -HEL1$+2) )/
1(2.40EX)}
0356 ALIHS=~ALHS
0357 .. CK=(ALHS-ARHS) w2
03548 25 CK?=CK2¥CK
0359 CK2=CK2/(N~-21
0360 [(F (LY »GT.20 ) GD YD 27
0301 IF (CKZ2.LTa)al'=2) GO YO 27
a306¢ LT=CTég
6363 GO TD LLbk2_ ~
0364 27 CK=0.
0365 00 28 1=1,N
0366 28 CKTCRUYPIII=2P( 1)) 222
0367 B0 298 (=1l«N
036p ZPUL )=yl L)
0369 d =y Zat 1) =vadlt)
0370 i ZIN(1)=YN{1)
0371% 298 26 (L)=YF (1)
0372 IF {CK L TeS.E-3) GU TO 299
0373 [1=1
0374 Ly=1
0375 _ _ &D TO 2000
0376 299 PRINT 29.1T7,(K3,CR2,CK)
0377 29 FLOIAT (TS *OUAZICINGZIRIZATION CONVERGLNCE AT 1TERATION NUMIER=',

T1S/7TS,OXI0TZ2LR EUUATION MEAN SOQUARE ERROR='VEL0.3/T5. "ENERGY EQUA

Al



0278
0179
[V YL
0331
Q3w2
0743
[T
0384
[« 3K Y22}
037

013y
[fR 1)
D300
0331
0392
0393
0394
0395
0356
0397
0393
02396
Qsa0¢C
0401
0402
0603
0404
0405
0a06
0407
0404y

L0400

04)0

0al11}
0a12
0413
0414
0315
cals

30
31

204

431t

32

2YICN MEAN SOUURE FRAOJIZC LI CI/THPPRULDUTTS EQUATTUN MEAR Suunl BT
320MA= 110740

1S=1S+1

G2 TU 1100

eRIHT 32

FORMAT (77775, *LAST CYCLE SATISFIES LIQUID PRHALL LQUATITUMST)
LF ((GAS,L0G«D) GU YO 198

RYOLI=YE(RN) ¥ ILIN)

RYP2=FL 4 "e QTP +(YF)YLSTR YD) ) #FLOWIL

RATIP=RAP1 /RYPZ

ERINT 330G RATSOR

FORMAT (/YS,.'RATIO OF PROOCUCTS QUT UVER PRODUCTS COMPUTLD oY
FSTQICHTICHATHY S (F1045) '
PCr2=2.

IF (PCri bLGa)) GO YO I

FLOW2=" (. Cw2-FLUOW2A{DFLLT /Y LDWL )

YLOw)=ELOWY-DF L1

DG 32 J=1 Ny

VDL SUFLOKWI/ZDGVG (1) h~-vitld)

GUESS=L .

IF (VD{J)LT-0.) KFINAL =)

[F (XFINAL «FQ. 1) GO 70 37
NG =IOV 706G LY )

GO 70 110¢

JIF {PCx2.:L0.2) GO TO 3%

JE I INAL =)

GO YD 1987

FLOWZ2=FLQOQw2+FLOW22(DFLL ZFLOW)Y)
FLUWI=FLOW1+DFL]

DO 3a J=1.MJ

VO(J)LFLOWL Z70GVGTLL) Y =VR( )

GUESS=0.

JFINAL=0

GO TO 1106
CPRINT 36

FORMAT (//SX'"FLAME PROPAGATION VELQCITY (LJES BETWECN THE LAST
ITWO VALUGES OF FLOW] AYTEMPTED!')

ir (1CUEQ.0) GU TO 37

COol{1)=C0o)(1)-0CO

IF (CO1{1).€Q+0.) GO TO 37 -
G0 T0 1116 .
sToe
ENO

42



0001 SOV 30Y Y EWTAY, Mk X PRLLWPCX)Y PO AT, EHACGUESLS)

0002 Ol WSUOM Y 0 2C1) YOI 201) e YNC20) ) o YPL20)1 1. OAL?201) .
PT(201) oNC 1)
0003 COMMUNZINLIAZYE Y (YA YO L YNY W TIZINETZZ8L00W/ /
ZANE AP CAMNS ANCZPIRE/YF YU VNI YR L ADALY, VG

