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SUMMARY

The design of an Apollo launch escape system requires that esti-
mates be made of the hazards involved. One of the hazards is a failure
of the Apollo launch vehicle resulting in an explosion and fire. Esti-
mates of the Tireball characteristics are presented in this report.
Those parameters considered were: maximum fireball size, duration of
the fireball, surface temperature, emigsivity, thermal radiation, total
radiant heat, atmospheric attenuation and fireball rise characterisgtics.

Data were collected and analyzed statistically where possible to
provide an estimate of the parameters. Thermal radiation and atmos-
pheric attenuation were rpreated mathematically since no data were avail-
able to treat these parameters empirically.

INTRODUCTICH

An estimate of the characteristics of the fireball resulting from
a failure of the Apollo launch vehicie {Saturn IB and Saturn V) was
needed to determine the possibility of overheating the main parachutes
in some escape modes., The results of the study initiated to provide
the estimates needed to properly analyze this problem are presented in
this report.

The study containsg a collection of data used to evaluate the fire-
ball parameters associated with a Saturn launch pad abort. Those para-
meters discussed in this report are: fireball size, duration, surface
temperature, emissivity, thermal radiaticn, total radiant heat, atmos-
pheric attenuation, and rise rate. The data representing the extent
of the present knowledge of propellant fireballs are largely empirical
and have been analyzed statistically where possible. The section on
thermal radiation was treated mathematically since there was no enpiri-
cal data available. This mathematical analysis was based on lambert's
Law for thermal radiation and the Stephan-Boltzmann law relating radia-
tion intensity to the fourth power of the absolute temperature. Con-
clusions on atmospheric attenuation were also taken from & mathematical
treatment of the subject.

Accurate theoretical analysis of the parameters necessary to de-
seribe the Tireball would be desirsble to more accurately define some
of the phenomenon. Work in this area is anticipated, but it is felit
that many of the parameters may defy an accurate theoretical treatment.
The fireball parameters depend on such variables as failure mode, rate




of propellant mixing, convective mixing of air and the combustion prod-
ucts, accurate chemical composition of the product gases, amount of
fuel participating in the reaction, explosive yield, etc. The above
variables can have a pronounced effect on the results, but variance
resulting from these varisbles ig generally unknown. Therefore, an
accurate analysis by theoretical methods may not be possible and should
be used principally to supplement the empirical data,

The fireball hazards associated with the Saturn V and Saturn IB
vehicles were evaluated by assuming thatwgllwgggﬂgggng;gEE in the boosg-
ter stages participate in the formation of the fireballs. This means
that the propellant in the 5-IC, S-II, and S-IVB stages would partici-
pate in the Saturn V fireball. For a Saturn IB Fireball, the propellants
in the $-IB and S-IVB stages would be consumed, The amount of propel-
lant participation is fairly realistic for this type of event. Iarge
overpressures from detonations and the intense heat from both detona~
tions and burning would cause failure of any propellant tanks not ini-
tially involved., This action would make all the fuel available during
the formation of the firebalil. During this period the fuel is burning,

thus maintaining a pressure unbalance that usually results in an ex-
pansion of the fireball,

DISCUSSION

Maximum Fireball Size

The size of the fireball in a destruct or Ffailure event is primarily
a function of the amount of propellant involved. All the propellants in
the booster stages of the Saturn vehicles were assumed to be consumed in
the formatiocn of the fireballs for this study. The fireball diameters
for the Saturn V and Saturn IB were predicted from data on Tireball sizes
taken from references 1 and 2. These data from experinental tests and ve-
hicie failures are the fireball diameters at meximum expansion. On fig-
ure 1 of this report can be found a plot of fireball size datz. These
data were analyzed statistically by a least squares regression analysis.
Since the propellant weight is the principal variable, the statigtical
analysis produces an equation relating the weight of propellant to the
fireball diameters. Using logarithms of the values, a linear equation
was fitted which adequately represented the data. A linear or first
degree equation is the most useful type of equation since it can be extra-
polated to larger values.
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Equation 1 —~ a product of the regression analysis — provides a means
for predicting the diameters of large fireballs from the data available.
The following is the curve fitted equation used:

log ¥ = 0.992 + 0.320 log X (1)

