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Abstract

The study reported upon here was initiated in 1964 to develop a
method or methods by which the explosive hazards of Tiquid propellant
rockets can be assessed and the explosive yield predicted.

To be able to do this became of great importance as the rocket
sizes increased and the Tliquid propellant quantities reached levels of
millions of pounds, making experimental evaluation practically impos-
sible, necessitating other methods since the hazards to astronauts,
launch support personnel, launch support facilities and surrounding
communities become potentially enormous.

The work reported upon can be divided into four parts:

Part I. The Mathematical Model

This section of the report includes the development of a mathe-
matical model which can satisfy the presently available experimental
information {which is all small scale and very sparse), and at the same
time is flexible enough to be able to incorporate future information as
it becomes available.

In addition to the above requirements this model has to satisfy
the statistical requirenents to allow valid estimation procedures to
determine the parameters invoived and to allow statistical analysis as
to probability distributions, probability regions, and confidence limits.

The mathematical model developed and described here is then used to
predict such things as the peak value of the probability distributions,

the average yield (with half of the yield predictions falling below and

half of them falling above this value), the 95 (or any other) percent

confidence 1imit (the yield values below which 95 (or any other) percent

of all predicted yield values fall), confidence regions of both the yield

and the mixing function, etc.
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The mathematical model contains four parameters. For the prediction
of yields three of them become fixed, the fourth is allowed to vary with

propellant weight so as to become a scaling factor.

The mathematical model with its parameters based upon experiments
designed to produce high explosive yields, has been shown to be conser-
vative where predictions from it could be compared with explosive
experiments or actual liquid propellant rocket failures for which yield
estimates are ;vailable. It is believed that the model is also
conservative in its predictions where at present no information is

available.

Part II. The Seven Chart Approach

This systematic method for the analyticai analysis and prediction
of the yield from liquid propellant explosions is referred to by the
writer and his associates as the "Seven Chart Approach." This name is
appropriate since the results of this stepwise investigation can be
summarized in seven charts leading to the explosive yield prediction in
the last one.

This section contains a more detailed study of what actually takes
place and what the phenomena are which contribute to producing or
controlling the explosive yield. Naturally this detailed study
producas more information and results and answers but it also requires
considerably more input information and knowledge about liquid propellant
rockets. This information is in many cases not yet available and
therefore must be covered, for the time being at least, by assumptions.

The rather complicated problem of the explosive yield prediction
was, for the purpose of this study, divided into three parts which can be

investigated separately and independently and then when combined give the
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desired resu’ts. These parts are:

A. The Yield Potential. It is defined as the maximum theoretical

explosive yield which can be produced at any time t if the propellants
present are mixed in the mest favorable manner.

This function can be calculated for given propellants, for
selected fuel to oxidizer ratios from Chemical Kinetics, and as a
function of time based upon heat transfer theory and some knowledge of
the mode of failure and the original configuration of the missile.

Normalized yield potential curves are presented for a few cases
in this report.

B. The Mixing Function. This function, referred to by the writer

as "Spill" function in his earlier work and publications, is defined as
the fraction of the prope]iants which is actually mixed at any time t.
Only this portion can take part in producing the explosive yield.

This fraction can be defined in terms of volume, modified by
factors which give the degree to which mixing has progressed, or in
terms of contact area between fuel and oxidizer, or in terms of profile
surface again modified by proper factors, etc.

The mixing function is controllied by the type of propellants, the
rocket size and configuration, and the mode of failure. It will always
start at zero at the time of fai]dre, reach a maximum and then decrease
again if ignition does not occur. If ignition takes place, the mixing
function is terminated at the time.of ignition, giving the value
controlling the explosive yield.

The mixing function multiplied by the yield potential gives the

expected yield as a function of time for the propellants, missile

configuration, and mode of ijure under consideration.



C. Ignition Time. The ignition time, the third factor, determines

what the explosive yield will be of all the possible values, since it

gives the point at which the expected yield curve is terminated.

Early ignition means a low explosive yield and so does late ignition.

Somewhere between, ignition at the right time will produce the maximum
explosive yield possible for this combination of propellants, missile

configuration, and mode of failure.

It seems that only small quantities of propellants which are
presently used, allow control of the ignition time. Propellant
quantities of 25,000 1b or more in present missile configurations seem
to auto-ignite rather early during the mixing process, producing Tow
explosive yield values. This auto-ignition phenomenon is or can be due
to many factors which act as ignition source, such as electrostatic
phenomena (one of the prime suspects), failure of electrical systems,
cold glow, crystal fracture, failure of structural members, hot engine
parts, etc.

Actual rocket failures of larger propellant quantities, than
could be used in experiments, produced even lower explosive yield values
since relatively little time is available for the mixing process. It
takes Tonger to mix larger quantities of propellants to the same degree.
With hypergolic propellants a very short and esgentially constant delay
time is characteristic and so the yield is determined by how much of
the propellants can be mixed during this time interval. With cryogenic
propellants the process is more random since the ignition delay time is
random in character.

Thus from the above discussion it is possible, when knowing the
propellant type and quantity, the missile configuration and the ignition

time, either controlled or statistically, to predict the expected yield

IV



in ranges of missile size where experimental results are impossible to

obtain.

Part III.

Fireball Hypothesis., and Experimental Verification,

Describing the Reaction Front and Shock Wave Behavior in Liquid

Propellant Explosions.

For hetter understanding of the phenomena which lead to the

production of explosive yield it is advantageous to know what goes on

after ignition in a liquid propeliant mixture. In collecting information

to support and verify the work of Part I and Part II, instrumentation

was installed in two 25,000 1b LOX/RP explosive experiments and one

200 1b LOX/RP cold flow and explosive experiment.

First a hypothesis was developed, estimating what should be expected

and this was then verified by taking the necessary data.

Such things as

1.

9.

o ~N o g W™

The
The
The
The
The
The
The
The
The

three-dimensional mixing front of a particular constituent
degree of mixing at a particular point

degree of turbuience at a particular point

location of the point or points of ignition

time delay from start of mixing to ignition

propagation of the reaction front

propagation of the shock front

separation of the shock and reaction fronts

fireball and combustion products cloud history, etc.

were discussed and measured by the methods developed in Part II for the

experimental determination of the mixing function. Some of the measure-

ments taken are beljeved to be the first of their kind.
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Part IV. Fireball and Post-Fireball Combustion Products Cloud

History and Composition

To complete the picture of 1iquid propellant explosions the
information from the other parts of this work was taken and the
Fireball and the Combustion Products Cloud further investigated.

The composition as a function of time was determined for a
number of fuel/oxidizer combinations using the pressure, temperature
and volume time history (all verifiable quantities) as input.

The composition becomes of areat interest when toxic propellants
are involved in the 1iquid prope]]ant explosion since new hazards are

added which need to be predicted as well as possible and their

magnitude assessed.

It is believed that the work presented in this report will
materially help the Space Program and provide new fnformation with regard
to liquid propeliant explosion characteristics and a1f6ﬁ the.prediction
of such things as explosion yields in ranges of propellant quantities

where experimentation is not practical if not impossible.
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Part 1

A Mathematical Mode!nfor the Prediction‘éf;Exp1osive Yield of Liquid

Propellant Exn1osion§l

Introduction

The explosive yié1ds ﬁroduced by Tiquid propellant rockets or their
estimation did not pose mucﬂ§8¥ a problem as long as the propellant
Aquantities involved were small.

With the size of the rockets increased and the liquid prope!lant
quantities reaching levels of millions of aounds the knowledge of the
potential explosive hazard is of utmost importance. The determination
of the explosive yield by experimental means is out of question, so other
means must be made available to assess the erplosive hazards to
astronauts, launch support personnel, launch support facilities and
surrounding communities, hazards which are potentially enormous.

In Part I of-this report a Mathematical Model is developed which
can be used in predicting the explosi » ield of liquid propellant
explosions. How this was accomplished and the results obtainable is
explained in the following.

This machematizal medel is able to use available data and predict
yields, and even qive the effects of such things as propellant quantities,
propellant type, rocket configuration, mode of failure, etc. upon the
explosive yield. A minimum of input data is required.

Analysis of the Mathematical Model, a statistical function, allows
the determination of such things as the average value or the peak value
of the explosive yield, of the mixing, and th. setting of confidence Timits

as well as the determination of probability regions.
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Probably the most useful result of this section is the presentation
of the expected yield as a function of propellant quantity. Data which
has become available since the model was developed is also shown
(Fig. I-8) and they show that the model is very conservative, predicting
values somewhat higher than the ones actua..y encountered.

This mathematical model, having four parameters, is able to use one
of them, expressed as a functicn to bring out the dependency of explosive
yield upon such factors as propellant quantity or missile size,
propellant type, missile configuration, mode of failure, etc., even in
regions for which no information is available.

The mathematical model developed here predicts for rockets such as
the Atlas, Titan, Centaur, Jupiter and S-IV, an average explosive yield
of about 4 percent of the theoretical maximum and that 95 percent of all
explosive yields for this group fall below 11 percent. For the almost
six million pounds of liquid probe]]ants of the Saturn V the mathematical
model predicts an average yield of 3.8 percent of the theoretical maximum
and 95 percent of all explosive yield values are predicted to fall below

9.6 percent of the theoretical maximum.

Theory of Approach

The approach used in the development of the mathematical model was
to first look at the data available at that time and then to try to
analyze this data mathematically so as to extract the maximum amount of
information from it. The goal was the ability to predict the explosive

yield from Tiquid propellant explosions.
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Yield and Mixing Function

Since the determination of the explosive yield was the ultimate
objective of this study it was defined for the purpose of this study as
the fraction of the theoretically maximum explosive yield based upon the
total propellant quantity present at the beginning of the experime... or
at launch of an actual missile.

Since the yield is dependent upon the mixed portion of propellants
the Mixing Function is defined as the fraction mixed, of the propellants
present. This Mixing Function can be expressed in terms of volume,
modified by factors giving the degree of mixing which has occurred, in
terms of contact area between oxidizer and fuel, or in terms of profile
surface again modified by various factors, etc.

This method of defining the explosive yield and the miXing

function1’2’3’4’5

eliminates the necessity of relating one propellant
type to another or one explosive to another which is a very difficult
problem since the pressure-time traces from different propellant

explosions are different.

TNT Equivalency

Since much of the work on Tiquid propellants is reported in terms
of "TNT Equivalent Yields," it was suggested that the investigators
provide some indication on how the vield values obtained here could
possibly be converted into equivalent TNT values.

The explosive yields defined as the fraction of the theoretical
maximum (Normalized Yields) can be changed into "TNT Equivalent Yields"
using the method given by Arthur D. Little, Inc.® The results presented

on page 70 of the above reference lead to the following co¥rrelation:
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A. 1 1b of LOX/RP propellant in a 2.25/1 weight ratio is
potentially equivalent to 1.23 1b of TNT.

B. 1 1b of LOX/LHy propellant in a 5/1 weight ratio is potentially
equivalent to 1.52 1b of TNT.

C. 1 1b of LOX/RP/LH, propellant in a weight composition of 0.75/
0.18/0.07 (Saturn C-2 Configuration) is potentidlly equivalent to
1.355 1b of TNT.

D. 1 1b of LOX/RP/LHy propellant in a weight composition of
0.721/0.244/0.035 (Saturn V Configuration) is potentially equivalent to
1.29 1b of TNT.

Caution must be used when this is done since not enough is known
at this time of how to properly equate the pressure-time traces of
different propellant and explosives to each other. This is especially
true when damage indeces are attached to these yield values because even
though the explosive yield value may be the same, due to the difference
in pressure-time trace, different propellants can be expected to do a

different amount and type of damage.

