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FURTHER STUDIES 
OF JET CONTRAIL NUCLEATION 

AND VISIBILITY CHARACTERISTICS 

Abstract 

This report is a continuation of the final report for contract 
AF19(628)-5193. The assumptions and assertions of that report 
are examined, and estimates made of how these may affect the 
worth and accuracy of numerical predictions of contrail properties. 
A special type of analytic-experimental analysis is proposed to 
ferret out nonthermodynamic variables, and is applied to flight 
test data. Following the analysis, further computer simulation is 
explored. Additional data lead to bounds on the values of heretofore 
unspecifiable parameters. Further experimental study is indicated. 
The data is presented in terms of the dependence of contrail formation 
on ambient temperature and relative humidity. 
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Philip Cole 

and 
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I. Introduction 

The current study has been done in fulfillment of Air Force Contract 
F19628-67-C-0283, Its purpose is the formulation and study in depth, 
using computer simulation techniques, of mathematical models to 
describe heterogeneous water nucléation in jet exhaust contrails. In 
particular, general equations for contrail properties are sought as a 
function of system variables. Information provided in the final report 
for contract AF19(628)-5193(1}1 is the base for which this report is 
a continuation. 

For this work, the authors took the approach of developing: 

(a) an analysis of the assumptions and assertions of contract 
AF19(628)-5193, 

(b) a set of experimental and statistical, rather than purely 
theoretical, techniques for quantitative prediction of 
contrail characteristics, and 

(c) a further theoretical treatment involving contrail simulation 
by computer including the effects of relative humidity and 
ambient temperature. 

Sections II, III, ¿.nd IV of this report deal with parts (a), (b), and (c) 
above, respectively. Conclusions are presented in Section V. 

Typical fuels used by jets contain large amounts of hydrogen (CnH«,,). 
The exhaust gases of jets under certain conditions tend to be super- 
saturated with respect to water vapor, and cooling of the gases produces 
water droplets known as contrails. Under normal circumstances, water 
vapor condenses only on foreign particles, and the fuel exhaust usually 
contains enough such particles for condensation to take place. 

The reason for adding SO3 to the fuel is the addition to the exhaust of 
much larger numbers of extremely small hygroscopic nuclei than are 
normally present The water vapor formed by the burning of a hydrocarbon 
fuel wih then preferentially condense on these nuclei rather than on the 
fewer, larger, and less hygroscopic nuclei normally produced in the 
combustion process. The droplets formed will thus be smaller than those 
formed in normal contrail formation. 

T^°bjeClÍVe °f thi8 Btudy i8 the deter*nination of those amounts of 
additive which produce an invisible contrail for a given set of ambient 
conditions and engine characteristics. Such a contrail contains a larae 
number of particles sufficiently small that the total cannot be seen. 

1 Í'kT!061’8 ? 8qUare brackets refer ‘o similarly numbered items in the bibliography. 



It is an observed fact that contrail visibility requires a minimum de~ 
sity (in space) of particles whose radius exceeds one - quarter micron. 
Calling such a particle a "large particle", the objective may then be 
restated as: Under given conditions, find an additive - fuel combination 
that produces a contrail in which the density (in space) of large particles 
is less than the critical density. 



U- Review of Previous Research 

After investigating possible chemical combinations in the iet i0t 

Äe t T t addÍH V:h ^ a“th0rS 10 ,heir final reP°rt Precontract 
conlZLl: drOPlet8' 

ch.mi.try of addttlv. .od product, lead, to specific num.rici rS 

Of course, the worth and accuracy of numerirai 

Sy olKr 8imUla,l0', are -° m0r' aod 
tion f^naturilv mmac.SrP‘Wna ^ AF19,628|-5‘93. aaaump- 
«ftairaa i u X ^ categoncB associated with properties of the exhanst 
wa£ the exhaust products. ,h. nucle.Hoo process. Z Z ItáÚ 

Description of the exhaust wake has meaning only to the extPnt th < 

Pho^r Cehhar8?r°! COmpletely diB8iPated the certrd core of the wake 

iÄ^“,^Äd‘dr,,Äwith mai“' - --- 

Sfx"" 2:. out the measurements were taken at i» i uunurea leet, 

r^-ÄscHpir» lor hi^ “‘-Ær 
adiustments. Accordingly. 

°f the temperatU” dl“trib“«‘» Action empi^edTm. *” 

i STP™ ^ 

khowïcg. of u°cm nLpb:ce8s —■ 
that only crude ..tímate, of i, are availibl. Tte™,™ , over.str'M'd 
provid. result, in which more confidenrfminht ° 'r 
trial simulations were performed where the b placed- numerous 
over wide ranges. The results showed 1 *° parameters were varied 

vis«,il% o„7e.e parL"8r SuesTo ”°d y’?««'';“ COntr*U 
parameters were then used during all other JL« 3>u?i: °r the reBPective 
occasional run which "tested" other values The exceptlon of 
change, ’ ^16 re8ults however, did not 
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Specification of the exhaust end products and their properties for a given 
fuel additive provided some problems. Information regarding the exact 
form of the vapor products and the forma into which the gases condense 
is incomplete. For both sulfur-type and phosphorus-type additives, 
information is available about the weight percent of acid (sulfuric or 
phosphoric) present in the condensate formed in a binary water vapor and 
SO3 (or P2O5) system, but pressures of one atmosphere are presumed. 
Further, data on surface tension and density are not at hand for all 
substances assumed to appear in the condensate, although they are usually 
available for closely allied compounds; e. g., surface tension is presented 
for liquid P2O5 but not for phosphoric acid by weight percent P2O5. 

Working assumptions were then: 
(1) P205 and SO3 are the only oxidation states at the high temperatures 

involved, 
(2) all acids presumed in the condensate at one atmosphere actually appear 

in the contrail, 
(3) condensate data available applies at high altitudes, and 
(4) physical properties of closely related substance suffice. 

There would be considerable difficulty in assessing the extent to which 
these assumptions affect the results were it not for the fact that independent 
studies of phosphorus-type and sulfur-type additives produced almost 
identical results with respect to visibility. It would appear then that 
knowledge of the exact form of the exhaust end products is not crucial, 
provided that .mcleation definitely occurs and reasonable estimates of 
condensate properties are available. 

The third set of assumptions involves the nucléation process itself. 
Critical radius size and rate of formation of critical size nuclei are 
described by formulas derived from thermodynamic considerations and 
have been experimentally verified. These formulas, however, require 
a knowledge of partial pressure of water vapor for each instance of 
nucléation (at discrete intervals in the simulation), and this, in turn, 
requires knowledge of how much water has already condensed. Due to 
the complexity of the problem, described more fully in [1] on pages 17-19 
the assumption was made that all nucléation has terminated before 
condensation begins. This is not unreasonable, considering the small 
mass of acid relative to condensing water vapor. 

The fourth and last group of assumptions, summarized on pages 20-21 of 
[1), is concerned with formation of the contrail itself from the nucleated 
particles and excess water vapor. Initial particles grow as they collide 
and stick, grow as water condenses on them, diminish as they collide and 
split, and perhaps diminish due to evaporation. Eventually, the collection 
of particles becomes statistically stable; i. e., during a relatively lengthy 
time interval, the number of particles of any given size is roughly constant. 



For the oake of simplicity, prior research has assumed that the size 
frequency distribution of particles in an observed contrail was of the 
type f( radius) c cons cant «(radius) -n, but thxs obviously need not be 
the case. In fact, just as there is a critical radius size in the nucléa¬ 
tion process, there may be one in the condensation - collision process. 
However, even if the mode of such a distribution were 20 times the 
minimum radius, this would produce a change over only a few percent 
of the total size range (extending to at least 450 times the minimum). 
It is reasonable then to assume that the model f(radius) = constant 
•(radius) "n is qualitatively correct. 

While neither the exponent "n" of the distribution nor the maximum 
size is known with certainty, ranges for each can be established which 
almost surely include the "correct" values. Tables of visibility (dis¬ 
cussed further in Section IV) using these two parameters as variables 
show a very wide range, so that here is a set of parameters in which 
small variations can produce major changes hi visibility. 

Visibility is also substantially affected by relative humidity and ambient 
temperature. This result of the simulation (supported, of course, by 
emp irical evidence) implies a need to monitor these parameters if 
dynamic control is to be achieved. However it may be possible to avoid 
this non-trivial problem if acceptab’^ design values can be established 
which suppress visibility within normal ranges of these parameters. 



Experimental Analysis 

Much experimental work has been done in attempting to isolate the factors 
affecting contrail visibility. Among others a series of in-flight trials 
using a sulphur additive has been instituted at Holloman Air Force Base 
in New Mexico, data from which (Appendix A, table 1) has been made 
available. Regardless of the method of SO3 addition all analyses of the 
data are based on the use ^.f a hypothetical additive having the formula 
C5H11SO3. The analyses conducted had as their purpose the determination 
of the two particle size distribution parameters of the theoretical descrip¬ 
tion according to the following process. 

Using the thermodynamic variables recorded for each trial, the computer 
simulation results in a numerical relation between assumed exponent 
"n" of the size frequency distribution and the corresponding predicted 
visible fraction of the contrail. Let us assume now that the "actuad" 
value of n in one contrail is the same as that in any other, that it is in 
fact "universal" over all contrails. While its value is unknown, an 
estimate can be made and the implications examined to possibly verify 
or reject the estimate. 