where

Y = maximum diameter of fireball, feet
X = weight of propellants, pounds

S = standard error of values of log ¥ caleulated with the
above equation = 0.122 '

a = standard error of intercept = 0.036
b = standard error of slope = 0.012

Tn addition to the fireball size data, figure 1 contains the curve
of equation 1, Although the data points exhibit considerable scatter
about this curve, this scatter is not unreagchable gince variations in
propellant heats of combustion, volumes of gas formation, failure mode,
and atmospheric pressure are inherent in the individual values. Also,
measurement of diameter from film is not precise and in some cases —
where the fireball is not symmetrical — the data represents a maximum
or minimum dimension. The slcpe of the line, 0.320, lends additional
support to the validity of eguation 1 since the slope is not signifi-
cantly different from the cube root scaling of weight used extensively
in the field of explosives.

The fireball diameter from the Atlas-Centaur failure on March 2,
1965, is plotted on figure 1 but ig not inciuded in the curve f£it. Since
the fireball was irregularly shaped, the diameter plotted is that of the
major axis of an oblate spherold having the volume of the measured fire-
ball. This dimension was chosen as being most representative of the
horizonal diameter and compares with the data plotted on figure 1.

Using equation 1, the fireball diameters of Saturn IB and V were
computed. Table I contains these results and the calculated 95 percent
confidence valueg. The vehicle weights and the upper and lower 95 per-
cent confidence limits are also shown in figure 1.

The acceptance of the 95 percent confidence limits from this sta-
tigtical treatment of the data is not recormended. These limits are the
result of the many variables mentioned earlier. There is a strong pos-
sibility that these 95 percent confidence values cannot be realized in




an actual failure. There is, however, enough data in the collection to
Justify the use of the nominzl or curve fitted diameters determined from
equation 1. Therefore, the nominal or most probable diameters are re-
commended for use in accesging the fireball hazards.

Calculated Fireball Size

Fhe gas volumes from propellant combustion were calculated to ver-
ify that the velues from the curve fit are reasonable. Following the
volume calculation, the effects of incomplete reaction and of mixing
with atmospheric air were estimated. It was concluded that the volume
decrease resulting from an incomplete reaction wasg small and could be
neglected. An arbitrary estimate of 150 percent volume increase due to
mixing of air resulted in a calculated diameter within 10 percent of the
empirical diameter. The results of the calculation will be found in
table IT. A discussion of the calculaticns is found in the succeeding
paragraphs. These calculations — used to predict nominazl fireball size —
are not intended to predict the theoretical maximum size of a fireball.

The ideal gas law was applied to determine the volume of a sphere
of combustion gases. To determine the volume of gas using this rela-
tionship, the temperature, pressure, and moleg of gasg must be known.

The temperature and pressure were assumed to be 3460° R (3000° F) and
1 atmosphere. These values were chosen from references 4 and 5 as being
approximately those values expected at maximum expansion of the fircball,

The total moles or volume of each chemical constituent was calculated
from the amount of each propellant on board the vehicle assuming com-
plete reaction of the propellants with no addition of atmogpheric air.
The results of these calculations are presented as item {(a) in table II.
The following general chemical reactions were used to determine the com-
bustion products: ‘

(1) Cig Hop + Op=CO0 + H,0 + K, (RP-1/LOX)

(2) H, + O =——sH_ 0 + H, (LHE/LOX)

2 2 2

The above chemical reactions, if balanced, would reflect that there
are more moies 1n the reaction products than in the criginal propellants.
Therefore, the limiting effect on diameter would be to congider the pro-
pellants at the assumed temperature and pressure without reaction. This
is, of course, a hypothetical condition, but one that results in a gas
volume that is 77 percent of the volume of gases from a complete reac-
tion. The effect on the diameter ig the cube root of 77 percent or
91.7 percent. The actual condition is somewhere between the extremes
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of 91,7 percent and 100 percent. T+ is therefore concluded that incom-
' plete reaction produced only a small error in the calculated diameter at
the assumed temperature and pressure conditions.

The process of mixing atmospheric air with the combustion gases
will tend to increase the size of fireball. Thig is a compleX Process
corbining cooling effects, reaction, ete., which will tend to stabilize
the gas temperature. Therefore to calculate the diameter with mixed
air, the same assumed temperature and pressure were used as in the gas
sphere calculation.