0004 FLow=rLuv)

0005 YING =1SCC,

0006 ENA=ZT )N YELUWECa 24

0007 fF (QULSE (ECel ) GU 1D G

0008 CH=TIFA=T14

000% B LN=L=1ILD

0010 oL L t=t 0,

0011 YE(1)=vYI1 -
aolz YO() Y=yl

60013 YN )=YNLY

0014 YR(I y=vYPL

Q015 o COEXEFLOAYUY-LN) /ZFLOAT (L LN

0016 If (1.CYJLN)Y GO YO 290

0017 TLIY=T)

0018 GO Y0 21

a019 20 YOC(l)=YR)

0020 Yolly=y01l
.002) L YN(y)=VYNI

0022 YOl )=Ve)

ocz23 T{1)=TYI+CO6*EX

0024 21 AMR 21 4C7 ((YFUTIZAMEY ¢ UYO( L) Z7ANOY & (YNLLU) ZANR)YCYP (S Y/ ANF )Y )
0025 i DA(l)=pMM 7(BZ2.05%T11))

0026 1 VGUTY=FLLZWL/DALCL

0027 . _AMINFmaMM

ad2n DALNF=AMINF/LB2.0SFTINF)

0029 NNN=N~L

0030 DO 2 §=1sNNN

003! J=T+L

0032 YF(J)=YF}

0033 _ ________ﬂ_YQ(J);VCl_ .

003a YN{JY=YNL

0035 Ye[ur=vyel

0036 TUJ)=TNF

0D 37 _. .  DA(J)I=DAINF

0038 2 VG(JY= TLOWL/DA( D)

e039 = __ S8  _PRINY 1D R
0040 1O FORMAT('L' 4 T20.,UPSTRLAM CONDIYIONS')

00al PRIMT 11.,FLO®WY (YH1,Y01,YP$,¥YNI.T)

0042 1] FORMAT(T2.UPSTREAMY/T12,'GAS MASS FLOW RATE=®*,,F7.57712, ‘FUEL MASS

SFRACTIOR='" FAe3/T12.’QXI01Z2ER MASS FRACTION=® F6.,37T712, 'PRIDULCTS M
3ASS FRACYIONT 4F6a3/T12, NEUTRALS MASS FRACTION=*4F6.3

J . S L , /TIZ2VITEMPCRATURE='"4F7.:2)

00a3 PNINT 13, AMF AU AMN, AVP

0044 13 FORNMAT{T20, ‘MOI CCULAR WEIGUTS '/ TI2y'TFUEL=? F642/7T12,.'UXIDILER=" S

2.2/T )12 "NEUTRAL=" F5.2/7T12, "PRQOUCYS=¢ ,F b6 2)

004S PRINT Y12 ,DEX

0046 14 FORMAT(T20,ISTEP SJIZ2ES'"/TI2('SPACE STLP FUR GAS INTEGRATION®TFO8.5
e e em 2D

0047 PRINT 15

0048 1S FNRZAT(YSO."INIY[AL PROFILE GUESS')

0049 PRINT 16

43



0050 16 FURMATUT LA T oBXy"CXP 3 dXy *YF 2 BX, YD e BY.y "YN" L BX, 'YP" . 8X.

2 TRAOT s UX, * T yBX, *VG?)
0cs) ) BO 3 1=1,N
0052 EX= DLX¥(I-L)
0053 B PTENT Tl GEX VELIY VO 1) JYNCL) Yo, DACIYSYLDYVGIT)
0044 17 FORMAT(TLD, 14, F 1123, 6F1044, F10.4,2F10.2)
Q055 Py s} CONY I NUT
005" RETURN
6057 £MD

Lk



00014

0202

Gno3y

0004
0005
00 0b
ooC/

ooon _

0009
0010
0011
0012
0013

00Yra

0018
0016
0017
00 1A
0019
0020
0021
0022
0023
0024
0025
0026
0027
0028
0029
0030
0011
0032
0033
0034
0035

0036
0037
o0o03a
00719
0040

AN ANAODNAAON

4

3.

SUTROQUT TIE PROPS (YT i YUL TP YNGAHM M CMIXaCPH) X V1 UCy EPSLLUNLVG)
THERM AL CuiN-

Tl SUAROAUTING COYUOUVES THL MINTU ]
OUCTIVITY, VISCuSITY. AND DIGFUSTON

SECIEIC AT,
COFr iy CIENYS OF

EACH

SPLCILS

OTRENSTUN CLE3) v C(3), C33IsCatIN2UH(3N 2L 3Y e TBLIY « AM(S)

1 0P 2)iav () VIdYev 3]

COQUMCN/Y LT ZDIFFE SO LD, BYF P/ 7 AME o ARG, ARy AXD

C3(1)e C2UL) SPECINIC HLAT CONSTARTS FUf Tz
C3(2).Cul2) SEECIFIC FEAT CONSTANTS (OR  THE.
C3(3),Cal) SPLCHIFLIC HEAT CCNSTAUTS FOR THU