Yield and Mixing Data

The data found most;vromising for the desired analysis and almost the
only data available was that of the Arthur D. Little Spill Test series®
where tanks with fixed quantities of 1iquid propellants were dumped into
a general spill area. Calibration of the quantity spilled as a function
of time could give information of what was later defined as the "spill

nl,2 and the "yield function"]’2’3’4’5. The spill function is

function
now referred to as the "mixing function."
The data is presented in Table I. Different propellant quantities

were used, ib, 60, 110, 220, 320, 530 and approximately 44,000 1b.
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The propellant types used were LOX/RP, LOX/LHZ, and LOX/RP/LHy. 1In
general the data indicated that the more of the propellants were mixed
the higher was the explosive yield obtained, suggesting a relationship

between yield and mixing.

Controlled and Auto-Ignition

A significant difference in behavior was noticed in the data. The
small propellant guantity experiments could be detonated at will
pr ing yi1elds according to the portion mixed at that time. If ignition
was initiated early a low yield was obtained, when very late also a Tow
yield was bbtained. In between these times the values were higher and so
for the purpose of the analysis here the highest observed explosive
yield values were taken since they could be obtained at will.

In the 44,000 1b experiments auto-ignition occurred in each case
much before the planned initiation time thus limiting the yield and
producing much lower yields. This auto-ignition phenomenon was observed
in later experiments and seems to occur with statistical certainty for
quantities of 25,000 1b and above. The actual critical weight is
probably below this figure but no data is available between 1000 and
25,000 1b.

This auto-ignition phenomenon, which will be discussed in greater
detail in Part II, seems to be a very significant Timiting factor in

the explosive yield obtainable with large 1iquid propellant rockets.

Yield - Mixing Relationship

It is clear that when none of the propellants are spilled and no
mixing has occurred no reaction can take place and therefore no explosive
yield can result. Thus when the mixing function is zero the yield must

be zero.
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In the small scale experiments with liquid propellants the time of
ignition and thus detonation could be controlled and so any desired yield
up to the maximum (a function of fuel/oxidizer ratio) could be obtained.
So as to be on the conservative side the theoretically possible maximum
yield value was taken for the explosive yield. This gave an explosive
yield value of 0.78 for a mixing function of 1.

The above two points form the limiting values and the other three,
the J series of experiments fall between them. The data is presented in
Table I and is also plotted on Fig. I-1. Closer inspection of the data
suggests an exponential functional relationship between the yield and

mixing function of the type

y =¢ x¢ (1)

The Mathematical Model

From the above it seemed that an exponential function can properly
express the yield - mixing function relationship with flexibility
enough to satisfy new data when it becomes available.

Having this relationship the next step was to develop a mathe-
matical function which could incorporate this relationship and at the
same time could satisfy all the statistical requirements necessary to
allow valid estimating procedures for the parameters involved and then
allow statistical analysis of the function so as to obtain explosive yield
predictions of average values, peak values, confidence Timits and

confidence regions in terms of propellant quantities or rocket size.
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Information Available

From the above it is obvious that the given information, the
explosive yield function (y) and the spill mixing function (x)

constitute two random variables such that

k <1

and that the expected value of:the yield function (y) for any value of the

mixing function (x) is

some appropriate non-Tinear

function of x

d (3)
based upon available data

E(y/x)

C x

The mathematical problem was to find a Bivariate Probability Density

Function satisfying these conditions.

Requirements

The statistical requirements for this function needed here are that

the expected (or mean) value of y for any given x value is

n
[ep]
>

E(y/x)

]
= f y f(xs.Y) dy (4)
0 d
[6X f(x,y) dy]
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Search for a Suitable Function

No ready made, suitable function to satisfy the above relationship
could be found.

The usual Gaussian function is not suitable since the limits are
(-0, +0) and E(y/x) = Linear function of x.

The usual Dirichlet Bivariate function (see Wilks: Mathematical

Statistics)’ has limits

0<yc<1 (5)

but again E(y/x) is a linear function of x.
However the Dirichlet Bivariate function can be modified co make
E(y/x) equal to a non-linear function of x, in particular

d

E(y/x) = C x (6)

This is a non-linear function that seems to meet the Engineering

requirements of the problem.

Development of the Function

In the theory of definite multiple integrals one can find a class of
integrals known as the Liouville-Dirichlet Integrals. These are
described by SERRET ("Cours de Calcul Differentiel et Integrai,"

Paris 1907)8 and by GRADSHETEYN & RYSHIK? in the "Tablitsy Integralov"
Moscow 1963 (Integrals Number 4.631 to 4.648).



7 uses one of these

S. S. WILKS (mathematical Statistics, 1962)
integrals to define a multivariate probability density function and this
is called the DIRICHLET Distribution (p. 177).

Its Bivariate form becomes

N r(a+b+c a-1 _b-1 c-1
f(x,y) ﬂ?)lﬂ bIT(C X'I X2 (]'X]“Xz) (7)

with x]>0, X9>0, x1—x2<1

To adapt the Dirichlet Distribution to the problem at hand the

following change in variables is made. Let

1]
-—

]
x

X where x 1is the Mixing function

Xp =y where y 1is the Yield function
After mathematical manipulation and simplification the desired

function in x and y is obtained both satisfying the physical data

and the statistical requirements. It is

- dr(atb+c d-1/7_,dya-1,b-1,.d_,yC-1
f(x,y) m}){y x5 (1-x7)ay" T (xY-y) (9)

The only restrictions on this equation are that

y>0, x0, yexd, d #0



Carrying out the mathematical operation indicated in equation (4)

1
E(y/x) =j y Z(X’y) dy = FE? x4 (10)
[6" f(x,y) dy]

The last expression, equation (10) shows that the mathematical
function developed here satisfies all the statistical requirements as
well as the functional relationship, connecting the yield function (7) and

the mixing function (x).

Confidence Regions

To enable the construction of a confidence region for (x,y) use

is now made of the fact that the transformed variables

u=1-x O<u<l
(11)

vy = L O<v<]

x4 T

both independently follow the BETA distributions

Oy b -1 b+c-1
o -t it oo
fo(v) = sLEL WP (1y)ed (128)

so that

fa(usv) = f1(u) f5(v) (13)



or in other words that the function of both u and v 1is equal to the
function of u multiplied by the function of v (equation 12A times
equation 12B).

Given the numerical values of the parameters a, b, and ¢ the two

sided 95 percent confidence interval can be found from (12B)
Prob. (v]gygyz) = 0.95

where vy and v, can hbe determined from the Beta Tables.
Substituting for v we find the 0.95 confidence interval for the

yield function (y)

Prob. (vyxdy<v,xd) = 0.95 (14A)
From (12A) one has
Prob. (uj<u<u,) = 0.95
where Uy and u,, are

2
determined from tables.

Substituting for u cne finds the 0.95 confidence interval for the

mixing function (x)

1 1
Prob. ( (1-u2)3'§_x 5_(1-u])d ) = 0.95 (14B)

Combining (14A) and (14B) one obtains the Joint Confidence region as

shown in Fig. [-2.
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Region
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Estimation of Pa ameters

As shown in equation (9) the Modified Dirichlet Distribution
de* ‘4 here is characterized by four parameters a, b, ¢, and d.
The neit step is to estim. - these from observed data.

Many of the standard methods of estimation have been shown to
be unrelioble when functions 1ike the Dirichlet are involved.

The usual method of Maximum Likelihood estimation leads to
intractable equations and the estimates derived are biased to an
unknown degree.

The othe» wethod of Moments also leads to difficult equations
and is known not to be very reliable in functions 1ike the Dirichlet.

Mostly for the sake of simplicity the following procedure was

developed.

Parameter "
First . .‘mate the barameter *d" from relation (10). Taking
logarithms one obtaihs

n E(y/x) = In %C +d n x (15A)

and identifying this with the data by writing
=n b +4d1 15B
Iny=1n brc n x (15B)
Since both x and y and hence 1Tn x and 1Ir y are random
variables, the ordinary least square method of estimating 4" s not

advisable .nd WALD's method]0 is recommended,( A. Wald, ANNALS of
Mathemat® -1 Ctatistics 1., 1940, p. 28419)1ead1ng to the relationship



2n n
£ 1In ;i - I In s
n+i 1
d = 5 -
x Inx, -2 Inxs (16)
el 01 ]

In the procedure described in the reference leading to equation
(16) it is only necessary to arrange the x}s in order of their magnitude.

The equation can be applied directly to an ever number of
observations or can be modified to apply to an odd number.

Equation (16) when applied to a small number of observations gives
the parameter d with an inherent degree of conservativeness and the

result can be compared with results from other estimating procedures.

- “ ¥
Parameters b and ¢

. . - ]
Having obtained a numerical vaiue for d from thc above procedure

the observed data (xi,yi) can be transformed to (“i’ vi).

(17)

Returning to relationship (12B) the expected value of v is

calculated

L b
E (v) fj: v i(v)dvs= B (18)



and

In [ E(v)] = Inb - In (b+c) (19)

Also calculate

E (In v) =£ n v £(v) dv

(20)
= ¢ (b) - v (b+c)

The properties of ¥ (Euler's Digamma Function) are given in the
ll]]

National Bureau of Standards "Handbook of Mathematicai Functions or in
the Jahnke-Emde-Loesch "Tabies of Higher Functions."12

Identifying the above results with observed data by replacing
E (v) by v (mean of observed data Vi) and E(Inv) by Tnv (mean of
logs of observed data Vi) one obtains

nv ¥(b) - ¥(b+c) (21)

Inv In (b) - In (b+c) (22)
Equations (21) and (22) become the estimation equations for the

. AL /
parameters b and c.

Parameter‘a’

Repeating the above procedure for u leads to equations involving

parameter “a" and these become the estimation equations for that

parameter. They are:
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v(a) - v{at+b+c) (23)

p—
=
[ =

"

—

=

=l
"

In (a) - In (a+btc) (24)

Applying the above procedures all four parameters can be evaluated
in terms of the available data.

The Mathematical Model is now ready with the parameters a, b, ¢, and
d giving it its characteristic configuration, and analysis of the

resulting statistical surface produces a wealth of new information.

Characteristics of the Mathematical Model

The parameters a, b, ¢, and d give the mathematical model, expressed
by the function of equation (%) its characteristics, which can be
brought cut by proper mathematical analysis. Some of the most significant
results with regard to this investigation are the

A. Probability Distribution of the Yield, Py

B. Probability Distribution of the Mixing, Px

C. Confidence Regions for the Yield and Mixing Functions

D. Confidence Limits for the Yijeld Function

E. Confidence Limits for the Mixing Function

A discussion of how these characteristics can be extracted from the

mathematical model follows.

A. Probability Distribution for the Yield, Py

To obtain the probability distribution for the yield function it is
only necessary to determine the ordinate of the probability distribution
for each value cf y.

This ordinate for a particular value of y represents the cross-

sectional area of the mathematical model at this value of y and



perpendicular to the x-y plane. This area can be obtained graphically,
or by integration requiring a large scale computer.
The integral representing the probability ordinate is
(1
P,(y) = j f(x,y) dx (25)
1
d
Y
The Tower limit of this equation (25) is the value at which f(x,y)

becomes positive for the chosen value of y. The function f(x,y) is

given in equation (9).

B. Probabijlity Distribution for the Mixing Function, P,

LAY

To obtain the probability distribution for the mixing function the
procedure is the same as in the above section except that the variables

X and y are interchanged so as to obtain the integral

xd
Px(x) i)P f(x,y) dy (26)
0 .

