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INTRODUCTION
 

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 includes comparisons 
of the theoretical predictions with experimental data on tetra! in-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 work 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 1 iquid 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 tetral in
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 experimental 
work on the effect of droplet size on the burning velocity of polydisperse 
kerosene-air sprays. Instructions for the use of the computer program for 
calculating burning velocities, and a 1 isting 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), 

MATHEMATICAL MODEL 

SPRAY MODEL. 

GENERAL DESCRIPTION AND ASSUMPTIONS. Propagation of flame in a dilute 
1 iquid fuel spray has been studied by several investigators because of its 
importance to flame stabil ization 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 dilute sprays the propagation 



mechanism is that of a premixed flame, while 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 obtained 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 in 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 (\3) presented calculations for the 
burning velocity in turbulent polydisperse sprays neglecting preignition 
vaporization. There is also a considerable body of work related to 1iquid 
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 1 iquid fuel rockets, their analysis does not address 
itself directly to the flame propagation problem. 

The burning of a 1iquid fuel spray is a process involving complex transient 
interactions between the droplets 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 simpl ify the fluid dynamical calculation, the calcula
tions of spray burning velocities were carried out using a one-dimensional 
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 to a level that is sufficient to ignite 
the fuel so that combustion is completed within the domai of the numerical 
computation, and fixes the position 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 'Iflash
back" from a plane heat source. It should be noted that the results are 
expected to apply only to cases where the droplet trajectories follow the 
streaml ines of the gas. The mathematical formulation follows the analysis 
of Williams and Sutton ~ ~ (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 are neglected. 

2. The gaseous mixture in each section is homogeneous. This implies that 
there is an instantaneous mixing of the species, and that the presence of 
the liquid phase affects the gas flow 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. 

2 
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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 relationships for 
pre- and post-ignition vaporization, corrected for forced convection. 

7. Droplet ignition occurs when the liquid temperature reaches the level 
necessary for the formation of a stoichiometric fuel-air mixture at the 
liquid surface. According to reference 15 for hydrocarbon fuels this 
occurs when the I iquid temperature, T£, is given by: 

T£ = 0.74 T8 -70 [Oe] (1) 

where TB is the liquid boil ing point. Reference 15 suggests that for 
sufficiently high ambient air temperatures equation (I) results in a rea
sonable approximation of the ignition delay period. Before ignition the 
droplets act as sources of fuel vapor for the ambient gas. After ignition 
occurs, the consumption of fuel and oxidizer and the generation of products 
of combustion around the droplets follow the stoichiometry of fuel combus
tion. 

Previous calculations (4) employed a prescribed gas temperature as the igni
tion criterion, regardless of the previous history of the droplets. The 
use of a prescribed ignition temperature simpl ifies the description of the 
transient droplet behavior 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 
ignition delay time. The use of equation (1) as the ignition criterion 
implies a dependence on droplet size, since the time for reaching T~ de
pends on the droplet diameter. However, T£ does not depend on the ambient 
oxygen concentration. 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 transport. 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 controlling step. 
The necessary chemical kinetic parameters are adjusted to give agreement 
with available experimental data. 

9. Physical properties are computed for each downstream 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 i~tensity and 
position of the plane heat source. 
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11. 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 flame 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 EQUATIONS. 

a. Droplet flux balance: 

(2) 

where Nj is the number density of droplet group j which is moving with a 
velocity Uj' j = 1, .•. n. n is the number of droplet groups at the up
stream boundary which is denoted by the subscript o' 

b. Droplet momentum balance: 

dUj _ 3 Pg (v-u ')J
Ujerx-1jpQ, Rj 

Iv-uJ' I CDJ· 

The drag coefficient is CD' = 27/RejO.8, (Reference 16). v is the gas 
speed, Rj is the radius ofJdroplet group j, Rej = 2R j Iv-uj I/v is the 
Reynolds number, and Pg and PQ, are the gas 1 iquid ph~se densities, 
respectively. PQ, is assumed to be constant. 

c. Droplet energy balance: 

dR' 1 dT· 
Zh. (T-T') = - J P L + Cpo po R· - J (4)

J J dt"Q, 7v J7v 3 --at 
The heat transfer coefficient hj is given by the relationship of Ranz 
et al (17): 

2RJ•hJ. ° 5 
k = 2 + O.6Rej . (5) 

where k is the thermal conductivity of the gas. T. is the droplet tempera
ture, which is assumed uniform within the drop. LJis the heat of vaporiza
tion and cpQ, is the heat capacity of the fuel, which is assumed to be con
stant. Z is a correction factor for using equation (5) with droplets where 
vaporization is appreciable. It is the ratio of the droplet heat trans er 
coefficient with vaporization to that with negl igible vaporization. It is 
given by (reference 16) 

Z = z (6)
exp(z)-l 

where 

(]) 
z = 
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d. Droplet evaporation rate: 

The following equatioh was used for the rate of radius change of burning 
d ro pIe t s (8) : 

(8) 

where Q is the heat of reaction for the fuel, YO is the local oxidizer mass 
fraction, aO is the stoichiometric coefficient for the oxidizer, and c p 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 (QYO!aOL), 
provided the droplet temperature was near the 1 iquid fuel boil ing point. 
The initiai transient preheat and vaporization period was described by the 
following relationship (18): 

1 Y '-Y FFJ 
l-Y F , 

- J ~ 

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
( 10)--i. exp

M 

e. Spray evaporation rate: 

( 11) 

where m is the spray evaporation rate. 

f. Spray enthalpy flux: 

[:r. J. 
o lHs	 L NjujPQ,471R/ 51\ cpQ,dT + HFQ, I ( 12) 

j dt Jr I 
I 

.....J'- r 

where H is the spray enthalpy flux, and H~ is the standard enthalpy ofs 
formation for the liquid fuel taken at temperature Tr . 

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

V = LN. 471 R, 3 ( 13)' 
S j J 3 J 

provide the necessary coupl ing terms between the 1iquid and the gas phase. 

dR. 
_J = 
dt 

m = 

6
 



GAS PHASE EQUATIONS. 

For constant pressure and low 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: 

N 4n R. 3 M	 (14 )PgU +	 L: jUjP9, 3 j
 
j
 

where	 M = Pgouo + L: N· u· Pn is the mass flux for the mixture.
• jO	 jO :tv 
j 

b. Species conservation: 

d (p vy.) _ d ( D dY i)	 (15 )w· + mf·dx g I dx Pg i dx I I 

F, 0,	 P, N 

where Yi is the mass fraction for species i, and Di is the binary diffusion 
coefficient for the ith species. The term mf i in equation (15) refers to 
the volumetric rate of species produced or consumed within the boundary 
layer of the droplets in the spray. Before ignition f i = 0Fi' where OF' is 
Kroenecker1s delta. After ignition f F = 0, and f j = ai' i = 0, P. The' 
reaction term Wi is given by the Arrhenius expression: 

a.Bp 2 
0	 

(16)w· 
, 

=	 
I g YFY exp (-E/RT) 

where E is the activation energy and R the gas constant. B is a frequency 
term and depends on temperature according to B = BoT!, where Bo is a con
stant. Using equation (14), equation (15) can be rewritten as follows: 

gV dYj dYi__ d
P _ P D. ~". + ~ (f.-Y·)	 (1 ])

dx	 dx g I dx I I I 

c. Energy conservation: 

constant	 (18 ) 

where	 H is the gas enthalpy. H is given by the following equation:g	 g 

where	 Hf is the standard enthalpy of formation for the gas at Tr and cpi 
is the specific heat of species i. Using equation (19), equation (18) 
can be rewritten as follows: 
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k dH . 
PgvHg - -- ---g + Hs = ~	 (20) 

c	 dxp 

where c p is the gas specific heat. The constant ~ in equation (20) is 
evaluated 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: 

(21 ) 

where Vs is the spray volume (equation 13) and M is the molecular weight 
of the mixture: 

(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 
number density.' For the present work the spray was polydisperse, the gas 
was air, and there was velocity equil ibrium between the droplets and the 
gas. Equation (9) results in a non-zero droplet evaporation rate at the 
upstream boundary. Results were, therefore, obtained for a fixed distance 
between the upstream boundary and the plane heat source. 

b. Downstream boundary conditions are expressed in terms of vanishing 
gradients for all variables involved. Thus, at x = xL it is required that 
dYi/dx = 0 and dHg/dx = 0, which implies the absence of I iquid phase, or 
Nj = o. 

PROPERTY CALCULATIONS. 

Properties were computed using the local gas temperature and mixture con
centration. It is assumed that for di lute sprays the Lewis number (pcpD/k) can be 
set equal to one. The properties under consideration are, therefore, k, Di' 
wand cpo Following reference (19) for the molecular values of k 

k =	 L: niki 

and 

W	 L: njWi (24) 
k 

where n· is the mole fraction of species i, while ki and i are the molecular 
thermal'conductivity and viscosity of the species. The specific heat is 
given by: 

c = L: Y·c .	 (25)p	 . I Pi
 
I
 

Fol Iowi ng reference (20) the individual species properties were expressed 
as linear functions of temperature. 
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For turbulent sprays the computed laminar transport coefficients k and D 
were augmented using the following relationships (13): 

(26) 

and 

where kt and Dit are the turbulent thermal conductivity and species 
diffusion coefficients, respectively, and £ is the eddy diffusivity. In 

, tu rn: 

£ = Au' (28) 

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

In the formulation described above, the burning velocity is not 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 1 iquid 
fuel spray streaming towards a hot source; for example, towards a region 
where burning of combustible material is already taking place. 

NUMERICAL CALCULATION 

Equations (3) and (4) and either (8) or (9) for a single droplet can be 
easily integrated using a step-by-step method beginning at the upstream 
boundary, provided that the gas profiles are known. In turn, equations 
(14), (17), and (20) and the boundary conditions for the gas, form a two 
point boundary value problem of first and second order non-l inear ordinary 
differential equations, which require the spray coupl ing terms given by 
equations (11) through (13) for their integration. Following Williams' 
(6) suggestion, the following iterative scheme was used for the solution 
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 coupl ing 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 ther 
were negl igible changes in the coupl ing terms between iterations: 

s 

where the summation is taken over all grid points, m, 6 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 Euler1s predictor-corrector method. The 
gas phase species conservation equations are non-l inear through the tempera
ture and concentration dependent gas properties, but the main contribution 
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to non-linearity arises from the reaction term wi in the species equations. 
Using the quasi-l inearization method described by Fay et al (21), solution 
of equation (17) for i = F, 0, and P was therefore approached through 
successive iterations involving a linearized form of wi and its derivatives. 
The round-robin iteration scheme involved successive calculation of 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 the integration of the gas phase equations are trl-diagonal 
and can be easily inverted. The matrix inversion process was started at 
x = xL, and required a Raphson-Newton iteration scheme for matching with 
the upstream gas boundary conditions. 

For a given spray, numerical solution of the equations could be obtained 
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 iteration became progressively larger in the upstream 
direction. Therefore, the criterion for a non-converging solution was the 
calculation of a temperature exceeding the droplet ignition temperature at 
a convenient upstream point. The value of burning velocity was bracketed 
between adjacent gas velocity values corresponding to convergent and non
convergent solutions. With sl ight modifications the integration method was 
also used to compute the burning velocity in a premixed gas without a 
liquid phase. This was accompl ished 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 IBM 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 solution, 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 with very small droplets required 
a minute step size, 6x, and long computing times. For a monodisperse spray 
with an 8wm diameter droplets the CPU time for a convergent solution was 
approximately 20 minutes. Bracketing of the flame propagation velocities 
was accurate to ±5%. 

Calculations were carried out for monodisperse tetralin-air sprays (4), 
and polydisperse kerosene-air sprays. Thermodynamic properties of liquid 
tetralin were obtained from the Handbook of Chemistry and Physics (22). 
Table I I ists pertinent physicochemical properties of kerosene that were 
used in the calculations. The properties of fuel vapor were assumed to be 
those of decane and were obtained from correlations used by Faeth ~ ~ 

(20) . 

