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ABSTRACT

The explosion limits associated with a given sample of an unstable
compound are generally taken to be defined by the sampie's temperature,
pressure, composition, and size. In the presence of steady-state or
puleed radiative fields, thesc explosion limits are necessarily modified.
Further, photochemically significant radiation (e.g., U.V.) may play a
markedly different role in this modification than does purely thermal
radiation (I.R.). Examination is made of the role of both steady-state
and pulsed radiative fields in the explosive behavior of unstable com-
pounds. The analytic consideraiionm aze illustrated for the case of the

mixed hydrazine family of reactants as well as for ozone.
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NOMENCL.LTURE

¢ reactive intermediate in the decomposition of N2H4 and related

compounds (see Appendix I), moles/cm3
O-atom concentration, moles/cm3
concentration of [ID] atumic oxygen, moles/cm3

a reactive intermediste in the decomposition of N2H4 and related
compounds (see Appendi:x 1), moles/cm

concentration of [ 2;] diatomic oxygen, moles/cm?

concsntration of a rsactive intermediate in the ordinary quasi-

steady state, moles/cm3

concentration of a reactive intermediate in the photochemical

quasi~steady state, moles/cm3
heat capacity, cal/gm/°K

characteristic dimension (cylinder diameter) for the sample of

unstable compound, cm

diffusion coefficient for species A and the remainder of the

gas, cm2/s

diffusion coefficient for species B and the remainder of the

gas, cw /s
dissociation encrgy. calories/mole
ersrgy of electronically exclted oxygén atoms, calories/mole

energy per mole of photochemically significant photons, calories/

mole

reactant concentration, molgs/cm3
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initial value of reactant conmcentration, moles/cm3
volumetric rediative energy source function, calories/cm3/s

Planck's constant

heat of reaction for the ith kinetic step, where i = 1,2, etc.,
zalories/mole

rate constant for the ith kinetic step, where 1 = 1, 2, ecc.
rate cons¢ant for the photodissociative step, s-l

heat loss rate, cal/cmj/s

volumetric (averzge) conduction heat loss rate, calcriea/cmS/a
volumetric radiative emergy loss rate, calories/cm3/s

third body concentration, moles/cm3

number of moles of reactant decomposed per unit volume by &
short radiativelpulse,rmoles/cm3

cencentration of ground-state atomic oxygen, moles/cm3

concentration of électronically excited atomic oxygen, [1D],
moles/cm3

concentration cf electronically excited diatomic oxygen [32;],
moles/cm?

a product molecule, moles/cm3
heat release rate, calorigs/cm3/s

reaction rate for the ith kinetic step, where 1 = 1, 2, etc.,
moles/cmsls

reaction rate for the photodissociative kinetic step, moles/cmals
temperature, %
time, s

stable steady-state temperature for the unstable médihm, %
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unstable steady-state temperature for the unstable medium, °x
critical temperature for explosion of the unqtable medium, %k
environment (bath) temperature for the unstable medium, %
critical bath temperature for explosion, °k

temﬁerature of the quasi-steady sample of an unstable compound, %k

tembéragyre of the sample of an unstable compound under photo-

chemidqf éuasi-steady state conditons, °k

instantaneous concentration rise due to an arbitrarily short

radiative pulse, moles/cm3

instantaneous temperature rise due to an arbitrarily short

radiative pulse, %«

thermal conductivity, calories/cm/s/°K
-1

frequency, s

density, sm/cm3

Moncmethylhydrazine

unsymetrical dimethylhydrazine
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I. INTRODUCTION .
4ar unstable compound in a given apparatus is characterized by
pressure-temperature-composition regimes which correspond to explosive
or non-explosive conditions. These are the well known explosion limits.
Implicit in this experimental definition of an explosicn limit is the
absence of an external radiative field which could influence either the
thermal or the chemical propexties of the potentially expliosive syatem.
Where such a radiative field exists, its effects on the explosive proper-
ties of the unstable compound must be comsidexed. Such consideration is
of more than pure academic interesc. For example, rocket engine environ-
ments generally contain strong sources of radiation which can induce both
thermal and photochemical effects in an unreacted unstable compound; such
as: hydrazine, any membher of the mixed hydrazine family of reactants,
ozone, ozone-halogen reactants, and many others. The rocket engine
radiative environment experienced by a sample of an injected unstable
compound corresponds to an intense radiative transiant. Properties of
this radiation field (together with the other engine environmental
features) are required to prescribe the explosion cerditions for the

unstable compound.

Another case of interest is that associated with the well known

flash photolysis experiumcnts. Here again, a transient radiative field,
containing both thermally and photochemically significant radiation, plays
a role in the exploéibn phenomenon. Another case of practical interest
-is exemplified by a given sample of an unstable compound subjected to a
far less intense but steady radiative field, Such a sample has its normal
explosion limits affected by the radiative field.

It is the purpose of this study to examine the various ways in
which photochemically and the*mally lignificant radiation, both transient
and steady, can affect explosion limits of unetable material;.
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I1. RADIATIVE EFFECTS ON EXPLOSIONS

Both energy and mass conservation equations may be utilized to
prescribe explosive instability features which are unobt:ainable1 or less

fully prescribed by classical consideration2’3 of only one equation or
the other.

™

For ultraviolet absorption by an unstable sample (such as ozone or
hydrazine), che primary photochemical act involves creation of a predisso-
ciatgd state, followed by decomposition of the absorbing moulecule and
partial thermalization of the absorbed photon's energy. The thermalized

. portion of this energy source must be accounted for in the energy conserva-

ticn equation. The remainder of the energy is used to generate disso-~
ciated molecular fragments, and corresponds to a kinetic source term

that must be included in the mass conservation (kinetic) equations. Thus,
the energy equation is written:

NEY] 2

3T ,
q  =oc 3t-xvr+znihi-4+3th (1)

Additionally, the kinetic rate equations are coupled to equation (1).
This coupling is illustrated below with the simplified kinetics as often
considereda for 100 ozone or hydrazine decomposition:

kv
F4hw B+P {2)

ky 7
F+M+ B+P+M 3)

ky
F+ B+ 2P . (&)

where the rates of the individual steps are given by the equations

R o ™ & [F] (5)
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R, = ki[H] [F) (6)
Ry. = ky[¥][B] @

etc..,.

3

and vhere: rates. for. the. individual species take the form:

Arl -’D'AVZ?' -, -R -R, % (8)

it L 2

3[Bl _ o, o2 _
Ae =DV B4R 4Ry - Ryt 9)

atc..

When' the approximation of spaticl homogeneity is permitted, equations
(1); (8),. and (9) become:.

4T
pe, e = I R4h, - ,t +3, (10)
and:
m =. e - -
T R, =Ry - R, (65))
2[21’ =R Y- 1
a. Ry TRy -Ry (12)

-eteyy, i:rh'gié:.~alii*vilpég: are. spatially averaged.

¢
a

Index; some. cirzumstances,_ the explosion limits of such a system

'nyubc ctudicd ‘by:-the:method’ -of. thc phase plane, or by modified ciassical

utﬂodc.. i{horo‘ charncterization o:f thmcb;uical ‘kipetic schese is more
cm]u,. or: transicvt radiacive fluxe- are; ;o ‘be. conoidc:ed, direct. -
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*

integration of the ccupled conservation equations may be necessary. The E
analytic approach to be taken differs with the nature and complexity of 7
the specific case under consideration. %
it 1s necessary to reemphasize the fact that the presence of an \ ’ %
ultraviolel radiative field generally implies thermal as well as photo~ ﬁ

chemical sources in the unstable medium. The relative significance of
each type of source depends on many factors, particularly the chemicsl
nature of the irradiated reactant. In general, however, analysis of
photolysis requires that thermal, photokinetic, and the usual chemical
kinetic effects all be considered.
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I1I. SPECIAL CASES INVOLVING RADIATIVE EFFECTS ON EXPLOSIONS
It is expected that analysis of the explosive behavior of a photo-

chemically active unetable system will depend upon such features as the
optical opacity of the medium as well as on the spectral and temporal
atructure of the incident radiative flux density. We here delineate
several limiting cases and indicate the kinds of analyses that may be
utilized in examining each case.

For the purposes of this discussion, we assume the sample i8 in a

bath of temperature Tb and that, in the absence of radiation, explosion
does not occur.

CASE (A): The optically thin sample is subjected to an arbitrarily
\
ghort, intense u.v. pulse.

This case uay be‘analyzcd by the method of the phase plane. If Ev
is the enexgy of an absorbed pheton and (Ev - ED) the thermalized portion
of thia energy, then, the instantaneous initial temperature rise of the
system is given by:

(E, ~ Ep)n
pe,

NI R IR AN TS

AT =

, 0. (13)

ool gy A

For a reaction of the form

e e e

(e

k
v
F+hv-+ 2B+ (E“ - ED) (i4)

- where B 1s some reactive molecular fragment produced by photodissociation
of F, there is an "instantaneous" rise in the value of B, due to the
flash:

-~

AB = 2n, (moles/cm3). ; (15)

UNCLASSIFIED 1
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In order to exawine the stabilit- 7 the flashed system one
examines the new state coordinate ('1‘i + AT, B1 + AB) on the phase plane,
where (Ti’ Bi) arc the state coordinates prior to the flash. If
(Ti + AT, Bi + AB) falls cn an unstable trajectory, explosion follows.

CASE (B): The optically thin sample is subjected to constant, steady-

state u.v., flux.

This case may be analyzed by one of several methods. The steady-
state u.v. flux changes the ordinary (quasi-steady) state to a phoro-
chemical steady state, or explosion occurs. Thus, if (Ts, BS) are the
space average values of T and B, prior to irradiation, they become TPS
> T, and B

s> s ps 7 Bs-

and Bog shortly after irradiation is started. Here T
Either classical methodsz’3 or the phase plane method™ may be utilized

(as appropriate) in the determination of the criticzal explosion conditdions.

CASE (C): The optically thin sample is subjected to a nonsteady u.v.

flux that ultimately becomes gteady.

If the final steady state flux corresponds to an 2xplosion condition
(Case B), then explnsion occrrs. If the ultimately achieved steady state

flux corresponde to a photochemical quasi~steady state, explosion may or
may not occur prior to suck time. In general, integration of the time-
dependent equ&tions [e.g., equations (10), (11), (12)] reveals whether
explosion occura or whether a photochemical quasi-atezdy state is
achieved. ! )

CASE (D): The optically thick sample is subjected to an arbitrarily

short, intense u.v. pulse.

These inicial conditions lead to 1ﬁhoﬁﬁgeneou3 photoiniliation.
The time and space integratjon of the more general comservation equations
[e.g., equations (1), f8), and (9)] may be necessary to a determinatior -
of these effects.
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CASE (E): The optically thick sample is subjected to a steady-state

u.v. flux. *

These conditions lead tuv the establishment of a spatially non-
homo,eneous, photochemical quasi~steady state, or to nonhomogeneous
photoinitiation. Explosion is taken to occur when there exists an upper
limit on the u,v. radiative flux density whick permits quasi-gteady

esyarrden

3y j
LSRR TR g

S

paraeta:

solutions to the nonhomogenecus conservation equations [e.g., equations

1), 8, 9].