Here the upper limit is the value of y at which f(x,y) becomes

negative for a chosen value of x.

C. Confidence Regions for Yield and the Mixing

To obtain the probability regions for the mixing (x) and the
yield (y) it is necessary to determine the volume under the probability
surface, and then to establish the regions which contain a desired
subvolume.

In this manner the regions are obtained representing the intersections

of planes, parallel to the x-y plane, with the surface which define the
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subvolumes. These intersections projected as regions simulate contour
lines on a topographical map representing the various elevations.

The above analysis can be made by building a physical model of
the mathematical funciion (using clay, puity, wood, and so forth) and
by determining the total and subvoiumes by sectioning, submersion in
liquid, etc.: it can aisc be done mathematically by double integration,
again necessitating a large-scale computer. The integrals to be solved

are

v -flfxdf(x ) dy dx (27)
xy Jg Jo .y) dy

for the total volume and with different 1imits for the subvolumes. The
limits of the integrals have tc give the required subvolumes to include

the desired percentages of x and y surface values.

D. Confidence Limits for the Yield Function

To obtain confidence limits for the yield function it is necessary
to work with fractional areas under the y*eld probability distribution.
The fraction of the total area under the probability distribution
lying between values of y represents the fraction of all y values
in this interval. If the highect statistically expected yield
value is desired with a confidence, let us say, of 95 percent, then the
value of y has to e found for which 95 percent of the area under
the probability distribution curve lies to the Jeft of ii. Many other

questions of this type can be answered in this manner.
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E. Confidence Limits for the Mixing Function

The same information regarding the mixing function can be obtained
as were described above for the yield. The procedure is the same except
that the mixing probability distribution curve is used in this case.

Information in addition to the above, can be extracted from the
mathematical model by sectioning it and subsectioning it physically or

mathematicaliy in various ways.

Application of the Mathematical Model

In this section it will be shown how the mathematical model developed
above can be used on available information.
The only data reported for which complete mixing and yield information

is available is shown in Table I-I.

Table I-I

Experimental Data of Liquid Propellant Exp]osions6

1. (D,H)max Test Series Y = 0.78  x=I

2. J] Experiment 0.47 0.85
3. J2 Experiment 0.17 0.35
4. J3 Experiment 0.18 0.25

The writer of this report and his associates have made a great
nume o~ of inert mixing studies, discussed later in this report as well
as installed thermocouple grid instrumentation in two 25,000 1b LOX/RP
Tiquid propellant explosion experiments and in one 200 1b LOX/RP cold
flow and 1liquid propellant explosion experiment, performed under project

PYRO. The thermocouple grid was installed in the fuel tanks where most
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of the mixing occurred. The resuits strongly support the yield function-
mixing function relationship exhibited by the data in Table I-I. This
fact gives credence to the assumption that the yield - mixing
relationship is a characteristic of the propellants themselves.

The first step in giving the mathematical model the specific
characteristics exhiibited by ihc ~.ca is to evaluate the parameters

a, b, ¢, and d.

Estimation of the Parameters

Parameter 'd”
Three methods for the estimation of this parameter were employed
here even though some of them have been shown not to be reliable when

functions of the Dirichlet type are involved.

Method of Averages

The basis for this method is that the error of a particular data

point from the true value is to be made as small as possible. Thus if

F

ri = f(x'l) = .V.l (28)
the best curve fit is obtained when
Iry = 0 (29)

This method applied to the data o, Table I results in a curve

vy =5 xd=0.78 xd (30)
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with a "d" value too high and thus a curve too low (thus not conservative)

to be a good fit for the data.

Method of Least Squares

This widely used method often gives the most probable equation,
best fitting the data, assuming that the residues follow the Gaussian Law
of Error. Again this method has been shown not to give very good

results for functions like this one. If applied however

Y'-i":.V'.Yi (31)

and the best fit is obtained when

it = 0 (32)

(33)

with the value of “d” better but s .ill too high, resulting in average values
too low (again not conservative). Plotting the resulting cu.ve over the

data reveals this by simple inspection.

Wald's Method

For functions like the Dirichlet, Wa1d]0 recommends the method
previously discussed, cuiminating in equation (16). Applying this
equation to the data of Table I-I a value for *d" is obtained which is

too small, resulting in the curve



which falls too high when plotted over the data (thus over conservative).

Combining the three methods of estimation results in the curve

y =0.78 x1*° (

(78]
(7]
~—

wiich with the d = 1.5 giving the best fit.
If more data had been available the estimation procedure would have
been much better and the confidence in the resulting value of “d” would

be increased.

Parameters b and ¢

The next step is the evaluation of the parameters 'b” and “c” The
relationship

y= ! =07 Kl

(36)
is not enough since it gives one equation with two unknowns. It was
however shown earlier that two estimation equations could be derived and
they were given as equation (21) and (22). Use only the J series data
from Table I-I, since the two anchor points of the curve lead to
undefined values vor u and v. The first anchor point of this curve
had actually already heen used. With the numerical values the equations

(21) and (22) become respectively (37) and (38)

-0.30=12 -1.5 (37)

1.37 - 1.65 (38)

- 0.28

1
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for values of b = 4, apd ¢ = 1.1.

Parameter'a”

It has been shown above that all parameters except 'a’ have beep
determined using the available data. To evaluate the parameter“a” for
a given set uf data the value for " a" can be calculated, and when
applied with the other parameters to the Dirichlet Distribution the
analysis of this function will give results characteristic of all the data.

If however there are basic differences according to which the data
may logically be grouped then the parameter “a” becomes a function vhich
can describe the effects of the differences. If for instance, the
various data points represent different propellant weights then the
function of " a" will become a scaling function. This same procedure
can be applied to propellant type, missile configu.-ation, missile failure

a

mode, etc.

Analysis of the Experimental Data by Means of the Mathematical Model

Using the data in Table I-I, a weighted value of 3.5 is assigned to
data point (1, 0.78) since this point represents a great number of
experiments of small scale “nvolving three separate Oxidizer/Fuel
combinations, LOX/LH,, LOX/RP, LOX/RP/LH,, and several different
propellant quantities. The J series points and anchor point (0,0) were
given a weighted vaiue of 1.

Utilizing the estimation equations for parameter “a” namely (23)
and (24), a value for "a” = 3.1 is obtained. Having all the

parameters the Dirichlet distribution, equation (9) becomes

0-5(1.x

1.6)2.1,3.0(,1.5_ 0.1

Y

(39)
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which is the mathematical mode: describing this data and it can be
analyzed as discussed earlier,
The function has a very characte' istic shap> as shown in
Fig. I-3 and is referred to by the writer and his associates as "Shark Fin."
This mathematical model has been programmed on the IBM 360 computer
and gives probabiltity distribution, confiuence (imits und confidence
regions for diffe}ent.va1ues of the parameters.

Fig. I-4A, I-4B, and I-AC give the results for the parameters
a=31,b=40,c=1.1,d=1,5

which represents all the experimental data in Table I-I. They give the
yield probability distribution, the mixing pgrobability distribution and
the yield - mixing confidence regions.

From the probability distributions the péék values can be fou .., the
average values (the value of yield or mixing which divides the area under
the probability distribution in half), the 95 percent confidence interval
(the value of yield or mixing below which 95 percent of all expected
yield or mixing values will fall - the value to the left of which 95
percent of the area under the probability .istribution lies). The
probability regions around the peak value irclude 50, 70, 83, 93, and
100 percent of all yield and spill values. Further infor.ation is

given in veference 2.

Anal, sis of Missile Failures by Means of the Mathematical Mode’

The above procedure of a~2lying the mathematical model to the
experimental data exhibited a wealth of information which can be oxtracted

by such analysis.



Figure 1-3 The Mathematical Model
Represented by a Statistical
Surface
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In this section the mathematical model will be used on yield estimates
of actual missila failures, presented in Table I-II.

To be able to use this data since only yield could be egtimated it
was necessary only to assume that the yield - mixing relationship, a
basic propellant characteristic, holds for this data. Theoretically this
is a good assumption which is further supported by two 25,000 1b PYRO
experiments which were partially instrumented by the writer and his
associates to establish in addition to other things this very fact.

Evaluation of the parameters for the missile failures as presented

in Table I-II (using TNT values to be conservative) give
a=70,b=40,c=5.1 d=1.5

and the analysis based upon the mathematical model controlled by these
values for the parameters is presented in Fig. I-5A, I-5B and I-5C.

A closer look at these figures shows that the average yield value
for this group as predicted by the model is 4 percent and 95 percent of
all the yields fall below 11 percent.

Only the 80 percent confidence region is presented in Fig. I-5C since
it already is very small indicating that rather close grouping of the

expected yields and mixing will result.

Scaling by Means of the Mathematical Model

If the effect of the size or quantity of propellants (on beard at
Taunch) is desired the data can be grouped according to propellant
quantity and the parameter “a” can be calculated for each group.

It must be realized that with already sparse data, by doing this,
\\a #

some uncertainty is introduced since each value is based upon fewer
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points. This problem will however correct itself as more data become
available.

Using the small experiments of about 200 1b average the “a” value
when calculated as outlined above is less than 2.

For the J test series of almost 44,000 1b of propellants the
“a” value becomes 7.5.

~ In the about 100,000 1b class the best point, since it is based
upon actual measurements, is the S-IV Test, and the highest explosive
yield value is used for analysis. It gives a value for Ya’ of 60.
Point 14 in Table I-IL is an estimate and point 12 gives a yield which
was based upon an estimate of the propellant quantity on board at the
time of impact, thus giving too high a value as compared to the launch
quantity of propellants. The writer could not find out what the impact
quantity was so did not feel it advisable to use another value.

For the 250,000 1b class or group points 5 through 11 of Table I-II
were used resulting in an "a" value of 70.

For these calculations as those of the previous section the yield
values were taken as reported rather than normalized since the accuracy
of the estimates is not known and this procedure will keep the analysis
on the conservative side.

The results are summarized in Table I-III

Table I-III

Parameter “a” as a Function of Propeliant Weight

200 1b a=2
44,000 1b 7.5
100,000 1b 60

250,000 1b 70
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These results are graphically represented in Fig. I-6 which shows
that the parameter “a” as a function of propellant weight forms a
distorted S curve indicating that an increase in propellant weight
increases the value "a” and thus decreases the yield values predicted.
It indicates further that the curve still increases beyond the last

known point but at a decreasing rate.

Studying Fig. I-6 the value of *a” can be bracketed—infor;—tetus—

say, propellant quantities of the Saturn V class. It is shown that the
value is definitely higher than it is at the last known point. 0On the
other hand since the curve continues at a decelerating rate a straight
Tine between the last two known points will, when intersected with the
w gt

Saturn V propellant quantity, overshoot or give a value of too large.

So the true value of “a" can be expected to 1ie between these two
extremes. In this case between 70 and 97.

If the mathematical model is taken and the value "a” varied in the
computer program the effect of “a” on the yield prediction can be found.
Fig. I-7 presents the effect of 2" upon the average yield value. It
shows that at the higher values of “a” the predicted yield values changes
Tittle or in other words that the yield sensitivity with respect to the
parameter "a” at higher—Vulues of “a’ is Tow. Thus even inaccuracy in
the value "a” due to insufficient data will have Tittle effect on the
explosive yield predicted.

From Fig. I-7 and the *a” values obtained from Fig., I-6 the
predicted average yield value for the Saturn V based upon the mathematical
model is between 3.5 and 4 percent.