NOTE= Cl(E 1Ol )yeY=CP, T IN DEG R

CUHC13L,C21) THLRMAL CUNOULTIVITY CONSTANTS FOR Yk Fusl, VAFOR
CLEZN T2 (2 YMURMAL CONUDUCTIVITY Cun TANYS FUR CXYGEN

CH{3)sCr(3) THERMAIL. CONDUCTIVITY C(I3NSYANYS FNR NEZUTRAL S

NOTU - Q)1 )+C2(1)=Ks ¥ IN DG

Re K

CRY)CO( ) VISTUSIYY CONSTANTYS FOl THE
CAL2) 0 P) VISCOSTIYY CONSTANYS FDQ THE OXtolIren
LCS(3)1,Cr3) VISCOSITY CUISTANTS FER THE

NOYL~- CS((L)+CHtL Y=V T IN DEG
TI=T¥9,/%.
CItY))=-c,CI~3
CI{2Y=11.4L~3
CP2U1)=26L,0 30 ~6

_C2(R2)=17.70E-6

_ __AM(3)=AMN

Ci(2y=7.70-3
C2(A)=17,72-6
C3(131=C.007
Cal1)=0.5HE=-12

I (Y1.0.Ta3CON.Y GO TO 3
IF (71.617.1700.) GO YO &
C3(1)=0.354
Co(1)=Q.I3CE-3

GO T0 3

CA(13=0,985
Cal1)I=0.17%5¢-3

. C3(21=224.-3

Ca(2)=)19 3-8
C3(3)=2e).cE-3
CA(3)=6.7E-6

CS5(11=105.€-7
Co6(1)=76-E-1C

__€5(2)=136.E-7

c6(2)=101.921€-)0
C5(3)=131E-~-7
C6E(3)=9541%E~10
AM () )=AMF
AM{2)=AMU

Y¢(1)=YF

Yy{2i=vQ

Y(3)=YP+YN

CONVERT PROPLCRTICS YO YTHE CDRRE(CT
DO 1 =1.,3
}K(l)=(Cl|l)#CZ(!)kYi)‘0.00élJJ&
CPILI=C211)¢Cu{L)2T])
VII)=(CST )¢ COCLI»TL) ¥ 14,881
CPMIX=C,

45

R« V

UNITS

IN DTU/NR-T- T~

HUll. varan

PRODUCTY
IN LO/FT~-SEC

"UrL VAPQR
DXIVIZOR
PaOUCT S
CP IM CALAGM-DEG K

0z G



0041
0042
0043
[
00as
0040
0Qu7
0048

0049
0650
0051
0052
0053
0054
Q055
Q0056
00sY
0CSH

DCSY
0060

0061
0062
0062
0064
00865

CHMYIXN=0.

Vi&aC
Dy 2

=Qs
T=3,3

CrMIANSCIMIXsCP (f)e 1)
YATY L) P EAMM/AMCY)
CMIASCNIXe AR (L) w))

SOECLES VIFIFUSIAON COQUELICIENTS USING THE

CUNARY OICPFUSION COEFI-YC LI NTS Al FCR FAGH OF THE

FUR OxYGENJOEG K

TUMPERATUNE FOI? ULl «OLG K

2 VISC=VISI#V Ty eX)
CHMIXN-CN A PSLve NI XED6
C CALCULATION OF TI)Ik
C FOAMUL A
_ C YCO CRIVYICAL TEMPETATURLE
C TCF CRITICAL
C NPCO (RITICAL PRSSURE FOR
C PCH CRITICAL. PRILSSURID FOR
C PCA CRIVICAL PRIESSURL FUR
C PCE CRIVICAL MPRESSURE FOR
; . TCP=304,
YCA—-132.
TCu=154a.
TCE=T74Q0.
PCA=37.
RCIP=72,
} - _ PCO=50. _
PCF=40.