The air that becomes part of the fireball by mixing has been esti-
mated to increase the volume 50 percent. Thig estimate was made by the
Martin Company in reference 11 for sea jevel events. Applying this
factor, the diameters of mixed fireballs were calculated and are pre-

gented in item (c) of table II. These calculated diameters are within
10 percent of the diameters estimated from the empirical treatment in
the previous gection. The weights of the alr included in the enlarged
fireballs are shown in item (d). TItem (e) contains the weight of air

at embient conditions in volumes equal to the volumes of the enlarged
fireballs of item (c). It is interesting to note that the amount of air
mixed with the fireball is about 5 percent of the amount present in the
same volume before the avent.

The assumed temperature and pressure were chosen for these computa-
tions as representative of the predicted conditions of the fireball at
maximm expansion. Therefore, no change in the conditions was made when
calculating the effects of the variables considered.

Duration of Fireball

Fireball duration has been studied and empirically determined from
data of experimental tests and sctual failures in a manner similar to
that in the previous sectlon. These data were derived from references 1
and 2. A plot of the data with a curve fitted by the least squares
metnod is shown in figure 2. Scatter in the data is the result of wide
variations in failure modes and the difficulty of visually estimating
the duration of the events. Because of this wide scatter, the analysis
determined that this mathematical curve it was not significant. How-
ever, this fit does adequately describe the data and since the slope is
approximately that of the cube root scaling of weight, this relationship
was used to predict the duration of the fireballs from the Saturn vehi-
cles. No attempt will be made to predict the reliability of these

values. The following equation was used:

Log duration = -.634 + .320 log weight (2)




Applying equation 2 to the weights of the Saturn vehicles, the

following durations were determined:

Vehicle Duration of Fireball
Saturn' V 33.9 sec.
Saturn IB 20.1 sec.

Surface Temperature

An accurate estimation of the surface temperature (effective radi-
ating temperature) of the fireball is quite difficult. The Martin
Company (ref. L) estimated the surface temperatures to be approximately
2500° F. This estimate was made from temperature measurements in some
scale model Titan bests. Also, MSC's "Fireball and Blast Hazards Test
Program” conducted by Aerojet-General Corporation (ref. 5) was examined
to help determine this temperature. In this program, radiometer inten-
sities were used to calculabe the surface temperature of the fireball.
For the RP-l/LOX tests, the maximum temperatures determined ranged
between 1500° and 2670° ¥ from black body radiation analysis. 8Since
the higher temperatures were associated with explosive yields higher
than those expected in booster explosions, the average temperature of
2%25° F was calculated as more representative of the temperature to be
used. Variations from black body radiatiorn and attenuation by the atmos-
phere would tend to increase the average temperature computed by Aerojet-
General Corporation. Therefore, the temperature recommended from this
data is greater than 2325° F and approaches the 2500° F cbserved by
Martin. For lack of more accurate data, the latter value of 2500°'F is
recommended to be used. Data will be collected on ancther contract
similar to the above with Aerojet-General Corporation to further aid in
the egtimaetion of an effective radiating temperature. Also, part of the
tagk of Project Pyro is the determination of radiation and surface tem-
perature from destruct tests with rocket propellants.

Emissivity

The emissivity (e) of a surface relates the emissive power of an
actual surface to that of a black body. Some knowledge of this para-
meter is needed to be able to determine an intensity of radiation from
a source of known size and surface temperature. Accurate theoretical
determination of the emissivity requires precise knowledge of a large
number of variables including an accurate knowledge of the molecular
gpecies present. A small percentage of free carbon can greatly influ-
ence the emissivity and — because of the small amount present — it is
difficult to accurately determine the amount.
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The limits of the values of emissivity can be examined, however.
A non-luminous gas with a large optical depth will have an emissivity
_approaching 0.45, This would represent a minimum value for large fire-
balls. Since all propellant fires and explosions will produce scome car-
bon particles from incomplete combustion and thermal cracking of

hydrocarbon molecules, & luminous gas is produced. This can be illus-
trated in a laboratory by adjusting a punsen burner flame to a fuel-air
ratio which gives a yellow, diffusion fleme. A iuminous gas greatly

increases the radiation from a source because the emissivity is higher.
e depths varies between

The emissivity from luminous flames with larg
.9 and 1.0 (see ref. 9). In other words, it approaches the radiation
of a black body. Since no actual system can operate as a perfect radia-
tor (black body), an emissivity value of 1.0 is too large. However,
there is very little evidence available to permit determination of &
more accurate value. The radiant heat hazard estimated from an emis-
sivity value of 1.0 will be high enough to allow a small margin of
safety. Therefore, a value of 1.0 will be used for the emissivity

- until more definitive information becomes avallable.