The heat source intensity was sufficient to increase the pure air stream 
temperature by approximately 1200oK. The computed burning velocities were 
insensitive to the choice of heat source intensity, provided the resulting 
temperature was sufficiently high for consumption of fuel vapor. 
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TABLE I. PROPERTIES OF KEROSENE
 

Density: 0.8 gm/cm3 

Heat Capacity: 0.64 cal/gmOK 

Latent Heat of Vaporization: 61 cal/gm 

Heat of Formation (I iquid): 598 cal/gm 

Heat of Reaction: 10,400 cal/gm 

Chemical Formula: 

Stoichiometric Coefficient for Oxygen: 

Stoichiometric Coefficient for Products: 

Physical Properties of the Vapor and 
the Products of Combustion: Decane Vapor (20) 

Boiling Point: 
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For the calculations reported in this work V = Ujo and T = Tjo excepto 
as noted. The step size was between 0.5 x 10-3 and 5 x 18-3 cm , and the 
integration region extended 0.2 to 0.5 cm upstream from the heat source, 
and 0.2 cm to 0.5 cm in the downstream direction depending on the droplet 
size. 

RESULTS AND DiSCUSSION. 

RESULTS OBTAINED USING A PRESCRIBED GAS TEMPERATURE AS THE IGNITION 
CRITERION OF THE LIQUID DROPLETS. A discussion of calculated burning veloci
ties of laminar tetralin-air sprays is found in reference 4. These were 
obtained using various prescribed gas temperatures as the conditions for 
ignition of the 1 iquid droplets and as a result the ignition delay of the 
droplets is underestimated. The present report contains additional results 
obtained using the ignition criterion described by equation (1). The new 
results are qualitatively similar to those of reference 4, but more real is 
tic since the ignition delay period of the droplets is taken into account. 

CHOICE OF THE PARAMETERS Bo AND E FOR FUEL VAPOR-AIR MIXTURES. Published 
experimental data on premixed flame burning velocities was used for obtain
ing appropriate values of the pre-exponential factor, Bo ' and the activation 
energy, E, which are necessary for describing the homogeneous gas phase re
actions in the spray model. This was accompl ished by matching available 
experimental laminar burning velocities with calculated results using 
assumed pairs of B and E. Reference 23 gives a value of 40 em/sec for theo 
maximum laminar burning velocity of a kerosene vapor-air mixture at an 
equivalence ratio* of 1.06. Figure 2 shows computed burning velocities 
which were obtained using Bo = 4 x 1012 sec -l and E = 40,OOOK cal/gmole 
The experimental point at 40 cm/sec (23) is in good agreement with the cal
culated results. Similar results fere obtained for tetralin-air vapor mix
tures, and resulted in B = 5 x 10 2cm-l, and E = 40,000 cal/gmole. The preso 
ent value of B is different than that employed in reference 4 because theo 
experimental data that was used for the matching process in the previous 
work was actually spray data with 8~m 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 
tetral in-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 ignition, T I , for comparison with 
the present results which were obtained using equation (1) as the ignition 
criterion for the liquid droplets. Both methods of describing the condi
tions of droplet ignition yield a qualitatively similar dependence of burn
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 Tl as an input
 
to the calculations. In addition, it results in a burning velocity of
 
76 em/sec at a fuel concentration of 69 mg/l which is in reasonable agree

ment with the experimental point of reference 1, also shown on Figure 3.
 

Calculated burning velocities for a premixed gas are also shown on the
 
same figure, and are lower than those in the mist with equivalent fuel
 

·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 1ittle 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 15~m mist, 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 concentration, appreci
able preignition vaporization 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 results 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 evaporate before reaching the ignition
 
temperature of the liquid fuel, and the burning velocity approaches that of
 
a premixed gas. For 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 15~m. At zero
 
diameter the burning velocity is that of a premixed gas.
 

It should be noted that the calculated burning velocity at 8~m droplet diameter, 
which is shown on Figure 4, corresponds to flame propagation with appreciable 
1 iquid preignition vaporization or to the lower branch of a curve similar 
to that shown on Figure 3 for 15~m diameter droplets. The second higher 
burning velocity solution, 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 agreement with previous experimental 
data as will be shown in the next section. Rigorous justification for this 
choice 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 on Figure 4. A qualitative discussion of possible mechanisms 
for flame propagation 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 comparing burning velocities with presently 
available experimental data. The experimental measurements are those of 
Burgoyne and Cohen (1) for monodisperse tetralin sprays, as well as one point 
obtained during the present work using turbulent p01ydisperse kerosene-air 
sprays. For the turbulent flow calculations the upstream turbulent in
tensity was 8%, and the turbulence scale was 0.3 em. There were equal to 
the experimentally measured turbulence intensity and the 0.0. of the pilot 
flame tube, respectively. Agreement between predicted and measured values 
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 20~m, the experimental procedure of reference I 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 20~m, 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 
LIQUID-AIR SPRAYS. 

The effect of droplet size on the burning velocity of 1 iquid fuel sprays has 
been studied by several investigators to date. The experiments of Burgoyne 
and Cohen (1) using monodisperse tetralin-air sprays showed that the laminar 
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 I iquid 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 wide range of droplet diameters 
for finding a critical diameter for maximum burning velocity at constant 
air-fuel ratio. 

The following mechanism for flame propagation can be used to qual itatively 
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 cool 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 initial reduction in a droplet size re
sults in a more closely spaced suspension, a higher volumetric heat release 
rate, and consequently an increase in burning velocity. However, further 
decrease in droplet size eventually results in significant amounts of fuel 
evaporating ahead of the flame and mixing with the air between the droplets. 
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TABLE 2. CALCULATED VS. EXPERIMENTAL BURNING VELOCITIES
 

Drop Mass Burning Velocity 
Flow Fuel Diameter Concentration Experimental Calculated 

(~m) (mg/l) (cm/sec) (cm/sec) 

laminar Tetral in 15 69 59 76 

1ami nar Tetralin 22 64 55 42 

laminar Tetral in 30 60 67 35 

laminar Tetralin 38 48 58 23 

Turbulent Ke rosene Polydisperse 69 60 67 
Spray A 
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Burning of this lean homogeneous fuel-air mixture requires high temperatures, 
or a relatively large amount of heat transferred ahead of the flame for 
ignitio. As a result, for the relay flame transfer associated with hetero
geneous combustion around the droplets, an increase in the amount of fuel 
evaporated before ignition will also decelerate the burning velocity. Thus, 
increasing the droplet size in such a spray may result in increasing the 
hurning velocity. Although this was not confirm d by previous experimental 
investigations, an interesting conclusion of the previous results is that 
there is a range of droplet diameters for maximum burning velocity in a 
spray, and that very find atomization may not always be desirable in com
bustion appl ications. 

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 character
istic 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 in burning 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 delay times for the droplets, 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-fuel 
ratio as the spray particle size decreases in the lean limit for flame 
propagation. 

Mizutani and Nakajima(lO) used an open inverted-cone-flame burner, and mea
sured the local rate of flame spread in turbulent kerosene-mist-propane-air 
mixtures. The normal rate of flame sp-!:.ead, ~j> into .!.he mixture was de
fined in terms ~f the expression Su = V sin e, where V is the local mean 
flow speed and e is the angle between the mean position of the flame front 
and of tracks from every smal I droplet in the flow. Since droplets track 
the flow streaml ines according to their size, it is not clear why it is 
appropriate to use tracks from small droplets for the measurement of e 
in polydisperse sprays. 

The measurements in reference (10) were carried out in a region of relatively 
constant average gas speed and turbulence intensity, It is, therefore, 
assumed that flame elements reach their "equ ilibrium" speed of propagation 
in that region so that the measured value of Su 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 concluded 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 propane vapor. Thus, this conclusion is also in support of 
the previous qualitative description of the effect of droplet size on the 
burning velocity. 
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The present work is an experimental investigation of the effect of droplet 
size on the burning velocity of polydisperse kerosene-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 Identified 
as the burning velocity of the mixture for the turbulence level present in 
t~e apparatus. No rigorous justification for this assumption is attempted 
here. However, from schlieren photographs it appears 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. It consisted of a vertical stainless 
steel tube 24 mm I.D. and 1 m long with kerosene-aIr spray flowing up
wards and discharging into the ambient atmosphere. A small acetylene pilot 
flame, with a 3 mm 0.0. 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 1iquid 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 distribution, were set by adjusting the pump exit pressure, 
and the primary and atomizing air flow rates. The air-fuel ratio was cal
culated from the rotometer readings, and by weighing the mixture collected 
at the tube exit using a plastic bag. The kerosene and air flow rates were 
constant for all the experimental runs, and the air-fuel 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 diameters were measured from photographs of the spray obtained using 
an instantaneous light source with a flash duration of approximately 5v sec. 
The optical system was similar to that used by Ingebo (26), and produced a 
magnification of X8 on the film with a depth of field of approximately 1 mm. 
To avoid excessive attenuation of the 1ight passing through the fine spray, 
a 10 mm wide sl it was placed perpendicular to the 1 ight beam over the tube 
exit when photographing the droplets. Photographs were taken only at one 
position corresponding to a distance of half a tube radius from the tube 
centerl ine and from the tube exit. Droplet sizes were measured after mag
nifying the negatives about 3 times. About 300-650 droplets were counted 
using several negatives for each run. The droplet sizes measured with 
this method are subject to uncertainty because of (a) personal 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 counting and film developing 
were carried out by the same person to minimize differences in interpreta
tion and developing technique. The resulting droplet size counts were used 
to qual itatively describe the relative extent of atomization between dif
ferent sprays. This was accompl ished by comparing the 1 iquid volume in 
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each droplet size group for the sprays tested. Droplets that appeared 
smaller than 30~m in diameter were not included in the results because the i r 
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 1000- 1 sec, the magnification 
was X3 on the film, and the depth of focus was about 6 mm. The 1ight source 
was a high pressure mercury vapor lamp. Droplet streakl ines 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 photographs where the flame front appeared smooth were used 
for measurements. 

= -V _rl _6rThe burning velocity, Su' was calculated using the relation Su 
r2 69

which is derived from the diagram on Figure 8. V is the mean flow velocity 
over a length 6r, measured at the tube exit and at a radial distance of 
half the tube radius, and 69- is defined in terms of the surface enclosed by 
the mean particle path 1 nes from 6r to the flame front. rZ is the mean 
distance of 6£ from the tube centerl ine. It should be noted that 6£ appears 
as a straight 1 ine in the region of measurement. This method of calculating 
Su 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 Su yielded 
values approximately 10% lower than those obtained by the angle method of 
reference (10). 

RESULTS AND DISCUSSION 

DEGREE OF ATOMIZATION IN THE SPRAYS TESTED. Figure 9 presents direct photo
graphs of spray flames showing the effect of increasing fuel atomization on 
flame appearance. Figure 9a is for spray A consisting of relatively large 
droplets which burn enveloped in yel low diffusion flames. Combustion appears 
to take place downstream of a well-defined region that does not necessarily 
coincide with the flame front recorded on schl ieren photographs. Increasing 
atomization in sprays C and E (Figures 9b and 9c) results in 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 1 iquid and 
air-flow rates were the same for all tests. As a result, the 1 iquid volume 
in each size range was normal ized 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 30~m. 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 30~m increases. Thus, the 
results on Figure 10, together with the direct photographic observations of 
the spray flame, confirm that from spray A to spray E the atomization be
comes progressively finer. 
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(a) SP RAY A (b) SPRAY C 

(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 spatial particle distribution. Table 3 
shows the droplets counted per cm2 of focal plane measured from photographic 
negatives, together with the calculated number density (droplets/cm3) for 
each size group. The combined number density for spray A is thus estimated 
at 1750 droplets/cm3 . Using Table 3 and the 1 iquid fuel density (0.8 gm/cm3) 
it is possible to estimate the I iquid concentrations at 6.8 x 10-5 gm/cm3. 
This compares favorably with the value of 7.1 x 10-5 gm/cm3 which is mea
sured directly at the tube exit, and suggests that for spray A the measured 
particle size distribution includes practically all the droplets in that 
spray. Our inabil ity to measure diameters below 30~m prevents us from 
making similar calculations for the other sprays tested. 