OXYGL Ny ATM

THE RODUCTS,ATM
AIRCATHM

FLUEL «ATNM

CONST=(2.781:~4)¥(THe].823)
OTF} =CUNSTXSGRT ((AMHMFA4AMM)Y Z(ANE Y AMM) ) 3 ((PCF¥PCAY*X0,333)/

I ((TCFETCAY*# 0. 495)

OIFO=CONST~SORT({AND AMM) / { AMOXAMM) I x((FCO=PCA)Y¥*0+333)/

L) ((TCOATCAY®*0.495)

ODIFO=CONST¢SORT({AMP ¢ AMM)Y /CAVOKRKAMM) ) e ({PCPsPLCA) P« 0.333)/

I ((TCP=TCA)X*0.495)

OLFF=UIFF¢LPSLOUN
DIFO=DIFO+LPSLUN
DIFP=OILFP+ESLIN
RETURN

END

L6

SLaTTLYY
SPLTIES

N

A



ocoy SUNRPUUTINE AD(T Oy SHEAY LA PRIAKCRL 4L VAP 2L s UNe O 00 AYO VLD,
LI ZAMMaY T F o YT GOY

C THIS SURROUY INI CUMPUTES T TEMPERATURLE, RADIUS CHAKLGE. AND
C LVAPURATIUN RKATL FUR LACH LiTJPLET S22 LROUM.
0o0cz2 . UTHML NS TGN @) JLON(D) ¢ 0LL T(U) W HE(IY LTI O) ,EVARPLIDT o0/ ) T {Q )y,
IFLUXES) e EVAENTDY s TLEGED) 4 L9 ) aVOD I} s TOD(D) s GLLD)
0003 CUMMON ZGEMRL /4 CUNSNJI VO OELT 3 Z5E TD o s FLUX 10,41 VOD Y YDD/SI0O/ZAC,
[CIF/ 7aM s ANTIy AN , AMD
0004 ARZAL /) .98
oons ANz ALY,
0coL . YF=YrE
0no? IC=THh—4Y.
ocoHy 00 2 J=1.NJ .
0009 RATIO =1 40230 (FReY 0,33V *SUNTIRE(I))
colo0 LVARR(J)=C.
o011 YLO (Y=L 7un (T-273,)=70.)¢27T3.
001\? . To10(d)
0013 TOD(JI)=T
0014 IF (FY.LT.TIGD) GO TO 9
0018 1F (TDLDY.GT.TIG(JIY) Q0(JI)I=0
No16 7 (00(J)«LTY0D)Y GU TO ©
0017 20 DENTZALDGE Ll o +{ SHEATR(TT~TOLI)I/ZALDI AL ON( D) TOX/ISTU¥AL ) })
ocls . 6a T0 11 i .
0019 9 1 (TULJ)LLT.YC) GU TO 19
0o2¢ GO D za
ooz2l 19 EXCEXNPUAMEARY(TDI ) =TB) /(TO(J)4T8))
0022 YESTAMF6CX/ (AN—(AM~AMF ) 22X}
0023 DIDT={YIFS=-YF)/(L.=YFS)
0024 o __IF (DROT.(.Te0. ) DROT=D.
00258 CPFS=AF¢RFe«TO( J)
0o0z2é ZETASALOG{1a ¢ (CPFS/SHEAY Y RNRDT)
0027 IV (ZETAW.LTL1s) GO TO 11
o028 ORDY=DRD IS (ZEYA/(CXP(ZLTAY=1,))
0029 1t HA=RATIO®AK s/ (J)
0030 __ o _EVAPULII=RATICTURDT =4 %3, 14%R{ J) LAK/SHREAT
0031 1 (EVAR(4)al0«Ce) GO TU 31
0032 CPFES2AF+BE=TO( D)
0023 ZETAZEVARP I J)RCPFS/(L280%RIJ)Y2.%RATIO)
0034 1F (ZETALLTL.C.Y) GO TO )
0035 CZUY=ZETA/Z(CXPULLETA) =14}
0036 _ | _ __.__ _.HER®CZET
0037 k) 1= ({3ewHCLTT=YD(J) ) /7 CCPLEDL¥R(Y) V)~ {
LEVAPLIITALY 3 /(4 *¢30 1A®(R(J)*xI)«CPL=DL) I ) #DELT(J)
0038 HERATIQGYAK/RTY)
0039 TOLJ)=TOCI) 147
Q040 1IF (TDUUYLGT.TBY TO(I)I=TNR
004 fF (YTLLTL.YIGD) GO YO 15 . s B
0042 1IFE (QOtJlLY.Q) GO TO 18
00A3 22 DROT=ALOG( )1« +{ SHLATYS{TT=TO(J))/7AL] ¢l QRCJI¥DOX/ (STO®AL) 1)
0044 GD TO 6
0045 s JF LTDLJ).LTHTIC) GO TO 21
0048 GD YO 22
L0047 . 21 EXZEXPLAMFAARS(TOULJ)-TBIZLTN(IIATE))
0048 YESZAMRAEX/(AM—( AM=-AMF ) =£X)
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