Some value of n is now selected, and for each flight trial, a visible 
fraction of contrail is computed. The difference between this estimate 
and the observed visible fraction is presumably due to the effects of 
the non - thermodynamic set of variables; a regression is accordingly 
performed on each of the two flight - trial sets of differences by the 
remaining variables. If the value selected for n was truly the "actual" 
value, then the two regressions would be substantially similar, since 
they are each fitting the same varables to their true effects. If the se¬ 
lected value is not close to the "actual" value, the regressions will be 
estimating biased effects and are extremely unlikely to agree substan¬ 
tially. Thi "actual" value of n can then be best estimated by executing 
the above process for each n in a range covering the true value, and 
looking for rough equivalence of two (linear) equations, the accuracy 
of the result probably depending on the degree of equivalence. 

Unfortunately, the above rather elegant scheme requires elimination 
of several possible shortcomings in the given data, before confidence 
can be placed in results; 
(a) lack of accurate and rqseatabl:.' recording of observed visible fraction 

of contrail, 
(b) distribution exponent probably varies with total maos, 
(c) lack of information on accuracy of readings (of dials, gauges, etc. ), 
(d) data unavailable for some variables, 
(e) every potential variable is not included in the data. 



It should be clear at this point that analysis of the Holloman data was 
undertaken with a particular goal in mind, even though the conclusions 
of the analysis are open to question. 

The data in Appendix A consist of 30 observations of in-flight trials. 
Values of nine variables are recorded with each value of the response 
(estimated percent of suppression). The entire set was subjected to 
extensive regression - correlation analysis with virtually no significant 
prediction capability resulting. 

Among the difficulties was the absence of recorded values for additive 
flow rate (variable nine) when suppression was not 100%. This means 
that for the recorded cases of variable nine the response had no 
variation. 

Variables 1, 3, 4 and 8 are statistically equivalent, with correlations 
of over 99% between any pair. Variables 6 and 7 correlate over 99% 
also. The immediate result is a reduction in the number of available 
variables to four: variables 1, 2, 5 and 6. These four, it must be 
noted, do not exhibit correlations near 99% between any two, but are 
hardly independent nonetheless. Correlations in the group run from 
68% (2 and 6) to 90% (5 and 6), and 1 and 5 together correlate 6 by 94%. 

The best regression estimate would, therefore, involve variables 1, 2 
and 5, and these three variables and their squares were fitted to the 
thirty observations of percent of contrail suppression. The squares 
of the three variables contributed nothing to the fit after the variables 
themselves were used, and were thereafter ignored. 

Sixty percent of the variation in the response can be accounted for by 
variables 1, 2 and 5, using the equation: 
(Percent Suppression) = 4048 (Mach Number) + 1. j26 (Exhauat Temp) 
- 2. 916 (Altitude) - 3406. 

The variance remaining in the "best fit", after using the measured 
variables and parameters is sufficient to preclude use of the method 
outlined above for determining the exponent in the contrail particle size 
distribution. In fact, further analysis of data of this type is unlikely to 
prove of value until problems (a), (c), (d) and (e) listed above are 
adequately resolved, and methods to account for (b) are defined. It thus 
became necessary to seek some other means of estimating the distribu¬ 
tion exponent. 



IV. Further Simulation Studies 

At this point, when the experimental analysis clearly could go no further, 
two additional facts were brought out. [5] 
(1) At altitude 60, 500 feet, using an additive flow rate of 35 pounds per 

hour, the contrail formed could be described as having impending 
visibility; that is, the contrail was at the borderline of the visible 
and invisible regions. 

(2) A new set of in-ñight data had been made available, (Appendix A 
Table 2). 

The additive in this case was 70% chlorosulfonic acid (CSA), HCISO3, 
and 30% sulfur trioxide, SO3, by weight, and was injected through a 
small nozzle at the tailpipe. 

Whereas previous theoretical results included a mathematical relation¬ 
ship between extent of visibility, range of particle size, and distribution 
exponent, the additional fact (1) removes "extent of visibility" from the 
relationship, and provides a simple method for determining the remaining 
two parameters. 

The given flow (35 pounds per hour) and mix of additive produces 27. 334 
pounds of SO3 per hour, which is equivalent (in SO3 production) to a 
flow rate of 51. 622 pounds per hour of sulphur additive (C5H11SO3). 

A computer program was then written to implement the formula at the 
top of page 23 in [1]. For that formula, the values for m and Rc were 
found by running the simulation program for altitude 60, 500 feet and 
23. 36% additive, mv^s is 0. 018 gms/m'*, and Rj is one-quarter micron. 
The value "23. 36" for percent additive is a result of knowing the total 
fuel flow (221. 0 pounds per hour) and the above sulphur additive flow 
rate (51. 622 pounds per hour). Given any value of the distribution 
exponent, n, a corresponding value of the ratio, M, of largest to smallest 
particle size can be computed, and pairs of such values satisfying the 
"impending visibility" criterion are graphed in Appendix B, Figure 1. 

The value of fuel flow rate at 60, 500 feet is not necessarily that at 
60, 000 feet (221. 0 pounds per hour) but the difference was assumed to 
be insignificant. Parameters in the simulation may also be affected by 
using the sulphur additive instead of CSA-SO3 (such as exhaust temperature 
or total H20 mass), but these effects are expected to be quite minor. 

Figure 1 of Appendix B, notwithstanding a degree of freedom in the M-n 
relationship, does indicate a narrow range in which the "true" value of 
n lies. 

The ratio of largest to smallest particle size must be at least as 
large as the ratio of minimum visible size to typical initial size. 
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. 

Tf'*î5 ï?1 K u/ SÀ = 4l7, and COUld certainly g° as high as twice that. 
If the Probable range is taken from 450 to 800 (at 417 itself, visibility 
is precluded), the corresponding range for n is from 4. 00 to 4. 52. 
Note that the vicinity of n » 4. 69 is a singularity, where M takes on all 
large values, qualitatively indicating that values of n near 4. 69 should 
be eliminated. 

Because the simulation run of the impending visibility case took into 

°f 6°’ 500 feet' ^ al1 runs for t1! were based on 
, 000 feet, the decision was made to study the effect of altitude on the 

contrail Sixty simulations weie run, for altitudes 45, 009, 55, 000 

fnd ^'0o0n° íf4' f0r ambient temperatures 217°K and 207°K, and for 
iu, is, 20, 25, and 30 percent sulphur additive. 

"“T Pre8ented 111 ,;’able 1 and Figures 2 and 3 of Appendix 
f ^ before conclusions are drawn, it should be noted that engine and 
ambient conditions (except temperature and pressure) were not chansred 
*rcm tneir values at 60, 900 feet. Resulting inaccuracies should be more 
pronounced at 45, 000 feet than at the other values. 

obv:ious condusion, on examination of the computer output, is 

is almost OIî f 1S03 which does nct decompose to S02 before nucléation 
notecHssTaH«, 7 a1fUnction of altitude- This conclusion, it may be 
; l Statistical only, appearing because pressure (the true controllint 
variable) is an approximately linear function of altitude within the ranees * 

TZMmÍ- FigUre 2 “ AWmiiX 3 ,h" ">««> value to-*er amfude) 
of the non-decomposing fractions plotted as a function of altitude; the 
fractions themselves are within 0.1% of the mean in almost all cases. 

tTemnper.^,0bVir! ^nclusion is that, for a fixed set of exhaust wake 
emperature distribution parameters, the value of Rc (the critical radius) 

is almost invariant to altitude and relative humidity changes (see Tables 1 
wid hi Appendix B) Even when one of those parameters, ambient 

change^apiféared. " ^ ^ °f th' Set 60 

A third conclusion is evident after examination of Figure 3 in Annendix R 

th 6 «ap*hS ShOW (for a con8tant value of n) that, as the altitude^crease^ 

»rads “dtata >h ùhtfh°i ‘"Cre,Mlng the percen,a*e ^ «Mi«»« ü> the fuel ' 
1 h that at relatively high altitudes, near 60, 000 feet 

a^aTloM^er^ altituden0t nf effectiVC a factor * controlling contrail formatioi 
assumntinn of I f ^ ^ courae. this result depends somewhat on the 
assumption of a fixed acid fraction in each nucleated acid-water droplet 

Ï^o VhTs'concÎuV8 tHVial U1Úe83 the addÍtÍVe fraCtion decreases to beiow 10%. This conclusion is Dorne out by both experimental and theoretical 

^d morendiffnt matÍOn Sh°W lhat a COntrail is more ^stable and more difficult to form at these high altitudes. 

- V 



The second set of experimental data (Appendix A, Table 2) is possibly 
but not necessarily characterized by impending visibility. Information 
is not recorded as to how "visible” each contrail is, and as a first guess, 
it was assumed that "impending" would describe the visibility of the 
contrail formed by an agent flow rate five pounds per hour less than 
that recorded [5], 

On Figure 3 in Appendix B the point Q represents observed data (see 
statement (1), beginning of this section). The data points of Appendix A, 
Table 2 are each associated with a percent additive and an altitude which, 
if the above assumption were valid, should produce a cluster of points 
around Q on the line "large-particle density=0. 018 gm/m^", when plotted 
on Figure 3. An alternative way of exploring the problem is the plotting 
of Q and data from Table 2 on a graph of percent additive versus altitude; 
the shape of the curve in the latter case is not known a priori, but should 
approximate a simple curve, and should pass through Q. 