BURNING VELOCITY RESULTS. Table 4 shows the burning velocities (Su) 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 em/sec error in the calculated values of Suo 
Reproducibil ity between different measurements was within ± 5 em/sec from 
the average values of Su shown on Table 4. Su initially increased from 
60 em/sec for a relatively coarse spray to a maximum of 91 cm/sec as the 
degree of atomization increased. However, further atomization resulted in 
a decrease in burning velocity to 50 em/sec for spray E, which for the pres
ent tests appeared to burn mostly as a premixed flame. It should be noted 
that the laminar burning velocity of kerosene vapor is reported as 40 em/sec 
at an air-fuel ratio of 14 (23). From the results of Table 4 it appears 
that for a given kerosene-air mixture, there is a drop size distribution 
which results in a maximum rate of flame propagation, which is larger than 
that of a premixed gas of the same ai r-fuel ratio. 

Observation of schl ieren 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 pilot tube tip, and that the point of ignition is further 
upstream 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 the 
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 
is the reason for the diverging droplet pathl ines at the flame front. 

Reference 9 gives the following empirical correlation for the burning 
velocity of kerosene-air sprays in apparatus similar to that used in the 
present study: 

Su = 6.800(~ - 0.012) (u , )1.15 em/sec] (30) 
CT 

where ~ is the fuel-air ratio, d is the Sauter mean diameter in microns, 
and u l 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/em2 
Diameter Range, wm (counted) Droplets/em3 

31 - 40 91 868 
41 - 50 51 364 
51 - 60 59 453 
61 - 70 12 41 
71 - 80 6 15 
81 - 90 1 1 
91 - 100 1 1 

1742 

) 

TABLE 4. BURNING VELOCITIES (AIR-FUEL 
KEROSENE-AIR SPRAYS 

RATIO = 18) 

Spray 
V 

em/sec 
u l 

em/sec 
Su 

em/sec 

A 
B 
C 
D 
E 

266 

1 
22 

1 
60 
72 
91 
60 
50 
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value of d can be calculated and is 54~m. For ~ = 0.055 and u l = 22 cm/sec, 
the value of Su is calculated as 94 cm/sec, and should be compared with the 
measured value of 60 cm/sec for spray A. The poor agreement is probably 
due to the poor accuracy of the empirical correlation which was obtained 
in reference (10) using data with considerable scatter. 

CONCLUSIONS 

A mathematical model was developed which I capable of predicting the burning 
velocity in polydisperse air-fuel sprays given the initial conditions of the 
I iquid 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 open polydisperse kerosene-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 
also predicted by the mathematical model. For one of the sprays tested, it 
was possible to accurately measure the upstream droplet size distribution. 
For that spray comparison between measured and calculated burning velocities 
was satisfactory. 

In view of the good agreement between the analytical and experimental pre
dictions, it is concluded that the mathematical model can be used with 
sprays produced during wind tunnel or field testing of aviation fuels. 
Calculations using modified fuel sprays produced by wind shear in a wind 
tunnel will 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 air and fuel temperature on burning velocity. In 
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 holographic technique it is 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. PROCEDURE FOR CALCULATING THE 

BURNING VELOCITY IN A LIQUID FUEL SPRAY 

A Fortran IV I isting of the computer program used for the calculation of 
burning velocities can be found in Appendix B. Inputs to the program are: 
(a) Pertinent physical properties for the 1iquid 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 I iquid 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 iteration 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 identification of the properties 
and the appropriate units necessary are included in COMMENT statements. 

b) The choice of activation energy, E, and pre-exponential factor, Bo ' 
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. It 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. It 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 the parameter FLOW I 
which is the product of gas speed times the air density. For kerosene-air 
sprays initially at 300o K, it is suggested to use FLOW I = 0.085 gm/cm2 sec 
corresponding to an initial gas speed of about 72 em/sec. 
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APPENDIX B. COMPUTER PROGRAM LISTING
 

LJ 114 f: ~. ~;r (I N Yr- ( ?- C I ) • y,)( 20 1 ) • Y :.~ ( 20 1 I • YI' ( "G I I • DC V G ( ? ,) I 

2 ) • T ( 20 I ) • II ( '.j) • c,: I~ ( 9) • V lJ ( <j I • H E ( 9 I • 0l.1. T ( <) ) • T D ( <; I • r: V 1'.>-' ( 9) • f: ( ') ) 

J • E' /-,10 ( C. 0 1 ) • E NC ( 2. 0 J ) • TO [) ( 9 ) • ~ ( 20 I ) , f.< A ( 201 I • X F ( ? {\ 1 • 2. I • XU ( :> 01 • 2 ) , 

4lJF ( 2(' 1 ) • DR ( 2. 01 I • uu ( "- 0 1 ) • Of' ( 2C 1 ) .lJ 1 ( <' 01 ). l1 "n ( 2 C 1 ) • t::. ( 201 ) • I!li ( 'J) 

'_._..• ' .	 5. VG ( ~ ,j 1 ) • rLU X( ,,) ,IH'. ( 201 ) • G ( '-i ) • CU I ( <) • 1 R ( 9) "V P (') ) • EV '" '''< (Col) • 1:'1 R ( ,cO 1 ) 

6 • VO Ll ( 'J ) • A R ( ? J I I • ,~I' ( 2 0 1 • ? ) • UF ( (:: '-' 1 i • [) r Ll ( 20 I ) • D F r' ( 2 J I ) • T T T ( 20 1 ) 

., • I/U '" ( 2 (' J ) • TF! r« ?() I ) • 1. i" ( ;::> 0 1 ) • Z (J ( 2. G 1 ) • / N ( 20 I ) ,Lf- ( ? 01 ) • l! Q ( S' ) 

0002 C O;·-,M.O~,/ I NIT I /YF 1 • YO I • YP I • YN I , T I / I NIT 2/FL U,: 1// 

2 A,1_~F • "r~~i), A ~·'H. I\~~ PIC. L""~L II--J , CON. N J • V\) • (j L l. T • ;.~r:. TO. r . 
.' FLU X ,-Ti\ • R R • V Dll • T UO / >'RUF /Vr= • YO. Y N. Y P • /<14. DGv G. T • V G / S PU/ ',F. IJI-' 

0001 

.. 4/PROP /0 I IF.LJ [FO. I) IF f' 

c 
c 
c 
c 
c 

... - c. -.--.-_ .. 
C 

C 

C 
C 

0003 
o004 ,,9.9? 

C 

c 
C 

C 

C rUEL.CAL/GM FUEL 
__., ._. c,_, __ . /GM FUEL 

c PROOUCTS.CAL/GM P~O 

-~ FUEL.CAL/G,'1 FUr:L 

C 
C 

C
 
C
 

C 
0007 
0008 

C 
C 
C 
C 

0009 
0010 

0011 
0012 1001 

C 

C 
C 

33
 



lCO=O FIN1~.H ((JI·jf"UTATI();>/ AI·H·': GtVt.N NlI;~!Ji:.P Dt.NSll)' 

DCLJ I NCI~t.t\f ~JT l'r OROIlI L T hU:.:JLR Dll'J~ I lY O[CREASE 

D£::X I"CRcr~L;."T dr-- 11>/1'l·GRATIUN, cr~ 

N r:UMf.1FFI OF GRill POINTS 

L Cq I [; I'e; I Nl FQI-< liI:.o,R SOU::;CI: rJOS 1 T rON 

0013 f'[~!'O 10CJ,Dl:.X,I"L.IGAS.ICO.OCU 
OOlll 1003 F C,-/··: AT (F I o. 5 ,(. I Cj , r. J O.~; )
 

C DL LIQUID DENSITY, GM/CMJ
 
C Nj ~JUM:)I::R OF SlIF GROUPS IN D~(1PLET SllE lllSTRIHUTIUN
 

C AL LlaU111 LflTLNl HL.\T OF V"FClKIZAlIUrJ, CtlL/lA·' 

C CPL l:IUUIO Sr'EClFIC HE~.T. C-'L/GM-Dc..G K
 

0015 I,'[AD lOG" ,nL,I~j,AL,CPL
 

C016 IOC4 F U;~,~.6, T ( r: 1 0 .. ~ " I ~ , 2 F 1 () • 5 )
 

C THt:: j-DLL,HIING CAN RI' GIVEN AI':tJITP,o,qy VALU~S If E.XTD~O 

C (;( J I DrtUPLf'.T fU.OI U~, O!~ GROU~" J, CM 

C 1lHJl T~~H.JLI;ATU,~L llF DClUPL[·l GPUUP J. Df:-.G K 

_C; CUl(J) DRUPLET rJUi~ElER DENSITY or' GROUP J.DROPLC-TS/CM3 

C VRIJ) UPSTRE,'-"~ V£::LUCITY OJfl'ULNCE BETI'ltl:.N DROPLFT of GI~OUP J 

C AND TH(O GAS. Vfl (J) =VGAS-Vl)~IJI·LE.TS. C~1/SLC
 

0017 PEAu(S.I005)(G(J .,COI (Jl .TR( J) .VR(Jl ,J=I ,NJ)
 

0018 lOGS FURMATI2El0.5.2FIO.S)
 

C LFR POSITION FRUM 1='1 FO~ CHECKING UPSTR~:AM PROPAGATION 

C II~OL.I. INTERVAL fOR PRINTING OROPLET Dt,TA 

C DVEL VELOCITY CHANGE AFTER A PROFILE CALCULATION ,CM/SEC 
0019 REA() I006.LFRoIHOLI.OVCL.TIGD
 

0020 1006 FORMAT (2110,21"10.5)
 

C ENO OF INPUT ***~*********.********.*.**~*.*.**~.**.~**.***.****~ 

0021 TT1G=10.74~(TO-2731-70.)+273. 

0022. ___._._. 11" (E.XTD.EQ.l.1 GO TO 1116 

0023 CALL OISTR (ALPHA,B~TA.SAUT.RANG.NJ.G,C01,DL.DENS) 

0024 .1116 PCKI=O. 
0025 PCK2=0. 

0026 PRINT 1007,DL.AL.CPL.AF.OF.AO.80,AP,8P,AN,UN.e.AE 

I .a.STO.STP,HF,HFL,HP,TU,PR,RMSU.ALG 

... 0 02~. _.. .__ --.!_()Q.7. ":..ORMAT (/ /T5 0, , INPUT PAR AMI. TLRS '/ / 
lT5.'DROPLET DfNSITY. GM/CM3=',F~.2/T5.'FUELLATENT HEAT OF VAPORIZ 

2ATION,CAL/GM=', F6.2/TS,'LIQUIO FUEL SPECIFIC HEAT. CAL/GN-K='. 

3F6.2/TS. 'FUEL VAPOR SPECIFIC HEAT CONSTANTS=',2E15.S/T5, 'OXI 

401ZER SPECIFIC HEAT CONSTANTS=',2E1S~S/T5,'P~OOUCTSSP~CIFIC H 

SEAT CONSTANTS=',2r.15.5/TS, 'NEUTRALS SPECIFIC HEAT CONSTANTS='. 
______6.2E 15. 5/T5. 'PREExr"ONENTI AL CONSTANT .CM3/GI~-SEC=',E15. 5/T5 

7.'ACTIVATION ENERGY,CAL/GM='.EI5.5/T5,'HEAT OF REACTION,CAL/GM='. 

8£15.2/T5. 'STOICHI0I1ETRIC 

9MASS COEFFICIENTS rOR OXIDIZER AND PROQUCTS',2FI5.3/TS, 

A'HEAT OF FORMATION FOR THE FUEL VAPQR,CAL/GM='.FI5.I/T5.' 

bHEAT OF FORMATION FOR THE LIQUID FUEL,CAL/GM='.F15.1/T5.' 