= dha

o A g

In the analys~s appropriate to homogeneous explosion one requires
knowledge of the chemical kinetics of the system involved, Additionally,
the characterization of the phetccliemical steady state and the‘applicable
time~dependent conservation equations are needed. For the mixed hydrazine
family of fuels, these are considered in Appendix 1.
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Iv. EXPLOSIVE EFFECTS OF A RADIATIVE PULSE ON A QUASI-STEADY SAMPLE

OF AN UNSTABLE COMPOUNbL

Based on these considerations, we now characterize the ways in which
a thermally and/or photochemically significant radiative pulse can
explosively modify the state of a quasi-steady sample of an unstable

compound. An illustrative phase plane diagram is shown in Fig. 1. At
time equals zero, and in the absence of radiation, the system is quasi-
steady and the T-B values chsracterizing the system1 are those of the
stable nodal point, {Tl, Bl)' The unstable saddle point conditions are
(TZ’ Bz). The separatrix, S, defines the boundiries between explosive
and non-explosive trajectories. The explosive trajectories must, in a

real case, approach a stable singularity associated with thermodynamic
equilibrium,

. In this phase plave diagram, we have indicated various ways (both
real and hypothetical) in uiich the quasi-stable system can be radiatively
exploded:

1. A thermal puls., su~h 3s 31, is represented- by a straight
vertical line. .f the energy of the pulse is sufficient; the
change in the originally atable system is characterized by a
gsharp temperature increase and the resultant unstable
trajectory leads to explosion. Physically, such a case can
only be approximated.

2, A thermal pulse, such as 32, whose duration is comparable to
the response time of the system, must be represented by a
curved line. Alcthough the primary act of photoabsorptioﬁ
does not result in dissociation of the unstable compound (and
consequent production of [B]), the finite duration of the
pulse requires that [B], as well as T, increase during the
lifetime of the pulse. Such photoinitiation of explosion can
be achieved with a powerful infrared pulse and corresponds
to a physicaily veallzable case.
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Figure 1. Types of Real and Hypothetical Radiative Pulses That Can
Explosively Modify A Quasi-Steady Sample of an Unstable Compound ’ '
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A photodissociative pulse, such as:§3, is represented by a
straight horizental line. If the energy of the pulse is
sufficient, the change in the originally stable system is
characterized by a large increase in the reactive intermediate
concentration, and the resultant unstable trajectory leads to

explosion. Physically, such a case can only be approximated.

A pulse such as 34, containing ultraviolet and other wave~
lengths, is represented by a straight, diagonal line. If
the energy of the pulse is sufficient, the change in the
originally stable system is characterized by both a temper-
ature increase and an increase in the reactive intermediate
concentration and the resultant unstable trajectory leads to
explosion.

Ultraviolet radiation, or a combination of ultraviolet and
loage velength radiation, leads to both photodissociation
&nd thermalization of the incident radiation. Physically,
however, the arbitrarily short pulse time can only be
approximated.

A pulse. such as 85 (again with duration comparahle to the

_response time), containing ultraviolet and other wavelengths,

18 represented by a curved iine. The primary act of photo-
agsorptioh (creation of a pre-dissociated state) leads both to
pﬁotodecqmposition and to thermalization of the incident
photon's energy. bBcth T and [B] increase and, if the proper-
ties of the pulse are adequate, the change in the originally
sfable system leads to an unstable trajectory and explosion.
Such photoinitiation of explosion can be achieved with a
powerful ultraviolet pulse, or some mixture of ultraviolet-
containing wavelengths. Such a case is possivle when an
unstable compound is suddenly injected into the radiative
énvironment of a rocket engine. This also is the case
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characterizing the well kaown flash photolysis experiments.
Of course, photolysis which does not lead to explosion is

represented by the stable trajectories which lie below the
separatrix.

0f the above five cases, (2) and (5) represent systems which can
be physically realized. There is a continuum of possible (AT, AB) values
asgsociated with the possible pulses that can just barely drive the originally
stable gystem onto an unstable trajectory. Clearly, the energy of the
flash does not in itself characterize photoignition, for any given
unstable system. -Spectral distribution plays a zole. Also, there exists
an infinitude of unstable trajectories. Consequently, it is apparent,
‘for the case of flash photolysis experiments, that the experimentally
obgerved (T, B) trajectories seen after cessation of the flash, are not
necessarily independent of the initiator. It is also true, however,

that as the unstable trajectories converge to the singularity associated
with the final products in equilibrium, that the (T, B) values along the
trajectories converge, in time.

Implicit in the representation presented in Fig. 1 is the approxi-
mation that the initial reactant concentration has not been significantly
changed during the time period of the ultraviclet flash. This may not
be a suitable approximation in all cases.

" In the next section, the calculated time behavior of temperature
and intermediate species concentrations is presented for a given case
of ultraviciet irradiation and explosion of hydrazine.
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v. JHE PHOTOCHEMICAL STEADY STATE AND EXPLOSIONS
Classically,2-3

state of a sample of an unstable compound to be at a temperature Tl (Fig. 2a)

thermal explosion theory considers the quasi-steady

when the heat release rate and heat loss rate of a reaction are plotted
versus temperature. T2 corresponds to an unstable point for which the
heat loss and heat generation rates are equal. Explosion is taken to
occur when Tl and T2 merge, as shown in Fig. 2b. In modifying such a
representation for the presence of a steady state photodissociative flux,
the heat release rate function must account for both the thermal and
kinetic effects of the photoabsorption events. Here, either a photochemical
quasi-steady state is achieved, or explosion occurs (Case (B) of Section
II1). Again, explosion is taken to occur when the heat loss rate and
heat generation rate functions are just tangent (as in Fig. 2c). For the
case of a cylindrical sample of hydrazine, the kinetic scheme discussed
in Appendix I may be used to obtain the following values of [NH ] and T
at the photochemical steady state condition:

Ky + kg INHT f

',5 . -
[NH,] = = +{==] [NH,]
27 . k, k) 274
V
2 1%, '__——Z(AHC) +1l + k[N )
Tgg = Ty *+ T koks
‘ +22 )
7 274

!

At the exploaion cond@tiop, [NHZ]S,‘[NH]S, and Tg depend upon the radia~
tive fleld. Of course; the criticdl bath temperatures are not the same,
for any twe different radiative fields; each corresponding to an
explosion condition. '

On the other hand, a more general (phase plane) analysis that

accounts for both kinetic and thermal considerations may be expected to
yield more reliable results.
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A similatr expression may be written for the case of ozone.

. This igrdisEUlaedhiﬁ~thg~next-sectipns;»fiis: for the mixed
hydrazine family of reactants, then for ozona.

2

sz

27

dl

‘Fquaticiis (16) and-(17) may be employed; togethér with .the consider-
ation that the‘hodpl,poiﬁ;,andlqha saddle point of the phase pldne are
coimcident’ at ghé explosion. Linit. to deduce the explosion Limits of a
cylindrical samplé of,itrddiq:eé‘hydrazine:

'y

The classical representation {s not suited for ﬁfescribing the time-
dependent behavior of a sample of an unstable compourd during ultraviolet
photolysis. This is particulaily true when photolysis occars during a
time period that is comparable t&hthg'inducqion tine of the reaction or
when a significant fraction of the initial reactant conceutration is
consumed during the early portion of the ‘photolysis. For such a situation,
direct integration of the time-depéndent équﬁéiqhs is necassary.
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Figure 2. Thermal Theory Comparison of (a) Ovdinary Quasi-Steady State
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VI.  CALCULATED TEMPORAL BEHAVIOR OF T, NH, NH), NpH,; AND N,H, POR THE ‘
ULTRAVIOLET PHOTOLYSIS OF HYDRAZINE : \
Bmploying the k:ln,etic‘ gscheme given in Appendix I w& examine -scme o t

trajectories resulting from the ultraviolet flash irradiation of initially !

quasi-steady samples. of hydrazine. Similar calculationg can he carried ’ ,

out for other members and combinations of members of .the\ nixed hydrazine

family of fuels. The conservation cquation: are: . ‘

ar DH, (RGBS B ¥ kg MIhy 4 k[N, I, A

S = =S (16) ;

LY B RN - » ‘
. + m ) [‘M]ksh5 + [Nﬂzlk7h7 + l:(’[-b}‘!i]h6 {

) i

- » 5

- —f/-‘ :‘ 16A.(I - .Ts)‘ - ;ij

-4 L2- 3

. -4 2

% é

and S ~ — i
. s - ' % é
. ° e A 3 \(“\ . é

20k, + kg [MD)+ (;csgul = TeylNi3): 19 a

d . : . 3
S bl = Ey s | 1 dn -
+kgINH] < K, [H,]

= [NH] & kg [, TIH] = kgIN;H;] (NH] “:-(18) F

- . .- y ) ) _ . o\ P R “

o [NH,] (;;_zluuzl + «RGINH])) N8, '(ksm. + k,[mlzl) NHg) a9 1

ag [pf,] = (N8, {,;\,,“‘1[“] + ky[NH,) ffa“‘“]} R
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A, STEADY STATE IRRADIATION

Figure 3 shows T, {k,H i, - dt {N2H4}* [NR], [Nﬁal, and. [N , as a
function of time for the ~ase of [N o, photolysis é€?2250 A where Tb-400 K;
an initial {Ngﬂkl value corresponding to 100Z gaseous hydrazine at a density
of 5.69 x 10 3 d = 0.60 cm; Ej. = 57,100 cal/mble; and A steady
state kv of 303 s 1, corresponding to a- local ultraviclet flux deposition
rat2 of 6.36 x 103

seconds to its steady state value of 303 sul‘in 20\micrqsa:oﬁds. Fqéus~

gm/cm™;
cal/cm /s. The k k, value goes from. zera 2t 96 micro-

sing our attention on the behavicr of T and [NHZ} ve see that the initiating
prccess is very much like that indicated by 35, of Fig. 1. Cnce an
explosive trajectory is rea~hed, the behavior in the {T]1 vs. [NH ]‘plane,
of the system is virtually independent of the (steady state} ex;stence
of the ultraviolet source. This has been confizmed by computations in
which the flash is cut off at times such as ‘260 microseconds, 270 micro-
seconder; 280 microseconds, ete. Ac substantially shorter- times, of

courge, cut-off of the flash leads to a non~exylosive condition of the
reacting medium. Of particular interest is the approximstely steady~state
behavior of both (d/dt)[N ™ } and [NH ] in the neighborhood of 230-250 ;‘
microseconds, immediately before all the derivatives “blow up." .Also to
be noted is that»ddring the period fxom 100 to 250 microseconds the
teactiou process can be regarded as quasi»steady as far as [NHZ] aad

dt [N234] are concerned and a small but significant frantion of the
reactant 18 used up before this uzsi-steady state is geetroyed. Thus,
~ the explosive behavior (in the ﬁeighpoihébd of Z50-300 microseconds)
fqllbvsAthe destruction of the p@atéﬁhemical quasi-steady stsate of the
'teéctibn~rate snd [NHZ} This\occurs - rhé neighbarhaod\cf’QOOOK (see_
Fig, 3), some 350K higher than clsssical analyais predicts (as discussed
: ia Section VI) ~Tha resulte of ¢lassicel analkgis of the photcchemical

steady state are 1ndicated in Appendix,llI.« )

"Be  EFFECT 'OF PULSE DURATION = . - .~

-

in the previous section, we discgused the irradiation of a N H4

. sample by a square wave\pﬁ}se. Thig featurn is reflected by the fact
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that:‘kv = 303 s-l throughout the time interval of primary interest.
Inasmuch as kv is propertional to the locel rate cf absorption of u.v.
photons, a pulaé@ {finite) radiative source corresponds to a kv that

goes from zero to a finite value and then back to zero all »sithin the time
interval of interest. The effett of such pulses has been investigated.