Fig. I-8 presents the results in the most useful form, showing the

average expected yield value and the 95 percent confidence limit as
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predicted by the mathematical model as a function of propellant weight.
From this Fig. the prediction for the Saturn V would be that the average
expected yield vaiue is about 3.8 percent and 95 percent of all the
expected yieid values will fall below 9 percent.

In addition to the prediction from the mathematical mode’ by
analysi§ many actual yield data points are plotted on Fig. [-8 so that
a compafison between predictions and actual results can be made.

The mathematical model as usea here included all types of propellants,
presently used, all modes of failures and or experim~nts, it thus
represents our knowledge based on experiments and upon the case history
of missile failures. The model is found to be conservative in its
predictions since the conservative route was taken in its development and

use of data.

Other Analyses Which can be Carried Uut With the Mathematical Model

In the above analysis it was shown that the data can be grouped
according to some khqwn variation and parameter “a” can then be used
to indicate this variation through its functional characteristic. So the
data could be grouped not only according to weight but also according
to propellant type, missile configuration, mode of failure, ignition
time, etc.

If for any such set of data the paraﬁeters a, b, ¢, and d are
evaluated the predicted average explosive yields should be better in
such cases and the confidence 1imits will be found, in general, closer

to the average value.

Evaluation of the Mathematical Model

The development of the mathematical model as described in Part I

resulted in a very flexible tool which can utilize a minimum amount of
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data and extract from it a wealth of information. Its four parameters
give it this flexibility and allow one or more of them to vary, if
desired, to investigate certain characteristics of the data.

The data used for the predictions here were taken conservatively
so that the explosive yield predictions are on the high side of the
unknown true value. Fig. 8 bears this out since most of the available
data falls even below the predicted average value.

Since the mathematical model is shown to be conservative in the
range where information is available it is also believed to be
conservative in its pred.ctions in the regions where no data is presently
available. So it is believed that the predictions for the Satura V,
based upon this mathematical model are on the high side.

Inspite of this very conservative nature of the model it predicts
yield values for propellant quantities of the Saturn V size, much, much
lower than the values presently used. In this last statement lies, the
writer believes, the most significant contribution of this model.

In closing it might be added that for large liquid propeliant
rockets, it may be desirable to control the mode of failure with a
properly designed destruct system, so that in case launch abort becomes
necessary, a minimum explosive yield is produced. With such a procedure
the explosive yield value can be Towered stili further and the explosive

yield prediction reliability increased.



Part II

"The Seven Chart Approach"

A Systematic Approach for the Analysis and Prediction of the Yield from

Liquid Propellant Explosions

Introduction

It was pointed out in Part I that in an effort to assess and
minimize the hazards from liquid propellant explosions as a result of
missile failures to astronauts, launch support personnel, Tlaunch
facilities, and surrounding structures it is of utmost importance to be
able to predict the most probable expected yield.

An approach, considering the over-all characteristics of liquid
propellant explosions, to predict the explosive yield, spill or mixing,
probability distributions, confidence regions, confidence limits, and
so forth, by means of a mathematical model was presented in Part I as
well as in reports and pape\r's]=2s3s4’5 by the writer. The method
described there accomplished the ultimate goal of leading to a valid
prediction procedure of yield, spill or mixing, and so forth, of
liquid propellant explosions; it did not provide an insight into the
physical phenomena producing this yield, mixing, and so on.

The present approach, that of Part II of this report, suggests a
more fundamental approach to this problem by considering the physical
phenomena in detail which go into producing the explosive yield, mixing,
etc. This approach therefore can, through understanding of the physical
processes and phenomena, provide the information necessary tc control

these processes.



The approach presented here is referred to by the authors as the
"Seven Chart Approach" since the procedure can be summarized in seven
charts, constituting a complete, well planned program, outlining the
necessary steps to be followed.

Furthermore, the "Seven Chart Approach" uses presently available
information regarding these poorly undersiood phenomena producing the

liquid propellant explosion yield; it points out where more theoretical

and experimental work is needed, and what information it should provide.

In this manner an ideal balance is obtained between theory guiding
the experimental work and the results from the experiments modifying
the theory. For this reason the recommended procedure is able to reach
the desired goals along a most direct route in the shortest possibie
time and at a minimum cost.

Previous theoretical and experimental investigations reported in

1,2,3,4,5,15,16 suggest that the actual phenomena

the literature
producinﬁ the yield in 1iquid propellant explosions can be divided into
groups which Tend themselves to separate study, both theoretically and

through small-scale experimentation.

For the purpose of the "Seven Chart-‘pproach," suggested here for
the prediction of the expected exp]osive'yie]d, etc., for liquid
propellant explosions, the problem if divided into three uch groups of
phenomena which can be studied separate]y{but when combined ailow the
desired prediction. The groups revé]we\aﬁound

A. The Yield Potential Function

B. The Mixing Function

C. Delay and Detonation Times

I1-2

and ailow the incorporation of the basi. characteristics of the particular
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propellants involved, of the missile design configuration, and the
mode of failure.

The yield potential function (A) is basically controlled by
chemical kinetics, the mixing function (B) by the principles of hydro-
dynamics modified by heat transfter, and the delay and detonation times
(c) by characteristic functions for some propelliants such as hypergolics
or by random processes for others.

The separate studies ‘can be combined by taking the yield potential,
when expressed as a time function, and multiplying it by the mixing
function to obtain the expected yield at any time after the start of
the failure or after the mixing has begun. This mixing function wiii
be different for different modes of failure and missile configurations.

The actual expected yield can be determined by superimposing the
delay and detonation times upon the above expected yield function, either
as a fixed value where applicable or as a statistically most probable
value with proper confidence limits. These delay and detonation times
are characteristics of the propellants such as hypergolics, or cryogenics,
modified by the propellant quan+ities, missile configuration, modes
of failure, and so forth.

The total procedure can be summarized, with the seven charts supplying

the necessary information, as the relationship

y =y, - X (11-1)

where y expected yield value at time*
Yp yield potential value at time*
X mixing function

t* detonation time (controlled or statistically most probable)
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The development of the seven charts follows: conditions were
assumed so that quantitative results could be calculated for cases
which were investigated experimentally and for which results are reported

in the Titeratura2:9s13 4

r for which results were obtained as part
of this investigation.3

These quantitative results give more meaning to t.:e nrocedures
suggested, and allow comparison of orecictad values From tre 'Seven
Chart Approach" with actual experimental results. The aporoach is the
same if other initial conditions, than those presented here, other

propellants or other configurations are useu.

A. The Yield Potential Function

The yield potential function is defined for this investigation as
the theoretical maximum yield obtainable if the liquid propellants
present are mixed in the most favorable manner to produce the maximum
. possible value. The explosive yields are then normalized with respect
to the maximum theoretical yield obtainable with the original propellant
quantities.

The yield potential function for any propellants or combinations
of them as a function of time can be obtained from theoretical

considerations in four steps as follows:

1. Maximum Theoretical Energy Release (Chart 1)

The maximum amount of energy which can be released from any
particular liquid propellant fuel-oxidizer mixture can be calculated
employing the basic laws of chemical kinetics.

Figures II-1A and II-1B (in greater detail) show the results from

such calculations for the three-component propellant mixture, LOy/LHy/RP-1.
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Figures II-8A and 1i-8B (in greater detail) show the results from
such calculations for the three-component propellant mixture, LFZ/LHZ/RP-l.
The upper curve in these figures is the result of the three-
component mixtures L02/LH2/RP-1 or LFZ/LHZ/RP-1, with the ratio of LH2

to RP-1 held constant. In arriving at.the numerical values it was
assumed that all the LH2 reacts, and as much of the RP-1 as can be
supplied by the oxidizer. Atmospheric oxygen could also be included if
desired without any particular difficulty.

The lower curve is the result of two-component mixtures LO,/RP-1
or LFZ/RP-1, again presented here without atmospheric oxygen contribution.
This curve is applicable to a two-component mixture or can be considered
the condition after all LH2 of the three-component mixtures has evaporated.

Thus any three-component mixture will have its starting point on the
upper curve and will, due to evaporation of both the LH, and the LO2 or
LF2, follow a path from the upper curve to the Tower curve and then toward
the origin, if reaction does not occur somewhere along this path
terminating the process. The actual path depends upon the changes in the
relative quantities of each component present. Two such paths for the
L02/LH2/RP-1 and two for the LF2/LH2/RP-1 mixture are shown in the
above mentioned figures.

How they are calculated will be explained later, but it might be
mentioned at this time that the L02/LH2/RP-1 mixture was the one used
in field exper‘iments.3 One path assumes that the mixture is thermally
isolated from the surroundings and the other path assumes that maximum
thermal interaction between the system and the surroundings occurs.

That the two paths are not as much different as might be expected

indicates that the effect of the surroundings 1is minor.
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2. VYield Potential as a Function of Oxidizer to Fuel Ratio: (Chart 2)

The explosive yield of the liquid propellants will depend not only
upon the quantity of energy released, but also upon the rate at which
this energy is released. Because of lack of information as to the
varjation of the reaction rates with propellant composition it was
assumed for these calculations that the reaction rate remains essentially
constant throughout the Oxidizer/Fuel ratios under consideration.

With this assumption, which should be replaced by reaction rate
information as it becomes available, and the informeztion of Figures II-1A, II-1B
and II-8A, II-8B, the yield potential can bte.calculated and normalized in
terms of the theoretical maximum of the original propellant quantities
(propellant quantities used in an experiment or propellant quantities
on board of a rocket at launch). The results are presented in Fig. II-2
for the L02/LH2/RP-1 combination and in Fig. II-9 for the LFZ/LHZ/RP—l

combination.

3. Mass-Fraction Time Relationship for LO,, LF, and LH2 (Chart 3)

To determine the actual paths as previously discussed and shown in
Figs. II—]A,‘IlulB, 11-2, and II-8A, II-8B, II-9 it is necessary to know
the LHp/LO, and LH2/LF2 ratio and its variation. This is easiest obtained
from calculations of the quantities of LH2 and L02, and LH2 and LF2
respectively present at any time.

The calculations are more or less standard, involving the principles
of thermodynamics and heat transfer, but are long and tedious. They
involve simultaneous heat balance and heat transfer relationships, which

with the proper heat transfer coefficients allow, through step-by-step

and iterated calculations, the estimation of the quantities of cryogenics



vaporized, escaping, or again condensed in the mixture, the quantities
of fuel and oxidizer frozen and portions remelted, and so forth. Some
simplifying assumptions were made wherever it seemed advantagzous in
reducing the large amount of computations without appreciably effecting
the results. Where quantities were encountered which had the same
order of magnitude, but the opposite sign and were relatively small,
they were sometifnes cancelled against each other. These actions helped
tremendously in reducing the scope of the necessary computations.

Contact area variations based upon mixing studies both at the
University of Florida in connection with the study of explosive hazards
of liquid propellants, and information found in literature, were used
in the heat transfer equations together with the best available heat
transfer coefficients to obtain the mass-fraction for LOp/LHz and
LF2/LH2.

The information needed and used, aside from that supplied by
supporting studies at the University of Florida, are referenced in
Table II-I but only some of the assumptions and the results from the

calculations can be presented here because of space limitations.

Information for Mass Fraction Caiculations

To calculate the wass fractions, by first calculating the quantities
actually present at any time, it is necessary to assume a pnysical
configuration and a mode of failure.

For the purpose of this investigation a model was chosen which
leads to reactions less violent than spilling the propellants together
as was done in the ADL test series, which was used as the data for the

Mathematical Model in Part I.



The three propellants. Liy, LOZ, and RP-1 were assumed to be
contained in a 12 ft diameter cylinder with the LHy on top, the LG,
in the middle and tie RP-1 on the bottom.