______________s:HEAT 9F FORMAT IONFOR THe PRUDUCTS .CAL/GM=' .F 15. 1 /TS, 'L IQUID 

DFUEL BOILING POINT,K=',~15.1/ 

I::T5, 'PRANDTL NW~I3!::.R=' .FI5.3/TS.'RMS TURBULEr-;CE INTENSITY,PERCENT 

F=',FI5.3/T5.'LAGRANGIAN SCALE,CM=',FI5.3J 

0028 GUESS=O.
 

0029 1106 CALL INIAL (N,DEX .PR,L,PCKI,PCK2. ETA.GUESS)
 

0030 ._. ~rn NT. 2006
 

0031 EPSLON=RMSU*ALGtVGII)
 

0032 2006 FURMAT(T20. 'DROPLET INLET CONDITIONS')
 

0033 IF (!::.XTLJ.EO.l.) GO TO 2012
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00.14 P~INT 2003 
0035 2C03 V(1R~~AT (1;>0.'NVKIYA~~A-1A"'I,SAI\'A OlSrRlflllTh1N IS USED') 
OOJ,,> PRINT 2004. ALPHA.AETA 

003-' 200,~ FORMAT l T'" 'IILPHA=' ,FIO.2/T5. 'BETA=' ,1-10.21 

003'1 2C02 PRINT lID::' 

0039 1105 f-O~i\lATl ,5, 'G>-:OUP' .4Y., 'RADIUS,cr,;' .5X. 'NUMGER/CM3' .hX,. 'TE:.~PEHATU";C·. 

2Jx.·r<E::L~.TlVI:: SI'EEO.C~UC~_c·) 

0040 PRINT 100il,lJ,GlJ).COIlJI.TRlJ).v~lJ).J=·I,t\J) 

0041 1008 fURMATlT5,14,5X,V9.5.JX.V9.0,6X,FS.I.7X.F6.1) 

OC /l2 xc I = O. 

00/'3 XC2=O. 
OOl.lL DENSI=O. 
o Ol,~, 00 I I 0 7 J" I • t\ J 
OCG6 XC I =COl ( J ) "" l l? ... G ( J ; ) *.' J ) + XC I 
001.7 1107 >:C?=XC?,-lClH(,I/,"(2.*G(J//**2) 
0041'. D~NSI=DLNSI+lXCI*OL*3.14/6.1 

0049 [jENS=Ot::.NSI 

0050 I, (XC2.EQ.0.) XC2=1. 

0051 OSAUT=XC I /XC2 

0052 IIOU P01NT 1109.DSAUT.OENS 

00~3 1109 FORMAT (//lG.'SAUTER MEANDIAMETER.CN=·.EI0.2// 

IT5.'FUEL CONCENTQATION.GM/CM3='.EIO.21 

c*.*.!**.***.*.*~*********.*••~**.*****e.***~*****.*******•• *******~ 

c INITIALIL~ VARIABLeS 

0054 OFLI=OVEL*OGVG( 1) 

00~5 JFINAL=O 

0056 KFINAL=O 

0057 IFINAL=O 
0058 . ... IFL=LFR 

0059 TINF=1500. 

0060 IS0URC =L 

0061 ISOUR1=L+I 

0062 LSTOP~O. 

0063 15=1 
0064. AMM= I. / l l YI" 1 /AMF ) +_( YO I/AI-IO) + (YP 1/ AMP) + (YNI /AMN) ) 

0065 DO 1101 1=I.N 
0066 ZP( I )=YPl I ) 

0067 ZOl I I =YOl I) 

0068 ZNll ) =YN( I / 

0069 ZF( Il-=YF( Il 

0070 S(I)=O. 

0071 EMO( I )=0. 

0072 E(1I=0. 

0073 1101 ENCl I )=0. 

0074 1100 SCKI=O. 

0075 SCK2=0. 

0076 •._.__ SCK3=0 •. 

0077 SCK4=O. 

0078 COUNT=I 

0079 DO 1102 J=I.NJ 

0000 OO(J)=O. 
OC81 RlJI=GlJI 
0082 CONlJ)=CGIlJ) 

0003 TO(J)=TR(JI 

OOU4 TOOlJ)=T(JI 

00U5 RRlJI=GlJI 
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0C'll6 1102 VO(.I),c(f'LOwl/DGVG(I)-Vr~(J) 

OOtl7 J::.I\:TH">-= ') ~ 

oOllfJ FLUWS- 0.0 

oC'l') DG=r' ,Vv(! 1 
00<10 VV=-Vl~( I) 

70091 C 2 =- Y1 I " I\F +- Y(J I {, 1\ 0 + Y N I "AN i Y PI *Ar> 
0092 C3=YFI ",i:jF + Y'[) 1'-'f>U+YN! *r:lN+YPt "'ur' 
OOQ] C (, =:: " '" ( T t - 2 <) ti. 1 ~- ( C 3/2 ) • ( I T I - 2 <) a • 1 ,"" 2 1 
00'1(, C"i=YF I '" 1-;" + YP t "'liP 
0095 111=( 4 +C 5 
00<)6 ~L( I 1=1~ I 

0097 C4=C2*(TrNF-2qa.)+IC3/2)*I('INF-2ge.)~*2) 

0098 C5=Yr=1*HF+-YPI"'I-IP 
0099 HG=-C4 +CCi 
0100 I=- t 
0101 CflLL I'I<i"", S I YF I , YL11 • YPI, Y N I ,AMr",. 11 ,AK, S lit: AT, V I SC, EPSL(j:~ , D G 1 

C *' *_* ~* **If': *" .,'- * t~ * *_ * *..:.: ***-~: .. * ~ -,:... :.;.. * **"* -*** * • •• ~)/( * ... **'~~: *~ *)11 **-* ** ** .... ** *;41.1' * 
C COMPUTE INLET MASS fLUX AND ENERGY FLUX 

0102 DO I J=I,NJ 
o 103 EVA~(JI=O. 

0104 DcNS=DL*CONlJI*VDlJI*R(JI**3 
0105 ENTHJ=CPL*('DlJI-29B.I+HFL 
0106 ___________ EVAP~IJI=O. 

0107 ENTIIS=l:NnIS.DLNS*Fr~THJ*(~ ./3. '*3.1~ 

0108 FLUXlJI=VOlJ)·CONlJI 

0109 FLOwS=FLO~S+OENSr,4.*3.14/3. 

0110 FLOW"-'FLOWS+FLUIlII 

o I II ENA=1 IiG-Hl '",FLOril 
0112 YP I NF- = ( ( YF 1 * ST P+ YP I 1 *FL 0 IV l-~FLOW S "'.5 TP) /FL OW 

C I 13 YOINF=IIYOI-YFI*STOI*FLOWI-FLUWS*STO)/FLOW 
0114 IF (Y U I NF • LT. 0 • 1 Y U I NF =0 • 
0115 E~I=FLOWS 

o I 16 VGI=lfLOW-FLOWS*( 4*3.14/3. 1 I/DGVGl II 

C.**•• *****··*******************~k**~***.*************************** 
_________C COMPUTE SPRAY CUNDITION AND COUPLING TERMS 

0117 IHOLD=IHOLI
 
0118 2 DG=DGVG( 1 1
 

0119 YFF=Y!-' I I 1
 
0120 YOO=YOll)
 
0121 YPP=YPll)
 
0122 .1NN= YNI I )
 

0123 AM"'= I. /( (YF( II /AMFI +( YO( I )/AMOI +( YPI II/AMP) +( YNI I )/AMN I)
 

0124 TT=T(11
 

0125 TT1(11=TT
 

0126 00 3 J=l,NJ
 
0127 3 CON(JI=FLUX(JI/VDIJ)
 
0120 CALL. PROPS I YFF, YOO, YPP, YNN ,A"'M. TT ,AK, SHEAT, V 1 SC, EPSLON, DGI
 

0129 OFP( II=DIFP
 

0130 DFUlllo--DIFO
 
0131 OFF( I )=DIFr
 

0132 PA(I)ocAK/$HEAT
 

0133 SG=VGlII
 
o 13~ CALL SPDRP (OCX, DG, V ISC, OL .SG I 

0135 CALL RAD(Tl, SH~AT,AL,PR.AK,CPL.EVAP,OL,YOO,a.QQ, STO.EVAPR,I, 

IAMM,YFf',TIGDI 
0136 CALL CPLNGlEvAP.EMDUT.AL.ENCOU.CPL,HFL,SP,SG,~M,DL.EVAPR,CMDOR. 
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013/ 

01:18 
013~ 

01 t. 0 

0141 

01 4 Z~ 

0143 

014" 
o I tiS 

___ 014 G 
o I it 7 

I) I 4li
 

01 t. 9
 

015C> 

0151 301 

0lS2 

o I ~i3 

015" 4 

OIS':> 

0156 5 
015 '( 

0158 502 

0159 ~Ol 

0160 6 
0161 7 

016?
0163 1009 
0164 
0165 1010 

0166 
016 '( lOll 

0160 10 I;? 

_0169 _______ ,_ ..t013 

0170 ... __ ... 
0171 

~--

8 

0172 
0173 
0174 1014 

0175 
0176 

._--_._----_._~. 

C 
C 

0177 
0178 1015 

0179 

o18C 

1L1;- X)
 

~c K I = SC t': I .. ( ( S' t I - "P J .. >t.,~ J
 

S C:( ? '" Sex 2 ,,( ( tel'\[) ( t ) - Ie Mi) [j T I **2 j
 

S(f:j=SC.KJ.' ( I"'~C( II-f:NCOU l ,-t2)
 
S( I ) =SF'
 

VllK( r )=V[)( II
 

TIlI« [1~TIl( I) 

u·m ( I I =EI·wrJT 

1::t.~R( I 1~1:::I.C'lIf< 

E.NC ( I ) ~r:NC(lLJ 

(r-- (1".GT.IScJunl GU TO <1

IF' (I.GT.iC;llU'~C ) Gel TO JOI 
SCKt."SCf(<1-~'( ((-( I )-(FLOW-£:.~1l1**2) 

t::: ( I J ~f" LU\'I-L;·' 

Gll TO " 
SCK~=SCK4~'( (E( I )-(FLOw-CM) )';''l'21 
E(I)=FLOW -EM 

CO TO 5 

SCK4=SCK4+( (L( I )-(FLOW '-EM) )**<') 
E ( I) =FLOW -EM 

1[7 (I S.EQ. 1) G:J TO 502 

GO TO 501 
IF (I.EO.I) CO 10 1012 

IF (I.EeJoIIiOLO) GO TO 7 

GO TU 8 

I I = I 

PRINT 1009,11 

FoR,\\/\ r (/T2('. • AT SPACE STEP 1='. 15) 

PPINT 1010 

FUQ",AT(T6. 'GROUP' ,6X. 'RADIUS' .4X, 'NUMtJER',3X,'TLMPLRI\TUPE'.3X.'DQO 

21' SPEED') 
WHITE (601011) (J,RR(J),CCN(J).TDD(JI,VOL>(JI.J=I,NJ) 

F-ORW,AT(T5.14,SX,F9.5.3X.[7!",.O,GX,F5.1,7X,F6.1) 

PRI NT 1013. EMDUT.r:MDOR. U~CUU, SP. EM, E ( I) 

F URI·'A T (/TS. ' TlJT AL E VAPORA T 1 ON f-< AT E. G~I/CM3-St:::C=, ,E 1~. t,/ 

2T5,'REACTlvE EVAPORATION PATE,G~1/CMJ-SEC='.EI5.4/ 

3T5, 'SPRAY ENTHALPY FLUX,CAL/CM2-SEC~',EI~.4/ 

4T5,'SPRI\Y VOLU~E,CM3LIQUID/CMJ SPACE='.EIS.4/ 
5T5. 'SPRAY ~'''SS r'LUX,G~I/CM2-Sl:.:C=',EI5.4/ 

6T5,'GAS MASS FLUX,GM/CM2-SEC=',EI5.4) 

IHOLD=IHOLD+2 

J =-1 + 1 

IF( I .GT.N ) GO TO 1014 

GO TO 2 

IF (IFINAL.E:Q.I) GO TO 204 

L T= I 

I T= 1-- - - -_ ..~ 

COMPUTE SPRAY PHASE CONVERGENCE 

PPINT 101~, 5CKI.SCK2,SCK3,SCK4 
FORMAT ( T5.'SPRAY VOLUME MF.AN SQUARE ERROR=' , 

1~10.3/T5,'EVl\pnQATIONRATE MEAN SQUARE ERROR='. 