In the tabulation given below, the half-life of the Nzﬂé sample is com-
pared with the time at which thc value k, = 303 s~1 is suddenly taken to
zero (pulse cut-off).

Pulse Cut~off Sumple Half-Life

*on

Microseconds Microseconds
Steady pulse 295.6
294.0 795.6
290.0 296.4
’ 270.0 335.5
240.0 r 50C

As the pulse is cut off at shorter and shorter times, the sample
haif-life increases by orders cf magnitude. Of course still shorter
pulses of tae same energy lead to half-lives that correspoud to the "slow

decomposition” procese. In steady-state analyses, this is the "non-explosive"
regime.

c. EFFECT OF SPECTRAL PROPERTIES OF THE PULSE

Given a pulse of fixed power and duration, it is expected that
the spectral distribution of the pulse energy will influence the temper-
ature-conposition history of the sample. This temporal behavior depends
very greatly on the cuemfical nature of‘the compound under consideration.
For the case of hydrazine we have performed calculations of these
trajectorizs for various spectral distributionsAof continuous pulses -at
constant total powér corresponding to kv = 303 8-1.

~ ~
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Fraction of Fraction of Sample N2H4
Cases Pulse Power Pulse Power into Half-Life
Thermalized Dissociation (microseconds)
1 (hypothetical) 0.60 1.00 270
2 (the treited case) 0.55 0.45 295
3 (a possible cage) 0.75 0.25 337
4 (a possible case) 0.90 0.10 357
5 (a possible casgz) 1.00 0.00 373

For smaller values cf radiative flux density, the calculated spread
of sample half-life increases sharply, reflecting the differences in
trajectory times close to the separatrix (Fig. 1). Also to be noted is
the fact that Case 5 corresponds to a purely thermal pulse (¥, of Fig. 1)
but that Cases 1-4 all lie in the quadrant associated with Esm(Fig. 1).

D. EFFECT OF SAMPLE DIAMETER

In steady-stats explosiva theory, the critical conditions for
explosion depend on the thermal losses fer the system, and therefore on
the tube dilameter. Ry the same token (Eq. (16)} the rate of temperature
rise and the samyle half-life of an irradiatad sample also depend on the
sample's diameter. The follow‘ng results are obtained for a constantly

irradiated sample uader conditions previously employad:

Sample Diametuy Sampie Half-Life
ca Microseconds
0.€00 295.6
0.060 296.5
0.006 485.0

The szaple diameter has very little effect on the sample half-life
for sii - greater than a few hundred microns. For explosive trajectories
involviny Zonger half-lives (and smaller kv 7alues), the effect of sample

size Lecuwes progressivziy greater.
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MONOMETHYLHYDRAZINE AND UNSYMMETRICAL DIMETHYLHYDRAZINE
Both UDMH and MMH are easier to dissociate than N2H4.16 Consequently,
both the heats of reaction and the rate constants given for the N2H4 scheme
(Appendix I) must be modified. The primery modifications are indicated

VII.

below:

Ty

RN S
RISZEE PR TR P 8 X 0 1Ny

NZH 4 MMH UDMH : -

ARENE

i

FEVIRUATI A Gy i T N B (TP

Y

ED 57,100 cal/mole 51,900 cal/mole 49,600 cal/mole

E 57,100 cal/mole 51,900 cal/mole 49,600 cal/mole

e B Lot

18,000 cal/mole 12,800 cal/mole 10,500 cal/mole

X SVNRE T
SV

e B

69,400 cal/mole 74,600 cal/mole 76,900 cal/mole

Q
K 1019 exp[_ 57R,;oo] 10%2 exp [_ 51,900 1012 exp [_ Asngoo

< * 7E

Eyretn

[Py

IS
Bt Y e A A v WAL v

x 1012 exp[— 18R,(%0_(_)_] 1012 exp[- 12,800] 1012 exp [_ IOR.iOO

STEArad

Altnough the optical extinction coefficients for the above three
reactants are approximately equal, the lower BD is the greater the fraction
of an absorbed u.v. photon's energy which goes directly into raising the
sample's temperature. A.ddit:ional.‘_y, the lower ED is the higher kl and ks
are. Thus, from both a thermal and photochemical point of view, UDMH is
the most reactive of the three reactants and Nzl-la the least reactive.

No consideration is given here to possible heterogeneous reactions.

LT R A ha Ot e W A L S R YR AT O S S

A test of the kinetic scheme and rate constants was made for the
case of UDMH. Figure 4 shows a comparison of our celculated 2xplosion R
1imits with those obuerved by P. Gray and M. Spencer.la Agreement
appears good, particularly when one considers the unsuitable geometry

SRR ]

e e

\short cylinder) used by Gray and Spencer.
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For ambient conditons similar to those chosen feor N2H4’ &teady-
state explosion limits were calculated for UDMH and MMH. For p = 46 atm,
MMH (sample size of 0.6 cm diameter) becomes thermally unstable at an
average sample temperature 411°K; for UDMH, this occurs at 361°K. As
noted earlier, thermal instability does no: necessarily assure a sharp
thermal and pressure spike.

For the case of MMH at a tath temperature of 300°K, a steady-state
local u.v. radiative flux density of 4.97 x 10-'3
instability. For the case of UDMH, 2.41 x 10"3
instability.

watt/cm2 cauces thermal

wat:t:/cm2 causes thermal

Time-dependent calculations show that UDMH, in a strong u.v.
radiative field, gives a thermal spike. in a shorter time than MMH which,
in turn, "explodes" in a shorter time than N,H,. These conclusions are
implied by the homogeneous gas phase kinetics noted previuvusly and are
demonstrated by the calculated results. These are ;ndicated below.
For‘equal initial molar densities (1.77 x 10-4 moles/cma), Tb = 400°K,

d =0.6 cm, and a kv = 303 s-l for t > 110 ps, the following results are
obtained:

Sample Half-Life

(microseconds)
N2H4 295
UDMH 148
MMH ‘ 184

36 / UNCLASSIFIED
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VIII. SOME SUMMARY. COMMENTS ON THE BEHAVIOR OF UNSTABLE MIXED HYDRAZINE
REACTANTS IN AN ENGINE ENVIRONMENT

Based on our experimental observations as well as our detailed

calculations of sample half-lives, explosive trajectories and explosion
limits for N2H4’ MMH, and UDMH in the presence and absence of radiative
fields (both U.V. and I.R.) we make several observations:

1. In the absence of a radiative field the explosion linits of
NZHA’ MMH, UDMH and 50%-50% mixtures of NzHa-UDMH occur at temperatures
(é 600°K) that are easily achieved in the "low temperature" regimes of
engines. However, the rate of temperature (and pressure) rise in the
neighborhood of the explosion conditions determines the apparent stability
of a compound in a plece of hardware. Our experiments‘and calculstions
show that this rate of rise, for these compounds, is relatively slow in
the neighborhood of 600°K. The behavior for Che case of Nzﬂa is tyéical.
Just below 600°K (Appendix III) a sample Of\NZHA may become explosively
unstable (the steady-state explosion condition is satisfied). However,
a really short sample half-life (calculated to be about 50 us) corresponds
to a gaseous sample at 900°K. Of course, a reactant half-life that is
"short" corresponds to a "short inductfon period"; a “long" half-life
corresponds to a "long induction peried." Thus, in the absence of
additional external heat inputs, an explosively unstable sample at 600°K
(abcve the steady-state explosion limits) has a sample half-life of many

miiliseconds (and perhaps much longer). -4A2 a result of this behavior

(confirmed both experimentally and analytically), the engine designer
can usefull,/ employ hydrazine at temperatures that are higher than those
associated with the explosion limits.

2. In the presence of & weak, steady-state radiative field, the
explosion conditions (associated with the photochemical steady state) are
achieved at a lower temperature than normal. Again, becauses of the long
reactant half-lives at the explosion condition, a reactant sample disappéars

slowly (over a period of many milliseconds, or even seconds and minutes).
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Rapid decomposition does not occur until the neighborhood of 900°K 1is
achieved. Thus, tke weak radiative field does not really affec: the
salient feature of the system - namely that the engine design can usefully
permit the flow of the reactant in the combustion chamber at a temperature
above the explosion limit, for several milliseconds, before stable com-

bustion processes consume the reactant.

3. In the presence of a stfong, steady~state radiative field,
the explosion conditions (associated with the photochemical steady state)
are achieved at a still lower temperature. Again, because of the relatively
slow decompnsition behavior of N2H4 at these temperatures (< 600°K), the
half life of the sample can be short (less than a millisecond) only if
the radiative field is sufficiently strong to drive the sample temperature
to some 900°K in a matter of a few hundred microseconds. For strong
radiative fields (Section VI), this is indeed possible. In fact, the
infrared radiation of an engine environment is almost as effective as the
photochemically significant ultraviolet radiation, for the casd of hydrazine
(Section VI-C). (This is not true for the case of ozone.) Inasmuch as
rocket engines are strorg sources of infrared, it is clear that this
source of energy must be included in the engine designer's calculation

of the temperature history of a sample of an unstable compound.

4, It is incorrect for an engine designer to estimate the temper-
ature rise of a rcactant sample (due to external heat sources, radiative
or other) without incluling the self-heating effects due to the exothermic
decomposition of the sample. Thus, the considerations employed here, in
deducing explosive trajectories and sample half-lives, are necsssary ones.
Where other than radiative terms play a role in this temperature rise,

these new terms must be included also in the time dependent energy equation.
A particularly valuable lesson to derive from the behavior of this

class of reactants is that the calculation of a simple steady-state

explosion limit, in itself, is not adeqﬁate to describe the stability and
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behavior of a reactant sample in an engime enviromment. Thus, for the
‘case of the hydrazine family of reactante, the "thermal instability" of
the liquid does not lead o a sharp pressure pulse such as that which is
assnciated with a sample half-life of a few hundred microseconds. Rather
this "thermal instability" results in an increased rate of vaporization

of the unstable 1liquid (drop or film), due to th2 internal heat generation.
This occurs in a temperature regime where the gas phase is not explosively
unstable. Consequently the accelerated vaporizat® 1 process (which may
give rise to a "popping" effect) acts as a hear .ink, fixing an upper
limit on the temperature of the liquid sample.. Any destructively large
pressure pulges that may then result must bes associated with the later
temperature history of the resulfing gas phase sample. The engine
designer may then determine, from the time dependent calcuiutions (such

as those performed here), how much time is available for the resultant
gaseous sample to be mixed and burned, if the explosive behavicr of the
reactive gas 1s to be avolded. For the case of the hydrazine class of
reactants, this is easily achieved in the neighborhood of 600°K. (sample
half-lives of many milliseconds) and difficult to achieve in the neighbor-
hood of 900°K (sample half-lives of a few hundred microseconds or less).
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* *
IX. CALCULATED BEHAVIOR OF T, 0, O , 02, 02, AND O
PHOTOLYSIS OF OZONE
Following the analytic approach previously discussed for the time-

3 FOR THE ULTRAVIOLET

dependent explosive behavior of the mixed hydrazine family of reactants,
we consider the appropriate equations for the case of ozone. Employing
the kinetic scheme discussed in- Appendix II and setting

-

* *
[0,] = F, [0 F, (0] =A, [0) =4, [0, =3

3] 3)initsal ™

we may write the rate equations (appropriate to high initial ozone con-

ceptrations):

dF ) -3 -

- (dt) =kF+k FF + k2A1F +k, FA +k FB -3 kg Ae(Fo) (FQ ) (21)

' -g-é- = -
(dt) kl FF, kz F A (22)
dAe k]
a3t /- ka + k4 F Be - k3 F Ae - k6 AeFo [-Z.(FO-F)] (23)
G
Ik k3AeF - k4BeF - k.‘}BeFo (24)

The energy equation yields :

K (EE-E) + ¥ by + kA,
P /Fo) [167 (-2, ]
aE "o | * kahehs + KBy + k3 5 bsl - 7 (25)
P pcpd

- G

Where assumption of a photochemical ateedy state is accepcable, the

energy equation is:
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; 6A(T-T, )
dT dF b
pe [.....] - [(_ -_.) « AH 4+ k F(E ~E. ~E )] - ——.__] =R~ 2 (26)
p! dt s dt s c V- v D e d2

and the steady state concentration and decomposition rate equations are:

k. F
[Al] - i : @2)
88 2
: k,F + k.F
[A ] -k F 4 __So (28)
€8s Y 3 2(3
kakgF F + ks“aFoF(fz') (F o"‘) + ke“sFo('z') (Fo')
[ k k.F
[Be] - v3 (29)

N ST,

ky(k,F + &.F )
-[—‘E] =2 [KF +k 24 5o
a8 o \Y

|
eI || e

Equations (26) o (30 are required for calculation of the explosive
stability of the photochemical steady state.