The latter plot is shown in Appendix B, Figure 4; the curve is neither 
simple nor coincident with Q. 

Figure 4 indicates clearly that the assumption of impending visibility for 
the data in Table 2 is invalid. The five pounds per hour decrement in 
flow rate serves only to shift the curve in Figure 4 to the left, and in no 
way affects the shape. 

The result is that the data set in Table 2 can not be used as it stands 
to expand our knowledge of the two parameters, distribution exponent 
and ratio of largest to smallest size. 

The effects of relative humidity on visible particle concentration are 
shown in Appendix B. Figure 5. Relatively low values of the size 
distribution exponent are seen to increase the sensitivity of the mod“l 
to changes in relative humidity. Higher values of relative humidity 
produce the expected increase in visibility. 
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V. Conclusions 

Each of sections II, HI and IV includes its own results and conclusions 
and those will not be repeated here. Instead, a summary of the kind 
of results found in those sections is presented, and a final experimental- 
theoretical technique is suggested. 

t 
The basic conclusion is that those parameters which determine contrail 
visibility are the parameters "distribution exponent" and "size range 
ratio of the contrail particle size frequency along with relative humidity 
and ambient temperature. A corollary conclusion, unfortunately, is 
that the variables included in the experimental analyses and in the 
thermodynamic description can only indicate a probable range for the 
size distribution parameters. A description of the model used in this 
study is contained in Appendix C. This description is of sufficient 
level of detail to indicate the method of generating data without being 
encumbered with non-essential details. A final technique is now 
suggested whose results may determine the two significant parameters 
of the particle size distribution. 

Figure 1 of Appendix B indicates the locus of pairs of values of the 
two parameters subject to condition (1) of section IV. If simUar sets 
of data relating additive flow rates to altitude (at impending visibility) 
are recorded, graphs similar to Figure 1 car be constructed for each 
such set. As a result, if 
(a) the two particle size distribution parameters are truly constant, 
lb) Information is accurately recorded, and 
(c) the assumeo monotonie particle size distribution closely fits the 

physical distribution, 
then all of the graphs should intersect at the true values of the two 
parameters. If they do not intersect at exactly one point, the spread 
should indicate how the parameters vary with respect to those variables 
with recorded values. 

either event, further analysis is reasonable and justified, and 
study in the indicated direction will probably prove to be the only 
method leading to predictions of contrail visibility as quantitative 
functions of system variables. 
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Fage A-2 

Altitude 
(xlOOO ft) 

63.3 
61.5 
81.5 

58.0 
60.5 
61 5 

APPENDIX A (TaJile 2) 

(100 Percent Contrail Suppression in All Cases) 

Engine Epm 
(Percent) 

100.0 
100.0 
100.0 

100.1 
100.0 
99.7 

Outside Air 
Temp. (-°c) 

67.5 
66.0 
67.0 

75.0 
68.0 
69.5 

Pressure 
(millibars) 

60.3 
66.7 
66.7 

77.4 
70.0 
66.7 

Additive Flow 
(pounds/hour) 

60.5 
60.5 
62.6 
62.6 
64.6 
64.6 
65.5 
65.5 

100.0 
100. 0 
99.0 
99.0 
99.0 
99.0 
99.0 
99.0 

66.5 
66.5 
68.0 
68.5 
69.0 
60.0 
68.0 
68.0 

70.0 45 
70.0 40 
63.3 35 
63.3 40 
57.5 35 
57.5 42 
55.1 39 
55.1 41 

f 
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APPENDIX B (Table 1) 

Ambient Temperature 217°K 

Altitude (Feet) 
Additive Fraction 

10% 
15% 
20% 

25% 
30% 

45. 000 
Rc % 

6.42 21.2 
6.34 21.3 
6.19 21.4 
6.17 21.5 
6.14 21.6 

55, 000 
Rc % 

6.29 17.5 
6.20 17.6 
6.08 17.6 
6.05 17.7 
6.02 17.8 

65,000 
Rc % 

6.16 14.3 
6.03 14.4 
5. 99 14.4 
5. 95 14.5 
5. 91 14. 5 

Ambient Temperature 207°K 

Altitude (Feet) 45, 000 
Additive Fraction Rc % 

10% 6.31 21.2 
15% 6.27 21.3 
20% 6.22 21.4 
25% 6.18 21.5 
30% 6.14 21.6 

55, 000 
Rc % 

6. 27 17. 5 
6.10 17.6 
6.07 17.6 
6.04 17 7 
6.00 17.8 

65,000 
Rc % 

6.14 14. 3 
6.0C 14.4 
5. 95 14. 4 
5.9i 14.5 
5. 88 14. 5 

ITie left number of each pair is critical radius, in angstroms (10*8 cm ) 
pie right number of each pair is the percent of SO3 not decomposing. 
Rc has a mean value of 6.12, and standard deviation of 0.14 (2% of mean). 



APPENDIX B (Table 2) 

Relative Humidity (%) 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 

100 

198 
Rc 

.4776x10' 

.4836x10 

. 4892x10- 
4943x10' 
4981x10' 
5016x10- 
5048x10' 
5075x10' 
5087x10" 
5108x10" 
5124x10* 

Ambient Temperature (°K) 
212 

•7 

•7 

•7 
•7 
•7 
7 
7 

■7 
7 

212 
Rc 

.4762xl0"7 

.4836xl0”7 

.4892x10"7 

.4943xl0-7 

. 4981x1o*-7 

.5016xl0‘7 

.5048xl0“7 

.5075x10"7 

Table of critical radius Rc (cm) vs. relative humidity 

At various ambient temperatures 

217 
Rc 

4763xl0~7 
4B96xlO~7 
4989xlO‘I 
5053xl0"7 
51C6xlO"7 
5135xlQ“7 
5166xl0“7 
5204x10“7 
5237xl0”7 
5257x10"' 
5287X10"7 
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APPENDIX B FIGURE 2 

ALTITUDE (thousand« of feet) 
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APPENDIX C FIGURE 1 

Simplified Block Diagram of Computer Model 

Start 

-A_ 
Read in Problem Parameters 

DELT 1 - Used to determine distance from jet at which 
condensation starts 

DELT 2 - Width of disk of gases which program examines 
XLIMT - Maximum distance from jet which program considers 
RELHU - Relative humidity of ambient air 
NFCTR - Ratio of maximum particle size to average 

initial particle 
CHS03 - WT fraction of fuel which is additive 
N61 ) 
N62 ) 
N63 ) “ Parameters for printing intermediary results 
N64 ) 
TEXP ) 
TON ) ” ^araineter8 describing temperature variation 

TAMB - Ambient within contrail temperature 
ALTUD - Jet altitude 

Determine the composition, temperature, etc. 
gas disk to be examined 

of the 

_ 
Determine the point where r tucleation is completed 

_!_ 
Determine the amount of water which will condense 

For various values of size distribution parameters 
predict the density of large particles 
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P CntE TRAJECTORV 

•ID 5196 ? CJLÊ 
tIBJOB 
•1BFTC TRAJ 

TRAJECTORV OTOOS* 

THIS JE TERRINES THE SSO FOR C5H11SQJ AJUiflVC. 

THE ORJEr iF INPUT TO THIS PROCRAP IS 
tMRJl CONTAINS 0ELT1(F4«1I« IX» 0ELT2(F4«ilt IXt XLIPT<F6 II 

.. 

***r!!!*******’************************************************* 
CARD H wdilAHS RELHU.F5.ll WHICH IS THE RÊLATIVc HUMIDITY OF 

He AMJItNT AIR IN PERCENT. 
*******..***•************•*•••*••••**•*•*•**•**.****•*.** 
I!!!!!!!!!’'**************.**♦*•**************•**•**•*♦••** 

ÚARJ2 URTAINS FACTR (14) 

-AOi V JNTA INS CHS03IF7.4 I .53X.N61. N6¿. HóJ .Ne>*( ALL All 
I.4RJ4 CUBAINS TEXP (F6.3». ¿X. TUNA (F5.1) 
CARJi wCNTAIMS TAMS (FT.2). 2X, ALTUO (F5.u) 

FU» FURTHER ¿CHPUTATION. REPEAT CARDS TWO THRU MVeiCARai IHPLIEOI 

c •• • 

C 
c ... 
c ... 
c 
c ... 
c ... 

c ... 

c ... 

c ... 

c 
c ... 
c ... 

OREAL HWL. Mw2 ) WW3. MW4, PW5, PW6. MW7, NULS. HJi.»!, MOLS2. 

2 IVA' ?ÜL1S4,lu’,0LS5* N0LSé* PA^2* NAaS3, MPV2, MPV3. 
2 RWBAR, I, L, N, K, LB2CM. PhAVE 

î S?!!« îA,Îf‘ii:iS,:JÏ:x?,ï*XMX*w,,CT»üIOVR»A''‘-^»^'-iR.coNci. 