2FI0.3/T5, 'LIL:UIO ENTHALPY fLUX MEAN SQUARE ERROR=',EIO.3 

3/T5, 'GAS FLUX /·~EAN SOUARL' loRROT='.EIO.J///) 

SCt':~SCKl+SCK2.SCK3.SCK4 

IF (SCK.LT.0.IE-2) GO TO 30 
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C C()t'~!'U'ic GAS flllASL Cf.1"LJIT/UN 
o I ~11 20rO CDNT r "'Uf, 
018;> foo;1-N-! 

0\['3 CU 11 loo.?.NI 
0184 C 1:= A <' ( [l LV G I I )t,<" 2 \ '" [X P ( - A[j ( 1 • '), . " T ( I ) ) I ~ 5 a In ( T ( I ) I 
0185 T S T iJ'J =T ( I ) + I (" 

0186 IF (T(ll.LT.TST(lP) CI=O. 
0187 XF I 1 • I ) =-;>. rl,E X <.f l I \ • OGV G ( 1+1 I'" OFr ( I + I '-DC VC; ( [- 1 I '·LJfT ( [- I I 

!··4.'!'pGVGI ['''"OFI~( II 
0188 XO ( I • 1 ) ,c-2. "LJI_ X" l_ ( r ) +DG VG ( I~' I I "Dr 0 ( [~ 1 J -DG VG ( T-I ) >I' OF 0 ( [ .. 1 I 

I  <\ • '" ,) G VG ( T ) .. DIe U ( J I 

0189 XP ( I • J ) =.,? • >t 0 c: X,. t ( J ) + 0 G VG ( I + 1 ) ,,[) F P ( I + 1 I - l) G VG ( I - 1 \" l) F P ( I - 1 ) 

1-4. ~DC;V,,;( [) "·Of·P( r) 

0190 XF ( I • ? I = 2. ~ IJl',~." L ( I \-0 GVG ( I + I 1*0 r r ( I + I ) +DG \'G ( 1 -I : "OFF ( 1-1 ) 

1-4.*OGVG( I )"'DFF( I) 

0191 XO( 1.21:=?Lflt:X.F( [)-uGVG( 1 .. 1 I~DFrH 1+ll+OGVG( I-I )*OFU( 1-1 I 

I •. 4 • " l) G V G ( I , .. LJf' 0 ( I I 
0192 XP ( T • 2):= 2. "DE:X '" f:: ( I ) - OGV G( I + I I *UF P ( I + I ) + OG V G( I -I ) "'OFP [ I -I ) 

1-4."'OGV(,( I l"OfCP( I) 

01<}.) OF( 1)= D.*OGVG( I '''DFF( 1)+4 .*DI"X*OEX*IEMO{ I I+VO{ I )*CI I 
0194 DO( [):= [J ••'OC,V(,( I )"l1FO( [)+4.*D=X~·LJLX*(LMD{[l+STO*'V/-,( I I"'Cl) 

0195 ope 1)= 8.*OGVG( I I*OFP( I )+4.*OEX>l<DEX*f:MD( I \ 

0196 IF (IT.EO.I) GU TO 112 
C COMPlJTE QUASILINcARIZATIUN CONVeRGENCE OF THE SPl:::CIES EGUt.TION 

C 

0197 CK3=0. 

019A 00 165 1=2.NI 
,,0199 ,. .., ALH S=VO ( I " I) *XO ( I .21 +VO ( I ) * 8. '-'DGV G( I ) ~DFO ( I I +YO ( I -1)")(0 ( [ • I ) 

0200 

o 20 I 

ALHS=ALHS/(4.*DEX.U~X) 

C 1 =lJ * ( D (, V (, I I ) **2 ) .. EX P ( - AE / ( I • 9 R * T ( I ) ) ) • SuR T ( T ( I ) ) 
0202 ARHS=-STO"YF{ [I*VOCI I*CI-EMR{ [1"STO-E"1D( I I"'VO( I) 
0203 CK=(ARHS-ALHS)**2 
0204 165 CK3ooCK+CK3 
0205.. <;:.K3=CK3/(N-21 
0206 CKlooO. 

0207 DO 110 1=2,NI 

0208 ALHS=VP( I + I I"'XP( I .2) +vP( I )*8.*'DGVG{ I I*OFP( I I .. VP{ I-I I *XP( I, I' 
0209 ALliS=ALHS/('•• *DEX*OEXl 
0210 CI=a*(DGVG{ 11.*21*F-XP(-AE/(1.98~T{I)II*SQRT(T(111 

0211 ,_ .. -"RHSoo STP *VF ( I I .. YO (I I *c I+E/~R (I I ",STP-EMD ( I I "VP( I ) 

0212 CK=( ARI1S-ALHSI "'*2 
0213 110 CKI=CKl+CK 
0214 CKI:=CKI/(N-21 

0215 IF (IT.GT.40 I GO TO 24 

0216 IF (CKI.LT.I.E-41 GO TO 24 
021 7 , ~OT=O. 

021g 112 IT=IT+l 
C CONTINUE CO/·1PUTATION OF GAS PHASE CUNDITIUN 

C CONSTANTS FOR GAS INTEGRATION 

C 
0219 I 1 12 M=N-I 
0220 D I:, ( -OF (N- I ) -XF ( N-I .2) ) / XF (N -I. I I 

0221 00 I =C- 0 U ( N  I 1- XO ( N- I , ?) ) / XU ( N - I • I ) 

0222 0001 oo(-OP( N-II-xPC r~-1 .2) I /XP( ~-1.1 I 
0223 0;': = ( - OF ( N- 2 I *0 I - X,' ( N- 2 • 2 I ) / Xf- ( N- 2 • I I 
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o ??4 

0./25 
027.& 

027.7 

02;;~8 

0229 
0230 

0231 
0230' 

02]J 
02~14 

0235 
023(, 12 

c 
023"' 
() 233 

0239 113 

0240 
0241 17 

0242 

0243 

0244 18_ 

0245 
024(> 

02117 

o2 f'8 
0249 
02S0 ________ . 

C 
0251 133 

0252 
0253 

0254 172 
0255 . .__ 1} 
0256 

0257 
0258 

0259 14 
0260 

0261 ... __.. __ 

0262 

0263 
0264 15 

02~5 

0266 
0267 !..6 
0268 

0269 

0270 

0271 

C 

0272 19 

0273 

0274 102 

0275 

OJ) 2 =(- DO (N·- 2 ) *() I) 1 - XO ( I~- 2,2) ) /X [) CN -2. 1 ) 

D!'[)~" C- DP: ;~-;>. I *,lOD 1- XI' C r-,:-,... ;>. ) ) / XI" CN-;> , 1 )
 

"'2 co N-2
 
00 12 1=3,t~?
 

Al=(-OF(N-rl~D2-Xf(N-I,2)~O!)/XF(N-r,l)
 

A?- (- llU ( N- J 1 .. Oil ~- X 0 ( N - J , ;> ) ~Di) J ) / XO ( N - I , ! I
 

A c,: ( - Of' ( N - J ) "u IJ 0 2 - xr ( N- 1 • ;. I ,l) DDI ) / X P ( N- 1 • ! I
 

I)J~D2 

DCI=DD2 
DOD L= n[)o 2
 

D2=-AI
 
OlJ2=A2
 

[)[)[)2=A3 

PRU Clue T S
 

DO I 13 1 =2 • r~
 

LL=N-li·l
 
OR(LLJ=(STP*e~(OGVGCLL)*.?)*YO(LLI*YF(LL).EXP(-AE/(l,90* 

1 T Cl L I» *SOUl (T CLL) )+STP*t.:MRCLL I) *4. *OLX>I'Ot::X 

IP=O. 
YP(N-I )=YP( N) 

00 113 1=2,"" 

lL="'N-l+1 

.'!'P(N_-I )=(DllllL)-Df'(LL)*YP(LL)-XP(LL,2)*Y\'(LL+I) )/XP(LL") 

IF (ABS(YPCI)-YPI),LT.0.0005 ) GO TO 133
 

OL:LYP-=(Y~l-YP(I »/A3
 

YP(N)=YP(N)+DELYP
 

IP= 11-'+1
 

IF (IP.GT.2eO) GO TO 37
 
GO TO.. 17
 

FUEL SPECIES
 

DO 172 1=2,M
 

LL=N-I+l
 
AR(LL)=4.tDEX*DEX*EMR(LL)*(-STO)
 

DR(LL)=A.*(EMO(LL)-cMR(LL»*OEX*OEX
 
YF(N:I )=YF(N)
 

DO 14 1=2,M
 

LL=N-I+!
 
YFCN-I )=(DR(LL)-OF(LL)*YF(LL )-XFILL,2)*YF(LL+l) )/XFCLL, I) 

CONTINUE 
IFCAOS(YF( I)-YFI ).LT.O.OOI ) GO TO 15 

.OLL YF = ( YF l-YF ( I l ) /A 1
 

YF(N)=YF(N)+DELYF
 

GO TO 13
 
YO( N-I )=YO( N)
 

DO 16 1=2,M
 

LL=N-I+l
 
YC(N-I)=("R(LL)-OO(LL)*YO(LL)-XO(LL.21>1<YOILL+!»/XO(LL ,1) 
IF(AgS(YOll)-YOI).LT.O.OOl ) GO TO lY 

DELYO=(YOI-YO(I»/A2 

YO(N)=YO(~)+OELYO 

GO TO 15
 
G... S ENTHALPY
 

CONST2=FLOW1*HE(I)+FLOwStcNTHS+ENA
 

T(N)=CONST2/,LO'tl
 

CON5TI=CONST2-ENA
 

CClNST="'CONSTl
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0276 DO 101 [=I.N 
0277 OT( I J=-(L( I l"'c:.*Df.X/(I-lA( I») )-3. 
0271:l OTT2-"4. 
0279 o T r:1 " .. I • 
0280. IF (1.GT.1 SOURC J Cllr.J51'"=CO~S1'"2 

0281 101 ORT( 11~(LNC( 11-f.NC(NI-CONSTI*".(·DL~;/R'dI) 
0282 T ( N- 1 ) = T ( N ) 

0283 DO 20 I" 2. ~1 

0264 LL=N-I 
02115 20 T(LLI=(DR((LLI -DTT2"f(LL+-I)-OlT3.1(LL+21)/DT(LLI 

02136 IF (A~<;(T(I)-HI)d_T.C.OS I GO TO 22 
0287 TT 1= I. 
0288 TT2=(-UTTZ*TTI-oTT3+-(Z.*OEX*E(Nl/(RA(I-ZI 

11)I/DT(N-21 

020'} DO 21 1-=3.NI 
0290 A4=(-uTT2*TT2-·DTT3*TTli(2.~oLX~E(N)/(RA(N-I) 

I ) I I /() T( N- I I 

0291 TTI=TT2 
0292 21 TT2=A4 
0293 DEL TT=( T( I I-Ifl J/At> 
0294 T(NJ=T(NI+DELTT 
0295 CONST2=f..(NI*T(NI 

0296 GO TO 102 
C CONVEIH E:NTHALPY TO TEMPERATUI~E 

0297 22 00 I 03 !:;!, r-l 

0298 C3= (Lf·( II *SF+7.0( I)~'BO+-Zl"( I I*np+-ZN( I J*l3NI 

0299 C 2=ZF ( I I .. AF +-lO 1 I I * All +-lP ( [ 1* AP .. Z N ( I I '" AN 
0300 HE( I I=T< I I 

. 030 I ___ . .IF (C3.EO.0.I GO TO 104 

0302 T( I 1=296.+-( (-CZ+-SORTlC2"C2t-2.'f«T( I I-ZF( I I *HF-lP(! I*HPI*C31 )/C3) 

0303 GO TO 103 
0304 104 T(I)=29t1.-«(LF(I)*Hr+Z.I"(II*HP)/C21+(T(!)/C21 

0305 103 CONT I NUE 
0306 TTTI=T( I )+30a, 
0307 II:':. (TlIFLI.LT.TTT[1 GO TO 105 
0308 PRINT 1017 
0309 1017 I'ORMAT (///1'"lO, 'FLMIE PRLJPAGATES UPSTREAM') 
0310 PCKI = 1. 
0311 GO TO 33 

C COMPUTL GAS MOLECULAR WEIGHT,oENSITY,SPEED,SP.HEAT 
0312.. . LQ2.._ Q().2 3 1=1 ,N 
0313 IF lYP(!) .GT.YPINI-') YP( II=YPINF 

0314 IF (YPIII.LT.O.) YP(II=·O. 

0315 IF (YF ( I J • LT. 0) YF 1 I ) '" O. 
0316 IF (YO(I).LT.YOINF) YO(11=YOINF 
0317 YN(I)=!.-YF(!)-YO(I)-YPl!) 

.031!'l ._.IF <.YN(I).LT.O.) YN(l.l=O. 

