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FOREWORD

This report documents the extension of the continuing research effort on
internal blast at the Naval Weapons Center to include aluminized fuels in air. Work
was performed during the period 1978-15%2.

This effort was supported by the Naval Air Systems Command (NAVAIR) and
was executed by the Naval Weapons Center under the Strike Warfare Weaponry
Technology Block Program under AIRTASK A03W-03P2/008B/2F32-300-000 (appro-
priation 1721319.41AJ). This airtask provides for continued explorato—s development
in the air superiority and air-to-surface mission areas. Mr. H. B. Benefiel, AIR-350, was
the cognizant NAVAIR Technology Administrator.

This report was reviewed for technical accuracy by K. J. Graham.
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(U) This report dosuments the interaal explosisn computer pro- . §
gam INAL. used to calculate overpressurcs. tempesatures, and chem- %‘
ical specics present in the internal explosion of aluminized fucls in air. %
A complete listing of the program in HP—BASIC is presented. as well as 3
a discussion of the function performed in each major subroutine. %
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INTRODUCTION
This report describes a program used to calculate overpressures in internal
explosions of aluminized fuels in air. The program, formerly called INE, has been
slightly modified and is called INAL (internal explosions with zluminum). An
annotated copy of the INAL program appears in Appendix A.

The calculations arc based on the assumptions that the process as a whole is
adiabatic, that the products arc uniformly distributed through the volume, that chem-
ical and thermal cquilibria prevail. and that the idcal gas law may be used throughout.
The adiabatic assumption in a constant volume system is equivalent to the requirement
that there be no net change in internal energy: that is, that the irternal energy of the
products (34 chemical species are considered) must be sgual to that of the introduced
fuel (inasmuch as all the other starting materials are elements in thei- thermochemical
reference states).

A description of the program can rather logically be divided into two segments:
(1) the main program, in which the general procedure is to find, by trial and error, 2
product temperature for which the adiabatic condition holds: and (2) the subroutine,
called Alcal, which carries out the equilibrium calculations and then finds the iniernal
cnergy change corresponding to the equilibiium sct of products.

MAIN PROGRAM

INPUT SECTION

Fuel. enter formula and internal energy of formation. Computes formula :mass:
allows for zero C or H or no fuel.

Conc (accessible from line 1780) resets flags, counters, and amounts of solids
to zero. Enter concentration (kg/m3) of fuel and of Al Comput-s moles of fuel and
of atoms of Al, C, H, N, O. Computes total initial internal encrgy.
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E3

il Temp (for entering trial temperature manually) may be accessed by use of
special function key k4. After at !cast two trials, Temp may bc bypassed and
interpolation used to find the new temperature.

COMPUTATION SECTION
Calc calls up the computational subroutines Eg. Alcal, and Ex.
1: Eq is a subroutine of ihe main program to evaluate equilibrium constants of

formation oi' each of the 34 chemiral species. K, is first computed from the stored
parameters and then converted to K, (expressed in mole numbers). K, is defined for
each chemical species as the ratio of the activity of the species to the product of the
activities of C, Al vapor, K,, N,, and O,, each raised to the power corresponding to
the stoichiometric content of the element. In converting the K, the activities of
gaseous species, including the elements, are changed to mole numbers. For the
condensed species the standard state remains the pure phase, so that the activity is
unity, except for C.!

Alcal is the master subroutine which carrics out cquilibrium and energy
calculations. Results ar: displayed as “dU” (net) and “T high” or “T low™; dU = 0 is
desired for convergence, A new temperature approximation is performed automatically
by interpolatior, based un former T and dU values; or else it is entered manually with
k4.
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Ex prepares termination of calculation. Calls up Molsum, finding the total
moles of gases.
OUTPUT

Prints results of calculations.

C,, the molar heat capacity at constant volume, is computed by finding dU at
t. nearby temperatures. An isentropic parametcr, lambda, is found by using also

dn/dT (change of mole number of gas with temperature).

Conciusion: wvarious options allowed, as for new concentartions or a new fuel.
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ALCAL SUBROUTINE

O L BRI TV D G

Alcal is the major computational subroutine whose task is te find the numbers
of moles of the products present at equilibrium at the sclected temperature. The
. conditions to be satisfied (other than for the trivial case of Ar) are e atom baiunce
conditions for C. H, N, O. and Al and the cstablishinent of chemical equilibrium
between each compound and its component clements in their refersnce states at the
prevailing temperature.