At time zero the partitions between the propellants are removed
and the initial! contict areas between the propellant components are
the plane, horizontal interfaces. It is assumed that no chemical
reaction or combustion takes place for the calculation of the mass
fraction curves. If ignition and combustion would occur the resuit
would be the termination of the curve at the point of ignition.

Two cases are taken for purpose of illustration where the three
propellant constituents are

1. Thermalily isclated from the surroundings

2. Theimally coupled to a maximum wich the surroundings

(container temperature 75 F and constant).

Initial Conditions

T,LH, = 26.5R m, LH, = 3,032 1b
T, L0, = 162.3 R my L0, = 32,928 1b
T, RP-1= 528 R m, RP-1 = 7,880 Tb

Interfacial contact areas between components at time t = 0 are the

plane areas respectively.

1. The heat transfer rate between the LH, and the LO2 is constant and
1140.5 Btu/hr ft2 R.

2. The heat transfer rate between the LO2 and the RP-1 is constant and
7776 Btu/hr ft2 R.

3. The heat transfer rate between LH, and the container is constant

and 757.3 Btu/hr ft2 R.

11-14



10.
11.
12.

13.

14,
15.

The heat transfer rate between LO, and the container is constant
and 632.0 Btu/hr ft2 R.

The heat transfer from the container to the RP-1 is zero.

RP-1 has the same heat transfer characteristics as kerosene.

The interfacial contact area between LHZ and LO, is governed by

2
the relationship

A= 113.1 + 218 t2

The interfacial contact area between LO2 and RP-1 is governed by
the relationship

A= 113.1 + 31 t2

The bulk process for the localized intersurface regions involves a
height of 0.66 ft (5,380 1b) between'LH2 and L02, and a height of
0.66 ft (5,380 1b) plus 0.34 ft (1,946 1b) between the LOé and the
RP-1.

The heat of vaporization for LH2 is 191 Btu/1bh.

The heat of vaporization for LO2 is 91.7 Btu/1b.

The specific heat at constant pressure for LO, is constant in the

2
range of investigation and at 0.228 Btu/1b R.
The specific heat at constant pressure for RP-1 is constant in
the range of investigation and at 0.51 Btu/1b R.

A11 the LH2 which vaporizes, escapes.

Of the LO2 which vaporizes, 25% escapes, 25% solidifies and is

suspended in the LHZ’ and 50% condenses. The portion which

I1-15
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condenses is first condensed in the L()2 cooled localized region, any
left over amounts are condensed in the LH2 and fall back into the
LO,.

16. No heat is transferred between the 50, and the LH2.

17. The latent heat of fusdion of RP-1 is 70 Btu/1b.

18. The GO, that is formed at the Tower interface does not reach the
upper interface until one time interval later.

19. The latent heat of fusion for LO, is 5.9 Btu/Ib.

20. The heat transfer from SRP-1 to LO, is so slow and small that it
is negligible for the time intervals chosen here.

21. The specific heat at constant pressure of SRP-1 is constant in
the range of this investigation and at 0.255 Btu/1b R.

22. The thermal conductivity of LRP-1 in the range of this investigation
is constant and at 0.086 Btu/hr ft R.

23. Thermal conductivity of gases is inversely proportional to
temperature and the thermal conductivity of SRP-1 is constant at

0.1183 Btu/hr ft R.
24. The density of SRP-1 is 50 1b/ft3,

Identical assumptions were used for the three propellant component
system which was thermally isolated from its surroundings with the
exceptions that the container tank walls were considered adiabatic so
that no heat was transferred to it from external sources.

With the above assumptions, many of the sources of which are referenced
in Table II-1, and the standard equations of Conduction, Convection and
Radiation Heat Transfer the amounts of constituents present at any time

t and their respective phases can be calculated.



The results are presented in Figs. II-3A and II-3B for the
LOZ/LHZ/RP—l propellants of the above quantities.

Using similar information as the above for the L02/LH2/RP-1
mixture but for the LF2/LH2/RP-1 mixture results as presented in

Figs. II-T0A and II-10B result.

4. VYield Potential - Time Relationship (Chart 4)

Using the information developed in Fig. II-3A and II-3B or the
corresponding Figs. for the Fluorine propellants a time scale can be
superimposed upon Figs. II-1A, II-1B and II-2 or II-8A, II-8B and II-9.

With these time scales as shown on Figs. II-1B and II1-8B, these
curves can be replotted giving the yield potential versus time'
relationship as seen in Fig. II-4 and II-11 respectively.

These curves represent the theoretical maximum yield which could
be obtained at any time t from the above propellants due to the
quantities of the constituents which are present at that time t.

One curve again represents the yield potential for the isolated system:
and the other for the system which has the maximum theoretical thermal
interaction with the surroundings.

Since the curves of the Tast Figs. give the yield for propellants
when perfectly (or better most advantageously) mixed to produce maximum
yield, these results must be modified by the mixing function, the actual

amounts (fraction of the maximum amounts) which are mixed at time t.

B. The Mixing (or Spill) Function (Chart 5)

While the yield potential function as calculated above for a
specific case establishes the actual quantities of the various

constituents present and the maximum theoretical yield, if all these
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Table II-I

List of Literature References Used in Support of the Calculations

for the Results Presented in Figures II-1A through II-3B

SUBJECT

Average Chemical Formulas for Kerosene, RP-1
Average Heat of Combustion for Kerosene
Heat of Combustion for Hydrogen

Propellant Proportion used in Heat Transfer
Calculations

LAN/RP-1 Contact Area versus Time Data for
L02/RP—1 Analogy

Film Coefficients for LAN/RP-1 Interface

Film Coefficients for LN,/LH, Interface and
LNZ/LH2 Contact Area vergus ime Data for
L02/LH2 Analogy

Latent Heat of Evaporation for H2 and Specific
Heat for GO2

Specific Heat for L JP-1 to simulate RP-1
Latent Heat of Evaporation for 0,

Latent Heat of Fusion for O2
Approximation cf Latent Heat of Fusion for RP-1

Approximation of Specific Heat of Solid Kerosene

REFERENCES

37, 43, 44, 46
37, 38, 45
38

22
22

22

39
28

39, 28

39

46

40, 41, 42
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constituents are mixed most effectively, it does not give any information
as to the actual degree of mixing of the constituents.

For example, at time zero when the constituents are not yet mixed
or at best just beginning to mix, none of them are actually mixed and
therefore an explosion could not be produced. Thus at time zero while
the yield potential function has its maximum value the mixing function
has the value zero. The product of the yield potential and the mixing
function at time zero gives the true or expected yield.

The mixing function is essentially a hydrodynamic function,
however complicated by high rates of heat transfer. This makes the
analytical approach very difficult, and an experimental approach for
determining this function was chosen which is more promising since

questionable assumptions are not involved.

1. Analytical Approach

The basic problem to be solved here is the interaction of two or
more liquids which come together due to a particular mode of failure.
These liquids are at different temperatures and upon contact energy is
transferred between them resulting in phase changes and extreme
turbulence. At least one and probably more of the constituents will
as a result be present in solid, Tiquid and vapor or gas phases making
the analysis of the phenomena involved in this interaction one of
extreme complicity.

Many variables and factors must be used to describe the behavior and
even if the differential equations are set up presumably describing these
processes no method has yet been found to solve them. As a matter of
fact much simpler equations involving only a small part of these phenomena

have never been solved. Such are three dimensional heat transfer involving



all the factors of our problem or the problem of fluid flow alone of
the type which we are encountering.
The next best thing would be analytical approximate solutions and

two approaches will be briefly discussed.

a. The Grid Cell Approach

It is possible to divide the field under study into a grid of
cells (cubes, or curvilinear volumes). Then the amounts of each
constituent in each of its three phases crossing into and out of each
cell and the energy quantities crossing the cell boundary can be
expressed. Thus a great number of equations can be set up expressing
this interaction between the cells. The solution to the problem will
be the state for the system as a whole, at a particular time t when
everything balances. This process must then be repeated for each
successive time. A tremendous task requiring an extremely large
computer with tremendous storage capability, requiring uncountable
numbers of iterations.

Thus even though this method is straight forward and certainly
feasible it was not considered best for this investigation, and after
setting up some of the relationships expressing the physical problem.

Section (b) will give further support to this statement.

b. The MAC Method!’

The Marker-And-Cell technique was developed at Los Alamos by a
team of scientists for solving fluid flow problems. The method is
appropriate with a high-speed digital computer. The fluid is incompres-
sible, viscous, and moves through large-amplitude contortions in

several space dimensions. There may be a free surface upon which waves
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can form and break, or the flow may be entirely confined by walls. The
motions are calculated by using the complete Navier-Stokes equations,
including all non-linear terms. The only approximations arise from the
finite-difference representation.

The above problem is one of approximate solutions already requiring
a computer larger tnan what most Universities possess and this program
does not include other than liquid phases and only one or two
components. Naturally energy transfer such as heat transfer is excluded.

Only two dimensional examples are presented by the authors.

When one considers the amount of work which goes into such an
analysis, the tremendous facilities and expense in carrying through such
a program and in addition the boundary condition assumptions which must

be fed into the program, the results obtainable are rather questionable.

2. Semi-Empirical Approach

When analytical approaches become too difficult, long, or impractical
economically or time-wise, then often methods can be employed which
combine theoretical wovk with a minimum of experimentation.

One such method which has been proven very powerful is Dimensional
Analysis. This method is based upon the realization that when an
expression has physical meaning it has to be dimensionaliy consistent.
This method is able to give the relationships between the variables
describing the phenomena under study, and then can usually be grouped
in terms of dimensionless terms or numbers. The coefficients, exponents,
or in more complicated case functions have to be found Ly experimentation.
The experimentation is thus reduced since the relationship of the

variables is already established.
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Usually this method can save considerable time and has very
successfully been applied in cases where only a limited number of
variableswére1nyo]ved.

In the problem under consideration here the number of variables
is so great and the experimental measurement of them difficult requiring
expensive instrumentation. Because of the time involved in doing this
it was decided to determine the mixing function experimentally for

various modes of failure and liquid combinations.

3. Experimental Approach

As mentioned above and for the reasons cited the experimental approach
was chosen to give the answers needed for analysis of the explosive
yield prediction in the shortest possible time and with the greatest
reliability. iio questionable assumptions nave to be made and the
approach can be applied to the propellants, missile configuration and
mode of failure desired.

To measure the fraction of the prapellants mixed and the degree of

mixing, methods had to be developed to be able to do this.

a. Definition of the Mixing (or Spill) Function

For the purposes of this investigation the mixing function, as mentioned
earlier, is defined as the fraction of the propellants which are actually

mixed at any time t. This can be expressed as

_ Py _ Pu
75, FrFgFeFL = P b (II-1)
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Py Mixed Propellant Parameter such as: Volume, Envelope
Surface, Contact Area, etc.

P Total Propellant Parameter corresponding to P,, such
p ) ‘ M
as: Volume, Envelope Surface, etc.

F. Turbulence Factor
Fg Boiling Factor
F Freezing Factor

Loss Factor

In the work presented here the parameter P was taken as the contact
area or most frequently as the mixing volume.

The factors modifying the parameters were determined most of the time
as a group modifier (<#), by inert laboratory experiments, utilizing such
fluids as water and oil, hot wax and water, hot oil and water, LN2 and
kerosene, etc.

It was shown, that in the early stages of the mixing, these factors
have a value near one for the volume as parameter and thus the spill or
mixing function x 1is in this range the normalized parameter.