0319 YOO=YO(I) 

0320 YPP= YP (I J 

0321 YFF=YF(I) 
0322 YNN=YN(I) 

0323 T1'"=T(I) 
0324 . .AMM = 1.0/( (YFF /MIF) +- (YO(! ) /11 "10) +-( YN( I 1/ AloiN) +- 1 YPP /Al--a·J )) 

0325 oGVC,(!)=AMM *(\.0-SII))/l82.05*TlI)) 

0326 OG=DGVGI!J 
0327 VGlll=l:(!I/oGVGll) 
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CALL PRUj)S(yf-( .. r<.~dl[."T,VISC.lP;.LnN.lJG)032,; .YLj:J.yprl,Yi~~"Arv.;-';,TT.:

G J? ') url'l)'Ult-'f 
033:: [leGr I )=cDH·U 

o :\! 1 J)FI·' ( 1 )=,nIFI' 

033;> £.') I<ld I) =r,;(/S''::I, T 

0333 II"' ([(.A:;.w.\) GO TO 203 

0331L (.L1 1() 1<:;1 

033c, 1'10 IFfNAl =1 

C hRrl~ GAS 1·~nrILES 

0336 197 
0337 199 i~ (1RIi.,,-r .. ( t J ' • T:>('. I CYCLE:.' • J.~//T~O •• G/',S rl!'~O;-l Lr=' .15) 

03.\d 1·'I:IN1 ~OO 

o ~~39 2 0 0 ,0 ~ ~1 A T (T 6 , ' I • ,U x. 'r: x I • G X • ' V1"" ,FJ X , ' YO' • (; x, , V ~J' , AX • • y P' ,(j x , • 
2 ·RHU',RX.·T'.SX,'VG·,L!X,'H'.6X.IE.\:C>OT·,~X,·TL.>R',4X,·VUR' 

0340 DO 201 I=I,N 
o 3 i .l ex= Dt": X '« I"ll 
o ·jG 2 '1'1';>= YP { I l 
034J ,",'1'= VF ( r l 

0344 201 FRIr·JT 202,I,C~:.YFI=, VLlII),YIHIl, VPP. DGVG(II,T(II. 

2VG( ll,rlE' ll,l:f.lD( I I,TOIU I l ,VORl I l 

0345 20? FORMAT (T3,1~.Fll.3,4FI0.4, 

0346 IF (JFIN~L.~O.I) GU TO 3j3 

0347 11- UFINAl.COol) GO TO 1100 

03413 203 GO 10 2000 

0349 24 CON11NUE 

C CO~\PlJTE CO~~VC:I(GENCE OF E:1~Cl-~GY ECUAT I ON 

0350 CK2=0. 

0351 CUNST=-CONSTI 

0.352 00 ..25 1=1. N2 

0353 IF (I,GT.LI COI~5T=CLlNST2 

0354 ARHS=(ENC(Il-lNC(Nl-CONSTl 

0355 AlHS=E( II*HE( Il-RA( II * ( ( -.3" HI:: ( 1 I + 4. * HE ( I + I ) - HI:. ( 1+2) 1/ 

1(2.*DEXl) 

0356 ALHS=-ALHS 

0351 CK=(AlHS-ARHS)~*2 

0358 25 CK2=CK2+CK 

0359 CK2=CK2/(N-2l 

0360 IF (LT.GT.20 l GO TO 21 

0.361 IF (CK2.LT.l.E-2l GO TO 21 

0362 LT=LT+l 

0363 GO TO 1112._----_.. 
0364 21 CK=O. 

0365 DO 28 1=I.N 

0366 28 CK=CK+l VP( I l -ZP( I) l **2 

0361 DO 298 1=I,N 

03613 .lP( I l=YP( I l 

0369 ZO( I I=V(J( II 

0310 ZN( I )=YN( I) 

0311 298 Zf'(ll=Yf'(ll 

0312 IF (CK.LT.5.E-31 GU TO 299 

0313 IT=I 
0314 LT=1 

0315 GO TO 2000.- ---_._-
0316 299 PRINT 29,IT.CK3,CK2.CKI 

0311 29 FlH':'1AT (T5,'OUAZILINl:ZRI7..ATION CONVLRGUKE AT ITt:::RATI0N NUMOER~', 

IIS/TS,'OXIOILLR t.UUATI0N ~II:.AN SQUARE ERROR=',EIO.3/TS,'ENERC,V EUUA 
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2.T[(;N I~f-:AI, S')U"'<c EFHWl'"",r:ICl.J/TS,·l-'fHJ[)UCT~,f;OU1\T!UN Mf:AN Suu,\!-f:: £: 

3r::Dr~=' ,[,IO,'{) 

037(> 15=[5+1 

OJ79 GU TU 110 Q 

03flO 30, pr~ HiT 31 

0381 31 I'URMAT (///T'i,'LAST CYCLE SATISfll:S L[OU[O PH-'.~·c. f:OUAT[UNS') 

C3H2 IF [[GAS,LO.O) GU TO I'iR 

o JM3 
OJtl4 

204 R YP I ~ YP (N) ~ I: [N ) 

R Y P? ~ FLU:: '-, "S T I' + ( Y F I '" S TP + Y f' I ) *r- L () WI 

03il~ Rr,Tl ()P=~\'",i/RYP? 

o :"'r_~0 p I~ I 1'1' 3:1 J • hi 1111 OP 
OJ!;7 33 I, FOR~IIT l/l~.·RAT[O Or- PRODUCTS OUT OVER PRODUCTS CU~PUTEO ~Y 

ISTOICI;IC/·,cH·,Y',FIO.51 

o .:IllH PCK2=2. 
03['.0 IF (PO~I.LO,I) GO TO 3'-, 

0390 Fln~2=rLU~2-FLDW2*IDrLI/rLO~1) 

0391 FLDWl=fLOhl-DFLI 

03~2 DO 32 J~I.NJ 

0393 VO(J)=(r-LO~;I/DGVG(I»-Vfl(J) 

0394 GUESS=I. 

039S 32 IF (VD(JI.LT.O.l KFINAL=I, 

0396 IF (KFINhl.EO.II GO TO 37 

0397 ,VG(! )=['LOWI/DGVG( I) 

0398 GO TO II0e 
0399 33 IF (PC~2.C:O.21 GO TO 35 

040C JFINAL=I 

0401 GO TO IQ7 

0402 333 FLOW2=FLOw2+FLDW2*(DFLI/FLOWII 
0403 . FLUViI=FLOW l-l'OFL I 

0404 DO 34 J=I.NJ 
0405 34 VD(JI~(FLOWI/OGVG(l))-VR(Jj 

0406 GUESS=O. 

0407 JFINAL=O 

040~ GO TO 1106 
040"__, )15__ , PR I NT 36 

0410 36 FOR,\1AT (//5X, 'FLAME PROPAGATION VELOCITY LIES BETwEt::N HiE LAST 
ITWO VALUES OF FLOWI ATTEI·\PTEl)' I 

0411 IF (ICO.EO. 0) GU TO 37 
0412 cal (I )=COI (II-DCa 

0413 IF (COI(I).EQ.O.1 GO TO 37 

0 4 14, , . ..Go:r o J,116 

0415 37 STOP 
0416 END 
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0001 ~;U'IIUll;[hL'_ HHI,I_ U',l)tC::X ,~Pol,PCKI,P((_~, HJ",GU~~,SI 

0002 OII,;I-t,:;lo;.. Yi'(?CIl,YCI(2011,YN(20Jl. YP(ZOII. UA(?OI). 

2 T ( 2 01 ) • I'G ( ;'0,' I 
0003 COMMUN/INlll/YFI ,YOI ,YP! ,YNI, TI/INIT?/r-LO\'I\// 

c A '~f- • ~ I'.D • fd~N, A!'-'''' /f' RUt' / yt' • Y U , Y N , Yr>. A 1-: • 0 A • l' • V G
 

0004 r LU,! o-,LU,: I
 

0005 1'11'-' =I5CC.
 
0006 LN~,=T! "r'''FLlIw*C.?4
 
0007 IF- (GUESS.led.l GU TO 9
 

0008 C6=T) I~F-T I
 

0009 ...LN=L-.\ ()
 
0010 DO I r" J ,',
 

001 I YF ( I )--'YJ- I 

0012 YO( I I ",y,JI 

0013 ~l t\' I .~ =..,. N t 
0014 YPII1""Yr>1
 
0015 EXo.:FLUAl (I-LN)/,UJAT(L-LN)
 

0016 IF (I.GT,LN) GO TO 20
 
0017 T( I I =T \
 
0018 GO TO ?1
 

0019 20 Yr'( I I =y,' I
 
0020 YUI I I =YUI
 

0021 ,vr-;( 1)=YI-.ll
 

0022 YP(I)=YPI
 

OC23 T(I)=TI<C6*EX
 
0024 21 "M M = I • C / ( ( YF ( I ) / A I~ F ) i- I YO ( I ) / A /,1 0 I .' ( YN ( I I / A,"\:" I + ( YP ( I ) / I, :', F') )
 

0025 OA( I )=.0.1>,1>, /(U2,OS,,-T( l»
 
0026 VG( I )=FLOWI/IJA( II
 

0027 __ ., __ AMINFe:I\M.,
 
0028 DAINF=AMI"~/le2.05~TINFI
 

0029 NNN=N-L
 

0030 DO 2 Ie: I, NNN
 

0031 J=I+L 
0032 YF(JI=YFI 

0033 ..__ . YO I J ).= \' C I 
0034 YN(J)=YNI 

0035 YP(J)=YPI 

0036 T( J I =T INF 
0037 DAIJ1=DAINF 

0038 2 VG(J)= rLOWI/DA(J) 

0039 9 PR I NT 10 

004-0 10 FORMAT('I'.T20.'UPSTRLAM CONDITIONS') 
0041 PRI NT II .FLO~:l • YF I. YOI. YPI. YNI. TI 
004-2 11 FURMAl (T2. 'UPSTREIIM'/T12. 'GAS Mt.SS FLOit.' RATE:' .F7.S/TI2.'FUf:L MASS 

2FRACTION=',F6.3/TIZ. 'OXIDIZER MASS FRACTIllN=' ,F6.3/TIZ.'PF<ODUCTS 101 

3ASS FRACTIUN='.F6.3/TI2,'NEUTRALS MASS FRACTI0N='.F6.3 
__________.._,~ .._.!'_. . /TI2.'TEMPERATURE='.F7.2l 

0043 PRINT 13,AMF,Ar~(l,Ar~N,AV.P 

004-4 13 FOR~\AT(T20. 'Mal [CULAR WEIGtHS'/TI2. 'FUEL=' .F6.2/TI2. 'OXIDIZER=' .f'S 

2.2/TIZ, 'NC:UTRAL:' ,FS.Z/TI2, 'PRODUCTS=' ,F6.2) 

0045 PRUH 14.0EX 
0046 14 FOR~;AT(T20.'ST~.P SllES'/TI2.'SPACE STLP PUR GAS lNTEGRATION"-'.F8.S 

2//1 
0047 pnlNT 15 

0048 15 fOR',;,\T(T50,'lNI1IAL PROFILE GUE:SS') 