Calculation of the time-depandent explosive behavior of a given
Ozone-containing sample requires consideration of Eqs. (21) - (25)
inclusive.

Employing the kinetics and quantum yleld data referred ts in
AppqndivaI, we obtain a selected list of enthalpies and ratesg:
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A

S

(a)
h2 = 93,052; h3 =
(b)
exp[- 6000/RT]; k

300°K, ky ~ 10° 0’

Enthalgies: Ed

Rates®
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2,852; h4

15
3ooo

exp[-

5.9

k, =5 x 10

1
014

and k. ~ 10

6

= 25,0513 Ev
= 70,949; h

= 101,000; E, = 46,000; h
= 142,000; h.

5

] cm /moLe-s and

6

exp [~ 24 »000/RT] ; k, =

k&

4 % = 25,051;
.71,051 .cal/mole.

Ix 1013
kz and, at

~

Tt
4
I3

. . H
T A T Y S T AR S W R L R A e s

A, PHOTOCHEMICAL STEADY-STATE AND EXPLOSIONS OF OZONE

In considering the explosive disappearance of the photochemical
steady state of ozone, we note that the temperature characterizing the
rates of Eqs. (27) - (30) is not the bath temperature, T,. Rather, it

b
is the temperatures prescribed by simultaneous solutions of (27) - (29) in

conjunction with the steady state assumption for the znergy conservatiuvn
equation:

ottt

q v pC

p dt = 0, or

0 = |k 10,18 - B - E) +k [0,10M] b +k, [0,710] h, + ky [95110" I,
* * %
+ k, [0,110,1h, + kg [0,10,]0, + k¢ [0,1(M)(0" I,

-+ (31)

16A(T1 - Tb)

d2

For values of kv and Tb low enough to maintain a photochemical steady

state that is far from explosion conditions, the approximation T1 Tb
In general, and particularly in t:he neighborhood of

>ndition, Tl > Tb -"1‘b is at its

may be a good one.
an explosion nd the spproximation T,

worst.
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Employing this thermokinetic consideration of the photochemical
steady state, the steady-state values of [0}, [0*], [0;], and T1 are
deduced for a given system (size and pressure) for a range of bath temp-
eratures and ultraviclet flux absorption rates. For a 2.50 cm diameter
cylinder containing 100% ozone at a presesure of 0.05 atm, the results
shown in Figs. 5~7 are obtained.

Examination of Figs. 5 and 6 shows that:

(a) (Tl - TB) can be a kinetically significant quantity in the

interpretation of a quantum yield experiment or an explosion limit
experiment,

(b) The radiative field causes a decrease in the critical temper-
atures for explosion,
where kv -0

T and T from those characterizing the case
1,2 b,c

Figures (7a) toc (7e) suggest the important roles played by [0],
[0 1, and [02] in definition of the photochemical steady state. At low

temperatures gnd low k , the heat release rate is dominated by [O 1. Both
kA and h4 are large.

In the neighborhood of the explosion limit, d[0]/d k, >> d[0 ]/dk
> d[02]/dk . This implies that simple two-dimensional pnase-plane
representation of explosion limits may be adequate for represertation of
the photochemically influenced explosion limits of ozone. Thus, for
conatant k o? only T and [C] need be considered in the phase diagram. C¥¢
course, the roles of [0 ] ana [02] in determining the steady-state con~
centration of [0] must be included.

B, EXPLOSIVE TRAJECTORIES OF OZONE
The explosive trajectory for a given case of ozone irradiiation can
be calculated by uge of Eqs. (21) = (25). This type of calcnlation is
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(T] - TB) ,(OK)

bb

60 - Tip = 335.2 e
pos o
d=2.5c¢cm le 356.4"'—:" ol I
= 0,08 atm. = . 5
sol__? Tp=3770—e & & I3
3¢ ™ [
[ ]
g | |
40 le = 391.4 ™
N
i
30 e
T, 400.4_q / / /
20 > ]
A /// /
L4
A%
0 1 ] I
]0‘5 ]0-4 ]0"3
k,,,[sec']}
Figure 5. Photochemical Steady States for Ozone
420 T
p = 0.05 atm 'é
100% OZONE &
0 d=2.5 n
40 \ cm S
AN )
3P0
\ ™~
360 \\ \\
I
” \1,2
& 340 \
- \ N
320 '\\
300 G
Tb.c
280
020 &0 6.0 8.0 10.0
K +4 -1
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Figure 6. Critical Conditions for the Pho.ochemical Steady

State of Ozone
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shown for the case of gaseous ozone at a pressure of 1 atmosphere and an
initial temperature of 300°K. A local radiative flux density of 100 watts/

cm2 (u.v.) is assumed for the 6 mm diameter cylindrical sample.

The calculated trajectories are shown in Figs. 8a to 8e, where the
time-dependent behavior of T, 03, o, 0*, and 0; are shown.
C. EFFECT OF FLUORINE ADDITIVES TO OZONE

It may be expected that the addition of quancities of fluorine to
ozone will introduce new chain carriers, thereby sensitizing the decom-
position of 03. Thus reactions involving F, F2’ OFZ’ etc. play a key
role in reduction of the temperatures associated with ordinary explosion
limits for ozone. In addition, the photodissociation of F2 and OF2 (as

well as 03) in a rocket engine's radiative field suggests that trace

amounts of F, or OF2 will serve to sensitize 03, in a rocket engine

2
environment.

On the other hand, large concentrations of F2 in ozone introduce
a stable sensitizer (F2) at the partial elimination of the unstable
reactant (03). Thus, at high concentraticns of F2 in 03 (e.g., where
{FZI/[03] >> 1) the temperatures associated with the crdinary explosion
limfts for ozone must increase. Thus, a prime goal of a study of explosion
limits for 03-F2 or 03-—0F2 mixtures 18 to define these evplosion limits
for a range of concentratlons and radiative fields. It is clear, however,
that for high fluorine concentratious (with ozone), adequite explosive
atability of tne 03-F2 systen «an be achieved. The detalled definicion

of these explosion limits lg a matter for future study.
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PURE OZONE, @ Tg = 300°K, P - 1 atm,
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PURE GZONE O T, = 300°K, P = 1 atm,
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SOMF. CONCLUGING REMARKS
The roles of both steady and non-steady radiative fields in the

*

explcsive behavior of unstable compounds have been examined., The relations
deduced have been employed in studying the explosive behavior of the

v

RO, g3 T I I Te - L 0

mixed hydrazine family of reactants as well as the ozone system,
- On the strength of these studies, it is concluded that:

(a) both hydrazine and ozone systems have their explosion limit
condtions modified by the presence of radiative fields;

ARSI e R RS P b e g

(b) on a per calorie basis, infrared radiation is not as effective
4n modification of the explosion limit as 1is photochemically significant
radiation. This is particularly true for the case of ozone, where the

explosion limit temperature, T1 29 is greatly lowered by the photochemically
k Lk

Shraz g atd <

induced concentrations of 0 and 02;

\¢) 2zone is (explosively) more sensitive to radiation the-. is

AR IR P A o &Y

hydrazine;

CYWRY

(d) explcsive stability 1in a rocket engire environment is of prime

interest. Reactant half-lives (ignition delays) of less than a few milli-

seconds are of major concern to the engine designer. We have shown that
d the half-life of an explosively unstable compouand is a very sensitive
3 function of the engine's radiative field, as well as a function of the

usual kinetic and thermophysical constants;

(e) the full definition of the range of conditions over which a

given unstable compound can be employed in a radiative environment can

now be made by employing the deduced formulations to the deduction of
reactant half-livias and explosion limits, for a range of radiative fields,
pressures, temperatures, and sample sizes. Such detailed studies are

necessary before rational use cf ozone and ozone-fluorine propellant

systems can be made by engine designers.
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FUTURE STUD:ES ]
Future studies of the explosive behavior of the ozone system are
planned to include:

(a)
(b)

(c)

UNCLASSIFIED ‘

pressure as well as temperature and composifion trajectories;

the effects of spactrally more complicated radiative fields
(simultaneous u.v., visible, and infrared radiation); and

]
;

explorat{ of explosive trajectories associated with longer
ozone half-.. ves (milliseconds).
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APPENDIX I

KINETICS OF DECOMPOSITION OF HYDRAZINE
AND RELATED COMPOUNDS

There exists a substantial literature6-38 concerning reaction rates

and photochemical processes for Hydrazine, Monomethylhydrazine and Unsym-

metrical Dimethylhydrazine. For purposes of this investigation, we require

e kinetic scheme with knowledge of the rate constants, energetics of the
individual steps, thermophysical properties of the reactants and products,

ultraviolet quantum yields and the associated photochemical extinction

coefficients., Although the literature is not fully adequate to our

requirements, sufficient data are available to permit initial treatment

of the problem. Accordingly, for the case of hydrazine, the scheme pro-
posed by Eberstein and Glassman6 is simplified, Incorporating photo-
dissociative processes in this modified scheme we write:

NH, + hv E" 2N, + (B - Ep)
Ky

NH, +M ¥ 2N, + M+ hy
)

N,H, + N, NH, + NH, + h,
ks

NjHy + M 7 NH + NH, + M+ hg
ke

NH, + NH 0 NH, + N,Hy + h

k

7
N2H3 + NH2 > NHB + N.2 + H2 + h7

Further simplifications may be achieved if ks is taken to be small (step

5 1ig about as endothermic as step 1) and the other k - values modified to
reflect this change. With this modification, appropriate schemes for MMH
and UDMH decumposition can be represented in a manner that parallels that
for N,H, .,

o, Thus, the scheme proposed by Cordes7 for UDMH is modified:
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k
\Y
(CH3)2 NE’IHZ — (GH3)2 N + NH2

\

k
(cn3> NNH. + M—js(cng) N+ NH, + M
2 2

2
CH,} NNH, + [cH \:-EE-—/CH HN + CH.CH.N - NH
3), 2 3),° \32 »H3CHy 2

k
2b
(CH3)2 NNH2 + NH2 -—-»NH3 + CH3CH2N - NH2

k
- 7
CH3CH2N - miz + NHZ_’_(CH3)2 HN + N2 + H2

where (CH3) NH, N’d3, NZ’ and H2 are the product molecules.
2

A similar scheme may be written for MMH. 1In general., we wrice,

for the hydrazine family of fuels (where F represents the fuel molecule):

k
hv + F-—LA + NHZ (v)
k1
F+M-—>A+NH2+M (1)
k2a
F+A _"'Pl i B (2a)
kb
F+NH2—-->NH3+B (2b)
¥,
B + NHZ-—>P1 + N, + H2 (7
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Tabulating for the three fuels involved:

Species NH, CH,JHNNH,, (CH3)2 NNH,
. F N,H, CH ,HNNH, (CH3)2 NNH,
) A NH, CH JHN (cu3) N
2
] B N,H, CH,HN - NH, CH,CH,N - MH,
; P, NH, | CH,H N (cn3>2 HN

. where P1 is an eppropriate product molecule and A and B appropriate free
;; radical intermediates. Where more complete kinetic representations are
 1 required for N2H4, more complex (analogous) schemes also can be written
for UDMH and MMH.