This method allows the study and prediction of the mixing function
as it occurs in the actual Tiquid propellant explosions through inert,
non-destructive experiments, which are able to predict the actual
phenomena.

The mixing function can thus be determined for the real missile
without producing an explosion only by running mode of failure simulation
experiments. Furthermore these experiments do not have to be full scale
since hydrodynamic scaling has been proven in many fields as valid.

The approach and the mixing functions obtained in inert laboratory
experiments on small configurations was substantiated by actual life

3

tests™ under project PYRO.



I1-30

While the complete function could be obtained in the inert
experiments only the first part of the curve could be obtained in the
life tests since auto-ignition and detonation terminated the mixing

process and explosion phenomena took over.

b, Experimenta! lfethods for Obtaining the Mixing Function

Four methods have been developed 1n connectior with the over-all
systematic approach to implement the execution. These four methods
allow the detailed study of the mixing process and phenomena producing
the mixing function of liquid propellants and have been used with
great success. In the preliminary studies, often applying two methods
to the same experiment, these methods have independently produced results

which are 1n excellent agreement. Tnese methods are:

Film Analysis

A high speed photographic technique giving by use of mirrors a
three-dimensional picture of the mixing process on the same film frame.
Special analysis of these frames as to mixing profile, mixing volume, and
modifying factors allows the determination of contact area, degree of

mixing, etc.

Wax Cast Analysis

By use of hot wax and cold liquids the mixing process can be "frozen"
at different stages of the mixing by varying the hot and cold temperatures.
The "frozen" state of the mixing process can then be studied at leisure
at any time later. These casts can be analyzed as to profile outside area
by projection or coating methods; they can be serially sectioned to give

the total contact area, volume, modifying factors, and so on.
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Vibration Mixing Analysis

This method consists o7 mounting a particular configuration on a
vibration table, simulating the various propellant components by particles
of different color, size, density, shape, etc., and by partially or
completely shaking the system to make these solid particles behave Tike
liquids. Flotation of these particles with air or other gases can make
them flow from simulated rocket tanks like the corresponding liquids
would. When reaching the vibrating base of either plane or launch pad
configuration (or any other desired simulation), the components
will mix and the degree of mixing can be checked periodically at
desired locations. Evaporation or other losses can be simulated by
removing programmed quantities or numbers of particles at desired locations
and prescribed intervals. .

The arbitrary time scale of the vibration analysis is correlated

through theoretical calculations or liquid calibration experiments.

Thermocouple Grid Analysis

This method of analysis employs a three-dimensional grid of fine
thermocouples with each junction being monitored continuously. The
traces give information regarding the mixing front, the degfee of
mixing at a particular point, the degree of turbulence at a point, the
location of the point or points of ignition, the time delay from the
start of mixing (or time of failure) to 1gnition, the propagation of
the reaction front, the propagation of the shock front, the separation
of the shock front from the reaction front, and so forth.

This method is certainly the most powerful of the four since it

directly relates the mixing phenomena with the yield obtained all 1in
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one and the same experiment. It is however, considerably more expensive
than the others.

Instrumentation for high speed monitoring of the individual junctions
is expensive and the reduction of the data obtained time-consuming.

However, this thermocouple grid method is capable of taking measure-
ments in liquid propellant mixtures from the start of failure up to
and after ignition. If the grid is extended beyond the original
boundaries of the propellant configuration, information can be obtained
as to fireball growth rate, extent, temperature, shock wave strength,
shock wave velocity, and so on.

More detail and some of the results of the four methods are
presented in Appendix B-III.

The analyses undertaken more recently have used the mixing volume
as the mixing function parameter, modified by the various factors
mentioned earlier. Actually during the time interval of greatest
interest these factors have a value near 1 so that their actual value
distribution is mostiy academic. Auto-ignition terminates the mixing
function curve rather early in its history so that only that part is of
importance in predicting the volume mixed and thus the expected yield.

Four cases are presented here for which the mixing function was
determined and for which the results at least in the beginning stages

could be checked against actual live tests.

ADL J Test Series

These tests, three in number involved about 44,000 1b of propellants
each which were poured together from tanks, spaced on a ci '=le 120° apart

so that the LH2, the LOX and the RP-1 spilled into a splash area in the
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center. Auto-ignition occurred in all three experiments and the
resulting yields were measured. Calibration experiments of the flow
from the tanks gave some information as to the quantities in the spill
area at the time of ignition.

This arrangement was simulated in the laboratory with the vibration
mixing analysis and the mixing function curve which resulted is shown
in Fig. II-5A.

The statistical variakion in repeated simulation experiments is
indicated.

S-1V Explosion Experiment (PYRO)

In this experiment a S-IV configuration was taken filled with 92,800
1b of propellants (LHo/LOX) and then a ram fired from the bottom to cut
an eighteen inch hole into the common bulkhead between the LH2 and the
LOX. 200 milli-seconds after the ram was fired, auto-ignition occurred
stopping the mixing process and detonating the propellants.

This type or mode of failure was again siwulated in the laboratory
with a three inch diameter tank configuration. The mixing function for
this case is presented in Fig. II-5B, showing the pdint at which the
actual live experiment was terminated by auto-ignition.

The double hump of this mode of failure is typical since a slug
of the upper fluid falls into the lower one penetrating to a maximuw then
retracts somewhat and then surges again. This behavior was observed in
all failure modes of this type.

The very ea:ly auto-ignition showed again that relatively little
time was available for the mixing process to occur. Also noteworthy
is that the mixing function never reached a very high value, never

exceeded about 17 percent.
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25,000 ib Explosion Experiments (PYRQ)

These ekperiments ygreﬁcarried out under project PYRO but were
carefully instrumented by Dr. farber's group with thermocouple grids
inside the RP—l,tanks.‘ Measureménts, bélieyed to be the first of this
kind, were taken and information obtained on the mixing phenomena,
the 1gnifion phenomena; shock wavé and reaction front behavior. The
results are presented in detail in Appendix C-V.

Since again aufb«ignition~ocgurrediin the two experimerts 540
and 580 mi]]i-seéoﬁds after initiation of the failure respectively,
re]ativeﬂy tittle time was available fof the mixing which could not
pydceed to its maximum-poteﬁkia?.

Again this made»wés'éimuiated in the laboratory with a 1 1/2 inch,
a 3 inch and a & inch configuration giving essentially the same results,

presénted in_Fig. fI~SC. Again the characteristic double hump can be seen.

200 1b Cold Fliow and Explosion Experiment

At the end of the PYRO project series a 200 1b LOX/RP-1 system was
instrumented and a glass diaphragm in the common bulkbead broken just
like in the 25,000 1b experiments. Auto-ignition did not occur, as is
usual with these smaller quantities, and the mixing process was followed
for 73 seconds at which time, with the mixing essentially stopped by solid
RP formation, the mixture was detonated by two explosion bolts.

This test was similar to the 25,000 1b experiments, but with
ignition controlled and much Tater in the process. The mixing progressed
to a higher peak value than the 25,000 1b experiments and then dropped
with relatively small fluctuations superimposed, very similar to the

S-IV curve. Fig. II-5D.
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C. Expected Yield as a Function of Time (Chart 6)

Taking the yield potential curve for a particular failure mode and
multiplying it by the mixing function results in the expected yield
curve, indicating what yield one could expect at any time t at
which ignition occurs.

Fig. II1-6A gives the Expected Yield curve for the ADL J series
experiments. Experiments analyzed for vhich ignition, (auto-ignition)
was delayed an appreciable amount.

From all the work and the Yield Potential curves, the Mixing
Function curves and the resulting Expected Yield curves it is seen that
the expected yield starts at zero at time zero (it may remain there
for some time until the propellants come together and start to mix) then
increases reaching a maximum and then decreases again with time. How
high the maximum is depends upon the mode of failure and the violence with
which the propellants are brought together.

Fig. 1I-6B gives the expected yield-time curve for the 200 # LOZ/RP-!

cold flow and explosion experiment.

D. Delay and Detonation Times

From the above work the Expected Yield curve was obtained giving
information on what to expect at time t when ignition and subsequent .
detonation occurs. If this time can be pinned down then the Actual
Yield is found and the objective of this study obtained.

The simplest case is the one where ignition is initiated under

controlled conditions by igniting the propellant mixture at will.
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In this manner any desired yield can be abtained up to the maximum for
the particular mode of failure involved.

This was done in some of the small scale ADL and small scale
PYRO experiments. As soon as the quantities get larger controlled
ignition becomes more and more difficult and auto-ignition phenomena

take over. Some of this will be discussed in more detail below.

1. Ignition

a. Sources
There are many phenomena which can act as ignition initiators.

It is obvious that in a rocket failure there will or may be hot

surfaces or even flames or fires.

Due to the collapse of the structural system falling members have

enough energy and may through impact or by striking sparks when scraping
other members, ignite the propellants.
Fluids which are good insulators when flowing across each other or

solid surfaces can produce tremendous electro-static charges, which when

discharging can easily ignite a combustible mixture. This particular
phenomenon has been investigated in detail and is described below.

Crystal fracture of the thermally stressed solids formed by

freezing the RP or even LOX when cracking release enough energy to act
as an ignition source.

Silent glow, sTow reaction between fuel and oxidizer may produce
a hot spot setting off the mixture,

Phase changes may produce initiation centers (bubble compression,

etc.) to start detonation in the stoichiometric mixture.
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Many others could be named but the above are considered the most
1ikely ones and any one of them will certainly be present in an actual
missile failure.

Electrostatic Charge and Voltage Generations

This source is considered the most 1ikely one since it is produced
by the mixing propellants. Especially with cryogenics which exhibit
considerable differences in temperature the mixing process is very
violent producing high voltages and rather large charges in very short
time.

Laboratory experiments with small quantities of RP-1 and LN2
indicate that charges large enough and voltages high enough to cause
sparking and then ignition can easily be produced by the mixing process.

According to the literaturel8 in unusual cases hydrogen has been
ignited by 1300 volts and 0.2 milli-joule. Usually it takes more and
voltages of 14,000 and 20,000 are quoted. Some authorities according
~ to the above source consider it necessary to have an electric field
strength of 76,000 volts/inch before sparking can occur.

Using the Taboratory results which for small quantities and
bulkhead failure type experiments are presented in Fig. II-7 for voltages
produced and in Fig. II-8 for charges, approximate critical mix masses
can be calculated.

For LOX/LH2 (weight ratios 5 to 1) this could be as low as 13 1b
under unusual conditions but average about 2300 1b for LOX/LH2 and about
2800 1b for LOX/RP-1 (weight ratio 2.25 to 1). These results assume an
average spark gap of about 1/4 inch which is the average bubble size

as determined in earlier experiments.
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If the above results are assumed to be applicable, one can estimate
the average expected yields for such failures, obtaining about 3
percent for the S-IV PYRO experiment and about 11 percent for the

25,000 1b LOX/RP explosion experiments.

b. Propellant Type

As was already mentioned in part (a) the characteristics of the
particular propellants have a pronounced influence upon the results.
The example cited above shows that it is much easier to ignite and
produce detonation in a LOX/LH2 mixture than in a LOX/RP-1 mixture.

Some propellants, one might say, have their ignition sources built
in, <uch as hypergolics which ignite upon contact (more accurately a

very short and essentially constant time after contact).

¢c. Propellant Quantity

As also already discussed above the ignition seems to be derendent
upon the quantities of propellants involved. The ADL6 experiments, the

13 and actual Tiquid propeliant rocket failures?