TeSpx í¿ î( JfcCRFES ÎeLVIN ’R3B4",Wn‘'>,,R',W,^CrR,S><MRG’H0LS2 

TEMPXÍO- r4MB*(TP!PE-TAMB)*(L*IOPIPE/U.0)/(xerf.5eueLT2n**TEXP 

THE PROURAR 'FOLLOWS* A FIXED-PASS FIXED-HIQTH VARIABLE-VOLUPF 
DISC OF EXHAUST CAS AS IT COOLS.NUCLEATiHirReíeiís FwSJET 

CJNiTAXT VALUES ARE COD'D AS SUCH. ALTHUUCrt 
F-Tj?LÍs9270NS «U READ THEM IN AS PARAMETcRS 

'* [He CAS CONSTANT (ERGS PER DEGREE RéLVlN PER GRAM-MOLE) 
* <3 • J 4 J fc 7 

«iS J2234E2 3*°RO C0,,STANr ,N THE CGS 

l* The dULTIMANN CONSTANr in CGS SVSTcM 
* 1. idJ5 E“16 
« Vil.5)237 
« 2d)lo.B47 

.W^íeüILÜ!NES l>E" CENT I PE TER-SQUARED TJ ATMOSPHERES 
* ».djVeit-T 

PI 

LB2GM 
FT2CC 
CGSAT 
C5SAT 

Hr ‘ísr'Í5t,2!íír|-,í:.“ÍÍ!ÍL0í.*l.iir*!?"!‘!U's“í»2S»*ô»llS0í MW7 
MW1 
MWAVE 
MW2 
MW3 
NW4 

iS THE MOLECULAR WEIGHT CF JP-4 (C-1Q3 H-W?) 
-* 23.96 
• MW1 
• Id.J15J 
« dl.J622 
• 64.^628 



T-UJ 
TiUJ P COLE TRAJECTORY 

FFN SOURCE STATEMENT - IFMSI - 

C 
C .. 
C •• 
c .. 
c .. 
c 

12 32 
I 

MM5 
MMo 
MW7 

'ii.jin 
lil.2o57 
i m.ois 

c 
c 
c 

IF THE JliC I'M ITS CLPRENT POSITICR IDISTANCt FRÜH JET ■ X I DOES 
NUT P-OujCc u-iUPLETS. X IS AUTOMATICALLY IN^REILMTED BY 0ILT1 

0ELT2 IS Trtt WlJTH OF THE DISC OF EXHAUST CXAMINcO BY THE PROGRAM 
THE PRJÜRA4 IS ALWAYS TERMINATED IF THE VALüc JF X REACHES XLIMT 

READ <3,1212! UeLTi, DELT2, XLIMT 
FORMAT < f*.l, U, FA. 1 » IX, F6.1 ) 
CUNTINUc 

****«*****«*««« «•«•^ *• ************* •«t********«*««^* «***«i(i****« 

*$•**#«.**««««««#**«* **PY*AM*A*A***A*****•***•***«*«*«*««*«n**«44 
READ (J,lá! RELHU 

15 FORMAT IF5.1I 
WRITE <6,25! RELHU 

25 FORMAT <2641 THE RELATIVE HUMIDITY IS, F6.1, Urt PtK-CENT.I 
RELHU * RcLHJ/l00. 

C A*A****M6*6*6*Y6'**66*t«>*66**666666666*466*66*6**«#*««4i*««**^^«« 
C **P*A*P****«66« 6**6*66**6*66 

C 666666*6666666«666666666666666666666666666666666666*666666666666 
C ... FACTR IS Tic FACTOR BY WHICH THE LARGEST PARTICLc'S RADIUS IS 
c ••• ASSUMED GREATER THAN THE AVERAGE INITIAL RADIUS 

READ I ;i,Uá¿<! MFCTR 
12321 FORMAT ( U » 

FACTR * MFCTR 
C 
c 
c 
c 
c 
c 
c 
c 
c 

... CHS03 I* Tic WEIGHT FRACTION OF FUEL WHICH IS CSMUSQ* 

... COLUMNS j! AN) »2 OF THE CH$03~VALUE CARD AKe eJUAu I PRESUMABLY 

... TO *BLAM<a) IF PiUNTINC, OF DATA POINT BY C-UlMT IS f*i BE SUPPRESSED 

... PRINTHG JILl OCCUR IF COLUMNS él-2 DIFFER (UNc MAY BE LEFT BLANK) 

COLUMNS ai AMO S4 ARE EQUAL IF PRINTING CF COtFFUIENTS AND ROQIL 
OF THE cJJlLldRIJM-RELATED CUBIC EQUATION IS TO Be SUPPRESSED 
READ (5,12125) CHSQ3. N61, N62, K63, N6A 

12325 FORMAT! F7.4, 5)X, 4A1 ! 
C 

TEXP I » THE cXPOMENT OF THE FRACTION DEFINING TeMPeKATURE WHICH 
MORE JR LcSS DLSCRIBES THE MIXING ANO VOLUME CHANGE (TURBULENCE) 

TLtNR IS THE DISTANCE, IN FEET, OVER WHICH THE MEAN DISC 
Adi TEMPERATURE 15 ASSUMED TC VARY LI NEARLY WITH DISTANCE 

FROM T°IPE AT (LPOPIPE/l?) TO (T-CENTERLINE ♦ TAM&*'2 AT TLINR 
BEYJM) TLINR THE **EAN IS TAKEN AS <T-CtNT£HLlNe6TAMj|/2 

READ 15,12331 TEXP, TLINR 
FORMATI Fa.3, 2X, F5.1 Î 
TAMb IS Tit ATMOSPHFRIC (AMBIENT! TEMPERATURE AT 6C.OOO FT 
ALTUD IS JET ALTITUDE IN FCET 
IF NO ALTITUDE IS SPECIFIED. 60,000 FT WILL oE ASSUMED. 
READ ( 5.12 J*»I ! TAMB . ALTUD 

FORMAT l FT.2, 2K, F5.0 ! 
IF < ALIJO I 60ÚJ, 6000, 6010 
ALTUD • »JUJ0.0 " 
CONTINUE 

C ... 
c ... 
c 
c 
c 
c 

1223 
c ... 
c ... 
c 

12361 

6000 
601C 
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Fk-XJ P COlf THAjECTCPy 
T<«U - EFN SOUPCE STATIPENT - 

C 
c 

c 

c 

c 
c 

c 

c 

c 

c 
c 

c 
c 
c 
c 
c 
c 
c 

.. AHIN 
A IR I N 

.. TPIPfc 
TPIPE 

.. PPIPE 
PPIPE 

.. DPIPE 
ÜPIPE 

.. VPIPE 
CVPIPE 
1 

.. XTHE 
XTIHE 
THKST 
thrst 

>• fuel 

FUEL 
.. TEMP 

TEPP 

.. P A Pu 
P 4Mb 

AH INTAKE IN LBS/SEC (NOT INvtUUINi j.06 FOP FUEL I 

I 

C 

C 

c 
c 
c 

li TPc 
* i.t i 
li IcHtcS KFLVIN 

H 4ÎPUSPhERES (EXIT PRESSURE» 
« J.25 

I ■» Tr*'- TAILPIPE DIAPFTER IN INCHES 
= U j 
U (P FfccT PER SECOND 

« P * TPIPt * AIRIN *LB2GP * 576.0 / 
( P«l * (PPIPEPl.OnPiE 6» * PI * OPlPc**2 •FT2CC 

la TPc TIME REQUIRED FOR THE FORPATIUP JF T.(c OISC 
* Jci.r2 / VPIPE 
IA He JET THRLST IN POUNCS . 
* I7J.J 

la Erte MclGHT OF FUEL BURNED PER HOUR Pch PJUNO OF THRUST 
3 i. » 

la TPE VUHRER UF GRAFS OF FUEL BUR NEU UJkHU OISC FORMATION 
* FJee * Thrst * LG2GM * XTIME / íòOO.j 

la 4PÖ1EPT PRESSURE IN ATFCSPHERES. 4L 11iJJc IN FEET 
*1j.J**(-J.NA528-0.68133*1-1.IC19|*ALrjJ^J2BJ8*3i1^0.986923 

... MOL SI la PUlcS ÜF AIR IN THE DISC 

... HULS2 la PULcS OF H2Û IN THE DISC 

... NULS3 la PJLcS UF SC3 IN THE OISC 

... M0LS4 U PJLcS UF SC2 IN THE OISC 

... HOLS5 IS POLES UF 0-2 IN THE OISC 

... H0CS6 IS TJT^L INERT HOLES !N THE DISC CC02 PLUS INERT AIR» 
NOLSl * 4UH*Lrt2GH * XTIME / MN1 
HÜLS2 3 TePP * (LHS03 ♦ 5.9 / MN6 ♦ (l.0-uPSU3l * 98.5 ! MWT » 

*++++***++* 
... VPSAT IS VAPOR PRESSURE (IN MILLIBARS» AT SATUHATLU«. 
... IA PittlBAK IS 1,000 OVNES PER SQUARE CM,I 

.ï^SiT? 1 J**<,,"7,,f,2‘,fl*n73*lf’/TÎM8“l»0l*5.û2BJB*ALJi.l0( 373.16/TAH 

i? T ¡i.*iail6c¡î!^îi;t*íll,;n4*<l,0~TAMÖ/37îa6n"i•l',♦i8•l328E-3,• 2113.*«I -J.»914 9*(373.16/TAHB-l.Ol|-1.0»*ALJulJ( lJlJ.246»I 
... AttSHU IS ABaJLUTt HUF10ITY AT SATURATION IN GRAMS PtR CC 

ABSHU*VPaAT*PJ2*iOOC.O/IR*TAM8» 
... SATHU Is PJ. JF SRAMS OF HATER PER GRAM CF AIR mT SATURATION. 