4 Clearly, there are deficiencies in our current understanding of
the kinetics of the N2H4 family of fuels. The calculational technigues
and phenomenological equations discussed in the text are, however, quite
general, Thus, the general features deduced in the body of this work
are relatively insensitive to modest modifications in the kinetics.

This 1is in fact the case when the results of explosive behaviors of

various members of the [NZHA] family of fuels are compared.
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APPENDIX II

KINETICS OF DECOMPOSITION OF OZONE

A, OZONE KYN#TICS
A rather extensive literature exists regarding the thermal and

photochemical pruperties of czone.42—67 The simplified kinetic scheme

i+ 03 - 02 +0+M

0+ 03 - 202
represents the observed data quite well, for dilute ozone in the absence
.of photochemical sources.4 For concentrated ozone with photochemical

sources, Semenov60 has argued that the electconically excited states of

* *
0 and 02 (0 and 02, respectively) play a role through the reactions

*
03 + hy =+ 02 + 0

0 +0. 0, +0
+ 3 -+ 2 + 02

0y + 0, + 20, + 0"

2 3 2

Such a scheme is capable of providing quantum yields greater than two.
Large quantum yields (as high as six) have been reported for dry ozone
On the other hand, quantum yields of less than two are also reported,
suggesting that any usable kinetic scheme must also include such steps

as

M+ Of +M+0
Z 2

*
M+ O2 +0 »+0,+M

3

. UNCLASSIFIED

4,45,46

- v e




S, © et o] A e et h s mem—— — —— PR —

UNCLASSIFIED

The following schemc contains chemical kinetic steps that are
capable of representing the range of quantum yields observed, as well as
the low ozone concentration thermal ceccmposition data. This is a require-

ment of an acceptable scheme,

0, + hv-:v—- 0, + 0" + (Ey - Ej - E)) (11-1)
ky
Oy + M -—8=0, + 0+ M+ h (11-2)
ky
0, + 0 —=20, + h, (11-3)
0, + 0" _1i3.. 0, + 0 + h, (11-4)
* k4 *
0y + 0, —e20, +0 +h, (II-5)
* ks
M+ 0, —mM+0, +hg (11-6)
k
M+02+0*.-_6>03+M+h6 (I1-7)

In the following section, examination of this scheme ig made with

regard to quantum yields for ozone.

B. QUANTUM YIELDS FOR OZONE
The kinetic scheme given by equations (1) - (7) provides the
following features:

(a) Thermal initiation as well as photochemical initiation,
(b) Collisional deactivation of O; (a radiative lifetime greater
than 10-9 sec is not important at high pressures).
(c) The possibility that quantum yields of more than 2 exist
for high purity ozone.

(d) The possibility that quantum yields of less than 2 exist
for low concentration ozone (in 02).

(e) The p ssibiiity that quantum yields are higher at high

temperatures.

UNCLASSIFIED
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g (f) The possibility that quantum yields are pressure-dependent. ,
] (g) The possibility that quantum yield~ are not independent of
: the radiative flux density employed in their exp2rimental

determination, .
s
4,45,46 . :
: Based on the experimental work on ozone quantum yields, the :
'} aforementioned features appear to be necessary to a correct representa- i ' :
; tion., Examination of the photochemical steady-state yields
: |
. k. (&,[0,] + k [M])
d 3 ( 43 5 !
] - = [0,] = 2[0,]}] k,[M] + k g i
; dt "3 3 1 v M _ ;
a6 kyks M + K [M(0,] (ka + kg 1—1—[03]) (11-8)
where é
[0]88 - '—1-;;—— (11-9) N
!
( (M}/(0,] ; ?
k, + k M}/(o0 .
* 4 5 ( 3 ) :
= r II-lO :
| [07]gg = &y [M32(0,)] 10 5
] lk3k5[M] + k6k4[02][M] + k6k5 _—TE;T—— %
: !
( i
[0*] -p k3[03]
2 v [M] _ :
[ 88 \ k3k5[M] + k6[M][02] (k4 + k5 [03]> (I1-11) §
The quantum yield is then given by: i
- —d- ( + Iy ) . g
. s [dt [03]]88 BE ky (M} . kqa{ k,[05] + k,[M] :
- k [0,] k i M 2
| v(03 v kykg M + K [M]10,] (*‘4 + kg Ll-[03]> 3
| (11-12) P
Examination of Eq. (II-12) shows that :
4 (a) ¢ decreases with increasing flux density due to the thermal g
> initiation step and the fact that k 1is proportional to the © g
=2 g
iz £
(L 60
UNCLASSIFIED
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radiative flux density (photons/cmz/sec). In the limit,
where kv >> kl[M], ¢ becomes insensitive to kv’ In the

other limit, kv << kl[M], the experimental determination
of ¢ is of questionable value.

g (b) For high purity ozone, [03] >> [02] and

E § - 2 Kk, 10,] k

E o — [——-11‘———3--+ 2 {1 +(—E3>H> 2

fl v 5

) (e) For low conceatration ozone, [03] << [02] and ¢ can be less

than 2. (For very low concentration ozone, the back reac-

! tion associated with Eq. (2) should be included.)

(d)  For high purity ozone ¢ increases with increasing temper-

ature, This stems from the fact that (kalks) increases

with increasing temperature.
(e) For high purity ozone, the temperature dependence of k4, ag

) well as the ratio (k4/k5) can be determined from the quantum
' yield,

5 In order to employ this kinetic scheme, the k's must be known.
For a given case, kv is determined from knowr. optical extinction coeffi-
51,66 and the radiative flux density employed. Values for kl, k

k3 and k4 may be selected from these reported in references 4, 55, 57,

clents 27
63, and 64, k5 and k6 ray be deduced from quantum.yield data., In parti-
cular, ks may be deduced directly from quantum yleld data for high con-

centration, high purity ozone {once kA is known). k, is then deduced
for an intermediate case (e.g.,$ v 1).
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APPENDIX IIIX

CLASSICAL ANALYSES OF THE STABILITY OF THE
PHOTOCHEMICAL STEADY STATE

If a sample of an unstable compound is kept at a bath temperature
below that required for explosion, it is taken to be in a quasi-sgteady
state, If the sample i3 then subjected to a thermally and photochemically
significant steady-state radiative field, the sample wi'" then reach a
new steady state (photochemical steedy state) or explode, Irn general,
the steady-state radiative flux density necessary to cause such explo-
sions is small compared to the pulsed radiative flux densitles employed
in typical flesh photolysis experiments. In this section, sample calcu-

lations are made using thermal theory analyses (generally acceptable at

.high pressures) of the ordinary and photochemical steady states.

A, MIXED HYDRAZINE FAMILY OF REACTANTS

For a cylindrical sample of ﬂ2H4 gas at a pressure of 46 atmospheres,
a bath temperature of Tbc = 502,5°K implies an average N2H4 temperature
of le = 524,1°K, These are the critical counditions for explosion in the
absence of a photodissociative radiative field. If the sample size is
made smaller, the critical temperatures (Tbc and le) required fo:r explo-
sion increase. A plot of the steady state hydrazine sample temperatures
is given in Fig. III-1, for three different sample sizes. The steady
state temperature, T1 = TSS’ corresponds to a stable sampie where
(dTSS/dTb) is positive and finite. Critical explosion conditions corre-
spond to (dTSS/dTb) infinite (le - TSS)‘ The sample temperatures for
which (dTSS/dTb) ie leasa than zero are all unstable (TSs = T2). The data
of Fig. I1I-1 are for zers radiative field.

The following table givee the variation of the photochemical steady
state properties correspoading to the same sample of hydrazine under u.v.
irraatation. It is seen that very low radiative flux densities (v 10"2

watce/cmz) are adequate to assure sizeable [Nﬁzl concentrations,
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AN-5506-U-42

1009
h— d3\\
i
i
800
\
p-v4
[
n
L
600
P d
d] x6x 107! cm:
Tcrit = 524,13 °K, (Tb)crit = 502.5 °K
d2 =6 x ’:0'2 cm:
400 Tcrit = 656.05 °K, (Tb)crit = 630.31 °K
d3 =6 X 10'3 cm:
Tcrit = 879.06 °K, (Tb)crit = 833.5 °K
300 { — 1 ] { 1
300 400 500 600 700 800 900 1000
() (%)

Figure ITI-1.

Bath Temperatures.
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Steady~-State Reactant (AVG) Temperatures for 100% [N
at P = 46 ATM for Varlous (cylindrical) diameters an
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Interestingly enough, le = 524.1°K is again the critical sample tempera-
ture for explosion. For a given batn temperature the critical [NHZ]
concentration is specified by the cr .£ical radiative flux density.

For the case of Monomethylhydrazine gas at 46 atmospheres, thermal
stability calculations yield the following results:

d The T35
cm °K °K
0.006 666 717
0.060 493 520
0.600 394 411

For the case of unsymmetrical dimethylhydrazine gas at 46 atmo-~
spheres, thecwmal stability calculations yield the following results:

d The T2
cm °K ‘K
0.006 583 629
0.060 433 457
0.600 346 361

B. OZONE

As 1llustrated for the mixed hydrazine family of reactants, thermal

stability analyses of ozone, with and without radiative fields, have been

performed. Results for gaseous ozone at a pressure of 1 atmosphere are

given in the following table. It is seen that rather small radiative

flux densities have large effects on Tbc as well as the photochemical
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¢ w) ay_ | T to; {n"] 10y
cu sec-! - *K *X noles/cn3 mh:-/c:aa3 :ales/cu3
0.006 2.12 x 10t 260.0 293 2.97 x 10716 7.3 x 1071 2.11 x 1078
1.57 x 10 225.0 304 8.9 x 10716 5.6 x 101! 1.57 x 1078
1.3 x 3¢t 250.6 318 3.3 x 16718 4.2 x 1074 1.1 x 1078
7.5 x 20° £15.0 335 1.5 x 1074 3.2 x 107 7.5 x 1070
4.9 x 10° 300.0 358 7.8 x 10734 2.5 x 10711 4.9 x 107°
3.2 x 10° 325.0 384 b4 x 20783 2.1 x 107} 3.2 x 107
2.1 2 1¢° 150.0 413 2.3 x 10712 1.8 x 10714 2.1 % 107
0.006 zero 497.19 519.7 2.2 x 10-10 zero zero
0.06 2.11 x 107} 200.0 292 2.86 x 10716 73 =201 2.1 x 10710
1.57 2 107} »25.0 306 8.15 x 1073® 5.5 x 10713 1.57 x 10710
1.1 x 107} 250.0 a7 1010788 4.2 x 10743 1.1 x 10720
7.50 x 1672 275.0 335 1.4 x 10734 3.2 x 10713 7.5 x 10711
4.99 x 1072 300.¢ 357 7.6 x 1028 2.5 x 10743 4.89 x 10712
3.°s x 1072 325.0 381 3.6 x 10743 2.0 x 10713 3.15 x 10713
1.97 x 1072 350.0 402 1.2 5 10712 1.5 x 10733 1.97 x 1071
0.06 zero 412.2 427,23 5.2 x 1074 zerc zero
0.6 2.15 x 107 200.0 292 1.9 x 10718 7.8 x 1072 | 2.15 x 20712
1.57 x 107> 225.0 303 5.5 x 10736 5.5 x 10713 1.6 x 10712
111 x 1070 250.0 m 1.9 x 10733 4.0 x 10713 1.1 x 10712
7.47 x 197 275.0 33 ] 11x10M 3.1 % 167 7.6 x 10713
4.56 x 107 300.0 W7 2.3 x 10714 2.1 x 10733 4.5 x 10723
2,12 x 107 325.0 356 4.9 x 1074 1.1 x 2071° 2.2 x 20703
1,47 x :07° M0 0 362 7.9 x 107} 5.0 x 107V 1.5 x 1072
0.6 zero 352.9 365.6 1.3 x 10713 zero zero