0049 PR I NT \ 6 



0050 It> f-'(JRMAT(TIt', I I' ,ex, 'EX',tiX, 'YF' ,8X, 'YO' .tlX, '~'N' .HX. 'ypl .flx. 
2 'RHO'.BX,·T·,bX,'VC,·) 

OC~1 l>Q 3 I =I. N 

0052 E.X= OLX>t1 r-Ll 
0051 j pr:INl 17. J .c~:.Yf-'1 I I, YOI! I ,YN( I), YP( II. OA I I ) • T I I ) • V G ( I ) 

00,,4 17 F r, r(/~ A r I T I J. r 4 • f" I I • J , t.F I 0 • t•• FIO.4.2FIO.2) 
OQ5S 1[\ CONTINUe: 
OO~)6 RfTURN 

005"' f.1~D 

-------._.- . ---._--
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0001 SU:l~c'DUTTf.Jr: Ppu~J~. (YrtYLltYP.YN,Ar,1"'~tT,(~lXtCf""J,'-1JX.\'1~)C,E:PSL(JN,UG) 

C T~IIS sU:>!~nLJTINi: CO'I,I"UrfS THL MlJ;TlI'~I~ ;:PI_C[I'7JC HL/'T, THU~~l,~L CUN

C UUCTIVITY, VI~COS[TY, ANI) [jlrTU~;(OI, COF. -ICILNTS Or tACit SPLCILS 

OOO~ D I ~:t: ~.s I U:'I C I ( 3) , C? ( J ), C 3 ( :3 1 , C', ( J ) , c: 0) ( J 1 , C 0 ( j 1 , TO ( j) ,A M ( J) 

I .' (P ( .3) l t·", ( J 1 , If ( ,J ) • Y ( :I) 
0003 ([) M~C ~/ I.':~ 01' /U IFF, D I HI • [) I F P / / A /,~~- , A l~lJ , A 1/1/, , A,~ p 

C C3( 1 ). C!, (1) SPEC It-I C Ht::AT CONSTA:-JTS FOR THE FUEL VAPOR 

C (](21,(4(21 SPfCIFIC HEAT CONSTANTS rOR THe OXIOIZCR 

C CH:J1,C4(;') Sf'CClf=IC IlcA'- CCNSTlltHS FOR THt: P;;IGGUCTS 

C Nun CJ(IH'(O(IH<T=oCP,T IN [)E:G R. CP I~I ("L/(;~~-DFG K 

C C1(1).C2(1) HILR'''AL CtJN,JUCTIVITY C,lNS1ANTS r-OR Tilt. FUt:L VAi-'OR 

C CI(21.C2(21 THeRMAL CONDUCTIVITY (uNSTA~rs FUR CXYG~N 

C Cl(:;"C.dJl THE>U~AI_ CUNDllCTIVITY C(j:~STANT-> F-'''R r-;UI:RAl S 

C NUll' - Cl (I )+C2( I )~K. T IN DCG R. K IN RTU/II!<-'FT-Df:G n 
C C5(1).C6(1) VISCUSITY CONSTANTS FO,~ THe FUel. VAI'OR 

C C!'\(;>I,C(,(?) VISCOSITY CONSTANTS FOR THE O)(IUIIL:l~ 

C C5.\3l.Cf,(.q VISCOSITY CI),~STfiN1S 1'7[1'( THE PhODlJCTS 

C N1l1L-, CS(II+C6(lJ-=V, TIN DEG R. V IN LU/FT-SEC 

0004 Tl-=T~9./5. 

OOO~ Cl(I)=-(::..I"1'-.-3 

0006 CI(Z)=ll..E':-3 

0001 C?-( I )~26.3r:.-6 

, 000 il ... , , _. __ C2 (2) = I 7. -,. BE-6 

0009 Cl(3)=7.fE-3 

0010 C2(J)=17.73E-6 

001 1 C 3 ( I ) 0' 0 • 0 <;I 7 

0012 Cll-( 11=0.5~,E-3 

0013 IF (TI.l.T.IOOO.I GO TO:3 

0014 ... .. ~F (TI.Gl'.1100.1 GO TO 4 

0015 C3(1)=O,314 

0016 C4( 1 )=0.33(,E-] 

0017 GO TO 3 

OOlil 4 CH 1 )=0.585 

0019 C4(1)=0.175E-3 

0020 3 C3(21=224.E-3 

0021 C4(2)=19.3E-6 

0022 C3(3)=2el.6E-3 

0023 C4(3)=6.7E-6 

0024 C5(11=105.~-7 

0025 C6(1)=7~.E-IC 

0026.__, S.5.L2) = 1 36. f.-7 
0027 C6(2)=IOI.9lE-IO 

0028 C~(31=13IE-7 

0029 C6(JI=95.I<JE-IO 

0030 AM(l)=A~IF 

0031 AM(2)=AMU 

0032 AM(3)=AMN 

0033 Y ( I )=YF 

0034 Y(21=YO 

0035 Y(3)=YP+YN 

c CONVE~T PROPERTI~S TO THE CORRECT UNITS 

0036 00 I 1=1.3 

0037 AK( I )=(CI (I )+CZ( 1 ).TI 1*0.0041336 

003e CP( ()=C3( I l+C4( (I*TI 

0039 V( I )=IC5( 1 )+C61 II*Tll.14.U81 

0040 CPMIX=C. 
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0041 C ~\l >:" 0 • 
0042 Ii I SC:cO. 
0043 DO ? 1=1, J 
00';4 Cf'I~ I X·70'1·11 Xi Cf' ( 1 ) ~ 'f ( I) 
(\045 Xl = Y ( I I "A "'-1 / /I,I~ ( I ) 

0046 C ~1 I X" C ~1 I X" "- ,; ( I ) " )~ I 
0047 2 VISC 7 VISC+VCII"'XI 
00,,8 C ~\ I X~C 1·1 I )~·tI_l) ~,L (,i, "Cl'~11 X"'OG 

C CALClILt.TIUN UfO Tltf~ SPC:CIES OIH"IJSION COi,t"=IClcNT5 USIN(; THE SLI,TTC'JY 
C FO;<'1l1LA. L;INAr!Y UlfTl)~;JON CUL':f!-ICILNTS AIH: FeR FIICif Of' THE SPLClt-.S IN A 

C TCO Oil lICrd_ T",v.PFr~ATUI-IL FUR OXYGi:N,Of:G K 

C TCF unTICAL TL~H>ERjl,Tur;E FU" FULL ,Or:G K 
C r'CO ([;:1 TI CAL PR,_SSlI!<l': r(F~ OXYGeN, AT~\ 

C PCP CRITICAI_ PRLSSURe FOR rHE I'KDOUCTS,f,T/'I, 

C peA CRITICAL PRCSSURL FUR 1I1Q,IITM 

C PCl:- CRITICAL r'RE5SURE FOR rU~L,ATM 

0049 TCP=]04. 

(\050 TCA"132. 
0051 TCU'-=154. 
005? TCf'=o740. 

0053 PC A= ~17. 

0054 PCP=73. 
0055 ,_.• PCO::50.
 

0056 PCF=40.
 
0057 CON5T=(2.74E-4)*(T**1.823)
 
0058 [) I F I' =C U NS T'" S OR T ( ( II ~lF + At~ ~1 I / ( A ~IF '" AMM) I ,~ ( { PCF '!'PC A I ... *0 .33 J 1/
 

I «TCF~TCAI**0.4951 

OC59 DIFU=CONST*SQRT({AMO.AMM)/{AMO*AMMII*({PCO*PCAI**0.333)/ 

.}_ « TCO*TC,AI<··0.4CJ5) 

0060 OIF~=CONST.SQRT«AMP"AMM)/(A~P.ANMIJ*({PCP*PCAI.*0.3331/ 

1 «TCP~TCAI~*0.495) 

0061 D I FF=D IFF+ LPSLOI~ 

0062 DlrU=QIf'O+LPSLUN 

0063 [) I FP=O IFPH, PSL IN 
0064 __.._. __. . RETURN 

0065 END 
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0001 Sll~Ir:.:UUTINt. fUd)ITf. SHC:Al .A'_,PR,AK.CPI. .l·.V~,r>,():-,OX.O,llO, STU,t-:VA;:>I~, 

I I .I·YM. yr-F-. l'IGf)) 
C TiHS SU':IROUlINI cu~>'un.s Tlif: TE~lPt:RATlIkl, fUd)lUS CHAI,GE, AND 
C l:VA,'t:RATIUN I~/.TL FOR LACH :);~UPLrT Sl.lt: V·IOUr>. 

0002 (J 111[, I\:~; I' i,' R (Cl) ,l.ON I 9 l ,DLL ,. I" ) • to to ( 9 1 • T l) ( () I , l:. V AP I <) I • v[) <q ) ,F I 9 l , 
I fLU X I 9) • r: \' A i J I, I <J) • T I G ( 9 ) •.~ I~ ( 9 ) , V.; {) I 9) ,T <) C' ( '-} ) , QUI 9 I 

0003 CUM!·10N /GE I,RL /K. C [)N. NJ, VU. (Jl:L T ,:"1::, TO ,F • FLU >:, T tJ, PI" VOU·, lOD/SPO/A,.. 

I (J F / / A W· • I, 1".n , At·, N • A,." P 

0004 AP=AL/I.90 

0005 Af.:=-A!II~ 

000c, YF:oY,.:: 

0007 TC= T(1-c'. 

0008 DO ? J= I .r~J 

0009 R A '1' ! 0 ~ I .... 0 • 3 ,. ( p" * ", 0 • 3 3 ) * 5 ()I.1 T ( fH: ( J I I 

COlO tVAPR(Jl=C. 

00 II TI(jIJ)=IC.74~ITB-273.1-70.1~?73. 

001? T~T[)IJ) 

0013 TODIJI=T 
0014 It: ITT.LT.T[GOl GO TO 9 

0015 IF (TO(Jl.GT,TIGIJlI QO(Jl=O 

0016 fI- (QO(JI.LT.O) GO TO 9 

0017 2 0 DF~fJT = IILO G I I • H SHf-. AT'" ITT - TO'I J I 1/ AL 1+( 00 ( J I" OX / ( ST U* AL l I I 

..00 18 GO TO 11 

0019 9 IF (TO(JI.LT.TCI GO TO 19 

002C GO TO 20 
0021 I 9 F- x" EX P ( M;F *A r; >Ie ( TO I J I - T B I / ( TO I J I * T B I I 

0022 YfS=AMF*EX/(AM-IAM-AMFI*EXI 

0023 OROT={YFS-YFI/(I.-YFSI 

0024 __ ._. .._... .If. I Dl'llJT.L T. o. I DfH'T=O. 