PYRO project experiments
demonstrated this fact.
It seems possible to control the ignition of small quantities using
any of the many available ignition methods but one seems to te unable to
do this with large quantities of prope]]ants’due to the phenomena of
auto-ignition. There seems to be a critical mass (actually a rasge or

transition zone) below which controlled ignition is pbssible and above

which auto - or self - ignition occurs.

2. Delay Time

a. Propellant Type

How late, after the fuel and oxidizer come together, ignition occurs
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depends upon the type of prrpellant. H:pergolics will initiate their

own ignition soon after they come in contact and their behavior upon
mixing =+ ' predicted better. Cryogenic propellants, on the other
hand, w: suife with a randor ime delay, at least in the quantities
actuaiﬁy‘ancountered. Estimates regarding this time delay are

pnssible in terms of the mixing volume as described under ignition. Only

with small quantities does it seem possible to control the time delay.

b. Propeliant Quantity

A1l the phenomena are interwoven, so that singling out any one
parameter is next to impossible since the others effect it. So is it
with propellant quantity. Hypergolic propellants will ignite with a more
or less fixed time delay independent of the quan*ity involved. Cryogenic
propellants have different characteristics so that the time delay can be

controlled for small gquantities of propellants but the delay time is

set by the auto-i--ition phenomena when large quantities are involved.

c. HMed2 of Failure

The mode ~f failure in producing or effecting the yield from liquid
rocket propellant explosions will determine how violently tt ropellants
are brought together. With propellants of hypergolic characteristics,
where the delay time is essentially fixed, how much of the fuel and
oridizer can be mixed in the time interval from contact to ignition is
determined by this mcde of Tailure. It is obvious that more mixing will
cceur with more violence so that a nose impact will generally give a
greater explosive yield than a simple bulknead failure.

With cryogenic propeilants, where the time delay is more random,

the same basic criteria exists. The were violent failures will produce
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more mixing during the *ime delay than less vigorous action. The delay
time itself may be effected by the mode of failure occurring often
earlier in more violent mcdes of failure, since generally more ignition
sources are produced.by this action.

One can also conceive the case where a particular mode of failure
does not allow the propellants to mix such as if only let us say a fuel
1t$;k ruptures.

The configuration of the missile has a pronounced influence upon
the deiay time since it may take a relatively long time before the
propellants even come together. Such may be the case in a tall rocket
if the propellant tanks rupture with fuel flowing out on one side and the
oxidizer on the other. It will take considerable time for the propellants
to reach the ground and then more time for them to flow together. All

this has to happen before they can mix.

3.__Detonation Time

Is defined here as the time it takes after ignition until detonation
waves are formed. It again depends upon many factors. Some materials
only produce deflagration phenomena while others aimost instantly form
detonation waves. Again the characteristics of the propellants involved
and the ignition source or rethod must be taken into account when
considering this very involved question.

The Bureau of Mines has some publicationslq which discuss these

phenomena in greater detail.

E. Actual Explosive Yield (Chart 7)

The actual yield can be found from the expected Yield-Time

relationstip (chart 6) if the ignition time is known. The ignition
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time can either be controlled (only possible with small 1liquid
propellant quantities), have a more or less fixed time delay as with
Hypergolics, or be a random function as with cryogenic propellants.

The termination of the expected yield - time relationship is the
actual yield and this point can be determined in terms of tne ignition
time or in terms of the volumes mixed which most likely will produce
auto-ignition.

1. ADL J Series Spill Tests

These experiments involving about 44,000 1b of LOX/LHZ/RP-l
each are represented by Fig. II-9 the expected yield - time relationship.
Since the times of ignition were known for these experiments they could
be marked upon the curve, dete, vined by small scale laboratory
experiments, as termination points or actual yields as predicted for
each of the tests.

The actual yields as obtained experimentally by the J tests are
marked as triangles on the graph and it is shown that the agreement between
predicted and actual results is good.

The average ignition time from the three test was calculated and
the standard deviation and the two sigma confidence region indicated.

Agreement between the predicted expected yield curve and the
experimental results can only be checked up to J] but since it is good
up to this point it is believed that the prediction relationship is also

valid throughout the remainder of the range.

2. 25,000 1b Explosion Experiment Series

Two 25,000 1b LOX/RP-1 exheriments carried out under project PYRO
were instrumented by Dr. Farber's group with a thermocouple grid inside

the ®RP-1 tank. This instrumentation allowed the determining of the mixing



I1-50

5359 T11ds zueliadoad pInbi7 Jox
SUOT39Y 20UdPTIIUOD TPOTISTIEIL oY} JO SITUTT
JI2A07T pue Jaddil a8yl BuTmoys uorIeuciIad

pue uot3Tud] wWopury JIOF PISTA TBNIOY G-11 oin31d

SPuUCOeS UT OWTL
sz 02 g1 of Lo
T - 10
: - 20
- €0
; ~ %0
e P

9°0

‘pPreotX poldadxy

&

d
XX =



I1-51

region as a function of time up to the point of ignition.

Due to the relatively early ignition (auto-ignition) in both of the
instrumented experiments only the very first part of the mixing and thus
expected yield curve could be obtained. The results however agree well
with the mixing curve determined by 1 1/2 inch, 3 inch and 6 inch simulation
experiments using Kerosene and LN,. The mixing curve for these
simulation experiments was presented in Fig. II-bC. Since the modifying
factors in the early stages of the mixing process are essentially one the
mixing curve actually represents in this range the expected yield -
time relationship.

This curve indicates that for this mode of failure the yield wouid
not have exceeded about 30 percent, with the peak values reached within

the first three to four seconds.

3. S-IV Explosion Test

The S-1V tank configuration tested under project PYRO produced a
yield of about 4 percent. Earlier in Fig. II-5B the mixing time
relationship was shown as dgtermined for this configuration in the
laboratery. Agein since ignition (auto-ignition) occurred early, and
since the modifying factors up to ignition, are near one, the first part
of the mixing curve is identical with the expected yield - time relation-
ship and the actual yield point can be plotted on it.

Studying this curve in greater detail it can be seen that based upon
the model study the explosive yield would never have exceeded 16 percent
no matter when ignition would have occurred and again that the peak

values of yield would have occurred during the first four seconds.
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4. 200 1b Cold Flow-and Explosion Experiment, LOX/RP

This controlled ignition experiment, since it went for 73 seconds
before ignition, required the determination of the expected yield - versus
time curve since the modifying factors deviate from their early value of
one. Fig. II-6B gives this relationship.

Seventy-three seconds after the firing of the ram and when the
mixing process was essentially completed (RP-1 slush formation) the
mixture was fired with two explosion bolts.

The actual yield value as predicted from the simulation curve and
the known time of ignition is about 0.14. The value obtained by actual
measurement is estimated at Q,12. The above results indicate that the
agreement between prediction and actual experiment :is very good.

The above analysek were made by having the prediction curve
obtained by small scale experiments and an anchor point for the prototype
which can be superimposed upon this curve to give the corresponding
time scalc..

For the ADL J series spill tests the time scale was determined from
calibration runs. For the 25,000 1b LOX/RP explosion experiments the
data obtained from the thermocouple grid gave the points corresponding
to the mixing function obtained by the small <cale experiments. For the
S-1V experiment t*: knowledge obtained from the 25,000 1b experiments was
used, namely that the yield is in the early stages proportional to the
volume mixed, and having the yield tue point on the mixing function curve
could again be plotted.

In addition to the above an analysis was made as to the rrjlative mixing
times of the various sizes involved for the bulkhead type failure and ti.

= fur three respective normalized mixing volumes are plotted against
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the weights involved. Fig. II-10. The relationship is not simple and
actually varies depending upon the percentage mixed but can be used for
approximate scaling times. A reference point on the prototype is a

better piece of information.

Closure

In Part II of this report it was demonstrated how the Yield Potential
can be obtained for a particular configuration and mode of failure, how
the mixing function can be found and how these two curves can be combined
to give an expected yield - time relationship.

Then it was shown how the actual yield can be obtained from a
knowledge of the ignition time or the range within which the ignition time
will fall. If this information is not available the mixing function
or volume or mass mixed which is most likely to be initiated by electro-
static phenomena can be estimated. And last but not Teast a time scale

relationship is presented.



Time {(milliseconds)

3000 -
2000 4
v /N =0.42
///// mix T
1000 - (Maximum Possible Value)
100 -
10
i | I T
0.1 1.0 10 100 10° 105 10°

Weight in Pounds

Figure 11-10 Mixing Time-Scaling Relationship

11-54



I11-1
Part III

Fireball Hypothesis Describing the Reaction Front aﬁd Shock Wave

Behavior in Liquid Propellant Explosions.

Introduction

Part II of this report dealt with the criteria which have to be known
for the prediction of the explosive yield from liquid propellant
explosions by the "7 Chart Approach." For this purpose the problem
was divided into three parts, the investigation of the Yield Potential,
the Mixing Function and the Ignition Time. The knowledge of these three
criteria made it possible to estimate the actual explosive yield.

For the above results the information as to where ignition occurred,
at how many points, how after ignition detonation waves were formed and
at what velocities these waves or fronts moved through the propellants
or emerged from the rocket tanks, what and how large a fireball wac formed,

etc. was not needed.

Fireball Hypothesis

In this, the third part of the investigation, some of these factors
are looked at. Since little information wes available at the time this
investigation was started, a fireball hybbthesis was developed and
presented as shown in Appendix B-II,

The phenomena were divided into four regions which together form the
fireball hypothesis. These.four regions are:

I. The region where ignitfion produces phenomena which develoy
into the detonation phenomenon,
II. The region where the reaction front and the shock front

travel through the propellants.
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II11. The liquid propellant-air interfgée - actually the region
where the liquid boundary begins to move and where the reaction front
forming the fireball and the shockwave wave separate.

IV. The region in which the shock wave travels through the
atmosphere as an air shock and where the fireball grows and devalops
separately behind the shock wave.

To get an idea of what results the fireball hypothesis predicts
one should turn to Fig. 6 of Appendix B-II where the hypothesis is

described in detail.

Characteristics of the Fireball Hypothesis

The fireball hypothesis predicts a very rapid rise of pressure, temperature
and velocity after ignition. Due to confinement, by the propellants
surrounding this region which are not mixed and the tank, a peak is
reached, and then because of lessening of confinement as the phenomena
travel toward the surface, attenuation of pressure, temperature, and
veiocity occur. The shock front and reaction front traveling together
in the combustible mixture may separate when entering the unmnixed liquid
regions, generally with rather abrupt changes in their properties.

When reaching the liquid propellant or different phase interface,
the tank, or the air interface, jumps in velocity and the other properties
occur due to the change in density of the carrier media. Once in the
air the shock wave will travel away from ground zero, and some distance
kehind, the reaction front will form the fireball and later the combustion
products cloud.

For greater detail the reader is referred te Appendix B-II.
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At the time this hypothesis was proposed it was not known whether
and how soon it would be possible to carry out experiments which could
lead to verification or modification of the fireball hypothesis for

the various regions.

Proposed Verification of the Fireball Hypothesis

Eﬁt&hﬁbn in the performance of this project, in connection with Part
II, it was proposed tc instrument some of the explosion experiments
carried cut under project PYRO and to get as much information as possible
to substantiate this hypothesis.

It was hoped for, by employing the methods developed - especially
the thermocouple grid analysis, to:

1. Correlate the mixing phenomena of true propellants with
laboratory experiments employing inert fluids for simu]atihn-

2. To substantiate experimentally part or all of the "Fireball
Hypothesis" proposed earlier in this study.

The specific abjectives were to determine by this experimental
procedure part or all of the following:

After failure but before ignition:

1. The three Jdimensional mixing front or boundary of the mixing
region.

2. The degree of mixing at a particuiar point.

3. The degree of turbulence at a particular point,

After ignition:

4, The location of the point or points of ignition.