66
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; and bath temperature are decreased, the photochemical contribution to the
g *
/ % explosinn requirement becomes increasingly more important,
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APPENDIX IV

EXPERIMENTAL STUDIES PERFORMED ON EXPLOSIONS OF
HYDRAZINE AND OF UZONE

The purpose of the experimental program was to demonstrate, for a
few selected cases, the relative roles played by radiative fields in
explosion. In support of the DRC program, these experiments were carried
out by Rocketdyne (A Division of North American Aviation, Inc.) at their
Canoga Park, California facility. Before prese¢nting the text of the
Rocketdyne report on the experimental findings, the significance of these
findings will be noted.

The two systems studied experimentally are hydrazine and ozone.

.The salient conclusions to be drawn are:

1. It is far easier to flash initiate an explosion in ozone
than in hydrazine. This experimental finding corresponds

to the results of our theoretical investigation.

2. Hydrazine becomes thermally unstable just below 300°C and
can decompose rapidly even where a sharp temperature or ;
pressure pulse does not occur. From the point of view of ;
explosion theory, such thermal instability is interpreted
as an "explosion." Time-dependent examination of this f
thermal instability is necessary if the pressure~time :

and/or temperature-time history of the sample is to be ;

described Thus, the time-dependent theoretical studies 5

performed at DRC correspond closely to the experimental ' .

findings: Hydrazine may become thermally unstable (with
or without radiative gources) and can decompose to pro-

ducts without & 'sharp explosion." We may arbitrarily
consider a "sharp explosion" to be characterized by a

reactant half-1ife that differs by no m~re than some 5

ot - 3,
e R« SR e 12 ewe G an w

microseconds from the reactant's three~quarter life.
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3. Ozoune behaves, explosively, in a more conventional manner
than does hydrazine. The experimental results indicate
that ozone is largely unreacted until an explosion 1limit
is attained, A flash~initiated axplosion occurs rapidly
(unlike the case of hydrazine).

The unmodified text of the Rocketdyne final report to DRC on the
experimental work follows:

INTRODUCTION

Experimental studies have been conducted with the objective of
determining conditions for photo-initiation of explosions in certain
uona~-propellant compounds. Since the Rocketdyne study represents only
a portion of the investigation being conducted by the Defense Research
Corporation, this report will be mainly factual with the theoretical
interpretation of the observed results appearing later in the formal
report for the entire program.

EXPERIMENTAL

The major components of the flash apparatus were obtained from
Amglo Corporation, Chicago. The flash lamps used had a linear tubular
quartz envelope, a one inch arc length, and were filled with argon and
mercury for best ultraviolet output. A bank of ten 50-microfarad con~
densers was used for energy storage and a 0-5000 volt power supply was
used for charging the condensers. At voltages below the breakdown vol-
tage of the lampc (800 volts for lamps mentioned above), a trigger supply
which provides a very high voltage pulse was used to initiate the flash.
At voltages above the self-flash voltage of the lamp, a special relay
was used to switch the condenseir voltage vo the lamp, which then flashed
without further triggering. For most of the work reported the lamps were
used at their maximum rating of 500 J of electrical energy, which corre-
sponds to 500 microfarads at 1400 volts.
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An inductance of 600 u H was used in series with the lamp to reduce 4
the peak current and thus increase lamp lifetime. From information pro-
vided by the supplier, flash duration for the system used is of the order
i of 400 microseconds (to 1/2 maximum intensity) with the inductance in

: the circuit, and 200 microseconds without the added inductance.

Lamp output may be estimated from published data. Porter reports
1020 quanta in the 2000-40003 interval from a 1000 J flash of an Xe filled
lamp (Ref. 1). Commercial lamps are reported to have efficiencies of
10-50 1m/W.s (Ref. 2), presumably in the wavelength regicn of approxi~
mately 3500-75002. Strong (Ref. 3) reports that their Xe-filled quartz
lamps produce a continuum plus Xe lines with intensity roughly indepen-
A dent of wavelength down to 30002 (decreasing somewhat between 4600 and
' 56003 to a minimum at 51003 of about 607 of the average intensity). The
wavelength region covered was 2400-65002. Using these values, it is
estimated that flash lamps used in the present study produce a total of
approximately 15 J of energy as light in each 10002 inter .. for ¢ 1000 J
(electrical energy discharged) flash over the wavelengt: ..gion of 2000
to 80002.

With a lamp to cell distance of about one inch, the amount of light

RO

reaching the sample is estimated to be about 1% of that emitted by the
flash, because of geometric factors, scattering by the quartz sample

i X tube, etc. This estimate agsumes a 6-mm ID sample tube one-inch long
g with a reflector behind the lamp.

The sample tubes employed were constructed from 1 mm ID fused silica

capillary and 3 mm and 6 mm ID fused silica tubing. By sealing water in - %
g'“ the tubes and heating slowly until the tube ruptured, it was established
A that the 1 mm capillary could contain pressure in excess of 3000 psi; the .
-

3 mm tubing ruptured at about 1000 psi and the 6 mm about 400 psi. The
hydrazine samples were sealed in sample tubes by freezing the hydrazine, 1
evacuating the system, and torching the sample tube shut. The ozone

sample tubes were filled through a stopcock.

g UNCLASSIFIED
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Heaters were constructed of aluminum rod drilled to contain the
sample tube and a thermocouple and wrappad with resistance wire and
ashestos, A remote control device was coustructed to insert the sample
tube into the heater and withdraw iz to a position next to the flash
lamp., The apparatus was surrounded by %eavy shielding for safety. It
was found that on ingertion of the sample tube into the heater, the
- sample reached essentiallys the heater temperature in two minutes. This

) method of operation was chusen to reduce the time the sample was heated

prior to exposure to the £lash.

Ozone was prepared frum cylinder oxygen in a Pyrex apparatus
(Ref. 4) consisting of two tubes sesled with an ~rnnular space about 3 mm
across, where the cxygen was subjected to an electric discharge from a
10,000 volt ignition transformer. The ozon. =r was operated in an ice
bath at 0 C to improve yields. The gas mixture was analyzed for czone
by bubbling it through a neutral buffered KI solution and titrating the
I2 produced (03 + 2H+ + 217 02 + H20 + 12) with thiosulfate (Ref. 5).
It was found that the ozone yield at atmospheric pressure varied from
5.3 w/o with an oxygen flow rate of 130 cc/min to 1 w/o at a flow rate
of 830 cc/min. The ozone was handled in a vacuum system with stopcocks
lubricated with Halocarben greass (Halocarbon Products Co.). In oper-
ation, a 170 cc volume was flushed out aund filled at atmnspheric pressure
with approximately 5% ozone in oxygen. Then liquid nitrogen was placed
on the attached sample tube (volume about 8 cc) and most of the ozone
and oxygen frozen out. With the sample tube in liquid nitrogen the

oxygen wag pumped off, leaving a droplet of nearly pure c¢zone, which

was easily visible to the eye. The stopcock was then clesed and the

. ozone allowed to vaporize in the 8 cc sample tube. For higher temper-
ature operation the sample tube was heated with hot air blown over it

. and the temperature was read from a thermocouple in a similar tube next
to the sample tube. Again the sample apparatus was enclosed in shielding,
and heating, operation of liquid nitrogen dewar, etc. were carried cut
remotely. A two-inch thick Lucite block allowed observation.
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RESULTS AND DISCUSSION

HYDRAZINE

When the hydrazine sample tubes (3 mm and 1 mm ID) initially 20% .
filled with liquid hydrazine were heated slowly, they ruptured violently
at about 250 C. It is believed that thess were pressure "explosions"
caused by the slow thermal decomposition of the hydrazine. Since the {
critical density of hydrazine is 0.234 gm/cc, the tubes could not have
been burst by hydrostatic pressure. The vapor pressure of hydrazine is
about 900 psi at 290 C-~-below the measured bursting pressure of the
sample holder tubing. However, the calculated final pressure of non-
condensible gas (N2 and possibly H2) if slow decompesition should occur,

4500 psi at 300 C, exceeds the burst pressure of the tubing.

One mm tubing initially about 5% filled with liquid hydrazine did
not rupture after heating at 300 C for several hours. At the conclusion
of the heating, liquid was visible in the tube (at room temperature) in
quantity slightly less than initlally present. This liquid vaporized
irmediately at room temperature when the tube was opened, leading to
the conciusion that most of the hydrazine had decomposed to form amﬁonia,

gince hydrazine vaporizes slewly under these conditions, The calculated
final pressure in this case, 1100 psi, is less than the 3000 psi necessary
to burst the capillary tubing.

A variety of samples of hydrazine were flashed, but since no explo-
sions occurred, only the most severe conditions will be mentioned. iIn
one oxperiment with hydrazine, an apparent explosion did occur but subse~
quent investigation revealed that the flash lamp probably exploded taking ;
the sampie cell with {t. The inductance was placed in the circuit in the ‘;
remainder of the experiments to greatly reduce the probahility of a lamp 3

faiiure of this type. \E

Liquid hydrazine was flashed at room temperature in a 3 wm tube a
with no explosion. 6 mm tubes with volume about 1 c¢ and containing
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0.05 gm hydrazine were placed in the 315°C heater for 2 minutes and then
§ flashed with no explosion. These tubes later ruptured while being heated :
further to 340-360 C. The results indicace than an explosion did not

occur and would have been detected had it occurred.

It is concluded that initiation of an explosion in hydrazine with
light is relatively difficult, even at temperatures at which thermal
decomposition is occurring vather rapidly. Because of this thermal de-

z composition, attempts at higher temperatures are not feasible unless a
very fast heating technique could be developed. Since it appears that
hydrazine must be heated near its thermal decomposition temperature before
photoinitiated explosions can be observed, it is recommended that in
future studies the experiment be designed so that the concentration of

the hydrazine can be monitored continuously up to the time the flash is
.triggered. The inclusion of a pressure transducer in the system would

also ba quite useful.

OZONE

Calculations based on the oxygen vapor pressure and cell volumes
predict an ozone pressure of 600 mm in the sample tube at room temper-
7 ature, This was doubled in some cases by £illing the measuring volume
£ twice. No difficulty was experienced in producing or handling the ozone.
3 It was stable for 24 hours in the apparatus at room temperature as evi-
?g ’ denced by visual observation of readily condensible ozone after that
} time. The ozone was heated to 70°C for a period of about a minute and
was again observed visually on freezing down; therefore, thermal decompo-
gition was not a problem under the conditions employed in this investi-

gation. Availsble rate constants substantiate this conclusion (Ref. 4).