Thermal Radiation

ux densities at various distances from the fire-

The radiant heat fl
palls of the Saturn vehicles are presented on the attached curves,
red from information collected

Figures 3 and 4. These curves were prepa
in an in-house study (refs. 6 and 13) concerned with the problem of

radiation from a large sphere (object 1) to a perfect absorber (object 2).

In general, the radiant heat transferred from an opaque source of
temperature Tl, ares Al’ and total emissivity e s to a receiver at

distance r - and area A2 is given by the foliowing expression:

S L £(y)dA
ql -0 =eaq Ag/l‘l 5 L (5)
Al r

n it was assumed that object 2 is a small area
i.e. it absorbs all radlant energy
it receives independent of wave length and incidence angle. Object 1
is the fireball and 1s considered spherical with a radiug R and the
gsame surface temperature Tl over the entire surface. The Tollowing

For this expressio
and that it is a perfect absorber,

definitions are used to simplify equation 3

I—=eovTJ+ (4}




And

i (5)

Equation 3 then becomes:

Fol / £vias, | (6)
2

Al r

Assuming that the gas sphere radiates according to Lambert's law, then

f () = Cos ¥. The further development of equation 6 was the subject

of the in-house study and will not be presented here, but the following
expression (eg. 7) which relates the radiant heat transfer rate to the

radius of the sphere and the distance between the receiver and the cen-
ter of the sphere was the result of that development:

2 i
B R + R + emm———— (7)
el 2 e |

a Lg,

This expression gives good results Tor radigtion at distances
beyond several radii. However, the assumptions made in the development
of the equations result in deviations at distances near or less than
1 radiuvs from the fireball gurface, At thesge distances, a limiting
value of F =1 should be used. Where the break in the curves are
seen on figures 3 and L, the heat flux shown is too large. This is the
region where the deviations using eguation 7 become significant.

Equation 4 gives the relationship to be used for emissivity. TFor
figures 3 and U4, the emissivity value used was 1.0,

The following list contains the definitions of the symbols used in
equations 3 through 7 and figures 3 and Y:

g = Radiant heat transfer rate

A2 Area of receiver

a = Distance from center of fireball sphere to receiver

2o = Distance from surface of fireball sphere to recelver




R = Radius of fireball

e = emigsivity

g = Stefan;Boltzmann constant

Tr= absolute temperature

F % Radiant heat flux at the receiving surface
T = Radiation intensity of the source

Y = Angle of radiation from sphere

Atmospheric Abtenuation

The thermal radiation reaching an object some distance from a
radiating source in the atmosphere 18 gubject to some attenuation that
results from thermal absorption by the alr. To complete the information,
some estimate of the magnitude of this parameter is needed. In refer-
ence 8 it is found that atmospheric attenuaticn can be treated mathe-
matically by a computer technique. It was concluded in this reference
that the most effective compounds for absorption of radiation in the .
vigible and infrared spectrums were ecarbon dioxide and water vapor.
These materials are found in the fireball and influence many of the
absorption and radiation effects. In the atmosphere surrounding the
fireball these compounds are found in very low concentrations and there-
fore have only a small effect on the attenuation. Tt was estimated that
atmospheric attenuation reduced the radiant energy approximately
20 percent beyond 5000 ft. For distance petween O and 5000 feet, this
attenuation is less than 20 percent. For lack of more precise values,
it is assumed that 100 percent of the radiation produced reaches an
object in the range up to 5000 ft.