NV by

The master variables (all in mole numbers) are X =/05. Y = /1. Z = /N..
Alv = Al metal vapor. Acc = activity of C (standard state = graphste). Of these. Y is
always computed in closed form: from onc to four of the semaiiing master variables
are found as unknown paramerers. using the Newton-Raphson method. The actual
number of unknowns is equal to four. reduced by ti nuinbor of condensed phases
present. Possible condenscd phases are: AlO; (solid oi liquid). Al (liquid), AIN
(solid), C (solid). Al;C3 (soiid). The presence or abseace of cach condensed phase is
indicated by a flagz. to be set as described later. ‘The set of condensed phases is
referred to as a regime:; allowance is made in the prograus for about 20 dirfferent
regimes.

Based on the values of the master variables and the K, of formation. the mole
number of 2ach species is computed. Then the materiai batance in the clemients O, N.
C. and Al is written in terms of these wole numbers, Thus, there results a set o up
to four simultancous non-lincar cquations. It is this set which is used as the basis of
the Newton-Raphson scheme to find the unknown paraniciérs.

AR X T R T R R Sl atsgm R L P Al R L A Ot A R R T L L TR e R IR

At the conclusion of aa iteration. the newly generated vialues of the master
: variahlés are used to repeat the calculations. In {avorable sutuations cach iteration
s 2 results in improvement (although temporary divergence sometimes gecurs). lieration is
' repeated until crrors in the material balances are less than one part in tea thousand.

ISR R TN

INITIAL APPROXIMATION

LTS

3] To begin the calculaton, an initial approximiation of the master variables is g
made using the subroutine Approx. In this approximaticn an arbitrary hierarchy of :
oxygen and nitrogen uptake is assuimed. Oxygen is assumed to produce. in order. CO. -

3 ALO (g). ALO; (¢). H>0. CO>. and O>. When there is insufticient O to convest all

¢ Al to AlLO;. AIN is assumed peesent. I there is not sufficient O to comert all T 1o g

: CO. Al4C3 is considered if the tempenture is low cnougii. This rather long subroutine 3
has given many wmore satisfactory initial conditions than the simpler scheme described g
in Reference 1. It is used once, or at most twice. for cach new concentration that is .
run. E
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REGIMES IN ALCAJ

It is_necessary to assume which condensed phases are present, then perform the
calculations previously outlined, and finally test for the presence of the cordensed
phases. The following criteris must be met: (1) the quantity of the phase must be
positive and (2) the formation constant must be satisfied. The tests are carried out
after the convergence of the Newton'’s method calculation. If the tests fail. a different
regime (set of condensed phases) is tricd--the assumptions now based on the currently
computed scts of mole numbers.
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An index Nw is used to identify the regime being considered. Eleven differ-
ent values of Mw are allowed. which account for about 20 different regimes, since for
most values of Nw graphite may be present or absent. A key to the Nw values is
given at the end of the program in Appendix A.

LABEL oM

The section of Alcal beginning at lobel Henr is the setup for the Newton's
method calculation. (Hom@ is mercly an carly entrance iato Hem.) Depending on the
regime selecied, Ji (the number of variables) and Nw (the index identifying the reginie)
are cvaluated by the subroutines fiset and Nwser. The regime is established in a varioty
of ways. Initially, Approx gives the first guess. Afterwards. the subroutine Almeest is
used as criterion for all solids except AlyC3. which is looked for at {fom2. At Exit
and Exit] additional tests for alumina and graphite are made.

AR L AL IO L S AR AT AT IR L VRt e AL

The variou. ibdivisions of Hom arc designated Nwx, where x is partly indic-
ative of the vaiue of Nw for the regime considered. The correspondence is imperfect
since Nw/l includes the cases of Aw = 1. 4, and 5 and AMw2 includes Nw = 2 and 6.
In cach case. initi:i approximations are sct for cach variable to be solved. asing Iatest
results of the appropriate variable.

Y ubganhaonyy el Hpihesg ¢ GOR PRl At 2y

Subroutine Newt is called to carry out the calculations (except Nw = 4. for
which solution in closed form is possible. Then cither 2 new value of ¥Nw is used (as
called for by Alutest and liset) or the program switches to Hom2. At this point.
it Al4C; had not been presupposed. but was found present. it is necessary 1o pass
once again through Approx. Gtherwise exit from the subroutine is preparcd.