SATHU 3 4JSUJ*R*TAMR*CGSAT/IPAMH*FW1» aATURATICN. 
SHAMR » aAT(U 

HULS1 « PJcSl -LB2GM*AIRlN*RELHU*SATHU*XTlMfc/HH2 
H0LS2 3 PJLa2 *La2GM*AIRIN*RELHU*SATHU*XTIME/HH2 ***•***♦*♦*,«,***, 

*********** **,,****, 
***************************„*t#M#><^^<#>#^^^^^#<#^^ 

HÜLS3 * Tc Pp * CHSU3 / MH6 
HOLS* « J.J 

0M0LS5 « a.U9S7*P0LSl - 149.25*TEMP*» 1. J-CHSUS )/H*7 
- 7.75*TEMP*CHS03/MM6 

0M0LS6 3 J.4U*HULSI ♦ TtHP*a.O-CHSC3)*10j.Q/MH7 



c 
c 

c 
c 
c 

hjls 

UU P COLE TPAJECTORV 
UAJ - EFN SCU«CE STATEMENT - 1F4UI - 

, rir ♦ ÏE*II>*CMSC3*S.*VMM6 
Ij TJT4L HOLES IN DISC IHCLS1 INDIRECTCT INCL IN H0LS5,6I 

C 
c 

VANS 
L 

hols « 4JLÍ¿ *■ HOL S3 ♦ HCLS4 ♦ HCLS5 ♦ MCLSo 

FICTB, FkCT-*, 4NJ FRCT5 ARE THE FRACTIONS OF THE TUTAL HOLES WHICH 
ARc ijj, 4J2, AND 0-2, RESPECTIVELY, LfcS "M,Ch 

FRCT3 * / HOLS 
FHCT4 - .<ÍLj4 / HOLS 
FRCT5 » IJlíS / HOLS 
APHQX * j'i « FRCT3 

ÎÏÎS! IÎ4Îl^,"ITUL Nn* tlF M0LES 0F W0 ^AlLAttL«: FUR NUCLEATION 

îïtS Í\jrí j''"* CF 0F 503 AV4,L*8LE ^ NUTATION OR DECAY 

*UHaER 0F '’«‘-fs AVAILABLE FOR NUCLEATION AFTER DECAY 

VAHB I » FjRrfARO VELOCITY OF JET IA KNOTS 
* il». J 
* I ♦ 12.0 * 1.6878099 * VAHE / VPIPfc 

stmt"Li%U!Í<>Í,ÍS,";“| IBE cucül‘,,0’,s ST«f *» f«ri 

X » ÍT4AT 
C 

WRITE (6.123421 TAHB, ALTUD 
12342 ^ORHAT ii.ljfAAH ■ ,F7.2, 18H AT AA ALTITUDE UF, F7.J» 

°SLTl* a£L1*' XL I HT 
12343 FORMAT (9r|jjcLU » ,F4.1,10H DELT2 ■ .F4.1.12H A-lIMIT . ex 

WRITE (»,123451 TEXP. TLINP * LÏHIT - ,F6.1» 

» 0IAH2 ANU J14H3 mRE THE DIAHETERS OF H20 ANO S03 HUl t CUL ES IN me 

■ on L,mr'nLur“- 

DIAH3 « ». Jtid4E-tf 

C «SS2 '.“.SÍmIIi™ '‘™S- "• "*«• W *“ •» «J «lECUti, 

HASS3 ■ 1•3294 iUE-22 
C ... VOL AO 1» INITIAL VOLUHE IN CUBIC FEET 

VOLHO * UclT2 * PI * (DPIP£224.CI**2 
WRITE (0,123»)) 

1235° FORMAT«1,7N TEPP mjLcS H20 
IS SO3 VPIPF t i 

WRITE (0,123521 CHS03, TEPP, HQLS2, PCL S3, VPIPr. l oana 
12352 FORHAT (9N cHSOJ . ,F7.4,6Flo.71 ’ L* 

WRITE (0,12354) 
12354 FORMAT (121NJ EXIT TIME TOTAL 

UCTION 3-2 PRACTICA INITIAL X 

i,,,, ™«T'î;“:,,’i,ï;:?Sî.rs-ncn- "cr‘-Mcrs- «• **■»• ™ 

«» ^0351 

12356 FURHAT lllJNJ TEMPERATURE VOLUME f 
I P-iclJ ALPHA TEHP4 MMBAR) 

C 
c 

HOLE 

HOLES SU3 FRACTION $02 FR 
INITIAL VULJHt EXIT TEMP (K 
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HmJ •> COLE TRAJECTORY 
EPN SOURCE STATIRENT - IFN(St - 

«OLS1 . HJLS1 ♦ mTAIR/NMAVE 
SHANmELHU*|,TAIR/«M 

HOLS5-AUL»J».20»a.F*|(taIR/31.9988 

i:sfR6;;it:::-7ajd4<,,uiR/28*ni^-^ 

.«?SfTr ‘‘'•••«-'•«CEOaHJTS.U/TABS-l.) 
l0«**<U»l*4*Ci.O-TAI 

«iO-r** *J**,,l49*,3T,«l*'TABS-l.CII-I< 
ABSHU » YOSATMmJMCOO.O/IRATABS) 

• • • 

c < 
6035 
C •• • 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

4 
J 
SAVEIJ.il 
SAVE!J.¿I 
SAVEIJ.Jl 
SAVE I J,Ai 
SAVE IJ.5Í 
SAVE IJ16J 
SAVEIJ.fi 
SAVE!J.d) 
SAVE!J.gi 

la Tic 
i 

INDEX OF THE LATEST «»CIAT OF SIGNIFICANT NUCLEATION 

ía fHt DISTANCE X OF PCINT J FRCN TNc TAILPIPE. IN FEET 

í¿ fHc NUcf F ATI rSLf Í re A!r“£ * CMT ^ rrtfc *TfO DROPLET IS THc NUCLEATION RATI AT CISTANCt X 
la TNE CRITICAL RADIUS 

TIE NUMBER OF NEW NUCLEI TREATED Af DISTANCE X 
THE TEMPERATURE AT DISTANCE X “ * 
ROLES OF M2Q AVAILABLE NMEN TNt DISC REACHES POINT X 

rori 'MV'iii rsi ZoïSïSïtl SÂîïii 2“ T» «"« 

- * Z ÎÂIiÂS.^^iî'îoîÎÎIiS“ 

IS 
is 
IS 
IS 
IS 

T0T3 
Ton 
Ton 
T0T2 
T0T3 
TOTA 
UEPCT 
UEPCT 

la Tot* 
IS He 

• J.J 
■ J. ) 
• J. i 

69«Ï9 
TOCO 
C .. 
7001 
C 
C 
C 
C 
7010 
7012 

J. J 

Ole -MtW Cf THE QKtClML SOT ALftfcAJT HScH IH AUfLEATlOA 

Seifï ¡Sjicrîitr “ Mtn SO.SEOUENTLT 
GU TO feil 
J * J a I 
* * X ♦ UcLTX 

ç«;- «.» 

AETWCEi START ANO TLINR . TME MEAN DISC TeMPéRarauF iiaaice 
LHt,AL< FRÜH TPIPE-T-CENTERLINF AT X - sí«? i? VAR,ES 

ll/2l*lT-CtNTERLINE*TAMH| AT TLINR d 

inief ' rtIniA 1 7',l2» 7313* 7013 COEFI « -j.a / (TLINR « START» 
C0EF2 - (TUNK - 5*START| f ( TU NR - START» 
CUEF3 a wJtFl * X ♦ COE F 2 
TABS ■ CJtFj * 1TEMPXIX) - TAMB» 
Gü TO 7J1A 

7?îf 7AtoS * (Té 4P <1X1 ♦ TaMBI / 2.0 
70 U TCENT » Us S - 273.16 
C P****«***»*«**«. 
C •***«I*«***A»«*W4^,„<| 
c A**A**P*A»*««'*a»*«*«i 

ROISKal.ÿ ♦ .Jias** 

VULMEaJce r2*P|*(RDÎS«**2» 
üïîto I 1•J/INüLa2/(VGLME*FT2CC» ♦ .0346609^1 
HTAIR*4iiAVfc«IPAMii*wrti _04 

-'••.-.T 
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U4J P COLE TRAJECTORY 
UAJ - EFN SCURCE STATEKENT - IFN4&Í - 

SATHU**d *TAB S*CCSAT! | PAnB*RliAVE I 
AVLBM « 4 JL iATMU*BTAI R fPkZ 
[F (AVLJ4 .LT. 0.1 AVIBW * 0.0 

C ••••••••♦#***<i*******#*******'e**#*##******<,******#**#,w,******** 
c ••**•******«*«*#«>**»***•***•****••**»*••*•******•«••«*«***•**•*• 
c *••*•«***»***«**•*******»**••••*•*****»****••*«*•**«**•****•***,) 
c 