Total Radiant Heat

The total heat received by an object is the product of the radiant
heat flux and the duration of the radiating source. In a booster explo-
sion, the fireball radiant heat flux is not =a constant value, bub varies
with time forming a curve gimilar to that from a skewed probability
density function. The initial rise of this curve is determined princi-
pally by the expansion rate of the fireball. Following maximum fireball
expansion, the surface temperature of the fireball decreases. This tem-
perature decrease ig the determining factor in the descending pertion of
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the curve. To eveluate the radiant heat hazard, some estimate of this
curve must be made,

Thermal radiation from a fireball was determined to be approximately
one-half the peak integrated value. This was estimated by plotting radi-
ation measurements versus time from data collected during the fireball
and blast tests of reference 5. The areas under these radiation inten-
sity curves were integrated and compared with the areas derived by the
product of the peak intensity and the duration time. It was found that
for the smaller contact surfaces, the areas of the integrated curves
were approximately 50 percent (average 48 percent) of the peak areas.
This 50 percent value of peak total heat is considered the most resson-
able value based on the present state of knowledge.

Rise Rate and Liftoff

A fireball will rise after it reaches pressure equilibrium. The
temperature of the fireball gases at the time of pressure equilibrium
is high. From the ideal gas law it can be readily seen that at high
temperature and ambient pressure the gas density will be considerably
lower than that of the surrounding atmosphere. This density difference
produces a buoyant force which causes the fireball tc rise. The rate of
rise 1s not well known, but some representative rates are presented in
figure 5. The slope of each of the curves in this figure is nearly the
same. Therefore the curves for the Baturn vehicles are established with
similar slopes. A similar rate of rise seemg reasonable gince there is
little reason to believe that the size will significantly affect the
rise rate.

The pressure is tending to relieve itself in all directions during
fireball expansion. Therefore, the center of the fireball will remain
in approximately the same location during the development of the fire-
ball. Fireball 1if{ has been observed to begin in the last quarter of
the expansion period. The period of time required for expansion is
dependent primarily on the amount of gas to be expanded. The volume of
the gas produced is directly proportional to the mass of the propellants
involved. Therefore, it can be concluded that the time of liftoff is a
function of propellant weight.

The above conclusions about liftoff time must be gualified in con-
sidering various itypes of events. A high explosive yield from an event
has z pronounced effect on the period of expansion and therefore the
liftoff time. In missile destruct and failure events, however, the
explosive yield is relatively small (less than 10 percent). The major-
ity of the fuel is consumed by a burning process that follows. TFor

events with small yields, the relationship of liftoff time to propellant
weight is valid.
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The liftoff times of several failure events are plotted on figure 6.
The following approximate equation relating the liftoff time to the cube

root of the propellant weight represents this data and was used to pre-
dict the lifteff times of the Saturn vehicles:

- /3
T(10) - (8)
Where T(LO) = time to liftoff, gec.

W

Total propellant weight, lbs.

Residual Fire

In a failure event at very low altitude, it is generally accepted
that there will be less than 10C percent fuel participation. Portions
of the fuel will be spilled on the ground creating residual pools which
will burn for relatively long periods of time following failure. It is
particularly probable that the Saturn V will have spillage because fuel
i1s held in the lower tank where it could spill without contacting liquid
oxygen. Thus 1t is very likely that the residual fire and extreme heat
from the fireball will prevent approach to the ground area enveloped by
the fireball for an unknown period following vehicle failure.

EVALUATING THE FIREBATL HAZARD

The various parameters of fireballs are discussed in the previous
gectiong of this report. This section is provided fo aid in using these
parameters tc calculate the radiant heat hazard from the Saturn fireballs,
The following example is provided as a gulde in these calculations. The
total radiant heating of a surface is the heat that will be absorbed by
a perfect absorber. To apply this value to an actual material, the
absorptivity and its function with respect to incidence angle must be
known. These material properties are beycnd the scope of this report.

Assume:
a) Saturn V vehicle.
b) Surface to be heated at 2,000 ft. from surface of fireball.

c) No change in distance due to rising of the fireball.
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d) Negligible fuel spillage.
From report:
e) Ncminal diameter = 1408 ft.
f) Fireball surface temperature = 2,500° F.
g) Emigsivity = 1.0.
h) Fireball duration, t = 33.9 sec.
i) No atmospheric attenuation.