With a lamp positioned about 4.5 cm from a 6 mm sample tube (no
reflector), orone was still observed in about the same amount on freezing
down after flashing at room temperature when either 600 or 1200 mm of

ozone were employed. With a lamp positioned 2 cm from the sample tube
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and with an aluminum foil reflector 1/2 inch behind ‘.ne lamp, no ozone
was visible on freezing down after one flash (500 J) at either 25 or

70°C and with 600 or 1200 mm pressure. The tube did not rupture, pre-
sumably because of the relatively low pressure of gas (even if the condi-
tions of the decomposition approached adiabatic). Because of the apparent
disappearance of all of the ozone, it may be assumed that a very rapid
reaction (explosion) occurred, McGrath and Norrish (Ref. 6) have shown
that the decay of ozone after a flash is very rapid, and the presumption
of an explosion on the evidence of substantially complete destruction of
ozone seems to be valid.

An attempt was made to explode coudensed ozone by flashing imme-
diately upon removal of the liquid nitrogen bath, before the ozone evapor-

ated. There was no apnarent _ffect of the light.
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-

This concluces the unmodified text of the Rocketdyne final
report to DRC on the experimental work.
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APPENDIX V ’

THE COMPUTER PROGRAM

A computer program (HYDRA) was written in FORTRAN for the Control l
Data ‘»r ' ation 3600 computer to perform three types of calculations at
tne option of the user. The main function involved the integration of
Eqs. (16)-(20) of Section VI to describe the time dependent behavior of
the system. For this a fourth-order Rurge-Kutta integration with vari-
able integration interval was used. The remaining two options allow the
user to iterate on the bath temperature or initial radiation flux to
determine the critical value, i.e., that which makes R and L tangent
(see Section V).

The input consists of 50 cards for the first case after which one
or more parameters may be varied for subsequent cases by adding the appro-

priate cards. . Specifically, the input is as follows:

Card 1) Fortran format 3E20.10, 2I5

DX: Initial integration interval
AE: Absolute allowable error for integration interval control
RE: Relative allowable error for integration interval control

{O variable interval control
1 fixed interval is usged for integration

NMAX: meximum number of integration steps allowed

Card 2) Reactant identifier card

Cols. 13-39 identifier of fuel F (e.g., N2H4)
‘Cols, 23-29 identifier of reactant A (e.g., NH)
Cols. 33-39 identifier of reactant B (e.g., N2§3)
Cols. 43-49 didentifier of reactant C (e.g., N2H4)

.  UNCLASSIFIED
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Cards 3-49) Parameter List

Cols. 1, 2 code identifying parameter

Cols. 13-19 name of parameter

Cols. 21-4C wvalue of parameter in E20.11 format
Cols. 55~70 units which porameter is given in

According to the following list:

Code Parameter Code Pavameter Code Parameter Code Parameter

£l A o s S A W kS el PP W AR TEL L SO AL O

01 P 14 h 27 P 40 c
o 6 e ka
02 T 15 b, 28 Py 41 c, :
03 F, 16 C, 29 Sp 42 £, :
1 1 :
i
04 0 17 E, 30 ds, 43 T, b
1 1 E
&
05 ¢, 18 Ckz 31 P, 4h F, g
06 € 19 E, 32 s 45 A %
2 Py ° 3
.3
07 A 20 c 33 ds 46 B
k P o .7
5 2 2
08 d 21 Eks 34 AT, 47 c, 3
3
3
09 AE 22 Ck6 35 dTb 29 end _E
&
.
10 by 23 Ek6 36 6P
11 hy 24 ck7 37 dp_ : 1
12 h, 25 £k7 38 toox g
13 h 26 ¢ 39 c
5 k,p Af

_ .
e
v a2

T T ST T Ly . - - - R e e SCimae:

FTEET Gy VAT ok R a0 - - - g
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The first parameter gives the pressure which is not used in the
calculations and is included for reference only. Parameters 2-5, 7, 8,

10-15 are as in Section VI, Parameter 6 and 25-33 are used to give the

time dependent kv according to the formula

kv = Ck (moles/watt-sec) x e(cmzlmole) x P(watts/cmz)
v

P, watts/cm2 0<t=8, ~ds, /2

1 1
2
P ={ P, watts/cm” S, +dS, /2 <t <S, -dS, /2

1 1 2 2

watts/cm2 S, +ds_/2<t
Py Ry T

P,

In the transition regions, S, - dS, /2 <t <S8, 6 + ds /2 3
S TS R TR 51

S, -ds, /2<t <sS <+ dS, /2, the value of P changes smoothly from
P2 PZ - - P2 P2

one value to the next using a fifth order polynomial having zero first

ard second derivatives at the end points. The value of Ck (parameter
vT

26) is used to compute kv in dT/dt while Ck (parameter 40) is used to
vB

compute kv as it enters into dB/dt. This allows the user to distribute
the effect of the radiation into thermal eunargy or dissociation in any

ratio he chooses.

Parameters 16-25 are used o compute the rate constants according
to the formula
“BylT
e B @y mEM®
i

Parame’ers 34 and 35 are used in the iterations of Tb to determine

i k

the critical value. One must input a value of Tb as_a negative number,

for which the R and L curves intersect. Then the program starts increas-

ing Tb by the amount ATb until this condition is violdated. It then pro-

ceeds to converge on the critical value until consecutive values of Tb

are within the range dTb.
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Parameters APo and dPo perform the same function for the kvo iter-

ations and the same rules apply.

In some cas.s, the user may want the time dependent behavior of the
system under conditions where the fuel concentration remains constant. :
Paxameter 39 performs this function as it multiplies the expression for f
dF/dt in the program. Thus it should have the value 1 for normal oper- |

ation, 0 when the fuel concentration is tc remain .opstant. 3

Parameter 38 acts as a control on computer time. It represents

the maximum value of t to which Integration can proceed.

Normally, the initial conditions on the dependent variables (with

the exception of Fo) are taken as the steady state values., Parameter 41

P P

£ overrides this if it is input as any non-zero quanti:y. In that case

XS

the initial conditions are taken from parameters 42-47.

The last card merely indicates to the program that it has completed

s N
Sd st

reading data for a particular case. T

The user has the option of using his own idewtification for the

above parameteres (1-47); however; some identification should be entered

SIS AEIE P TP IR

as *he program writes this same information as output to identify the -~

case.,

If one wishes to run additional cases, only those parameters which
change 7«ed additional input cards followed by a '"29" card.

* -
.” < 'R )
D Lo DA Al de Yz e Sas

S

s \"_‘dg‘i

Nrx a2

oowe sd2itional remarks on the data contained i the first card
should be made. The integration subroutine used in the program controls
the integration interval size by comparison of Runge-Kutta integration
over two half-intervals with a Simpson's rule sum of the resulting velues.

Thus 1if AISR is the incremental change in the dependent variable according
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to Simpson's rule and AIRK is the same as determined by Runge-Kutta, the
criterion for increasing or decreasing the interval is determined by ¢he

term

Slpg N ~Alop
A RI ‘

wherze I is the current value of the dependent variable and A and R are

the absclute and relative allowable errors given on the first card.

The program listing follows with the exception of the RKS3 numerical
integration subroutine. This is a standard subroutine available, for
example, through the IBM Share Library. j

% B R
¥y 3
. d | g

t e

L [

L&
"
1
P
5

~




PAGE

<2

I

1000
101y

1011
¢

s emay x e e T EFTTLRCN R NS P RS o Tt L8 DAChar Sl ot hag [\WA w_u“;'",_-r;;.‘({r'nﬁ}){’_m’;fz\tw‘ - X Xy
. B I B
‘

L arory Xy TSPy

UNGLASSIFIED

1 07 PROURAK HYDRA PAGE 1

PROGRAM HYDRA
COMMON Z,LABEL/DATASNAME,ZS,US,TS»DIS,XLS,C1,C2,C3,C4,
* C%,C6,C7,
X HS,)CB, TESTL,TEST2,D)V,UL DULIUSTART,UCRL,UCR2,TCRY,
* TCR2,RPR XLPR,
X FoEL1,T1,72
COMMON/ZLY 1XL0IKQoIKS1K6 1K JPUMPNCOUNT s NMAX
COMMUN/DE/
PUDUISID s ORKIAEIRE ) T3 :T4, 75, T6,T7,78,T9,VP ,88,8CK1,
X SCH2,SCHI,SCH4,AL;:A2,P,T,DEL,DK1,DER,DK2,DES,DKS,DEG,
* DK6,DE7,DK7,
X TPYLC9,CL0,STOP,FSTOR
PIMENS I ON
¢ 202003 LABELCLU0)»DATAIB)  NAME(A),25(2),T7S(2),US(2),
X RS(23,DRS(2)XLS(RI)UNITS(100,2)
DIMENSION ULS),BULS) )AE(S) ,RE(S)»WOIK(H0) 2 VP(51,13)
EXTERNAL PHD,PHC
INTEGRATION
+ PARAMETERS ON THE
FIRST CARD

READ (€0,1030) DSAU,RO, JFYDINNAX
FORMAT(3EZ2V.1¢,215)
DO 1911 11,3100
(1) = 0,0
READ REACTANT N&MES

.4 AND INPUT

c

C
1020
102¢
1039
1043
1045
1059
1049
1870
i(8v
1094
1100

11319

PARAMETERS

1I7 » 3

READ(60,2030) INPIDATA
FORMAT (12, 8Xs7A8A6)

IFCEQF,60) 1044,1550

CALL EX1T

IFCINDEG,99) GO TO 1121
IFCINP,NE,0) GO TO 13,00
DECOUE(64,1080,DATA) NAME
FORMAT (4(2X,R8))

60 T 1020

DECOUE(64,1110,DATA)
* LABELCINP) pZCINP) o CUNJTSCINP, JYUBL,2)
FORMAT#2X,A9,10r K20,11,4X,2A8)

P § B {
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PAGE 2 UF PROGRAM HYDAA PAGE 2

1126 G0 TO 1020

g WRITE PARAMETER LjST

1124 IF(Z2¢2!,87.0,0) GO TO 1122
L(2) = «£(2)
1Ir = 2
DETB = 2(34)
CONTEB = 2(35)
DIVY = ¢,0
GO TO 1130
112¢ JF(2¢(27),GE,0,0) GO TO 1130
2027} s «2(27)
117 = 3
DEP = 2(36)
CONP & 2(37)
Dive = 4,0

1130 NRIT&(éloil‘O)(NAMb(l) 181,45, (. LABEL ()2 2())

. s (UNTTS(J,K) ,X81,2)

X 1J51,47)
1140 SORMAT(LNL, 450 MIXED HYDRAZINE FUELS = EXPLOSIONS
' W71/
X 20% THE REACTANTS ARE // 6H F 3 ABs6H A = AB,06HK
* B = A8,6H C

X $ Ad,// 20N THE PARAMETER L|ST 47/

(2Xs §202X048)5H, 4y .00E20,11,4X
X 12A8))

c " COMPUTE CONSTANTS

1150 C1 = 2(9)7(2,0¢2¢(30)) + 1,0
1160 C2 8 Z(40)*2(3)#(2(B)*%92)/(8,0¢2(7))
1170 JF(Z2(46),EQ,.0,0) GO TO 1210
118V C3 & LOGF(Z2(16))

1199 K1 = 3

1200 GO YO 122¢

121U [K1 =3 2

1220 [F(2(18),EQ.0,0) GO TO 1260
1230 C4 = LoGF(Z(18))

124U K2 s

1250 640 TO 2270

126U K2 = 2

127V JF(2(20),EQ.0,0) GO TO 131%
128v C5=L0GF(L(20))
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1290
1300
1810
{420
1340
v 1350
1368
1870
1380
1390
1400
1640
1420
1430
1431

1434

1440
145y
14480
1470
1480
1481
138%
1484

1500
1510
1520 U
1530
: 1540
1550
1964
’ 1570

Xb THE VALUE E20.,3130//
?
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PAGE & OF PROGRAM HYDRA

IKS 3 1

60 70 1329

IK5 3 2

[FCZ24223,EQ.0,0) GO TO 1870
Cé s LOGH{L(22)?