MÜLS « UL»¿ ♦ MOL S 3 ♦ MCLS4 ♦ MCLSS ♦ MOLSa 
C FRCT3. i-iiCT*# ANO FRCT5 ARE THE FRACTIONS OF TNt TUT# "'A S MHICF 
C ... ARE »J3, SJ¿. AND 0-2, RESPECTIVELY 

FRCT3 » AJl¿» / MOLS 
FRCT4 « MJLÀ4 ! MOLS 
FACTS - MUL iS t MOLS 

C THt CJ'JiLÍdHIUM RELATION LEADS TO A CUBIC ÊUUATIUM FOR TFE 
C INCAEIcNT UF MOLES OF S03 OECAYEC. GIVEN A FU*f ESTIMATE, THE 
C ROUT MAY ic ACCURATELY FOUND USING NEMTCN*i METHOD. THE FOUR 
C CüEFFícIcMTS UF THF CUBIC ARE CUBIC, OUAUl, 0JAU2, QUADS. 
C TH-. ¿»TIMATE IN THE FIRST INTERVAL IS 0.5*FACTJ, AND IN ALL 
C SUBScJUcU INTERVALS IS 0.0l*FRCT3. IF THE RUUT IS NOT POSITIVE 
C THE tiriMATE FOR THE NEXT INTERVAL IS SET TO ¿cKU. 
Vm 

C ... THE EUJUUMIUM CONSTANT IS EOCCMTABSI - EXPUiSo.u/TABS - 4.6181 
C ... THE CuNíTauT RELATES PS03, PSC2, F02 (FOR P IN ATMOSPHERES) BY 
C .... ¿JCU4IIaoSI * PS03 / I PSC2 * S0RTIPQ2) i ( AT EQUILIBRIUM) 

EQCUN * cXPI 4955.0 ! TARS - 4.6TB ) 
CONST « PAMd * EUCON * EQCCN 
CUBIC » CU4iT - 1.0 
OUAUl « 2.J • ( CCNST*(FRCTA'FRCTSI ♦ FRCT3 - i.U | 
QUAD2 « uCMSi * FRCT4 • |4. FRCT5*FRCT4) - FRCII * < FRCT3 - 4.0 ) 
QUADS « 2.U • CONST * FACT 2 * FRCT5 - 2.J * FRcT3**2 

C 
IFI N6J - •‘»A ) Dai, 862, 861 

•61 CONTINUE 
WRITE (6,123511 A PROK, CUBIC. QUADI , QUAC2,QUAU3 

12357 FORMAT (9H3APMJX » .E13.6.2CH CUBIC, OUAOl-j ARE.AclA.B) 
162 CONTINUE 
C 

IFI CUBIC ) 5àûi, 5CC|, $003 
C THE CUcFFICIt.iT UF THE CUBIC TERM IS IERO—OlGcnEHATE CASE. 
5001 ROUT » U.3 

CUBIC > 4JaJI 
OUAUl » JJAU2 
QUAD2 « JJAJ3 

C WHEN aCUAlC* IS ZERO, QUAOI IS ALWAYS NEGATIVE, AND UUA02 POSITIVE 
IFI N6I - 164 I 863, B64, 663 

•61 CONTINUE 
WRITE (6,1117?) 

1117T FORMAT I i»N DEGENERATE CUBIC EQUATICN—THE REDUCED QUADRATIC EQUA 
1TIUN ALWAYS HAS A PORI TlVE ROOT.) 

164 CONTINUE 
GO TO 56J? 

C 
5003 TEST *S1GN(1..CUBIC)♦SIGN!1.,QLADlI♦$IGN(I.,DUAU2)♦$IGNI1.,QUADS I 
c if all Coefficients are non-negative, no positive kuot is possible 

IFI TEST - 4.3 » S0C5, 5030, 5030 
5005 F • JUAUJ ♦ AMROX * (OUAD2 ♦ APRCX * (QUaDI * APROX * CUBIC)I 



T.UJ 
TiUJ P CDLE TRAJECTORY 

EFN SOURCE STATEMENT ll-WÍSI 

FPRIM « ♦ APROX • I ?,0*CUAD1 ♦ 3.0*CÜB1C*APR0K » 
ROOT » - F / FPR1M 
IE( N6i - No*. 1 8FS B66* 8t5 

865 CONTINJe 
NRITE lot12Í54) ROOT 

1215« FORMAT ¿4M RCUT * tEU.bl 
866 CüNTINUc 

ÍFI AHS( (<JJT-APR3XI/ROOT I - C.OOrOS > 5CJT, 53J6, 5C06 
5t Cé ARkUX « «ÜJT 

5CC7 

C 
c 

0CC8 
C 
5CC9 

867 

IX 188 
868 
C 
C 

sexo 
50 XX 
50X2 
5CX3 
5016 
5015 
5C16 
5017 
5018 
5018 
50 2C 
C 
5025 

GO TO jjj, 
QUDR1 » 
0U0R2 a JJAjI ♦ ROOT * CUBIC 
0U0K3 « jwAü2 ♦ »CCT * (CUADI ♦ RrCT*CUHlU 
Tt«£ RlUT «RjjT* JS Al GE BRAICALIV REMCVEO FRJM Trie U>B IL E OU AT ION 
DIScR la Trtc UISCR1RINANT OF THE RESULTING UOAURAT1C EXPRESSION 
DISC« a JJJR2**2 - 4.0 * UUDR1 * CU0R3 
IFI 01 SCR I iuJd« ÇrC9, 5(09 
IH RQJT 1 5010. 5P3C. 5020 

RU3T2 ■ ( -W0JR2 + SORTI OISCR I I 
RÜ0T3 a { -WJJR2 - SORTI OISCR t I 
IF! N6 3 - Ij-a 1 H67« 86B, 867 
CONTINUE 
«RITE (a.il 1581 ÂPOTî, R0CT3 
FORMAT (IM RJüT¿ » «E16.7.11H 
CONTINUE 

TME NEXT Tel w*RQS FERRET OUT T6E SMALLEST PüSITIYfc ROUT 
TME THU hcMaHING ROOTS ARE NOT REOUIREO ANO AKe 1 »MûREO 

/ 12.Q * OUURll 
/ (2.0 * 0U0K1! 

R CPT 3 « . EU. 7» 

C 
5010 
869 

12359 
87C 
5035 

!F< ÄUJT2 » 5111. 5011, 5010 
IFI RUuTi ) 9C13, 5C13« SOU 
IFI RO JT a » 3121, 5020. 5012 
ROUT2 a RuJT J 
IFI RÜJT 1 jH9, 5019, 5018 
IFI ROJT » 5115, SOff., 5016 
ROOT a ajjti 
IFI RCIJTJ - SG 112 » 5017, 5018, 5C1B 
R0UT2 a RJQTJ 

IFI R0UT2 - AL DT I 5019, 5025, 5C2C 
ROOT ■ R|jf2 
IFI ROJT - r*CT3 I 5525. 5025, 5C30 

“/lï CHANGE IN ^ 505 RUE J0 Ott*»1 -»T THIS STER l»n!H4»c * <ii4JJ * ^UtS 
MOLS3 ■ NUL S3 - CHNGE 
MOLS4 ■ MULS4 » CMNGE 
N0LS5 » NULS3 ♦ CHNGE /2.0 
MOLS « NULS * CMNGE / 2.0 
AWLBR ■ A6LÍR - CMNGE 
CO TO iiJi 

IF| N6S - 4»4 I 869, 873, 869 
CONTINUÉ 
MRI TE (6,1215 91 

caNTiNu*J-H Cmange ,n equilibrium at this steri 

CUNTINUc 
IFI N6I - l»4 » 8 71, 872, 871 
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TKU p COLE mjECTQHY 
T<4J - EFN SOURCE STATEMENT - IFNI SI - 

R71 CONTINUÉ 
HR I TE (otiiittSI MÜLSB, NOLSA. MCLS5, NQLS 

It 365 FORMAT (ii-l AFTcR TAKING IATO ACCOUNT PREVIUUi WUuLc AT ION I IF ANY) 
1, ANO JcCAY THIS STFP (IF ANY),/,21H NJLÉS ¿Q3 ■ .EIA.7, 
215H idi.cS S02 ■ .EU.7,15H KIES C-2 * .CI4.7. 17H TOTAL MOL 
3ES - .Eli.6) 

872 CONTINUE 

* 

« 
:*• 

c 
c 

c 
c 

c 

c 

c 
c 

c 
c 

c 

c 

c 

c 

FAKE - TUENT 
IF (TCÉNT .lT. J. ) TCENT « 0.0 

*********** **v ¥*•**♦** a **************************** ************** 
***********< ***** ********************** ****************** •*****•*• 
«***«*»**W****************************************************** 

... GAMMA li SüKFAut TENSION IN ERGS / CM SQUARE, KcLVlN TEMPERATURE 
GAMMA * ¿4.*22 * 0.4C86*SQRT( TCENT) - 0.C59UI 7*TUNÍ 
TCENT - fAKc 

, ALPHA IS He PERCENT OF THE TOTAL NUMBER OF MJLcwJLES O'- H2D ANC 
, jJ3 1 i He EXHAUST NHICH ARE H2C. ALPHA IS LESS TH»'N ONE. 