EXIT FROM ALCAL

At Exit and Exitl it is necessary to check for negative amounts of alumina
and graphite. If found. the appropriate flags must be reset and a return to Hom is
required. If those tests are satisfactory. next. at label Energy. the internal encrmy.
for cach specics is calculated making use of the stored parameters and the rumber of
moles of the species. If T = 2315 K (thic melting point of alumina). the relative
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amounts of the two phases of alumina are found from the energy balance. Return to
the main program thea takes place.

SUBROUTINES IN ALCAL

Alntest scts flags for AIN, Al,03, Lq (= liquid Al), and Gr (graphite) based on
the present value of the formation expression. as related to the formation constant for
the first three. and on whether Aee has been found less than unity (indicating no
eraphite).

liset and Nwser cvaluate Ji (the number of variatles to be solved for) and Nw
(the index for the solids regime), based on the flags set by Alntest.

Newt solves the set of simultancous non-linear equations needed to find the
vaiues of the master variables, using the Newton-Raphson method.

Fx gives the fitting functions for News. The subdivisions are labelled Fxy
where y is a value appropriate to that of Nw. The subroutine generates a variable
designated Fx (returned to Newt), which gives the fractional error in the stoichiometry
for whichever clement is being considered at the moment. Since Fx calls on Spec,
mole numbers of all species are found each time.

Diff first computes all the master variables which were not found in Fx and
then calls Spec to find all the mole numbers of the gaseous species. Diff compuics
mole numbers of the condensed species: and finally the errors in the matenal balances
for O, N, Al and C are returned to Fx.

Spec compures the mole numbers of all gaseous species, given the current
valuss of X, Z. Alv, aid Acc. Y = /H> is computed in closed form in Spec: it is
neaded for cosmrutations on the nydrogen-containing species. For each species the moie
number is computed by using appropriate values of K, the formation constant.

DIAGNOSTIC SUBROUTINES

Suml is called at the end of each run ic give first a check on the muterial
belance in each clement and then, at Tesfs, a comparison of the computed amounts
with the cquilibrium con<ants of formation of cach condensed phase and of several
Key gascous specics.

Printt i3 called whenever special function key kU has been depressed once. At
each emuszence from Aews the mole numbers of all species are given in a condensed
table, this is followed by Sumi and Testh, which give output as previously described.
These various checks are especially valuable in troubleshooting.
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Depressing special function key &I will cause execution of TRACE
VARIABLES Yn(*). Then during each itcration in News the relative error functions,
used to test convergence, will be displayed. Each Yn(J) must drop below 0.0001 in
absolute value before convergence is realized. This feature may be furmned off by

executing NORMAL.
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Appendix A
PROGRAM INAL

I

This program is written in Hewlett-Packard’s HP-BASIC, and is intended for use
. on any of the HP 9845 scrics computers. In addition to the main program, the data

YRR
ol

R YR TR e

file “THD™ and the key file “INEK™ arc needed for operation.
KEY FILE INER
3
ﬁ REY & eckr(Check=0)
A -Execute
.
¥ KEY InacCE YARIABLES Yn(®)
i ~Execvte
: KEY 80“! 13 .
l -Execvte

YEY Ze-stome -

~Left arrew
-Insert character

Y 4
LONT Tenp
-Eyeceute

R AL RPN B e £ T 3, F2T0TARE 19 e AR

b

e

Ys
E!ACE PAUSE Iiset
-Exe

N

KEY &
TRACE PAUSE S
-Execyte

¥EY 7
7.5,3,6
-Centlinde

FEY &
CONT Fuel
~Execute

vey gl 1i
-Clear line
LOAD

L\ ‘M*“Tﬂ‘ iy "ﬂ:}"il

B A TEE AR I )

XEYL0
Clear lire
SAVE

KEY1g
-Clcar line
STYORE

A0

Lo

I

KEY12
-Clear line
EDIT

KEYAS

3 KEYL4
-Clear lane
LIST

KEYSES
-Clear line
SCPATCH

KEYlb Undefined

T I

s n H g on) e ®
W PR P i B LT b Tt

iy, Ll

"
R 3¢ KX X
m ™

Y22-Undcfined
v23

~11750
=Centinve

efined
E v3 :t 1ned
.YZ&-Un“ctnnti
'Y’?-Un:cflncd

efined
Yag-Undefines
EY38-~-Undefined
.YSI-Undeflned
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Internal Energy of Formation Data
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3. Chemical Species Symbols
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