5. The time delays from initiation of failure to start of mixing,

%o ignition.
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the propagation of the reactirn f.ont
7. The propagation of the shock fraa+,
8. The separation of the shock front er® *he veacli» fraot,

Y. Qther phenomena and events ohf-ina:# oy detailed unalysis,

Experimental Verification of the Fiveball Hypu resis

Two 25,000 1b LOY/RP-T ean’csior syrerimenss wers n:l-umented and
one 200 1b cold-~flow and ey« !osipr wiperiment.
~ - Tne data obtained by recordina. <ith Oscillographs. ihe signals from
No. 36 gage copper-constan- inermocnuples, shellacked 2nd %eflon coated,
were excellent. The junc inans of the thermocourles wsre prapared by
welding the wires tecctner se that the junction was not disztinguishable
froir the rest of the wire. The thermocouple ends wee tren put into
small plastic tubes with only the junction protrudirng. This allowed
mounting of the thermocoupi=s anc -t the same lime gave support to the
junctions.

The response of these fine th.rmocouples be *ween room temperature
and LN2 boiling temperature (-32C F) is abou:z 0.0002 sec/F. With a
greater temperature impulse the rate would even h& iiigner.

It should be pointed out here that only in (2) and (3) of the above
proposed verification 1ist do the thermocouple response characteristics
have to be considered. Jn all other cases only relative time diffe.ences
are needed.

For the configuration d-tail and execu.ion of the experiments the
reader is referred to the Appendix C. In this reference the tankage
configuretion is shown, a photograph ¢. a thermocoun’- ,resented, the
thermocouple positions pinpointed and the thermocouple g-id shown as

install:d in the 76 inch diameter tank.
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Some of the traces obtained from the 25,000 1b LOX/RP experiments
No. 278 and No. 282 are shown. These two experiments proved to be

amazingly alike, truly reproducible in every respect.

Experimental Results and Analyses

Careful analysis of the data showed among the many important results:

Mixing Volume

Practically all the mixing up to the time of ignition was confined
to the volume swept through by the star cutter. Not much mixing
occurred after ignition.

This volume as determined from the data for the two 25,000 1b LOX/RP
explosion expériments was about 12 percent of the total, based upon the
RP, giving an upper yield estimate of about 12 percent of the theoretical

naximum,

Ignition Point

In.both the 25,000 1b LOX/RP experiments there was only one ignition
point in each case. The location of it was determined and turned out
to be in almost the same location for both experiments. See Fig. 6A and
6B in Appendix C. After ignition occurred at one point, reaction and the
other phenomena were so rapid that not enough time seemed to be left for

another ignition point to be formed.

Time Delays

The time delays between various events can be determined from the
traces. If projected on a screen these times can be read to a 1/1000 of
a milli-second. The time delay from failure or firing of the ram to

ignition in experiment 278 was 543 milli-seconds, and in experiment 282
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it was 580 milliseconds (read to the closest milli-second. Greater

accuracy can be obtained if desirable).

Film Speed Determination or Check

To tie together the events inside the exploding liquid propellant
tanks with evénts occurring later outside it is essential that both grou~s
of phenomena are based upon the same absolute time scale. Since some
of the phenomena such as the firing of the ram and the appearing of the
reaction front when breaking through the tank walls could be recorded both
by the thermocouple grid and the high speed film coverage, accurate film
speeds could be determined. This proved to be essential for the analysis
of the phenomena from failure to formation of the -combustion products

cloud.

Fine Structure

Many of the phenomena can be interpreted from the over-all
appearance or characteristics of the traces but much more information can
be obtained by studying the fine structure of the high speed thermoco:nle
traces. At least three typical traces can be found. They are
schematicaliy shown in Fig. III-T.

The fine structure of the traces reveals that some of the glass
fragments from the shattered diaphragm hit thermocouple junctions in the
uppermost of the four layers, but did not damage them, so that the
thermocouples recorded this and later events. The glass fragments dic
not penetrate during their high energy state to tne lower layers sinc:
the attenuation in the liquid was too great.

Fig. III+1 shows a trace where LOX arrives at the thermocouple,

makes it dip, followed by the reaction front which produced a rapid rise
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in temperature., Some of the thermocouples in the unmixed RP region never
see LOX and they first sense the reaction front with the rapid rise in
temperature until destruction through melting of the thermocouple occurs.
The third typical curve is the one where the thermocouple records the
passing of the shock front and then the passing of the reaction front.
The further from the mixed region in the inert fluid the thermocouple
was located the weaker was the shack front and the greater the time
interval between the passing of the shock front and the passing of the
reaction front, indicating anincreasing separation of the two phenomena.
Near the walls on some traces reflection of the shock front from the
tank walls is indicated.

The interpretation of this fine structure of the traces had to
be done with a knowiedge of the respective location of the thermocoupies.
Some of this was made more difficult by the added turbulence and
short exposure to some small slugs of LOX which enveloped the thermocouple
for very short times and the passage of bubbles which under compression
indicate some heating. The rates of the changes, however, allowed

interpretation of which phenomena were involved.

25,000 1b LOX/RP Explosion Experiment No. 278

Experiment No. 278 was undertaken rather conservatively with the
thermocouples placed so that they would have the best chance for
recording and survival long enough. The recorders were operated at their
maximum reliable speeds. In this manner it was hoped that some data

could be obtained which has never been obtained before.

25,000 1b LOX/RP Explosion Experiment No. 282

Experiment No. 282 was undertaken as an all out effort to obtain

the best possible data accepting some risks. This was possibie since this
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experiment was originally planned in case something went wrong with
experiment No. 278.

Since excellent data was obtained in experiment No. 278 the
thermocouples were moved closer to the ram and the recorders were
operated at top speed in experiment No. 282. Even if something would
have gone wrong in this test the data of experiment No. 278 supplied
all the information needed. Since everything worked perfectly however,
in experiment No. 282 excellent data was obtained, very close to the
star cutter and in the mixing region and the resolution of the recorder

charts was at its maximum.

200 1b LOX/RP Cold-Flow and Explosion Experiment -

Essentially the same procedure was repeated for a 200 1b LOX/RP
cold-flow experfment. In this case the ignition could be controlled
and thus the complete mixing curve obtained for comparison with the
laboratory inert fluid simulations. After the mixing had gone to near
completion, and settled down to a more or less steady state, the system
was ignited with two explosion bolts. Information was thus obtained
on both the mixing process without ignition and then the phenomena recorded

following controlled ignition.

Results of the 25,000 1b LOX/RP Liquid Propellant Explosion Experiment

The results of the two 25,000 1b experiments are generally better
than the results of the 200 1b experiment mainly because the di{tances
between the thermocoupies were greater giving larger time delay and thus
better resolution for analysis.

The two experiments No. 278 and No. 282 turned out to be almost

identical thus giving a double check on some of the results.
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In both cases auto-ignition occurred, a phenomenon typical for
large scale liquid propellant (ocket failures for which information was
to be obtained through this study.

The results for these experiments are shown in Fig. III-2, III-3
and III-4, giving distance from pcint of ignition versus time for the

shock wave and the reaction front, the velocities of these two phenomena

i
versus time and distance from point of ignition. The data up tp the

liquid propellant - air interface were obtained by the thermocoupie grid
and the data outside the tank with high speed films. The absolute -time
scale was obtaingd by observing eventsrsuchxas firing of the ram and
emergence of %he?f%;eba11 with both measurements.

After ignition it is seen that the velocity of the reaction front
increases very rapidly to a ve]qcity of between 7000 and 8000 feet per
second. These values are or m&§ be low since they are aQérages between
neighboring thermocouples. With thermocouples closer together the
variations could be determined better. The values obtained here are lower
than those corresponding to the Von Neumann spike or the Chapman-Jouquet
conditionlg, but they represent actual measurements. As the reaction
front, by now supporting a shock front, emerges from the mixed propellants
into the unmixed RP, the velocities are attenuated severeiy with the shock
front separating from the reaction front.

The shock front arrives slightly before the reaction front at the
tank wall, where giving off some energy producing an outward movement
of the tank wall it is reflected back toward the reaction front. Meeting
the reaction front it is again refllected outward toward the by now moving
tank wall. Here the earlier process is repeated and the total phenomena

repeated until finally both the shock wave and the reaction front emerge
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almost simultaneously from the tank with jumps in velocity due to the
decrease in density of the carrier medium and sudden loss of confinement.

The shock wave or front reaches a velocity of about 27,000 ft/sec
but is attenuated within a very few feet. The reaction front reaches a
velocity of about 19,000 ft/sec also being attenuated rapidly, forming
the fireball and then the combustion products cloud.

Fig. III-2 shows the distance from the point of ignition versus
time. Fig. III-4 gives the velocity versus time showing how fast the
velocity changes occur and Fig. III-3 shows the velocity variation versus
distance from the point of ignition indicating that the most severe
conditions occur very near the expioding missile.

Fig. 8 of Appendix C shows the fireball and the combustion products
cloud volume as a function of time for both of these 25,000 1b liquid
propellant explosion experiments.

The Figures show clearly the shock wave getting ahead of the reaction
front inside the tank configuration, then waiting through energy transfer
and reflection for the reaction front so that they break through the
tank wail, which by this time is moving outward, essentially together.
After separating, the pulsations of the reaction front or fireball are
clearly shown in the ve1ocjty versus time presentation and Tater in the

fireball volume versus time or distance presentation.

200 1b Liquid Propellant Cold-Flow and Explosion Experiment

The 200 Tb liquid propellant cold-flow and explosion experiment was
carried out to first determine the similarity between the mixing function
obtained by real propellants and the simulated liquids used in the

laboratory experiments. This similarity was established as shown in Part I?
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As a bonus the final mixture was ignited with two explosion bo]ts
so as to give information on reaction front, shock front, fireball and
combustion products cloud characteristics.

" The thermocouple grid installation was identical to the one of
‘ expériment No. é82 only smaller in size. Half of the higa speed cameras
we%e operated during and after firing of “the ram Jjust in case auto-
ignit%én_shéh?d occur. This was not expected, since the probability
for: this eyenﬁ wés%Very Tow, and it did not happen. The rest of the
high speedl&amégas were started shortly before i1e controlled initiation
with two expiosi;; bolts..

The resulbs from-th1s test are presented in Fig. III-5, III-6, and

IIIw "They ‘ef»énv s1mﬁTar»to the 25,000 1b explosion experiment:

,féﬁélisi,ﬁﬁii;ﬁﬁﬁ{jgggfgfi‘eslof both shock wave and reaction front about
the same’ as in the-?arger test< Jat,w1th the velocities outside the

tank conflgurqt1an samewﬁat Tower Aga1n the reflections were observ.d

but not- as c1ear1y since the.d1stances.and times were much smaller and

,/(
S

the resu1t1ng reso?utaon,capab111ty not as goed ] S1m1]ar pulsations
Qf the reacL1on front or fireball can aga%ﬂ—bPASGEW =
F1g 111-8 g1ves the f1reba11<and combust1on products cloud volume
B as a funct1on of time correspond1ng to the 1nformat1on presented for

““the 25,000 1b experiments.

_}€1osgne.
_ "It s believed that this investigation has added:a number of new
facts to the knowledge of liquid propeilant explosions, has actually
presented meaéuréments inside an exploding 1iquid propel’ant missile

and'intgrpreted the recorded data in terms of meaningful parameters.
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