0025 CPFS=/lF+I:lF*TD( .1) 

0026 ZETA=ALOGII.+(CPF5/SHEATl*ORDTI 

0027 IF (ZETA.LT.I.I GO TO II 

0028 DROT=DRD1*IZ~T/I/ICXPIZETAI-I.II 

OC29 11 H=RATIO*AK/RIJl 

0030 . ...._. f YAP I J) =RAT IO*LJROT"4 .*3. 14"'R I J l *AK/SHEAT 

0031 11': (E:VAP(.JI.f,O.C'.1 GO TU 31 

0032 CPFS=AF+BF*TOI JI 
0033 ZCTA=EVAPIJI*CPFS/(6.28*RI.JI*2.*RATIOI 

0034 IF (lETA.L T .C. II GO TO 31 

0035 Cl~T=ZCTA/IEXPILETAI-I.1 

0036 ____ . I-i=H*C LE T 

0037 31 FI'" «3.*H*(TT-TO(Jll/(CPl.*OL*R(Jll)- ( 

IEVAP(JI~AL*3./14.*3.14*(P(JI**31*CPL*DLIII*DELTIJI 

0038 H=RATIU"'AK/R(JI 

0039 TD(JI=TO(JI+f'1 

0040 IF (TD(JI.GT.Tbl TDIJI=TfJ 
_.__00 4 1 __. . .IF (TT.!-1.TIGOI GO TO 15 

0042 IF IOOIJI.LT.Q) GO TO 15 

0043 22 DRDT=ALOG(I.+(SHlAT*(TT-TDIJII/AL)+(OO(JI*OX/ISTO.',LII) 

0044 GO TO 6 
0045 15 IF (TO(JI.LT.TCI GO TO 21 

0046 GO TO 22 

0047 ....?-' ...EX=E XP ( AMF" liP.'" ( TO ( J I - T8 I / I TO I J 1* TA I I 
0048 YFS=AMF*EX/(IIM-{AM-AMF)*EXI 

0049 DR0T={YFS-YFI/II.-YFSI 

0050 IF (ORuT.LT.O. I ORDT=O. 
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OC:i! CP~ S"'AF-tH~-'~TlJ( -' I 
00:>2 Zt. T A= AL C C ( 1 ... ( '_ P" 5/ S II'e k T I n_'f~ r; T I 
00:-.:;1 II' (LE.lA.L·T.C. J) (,u ll1 c 
00:,4 LJR01~Df-il)T~·(t:[-T/I/(LXP(I.Llt,)-I.) ) 
Oor)s LV I',f' ( J I ~ R" r : ()" [)~O T '" I, • '" J • 1 t. i< k ( J) .... A K / Sll~_ 1'. T 

OOS6 If' (E V /P ( J ) • LU. 0.) G LJ T CJ (, 1 

oO~," cr'f-' S=Ar I Hi- ,'. T::· [ J) 

00,,8 zr:: ll\= 1= VAf' ( J) .'. c r'-I- S / (G .2.13 ,," ( J) * 2. * f1AT I (; I 
00')9 l~ (Z~TA.LT.O.I) GU TO 61 
00(,0 C Z l: T:.· L F T II / ( t_ >: P ( L t l 1\ )  1 • ) 
00(,1 
00(,2 61 

H=~1>tC2FT_ 

f- 2 = ( ( J. 4: II H T T  T i){ .J I ) / ( C f' 1-" £J L *'i~ ( J I ) )  ( 

I~VAP{J)*i\l~~./(/I.*3.14.(~{J)*·3)*CPL~OL)I)*OELT(J) 

0003 1 !.' ( .1 I 0= T -t (lie r 2 I*'O • ;:; 

0064 IF (TU(.J).C~.lfll ll)(JI=Tli 

0060, IF (T T .l T , T j (.0) (, (l TO 1'/ 
0066 H= (OO(JI.L.1'.QI GO TO 17 
0067 0" [) T =AL [; G ( I • + ( SI ff:. II T * ( TT - T[) ( J I I / /\L I + ( QU ( J ) * OX/ ( S TU* 1\1.. ) ) I 
0068 GO TO (3 

0069 17 IF (Tl)(Jl.Ll.TC) GO TO 23 
0070 GO TU 24 
0071 

001? 
23 ~X=EXP(AMF*AR~(TO(J)-T~)/(TU(J)*TO» 

__ YI= S =", 1'1,;0 *f: X / ( I f"- ( (, M - A r·:F I *to X ) 

0073 DROT= (YFS- YiC 1/( 1 .-YFS I 

00'14 IF (OR0T.LT.0. ) DRDT=O. 
007c; CPFS=AF"5F~'T()(J) 
0016 LETr.=ALOC:( 1.-t(n'FS/SI1EAll *ORDT) 
001'1 IF (ZETA.L'-.0.11 GO TO 8 
007f\ .__. ORDT=urWr" (L1,TA/ (f::XP (lETi\ )-1.) ) 

007~ 8 EVAnIJl~RATJO*D~Dr*4.*3.14~R(Jl.AK/SHEi\T 

0080 kl=R(J) 
0081 URDT=EVAP(JI/14.*3.14*DL*PIJ)*R(J)) 
0082 DRI=DRDT 
0083 R(J)=R(J)-[JI'DT*UELT(J) 
00134 _._ . ._ If- ( R I J ) .l. T .0 • 0) GO TO 1 0 
008S UROT=EVAPIJ)/14.*3.14*DL-RIJ)*RIJ») 
0086 R(J)=Rl-(DRDT+DRI )~O.S*DCLT(J) 

0087 1 0 1F (R ( J ) • LT. 0.) GO TL1 1 3 

008R GO TO 14 
0089 13 PIJ)=O. 
0090 ... __ .1.<'+. _IF (I.EO.I) RR(J)=R(J) 
0091 EVAP(J)=4.'3.14*(Rl**2)*(RR(J)-R(JI)*UL/(OELT(JI*2) 
0092 RR(J)=Rl 
0093 IF (Tr.Ll.TIGO) (,0 TO 12 
0094 IF (OO(J).LT.O) GO TO 12 
0095 ~VAPR(Jl=EV/\PIJ) 

0096 1-'~ IF (P(J).E:.O.O.) GO TO 
0097 GO TO 2 
00913 R(J)=1.0 
0099 lD(J)=TC 
0100 FLUX(J)=O. 
0101 2 CONTINUE 
0102 RETURN 
0103 END 
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OOCI SU(I iUiUT I Ni,_ SPl)!:lP (DLY. • f'G. V I SC • DL • \.'G) 

C T,nS ','.J:li~IIUIIN"- cn";-'uTI_S TI1L or~r',' SPLL:J).VD.AT f:X+-[)I::X. HIt:. Tlr,,:, FuR 
C FAC,-' "!'!,Cf, <',TI:Y.I>LLT. AND THE ril_vI".'LUS r--.U:~~ll:l-<.~~C. 

OG02 D Ii;e:: ;-J~, I ur-.. r< ( 9) • C UN I 'j) • v [) ( ') ) • HE ( q ) • Dc_ L T ( 9) • 1 [) [ 9 ) IF ( 9) • r LUX ( <; I 

I dH~ ( 9) ,VDLl ( ':-1) .. Ti.lD ( 9) 

0003 C U ~I, ~.~I";;'~ /(;l': N RL /r~ , en N • ~~ J , V U , DLL T • Fl i _ • rD, F • FLU X ,. lt3 • ~~ • VOil. Tth) 

C 
C DcLTlJ)c-TlI':C STFP .U" EACH DROPLET Gf<OUP 
C RL::(J)"'''I_\~uI.DS NU'ltJl:.'-,: POR EACI--i L:'<uPlET GROUP 
C VD( J )'-Si-'U,C U,. L:'CI1 UiWPLET G'-<OUr> 
C vG=(;!I:' IiEU.lCITY 

0004 DO 2 J=IINJ 
OOG5 V=VDlJ) 
0006 VOD(J)~V 

0007 OELllJ)~DCX/VDlJ) 

0008 C2=AASlVG-li8(J» 
0009 RE(J)7c.~RlJI*C2~OG/liiSC 

0010 If' (RL(J).F.u.O.1 GU TO 1 
0011 CD=27./(PC(J)**O.G41 
0012 reJ)=l3./R.I~CO*OG~C2¥(VG-VOlJI)/(R(J)*DL) 

0013 GO TO 3 
0014 I F(J)=O. 
00 1 ~ __ __ _ _ 3 _F 1 "F ( J I 
0016 vU(J)=VD(J)+DELT(JI*F(J) 
0017 C2=ABS(VG-VD(JII 
0018 RL::(JI=2 •• R(J)*C2*OG/VJSC 
0019 IF (r~E( J) .LO.O.) GO TO 4 
0020 CO=27./(RE(J)**0.841 
OO? 1 F t.J) =_( .3. / B. I *C 0* DG *C 2 *l VG-VD ( J I ) / ( IH J) *OL I 
0022 GO TO 2 
0023 4 F(J)=O. 
002.4 VO(J)=V.0.5*(F(J)+FI)>I<DELT(J) 
002~ 2 RE(J)=2.*ReJI*AOSCVG-VI*OG/V1SC 
0026 RETURN 
0027 END _ 
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0001 s U,) 1 '.J UTI N I' (> I S ff, ( ".l PH t, • f', l' T /\ • S AU f • R .'Ii' l~. J • R • C G r, C • DL • ot NS I 

C TillS SlIU:,(JU1IN:: (,'LCULATf:S TtiE OfWP ~IZ[S USING THL Ni~;HIWM:I

0002 
C TANO.S:.\"t, ul SIR lUUl lUi, rUNClIUN 

n I '.:1: ~" 'y 1 U f'>: I-i' 'Sl) • C () N C ( '.J) 

0')03 CJ~,i\LPHA.4 

o OO/~ C;>~A~Ptlr,+3 

0005 C3=GAf".~\I\( C I /IIE1A) 

0006 C4=GhMMA(C~/A~TA) 

on07 A= 1\ ETA" ( C1 "' .. C? ) / ( C4'" •. CI ) 
OOO!) 13"'( (3/CI, I'"~ (If. TA 
ono') Of::!\!S!~O, 

0010 DO 1 I=I.J 
0011 D"(SI,Ul.~:,c.N(·/J )*1 

0012 RA T I ()~U/Sr,UT 

0013 F=i\~(RAT'O~wC2)*EXP(-H*(R~T1U*$OLTA)) 

0014 R(i)~O/2. 

00 It, OENN ~D~NS·F*R'NG/J 

0016 C(J~C( I )·-cJ"Dl·.I'/N/( 4 .*3.14,,"(R( I )"*3)*OL) 

0011 11= rr' lX(CCN( I) 

0010 CGNC( I )=1 1 

0019 Or:N S I =DLt;S 1 • ( 4 • '" 3. I I ... (R <1 ) ~"3) *0 L *C 0 NC ( I ) /3. ) 

0020 CK=ARS( llEnS··O"NSI ) 

0021 I'=. !CK.LT.I.E-:G) GO TO 3 

0022 DO 2 1=1. J 
0023 2 CO:\'C ( I) o·ClINC (I 1*< (DeNS-DENS I) /DENS) 

0024 11=IFlxrCCNC(I)) 
0025 CONcr 1)=11 

00?6 3 RE fUf'.N 

002,7_..._. ... l:ND 
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0001 SUL\;·~ D U T r Nt. C PI. ,~::; ( FV A P • L MOUT I 1\ L. L NC LJU • C 1'L. • i'!' L • 51' • VG I L I Ol.• EVil :.'(1. 
1 L~I;)OF: lUI. X) 

C 
(. hilS 5Uf~R()U"1"'~: Cf'J~\PUTI'S Tt!': COUPliNG T!::F>t.S FOR I::ACH SPACE STU' 

..C li\;)nT~ 10 T I',L LV:,f"OI'U·TlnN RATL.G/CI.:!-SFC 

C f.',CfHJ~ T01/,l LN;,!~(,Y 1\/l,)lrIU'~ [lUi' rU EV/,!Jc),lAT 1 N(; MASS 0.. FUEL.CIII./C 

C Sf.'-S~'RAY VULU:'\L,c;.~J LlllUIO/(MJ SPf,Cl:: 

C 
0002 [) II'.L 1-15 1 UN R (l) • (eN (,,) • DeL T (Cl I I RL ( 9) • T [) ( 9) I 1·.V AP ( 9 ) • Vii 1<" ) I F ( 9 ) 

I I I: 1 ~'>: ( 9) I r. \' I.P~ ( 9 ~ • pr~ ( 9) • VDn ( 9) • T OD (9 ) 

0003 CO,\: ",(.I U/ (,F. Nf'L/ F~ • C r) I, I I'~ J I V rJ • OU. T IRe. TD , .. I r LU x I T B • f< R • VOO , TOO 
0004 ~NC(jU~(;. 
OOO~·. LIJ,l)UT=O. 

000t'> EMDLlf.1=O. 

C007 SPec C. 

000f! DO I J~I."'J 

000<) . Cl=~VAP(J)*CUN(J) 

0010 Cel =L VAr'FII ,I) *cc"r -') 
0011 f: ML)O T = Ie 1,:00 T ,. CI 

0012 EMUUI<= l ~Dord CC I 
0013 ENTH=CPL" (TDO( J) -290. H·HFL 
0014 C2= ( RP ( J ) to~. 3 I *ClI r~ ( J) .. (4 ... 3. 14/3. ) 

a a 1 '5 ENC[)ll~f:NC(JU+ENrH'C2"DL>I<VDD( J) 

0016 S"~Sr'tC2 

0017 E -=1:: -[. ~.";)(JT .. DE X 

OOlA RE 1 UPI, 

0019 END 
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