ALPHA » HJLj2 / (MQLS2 *■ MCLS3) 
BETA * i.J - ALPHA 

, VOLME I* He YJLUME OF THE OISC AT DISTANCE A F RUN THE TAILPIPE 
YOLME li JiPeNUENT ON THE TOTAL NUMBER OF MÛLeS AT P-AMB ANO T-A8S 
VOLME « MJLS * R * TABS * CGSAT / IPAMB • FT2CCI 
MPV2 A 40 iPVi ARC THE NO. CF MOLECULES OF H2Ü ANO SU3 PER CUBIC CM 
MPV2 » iJLSí * N / IV0L'*E*FT2CC) 
MPV3 ■ NUL*3 * N / (V0LiE*FT2CC) 
l I* He COLLISION FREQUENCY OF HATER ANU iUi MOLECULES 

OZ * 2.) • 11.0 ♦ 4.0*ALPHA*META) * IALPHA*UIAM2<,BETA*0IAM3)**2 
) * MPV2**(2.0* ALPHA) * MPV3**I 2.C>*BeT A) 
2 * SdKTI PI * K * TABS 
3 * I ( ALPHA/MASS2I * (BETA.*MASS31 ) I 

... HTPLA 1* He HEIGHT PERCENT IN SOLUTION OF H2SU4 ALIO 
HTPCA » J.li 
HTPCA « J.ib 
HTPCA * ).1) 

... PZERO IS He SATURATION PRESSURE IN ATMOSPHERES AT ABS TEMP TABS 
A * mTPCA*IJ.55490*HTPCA*(-3.14591♦HTPCA*!.582401 ) * 8.89743 
B * *TP„4 * ( >2361.98 ♦ HTPCA * 3736.SB ) * 25oC.87 
PZERO « I ld.J**( A - 8/TABS ) ) / 760.0 
MHBAR IS THE AVERAGE MCLECULAR HEIGHT OF THE LUNOeNSATE 
MHBAR - 4*2 « 4H5 / I MHS > HTPCA * IMH5-MH2) ) 

... CNSTl I* He FACTOR CHANGING GRAM-MCLES TO PRES.’‘Re «ATMOSPHERES! 
CNST1 * P4it» / 40LS 
ONSTY I» He OENSITY OF THE NEH CONDENSATE, IN GRAMS PER CUBIC CP 
ONSTV « 1.X¿70 ♦ WTPCA*IO.801850.08819*HTPLA) - m.C006447*TCINT 

... RC IS He 4INIMUM RADIUS OF STABLE NUCLEI AT AdS TEMP TABS~CP 
ORC * 2.0 * GAMMA * MHBAR / I R * TABS * ONSTY * 
1 AtJSI CNST1*IMCLS2*M0LS3)/PZFRC I I 

VOLNC * 4.1437)02 * ( RC »**3 
TEMP* * *.J « PI * GAMMA * PC*RC / 13.0 * K * TABS) 
IF C Nol > Vc.2 ) 7016, 7019, 7016 
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Tüaj - FFN 
r tULC IJCUI UK T 

SOURCE STATEMENT 

7016 
7018 
1238 
C • • • 
7C19 
C 

C ... 
7020 

C 
7021 
7022 
C 

IFNI SI - 

ALPHA, TcNPA, NW8AR 
ÚM.V iJ ' ni8* 7018’ 7C19 
F.iÍmat rA“f* V0LME* l' p7«0, FflRMAT I i , 2HX», AE13.5, AE15.7 I 

,‘Lr;c » > « » « reN „.t. » 

j-1' ?£w^-r‘i».r‘-';,-!;cwo0..Bw',f*‘c"oN a£L°‘ 

I • L . ¿(ííreüír "*TE ,k P‘ST,CUS/a'^t «I ABS TEMP TABS 
IF! J - 1 I 7J21. 70.-«!, 7022 

XM[M .‘J MÉ nr X SICNIPICANT ajelcAT 1 jN FlPSt OCCUPS 

CONTINUE 

Sit",'uiu '7;sssso.T?.;;i:!:““££,i » 

si .‘t - 

¿í^T;V£í:^£- -Ir-- 
¡rite I. t7.úr7 nKtÍ, L Ia 0.8143159 
«TPCC . aTP.a . '"i«H59 IMÉ ‘-‘'«'“»A't 
UiliUP |â CMC NUMBER Of SC3 MUEES NECESSARY I, Ja.. , TC FORM 

UEUUP • w*JYS »'"■TPC^/ MM3 " TE,'P£BÄTU8E E-AiS. dp RADIUS RC 

,FA.Trc TNAT CONDENSES IS MCRE THAN THt AHUüNf i ccr 

«h uTj^ î2^t,ü?5;a:°tSI^%îhs but ^Hcb a te«^^tion 
• J^Tr * M0LS3 / U2DUP 

CNONS » (.NJiS * M0LS3 / U20UP 
U20UP • NJLSi * 1.CCC1 
CONTINUE 
IF I N*l - n»2 ) 7025, 7029, 7025 

lí rr 7 10 ' 7J27’ 7027* 7C?9 
.c— »»ITC (0,12391 CNONS, QELTT, L/CUP 
U39 OFORMAT (11, UHCONOENSEO -, Elï.5, 5X, aHütiTA f-, E13 5 

* . 0HUSEO UP-, E13.5 I * ’ 
Tn,a Jo J ‘ iJ 1 n29* 7028’ 7C29 * * 7028 «RITE (o,i2*9j| CHS03 
12395 FORMAT ( I Uh J X 

I NUMBER TEMPERATURE 
?’0*H VOLUME 
3 < BEFORE 

C 
C 
C 
C 

C ., i 
c ... 

c 
c 

7023 

7024 

7025 
7027 

MNflAR 
«OLES H20 

1 
«OLES S03 

RC 
DENSITr,/, 

C 
C .. 
c 
7029 
C 

NUCLEATION I,/, 9H CHS03 ■ ,F7.4J 

*SÍ?lE¡tuJ,r¡C:t,,CES,tSOFH‘?¡EWsck5’'i:¡r;íE^ÍR‘nr IP ,T CRN USE 

"J ““f,: ¿.RJOJP.MCB? I c lto t “CLr¿ *T C0NST“7 ' 

... IF THE AMUUNrLUS£0TîsBLESSNTHAN ^05 ÍeRCENtÍ,t'ÍJ'Íi‘'MTNOTCtEATI°,< 

~ “ HH“ Si “ ¡r;r«" 
CJR.cYI CASE MILI MAYE ME SIGNIFICANT «iSiÍTÍt ÍH 

• •• 
c ... 
c .., 
c 
c ... 
c 
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70 3C 

70 ÎI 
7033 
me 
703* 

7C35 
70*0 

70 3£ 
C 
C 
7C*8 
7049 

17049 
7030 
C 
C ••• 
7031 

ífUj p COLF TBAJECTORY 
TB*J - EfN SCURCE STATEK6NT - IFNISÍ - 

0ELTX » ücir¿ 
OELtJZ « JZJüP / 4VL3L 
NEUJ * J - < (J-imO ) * 10 
SA VE ( N£*M 111 » X 
SAVE(NiwJí■ 4MbAR 
SAVE(NEMJti)» I 
SAVfclNtMJ,*)» KC 
SAVE(NlMJ13)■ I * VOL*E*FT2CC * CELTT 
SAVE !NcMJij)■ TAoS 
SAVE1¡* MULS2 
SAVEINEMJi 3)* 4ÜIS3 
SAVE(NcmJ « V)* JNS TV 

SA VE(NcMJ•1JI * VJLME 
UZPCT * UZPwT ♦ l(0.C*OELUZ 
NOLS2 * 4JLS2 - CNONS * ( 1 .'l-bTPCC ) ! RW2 

- U2CUP 
SA VE(AFWJtSl 
SAVE (NEMJ,3»*RC 
SA VE(NEMJtSI*RC*RC 
SA VE(NEMJ,5)*RC*RC*RC 

IF ( N61 - (62 » 7031, 7034, 7031 
IF ( NEMJ - U ) 7034, 7033, 703* 
«RITE (6,12-,3( ( ( SAVE! JL«KL) , KL ■ 1 « IC I ,JL*l,NcMJ,9l 
FORMAT ( H , 9E13.6, /, 7H , E13.6I 
IF ( MJLjJ ( (J31• 7031, 7035 
IF ( MJl.321 704J, 7C40, 7036 

IF IX-XLlND 7C36 , 7051, 7031 
GO TO 6999 
IF J IS (JI 1, THE INCREMENT IN PERCENT OF SUA UScU HAS CECREASIO 

TO LESS THAN .OCPS OF INITIAL S03. IT IS »»SSUMtU TO REMAIN Ï.ESS 
IF I J - 1 I 7t0u, 7000, 70*9 
J » J - 1 
* * A - JeLTX 
IF( N61 - (t>2 I 17049, 7051, 17049** 
IF( NEMJ - U » 7C50, 7051, 7050 
WRITE (a, 12‘tv>) (( SAVE( JL,KU ,KL-1,10 », JL»l,NtMJ,5» 