I1K6 s

B0 YO 1340

K6 3 2

[F(2(24),EQ.0,0) GO TC 1420
C7 = LOGF(Z(24))

K7 3 }

GO YU 1489

(K7 s 2

C8 3 16,002(7)/(.(B)e*2)
STOP = 10,0=2(2)

FSTOP 2 0,1¢2(3)

C9 = 2(8)

Cl0 = CB/(L(45¢72(5))

TESTL = DR(Z2(2)) ~C8
IF(TESTL,LT,0,0) 6O TO 1510
TESTZ? 3 R(Z(2))
IF(TeST2,L7,0,0) GO TO 1500
GO TO (4485,1481,1481) 11T
WRITE(64,1482) Z(2).2(27)

PAGE 3

" TEST FOR STABI{ITY

FORMAT(// 6H TR 3 E20,11,30X,6H PO ® E20,11 )

WRITE(61,14920) T&ST&.TESTi

G0 T0(1020,2490,2600) 117
DIV = 4,0

UL ® 5,0

buL = 5,1

TL & UL ¢ Z(2)

TESYL = DR(TL) <C8
1F(TEST1)4570,1640,1590
Uk = UL eDUL/DIV
60 TU 1610

P I AT N ' s S e,
o7 -y v
- . et
B B b £ d g :
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1490 FORMAY(///64n IMPOSSIBLE TO MEET STABILITY CRITERIA

AT T8 Rel, HA

26H THE DERIVATIVE OF Rel
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PAGE

1590
1600
161U
162y
163U
1040
1650
166U
1670
1071
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4 OF PROGRAM HYDRA

Div & 2,0

vl = UL-DUL/DIYV
[F(BUL,LE,1,0E-08) GO TO 1640
DUL s DUL/DIV

GO Tu 1540

JSTART s YL

TEST2 = R{1L)«CB*UL
IFC(TEST2)1/20,1700,3670

60 TO (4673,1671,1671) 117
WRITE(61,1482) 2(23,2(27)

PAGE 4

15873 WRITE(6491680) UL TL,TESTZ,TESTY 3
108U FORMAT(/// 71M [MPUSSIBLE TO MEET STASIL]TY »
* CRITERION, MINIMUM OF o
X R=-L OCCURS AT U = E20,11.,10X, 54 T 8 E20.11,// S0M B
> WHERE [T HAS S

X THE VALUE RelL = £20,14,10X010H D(ReL} = E20,21)

169V
. 1700
1701
1714
1720
1730
174
17%0
1760
1761
1772
1771
1780
1790
1800
1801
1810
1829
1830
1640
1850
1800
187¢
16880
1490
199

GO TO (1020,2490,2600) 11T
TCR1 = TCR2 = T

UCRY = UCR2 = UL

30 Yo 2020

piv = 4,0

puL = 0,1eUL

60 TO 1780

TL 3 ULeZ(2)

TESTZ 3 R(IL) ~C8+UL

IFCCTEST2,LE.0,0),AND, (ABSF(UL),LE.L,0E~08))GD TO 1850

[F(TEST2)1780,1850,1800
UCR1 s UL

JL 3 MAXIF(D,0,UL=DUL/DTY)
GO TO 1820

oiv = 2,0

JCR1 = UL :

ul. £ ULeDUL/DIY
IF(DUL,LE1,0E~08) GO TO 1460
QUL = DUL/DIV

G0 YU 1750

UCRY = UL

YCR1 = UCR1 ¢2(2)

BUL 8 0,1*(USTART)

UL 8 USTART o DUL

niv = 1,0

L & UL ¢ L(2)

.
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PAGE % OF PROURAM HYDRA PAGE 5

1940 1EST2 = R(IL) « CBwUL
1911 IFC(TEST2,LE.0,0) AND,(TL,GT,5TOP)) GO TO 2000
192U [F(TEST221930,2000,1%60
1930 UCRZ s UL
194V UL = UL + DUL/DIY
1950 GO T 1990
1960 DIv = 2,0
1970 UCR2 = UL
198U UL = UL-DUL/DIV
1990 IF(DUL,LE.1,0E-08) GO TO 2010
1991 DuL s DUL/DTY
1992 G0 TO 1900
2000 UCrZ2 = UL
201U TCR2 3 UCR2 +2(2:
202V UL = UCR1
2030 puL s (UCR2-UCR1)/40,0
204U [F(DUL,EQ,0.0) GU TO 2132
GO TU (2041,2043.2043) 117

2041 WRITE(61,2042)

2042 FORMAT(1H1,53H THE FUNCTJONS R AND i BETWEEN PQJNTS

* OF INTERSECTID
XN /7 14X)1HU,24X01HT124X01HR:24X)1HL, 020X 4H Rel //)
GO T0 2050

2045 WRITE(61.2044) 2(2).2(27)

2044 FORMAT(1ni,67H THE FUNCTJONS R AND . BETWEEN THE
t POINTS OF INTERSE
XCTION FOR 1B s E20,11,10X,5HP0 = £20,51,//

14X»1HU024X01H7 24X, 1HR
c?‘XliHLo?UXoQH Rel /7)

2050 DO 2130 J=1,41

2060 TL = UL ¢2(2)

2070 RPR % R(IL)

208U XLPR = CE*UL

209U TESTZ = RPH <XLPR

2100 WHITE(6142130) ULsTL)RPR,XLPRITESTR
2110 FORMAT( 5¢4x.szo.11);

2120 UL = UL $DUL

2130 CONTINUE

2131 GO TV 2140

2132 WRITE{6102133) UCKY

2133 FORMAT(/// 32K R AND |, ARE EQUAL OVLY AT U = EZ20,11)

O e S PR W L P
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2140
2150
2160
2170
218U
2190
2200
2210
222V
2230
2240
2250
2260
227
228¢u
. 2299
K
2410
2320
2334
2340
2350
2380
2370
248U
2390

2400

2480
2490
2500
2501
2519
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o UF PROGRAM HYDRA . PAGE 6

FIND TS AND TSP

28(1) = 0,0

L5(2) s [(26)

DO 2380 X=1,2

bpiv = 1,0

U, = 0,0

puL s 5,0

2t26) 3 7S{K;

TL 8 UL ¢ ((2)

F 3 C8eUL -~ R(TL)

{F(F)2240,2352,2270

US(K) = UL

ut. 2 UL & DUL/L:IV

4o TO 2300

plv = 2,0

US(K) s UL

UL 3 UL-RUL/DIYV

[F(DUL,LE.1.0E~08) GO YO 2330

nUL = DUL/DIY

G0 TQ 2210

US(K) s UL

TS(K) s US(K) +Z2(2)

RSLK) 3 RUIS(K))

"DRSCK) = DRUTS(K))

XLS(K) = C8vUL

CONTINUE

WRITE(61,2400)

' US(l)'US(z).TS(l)tTS(Z)oRﬁ(l)lRS(Z)thS(l)abe(23a
X DRS(i)oDRb(?)oCU:CB

FORMAT(/// 4X,51H THERMAL STEADY STATE //

* PHOTOCHEM]CAL STEADY ST
XATb 7/ 1X22K Us2X,E20,21,10X,E20,34,/ 3H

T 2X0-20 11010X0&20.110l

X 3H R,2XsE20,11,10UX,E20,11,/ 3“
1 Lp?loE?U 11,10X)E290. 11/ 3“ DR
X 2X,820,11,10X)E20.114/ SH DLO!X&E?O 11010!0h20 11)
G0 70-.(2701,2520,2640) 117

DlVT s 23

181 8 2(2)

I(2) & I(2) «=DETB/DIVT

GO0 TQ 2540

UNOI.ASSlﬂED
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25eu
2534
2544
2550
2560
2570
258u

259U
260U
r{3{
262y
2638
2641
265V
2660
2670
268y
269V
270

4
X EQ0,11 )

O GO
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7 OF PROGRAM NYDRA PAGE 7

THL & Z2(2)

2(2) = 2(2) ¢ DETB/D[VT

iF(DETB,LE.CONTB) GO 70 2570

DE18 = DETB/DIVY

GO Y0 1440

WRITE(61,258G) ToL,TBH

FORMAY(/// 37H THE LJMITING VALUE OF T8 |S BETWEEN

E20.11, O6H AND
X 20,11 )

4o TO 1020

plve =« 2,0

PH 8 Z2(27)

L(27) s [(27) = DEP/DIYP
GO TO 2660

PL 3 2(27)

L(27) s Z1(27) « DEP/DIYP
IF(DEP,LE,CONP) GO TO 2690
EP s DEP/D]IVP

GO YO 1440

WRITE(81,2700) PL,PH
FORMAT(/7// 37H THE LIMITING VALUE OF PO |S BETHNEREN

£20,11, oM AND
GO0 YU 1020

. SET UP INITIAL

‘CONDITJONS AND

. INTEGRATION

2702

2710
2720

PARAMETERS
1F({(41)(NE.D.0) GO TO 2741

utl) s TS(1)

i) = 2¢(3)

WCOUNT = 0

U(s) = 0,90

IFCOIRL,EQ.2),OR. (JK2,ED,2)) GO 1O 2710
k1 ® C3»Cé ’(2(17’~2t19))/(2 oeU(1))
IF(E1,LE,)=700,0) GO TO 2710

T3 = EXPF{EY)

G0 TO 2720

7L = 0,0

lf((lK§ &G, 2).0& (147,€Q,2)) GO 10 2730
ke 2.C5-0G7 *(2(213-£(29’)/'2.0'U(1l)
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PAGE # OF PROGRAM HYDRA

IF(EZ.LEo'IOO.O) GO TO 2740
T2 s EXPF(E2)
G0 T0 2740
2730 12 & 0,0
2740 y(4) = Z(3)e(T1 +72)
uts) s Q.O
Jil) s yst1)
S = 0,9
G0 T0 2743
2741 S 3 [(42)
DO 2742 yusy,s
2742 uty) = Zla2e )
2743 NPR 3 g
IBKP 2 4
-NTRY = 4
NE = §
DO 2759 1=24,NE
AE(]) = aAp

2750 RE(I) = Rp

IF(Z(SO),EQ.O.U’ GU TO 2780

SCH1 = 7(29) *2(30)/2,0

SCK2 = 2(29) « 2(30172,9

SCHS = HAXIF(SCHZ:Z(J?)'1(33,/’..0,
SCHe = 72(32) « 2(38)/72,0
IF(SCH?.LT.SCH“ GO TO 27690

2430) s 0,0

2764: CALL RKS$(PHD:PHC.U»DU9AEaREo
t

IFLIERR,EQ,0) GO T 1020
WRITE(64,2770) [ERR

277U FORMAT(/// 17H
CALL INTERR
G0 TO 1020
END

PAGE &
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NTRY, IERR)

ERROR RETURN OF 18,10H FROM RKSS )
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