J) Radiant heat flux at 2,000' and 2500° F from figure 4.

Fo= 288 x 100 -Btu_
'+ =hr

Calculate:

k) Peak total heat = F X ©

(.288 x 105) 33.9

5600 = 271 ==

1) Actual total heating of surface = F X t x 0.5
= 271 X .5 = 135.5 Btu/ft°

CONCIUUSIONS

The fireball will expand in a nearly fixed location. This expan-
sion period is followed by the peried in which the size is fairly stable
and the hot gas fireball rises from the surface of the ground. The
size, duration, and time to liftoff all appear to be a function of the
cube root of the propellant weight. )

The data compiled in this report are considered accurate encugh to
make some design concepts of launch escape systems. A theoretical study
of fireballs would increase the confidence in the values presented. Ad-
ditional data are needed to establish more definitive values.

Surface temperature is a parameter which needs further definition.
It is hoped that the two programs mentioned will increase the knowledge
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of the effective radiating temperature and an insight to determining

the integrated heat pulse.

The fireball expected from a Saturn b

by the following parameters:

Nominal fireball diemeter, ft.
Duration of fireball, sec.

Effective peak surface temperature,
k-]
F

Tmissivity

Thermal radiation intensity (flux)

Integrated

Total radiant heat - :
Maximum

Atmospheric attenuation

Rise rate

ooster failure can be described

Saturn V

1408
33.9

2500
1.0
See curve
50 percent

none to
5,000 feet

See curve

Saturn IB
8hly

20.1

2500
1.0
See curve
50 percent

none to
5,000 feet

See curve
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TABLE T.- EMPIRICAL

FIREBALL DIAMETERS

Vehicle Saturn V Saturn IB
Propellant wt., 1bs. 5,492 x 10° 1.110 % 10°
Nominal diameter

at maximum expansion, ft. 1408 8l
95 percent confidence limits

of diameter at maximum

expansion, ft.

Upper Limit 2570 1520

Tower Limit 771 570

15



TABLE II.- CAICULATED SIZE OF GAS SPHERES

Vehicle Saturn V Saturn IB
Wt. of propellants, 1bs. 5.492 x 106 1.110 x 100
Temperature, °R 3460° 3460°
Pressure, atmos,. 1 1

&, Calculated diameter

of gas sphere, feet

(complete R, 1O air) 1121 657
b, Unreacted diameter -~ _

reacted diameter, percent Q1.7 91.7

¢c. Calculated diameter of

sphere with air added to

increase volume to 150

percent 1283 752

d. Wt. of this additiocnal

50 percent of air at cho-
sen conditions L. 375 % 106 8.786 x 10

e, Wt. of air in this

total volume at ambient

conditions (60° F,

1 atmosphere ) 8.733 x 107 1.754 x 107

f. percent of air includ-~
ed in firvevall d. y 100  5.01 percent  5.01 percent

g. Diameter determined
emirically, ft. 1408 8Ly
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Figure 1.~ Fireball diameters for various weights and types of propellants,

LT




NASA-5-65-6724
1004

4T

tSatum vV
Saturn 1B

Duration, seconds

Lk O RP-1/LOX

' A LHo/LOX

® RP-1/LH5/10X

A UDMH/N2H4/ N2 04
& LH2 in air

Ol | | § 1 1 | ]
T 10% 102 103 104 105 106 107
Total propeliant weight, pounds

Figure 2,- Fireball duration for various weights and types of propeliants,

T
00T
A
|
VN



9

NASA-$-65-6725 " Saturn IB heat flux vs. distance

‘——BTU/ftz ~ sec

r————x105=BTU/ft2 - fr
10
. 1
100 p-—-
1.0p
Fireball temp.= 3000 °F
x 2500 °F
2 2000 °F
2
£
10 |2

&
£
1]
[+

0.1f

I ——
Emissivity =1.0
Fireball dia = 844 ft
.01 | 1
20 102 103 104

a, - distance from fireball surface, feet.

Figure 3.




NASA-5-65-2728
100 -

10

Liftoff time, seconds

1.0F

i 1

t—Salturn IB

-Saturn V

102

104 10°

Total propellant weight, pounds

Figure 6.~ Fireball liftoff time for various propellant weights

oo