40LS3 > 4Jt$3 
TOTi * rjri ♦ 
T0T2 » T0T2 ♦ 
T0T3 » TJTi ► 
TUT* « UT* ♦ 

JMAX 
JMAX 
XMAX 
SO 
SO 
R1BAR 
R2BAR 
R3BAR 
SURFC 
ViJLN 

IS Mb MAXIMUM J WITH SIGNIFICANT NUCLEATION 
• J 
• A 
• J MAX 
• * 0ELT2 
• ( rjr2/ron i 
• ( MTI/TOTI »**0.5 
> ( TJ I4/T0T1 

• • • 

• • • 

• • • 

I**0.333333 
4.J * PI * TCT3 ! TOTI 
».J * PI * TOT* / (3.0*TCT1I 

THE VISIJIUIV CRITERION IS 0.025 GRAMS/CUBIC HtTcR UF 
PARTICll a UF RADIUS AT LEAST 1/4 * 1Q**(-4I CM 

VISBL IS ME MINIMUM VISIBILITY RADIUS, IN CcNIIMEIERS 
VISttL • U.3JOJ25 

la Me FACTOR BV WHICH TFJ LARGEST PAhTICCE'a RADIUS IS 
ASSUMED GREATER THAN THE AVERAGE INITIAL RADIUS 

■^A'TR *AR1BAR *L£’0t,ED RAD,ljS IN ™E OlsTRIBUTION 

FACTR 

RMAX 
RMAX 
SHMRG - FmCTR * RIBAR / VISBL 
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T<»j 

C 
C 
C 
c 
c 
c 
c 
c 

c 
c .., 

c 

1C 70 

1C 71 

C 

10712 

GH£tfL * 

OENSt 1, 
VAPOR 
TO DETcK'11 
PAHflUti 
CF VAPJK, 
chemical ; 
OF H2U MJ 

ODENSE » I 
1 ( 

TK..J p cole trajectory 
- EPN SOURCE STATEMENT - 1FN(SI - 

R16AR / VISBL 

'ÍC fHfc DENSITY ÎS ÎMf Cl y re y VOLUME USED 
THt »Oliw Jf Í2 Jt r"i 

ÍH'; T*‘î?“““ 
A.U*PI* TOTA/3,0 ♦ MN2 * PCLS2 ) 

CUNCl 
CUNC1 

C 

10715 

c 

1072 

1C 73 

-ETC, 

WRITE Ia,La7Jt 
FORMAT I . _ «i 

Fl!í¡AT,î"H7i, SJ* XMIN' XMA1<‘ UZPCT 

13H TU, Fú.l)*1 I|£TE*,V4*‘ E)(TtN0*'«» PhUM, F6.1. 
2ASS HAS !^cÍ5ío!í D ™E JET* F6*1’ 39rt PtRLtNT OF ?HE S03 M 

UZOVR * JZPuT ^AVLBL /FAVLBRNOi,"DEC4VE° S°3 rHAT HAS ^OENSEO 
WRITE la.iJZ12I uZOVR 

5!!M* î^T^EAScc^îTcr^cîî^^rcS^ET!:s%S 

WRITE (a.OZlS) CONCl 

î1;,««;;'*,;«« c^utNSES 0(( THE 0, 

»sä’/;-- i.";?““-»*““« -,s. ^ 

«RITE I o* i JJ¿ ) Ton 

iv--0"-"?" —- 

21 St E12« i» icH Sú CM f r noua ccDntJiM a^ TMfc AYLHAitc; 
»./.Z?» ,Ht if 

I8EFORE AGGLO 

THE AVER 
SURFACE AREA 
5.9M CMI, AND 
ICORRESPOND1N 

14M ^ «iníiM. «s 
2011 RAiVGc F RUM. Ell.A. ah ra in ??.e? VÄPORI»» /t 26H THE RA 
31H, /, JIR 4 MO THE MAXlMUM’aAiîriî’.i6” CNf * PAC TOR OF, 15, 
AjBLE LIMIT., /.113H th¡ «eÍJpÍÍÍ ÍUt^'2' ¿5M TI,,ES The wis 
5 US IS AiiliMc.) TU RE OF tÍe F«“ E HR^rfíící^r ÜF TO0P«-PT RAC 
6» P FfRI • CONSTANT • RA0IUS*P|-N1 

70*5 ¡U"iV *ÍS“ » 77T5* T775, 7C55 
“"iTE <a.ijz9» xmax, cmsob 

i TNE.wI^’ii^vuîîïIo^^î'îiH^'J^^ 



nuj P COLE TRAJECTORY 
TRaJ - EFN SOURCE STATIHENT - IFN(Si - 

C 

2N OF Ht CORCENTRATICN 
179H C5H11i JJ FRACTION DISTRIBUTION 
A THAT li VlilBLti /» 7H IS» F7.4I 

TOTAL CUNUNTAATfCN. /, 
(GH/Cd METER» 

7057 00 707» I«X-i,17,l 
XINOX < 1MJX 
EXPUN « UnoX-'i.M / 4.0 

C IF EXPdrttHT 15 /feRO, N « 4 SO USE LOGS ISEE UcRlYATlÜN» 
IFI EXPui I 7J61, 7CtO. 7C6I 

7060 FRCTN « ALJ^i 5HMRG I / ALCGI FACTR » 
GO TO 7Jol 

7061 TERM * jH4RG**cXPCN 
FRCTN > ( TckA - 1.0 ) / I TERM - GREBL**EXPUN » 

7063 C0NC2 * FRCTN * C0NC1 
EXPRL « A.J - EXPON 
M>»ITE (o,l Jos» cXPRL, C0NC2, FRCTN 

1C05 FORMAT 1 2JX, F 7,4* 12X, Flf.6,15X, F8.5I 
7013 CUNTlNdt 
C *** 
c *♦* 
c *** 

DtLTX » u.v» 
X » X ♦ JcLTX 
IF IX-XCHT» 7JBC • 7CB0, i 

7f30 IF IX-TllM» 7382. 7004, 7084 
7C82 CilfcFl « -.i/( TL1MR-START» 

C0EF2 - (TuiNA-.S*START»/ITLINR-STARTI 
C06F3 « wdcFl*X*C0EF2 
TABS ■ CJcFi«|Tt:MPXm«TAMR) + TAPB 
GU TO TJdi 

7C84 TABS » (Tc4Fx(X»*TAMH|/2.0 
7086 KENT - HiS-273. 16 

ROISK « l.j ♦ .0J85*x 
VOLME « JcLT2*PI*(RDISK**2» 
«MAYE « 1.J/('OLS2/(VOLME*FT2CCI ♦ .03466098» 
WTAI RMM4/t* ( P4Md*V0LME*F T2CC/I R*TABS*CGS AT »-NdLSI 
MOLSI > fiu51 ♦ MTAIR/MNAVE 
M0LS2 - 4dLi2 ♦ 5HAMB*RELHU*MTAIR/MU2 
M0LS5*Mdt.2 0946PMTAIR/31.998 8 
M0LS6MdLi6».78d84*I.TAIR/28.0n4*.00033*NTAH/44.Jo995».0C934* 

1MTAIR/ 39. 9-,6 

VPSAT* U,*P 1*7.90298*1373. Í6/TABS-l.OM5.O20a8*ALUGlOI 373.16/TAB 
IS»-(-1.3416c-7»*( 13.**(11.344*1l.O-TABS/373.16 »l-l,j|*(8.1328E-31* 
2( 10.**( -i,'*9149*(373.16/TABS-l.C))-1.0)*ALUGld( lJli.246) ) 

ABSHU • YPSlT*Mrf2*lf00.0/|R*TABS» 
SATHU«ABirtJ«R*TAÖ S*CGSAT/(PAMB*MNAVEI 
AVLBW « 40LS2-SATHU*NTAIR/MW2 
1F (AVLJJ .LT. d.I AVLBM > C.O 
MOLS » MJl$2*4üL63»MGLS4*M0LS5-»PCLS6 
C0NCl«ldJJJjJ.*(AVLBR*MN3*AVLBN*PN2»/(V0LME*FT2cC> 
WRITE (6,1JTddl X «TABS 

10700 FORMAT (dril X » ,F6.2,13H, AND TABS « ,F6.2» 
WRITE (o,U7lil C0NC1 
WRITE (6,1379) X.CHSC3 
GO TO 7d5 7 
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Paae Dr-Iii 

TIUJ P COLE TRAJICTORV 
TRAJ - EFN SOURCE STATINENT - IFN(S) - 

C *** 
C *** 

J is «A l, THERE MAS NC NUCLEATICR Br KUMT 
TO 75 
TT75 
1775 

7777 
1777 

FEcT—ERROR 
IF( J - 1 ) 7J49, 7777, 7049 
WRITE (0,17751 

iMÍ?fT.Í.Ífí'<aTíCn^ST0R BY THE LARGÉSr EXCEEDS THE AV 
2nACfc ll,<1Tl4L RADIUS 15 SPALL ENOUGH THAT THfc CONTRAIL IS INVISIBL 

GO TO l 
WRITE (6,17771 CHS05 
FORMAT ( 53( X GREATER THAN X-LIMIT — NO NUCLeATlUN FOR CHS03 ■ 

ir 7*41 
GO TO 1 
END 

, 
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