byt aiare Mg it 00 lhut Ingth futs, S 1‘-'4".,¥“"’!'F"““Pg
- - AR
. a

-

AIR FORCR OFPICE % SCIENPIFIC PRAYAUM (AR

NOTICR OF TR HITS<L "o -
This teohniosi vepo-t e

approved £uv» niinlle ~pl HE Y A A
Distrihutien is uaiimiv.e:,

MATTHEY J. K& ER

Chief, Technical Informatiom Division ~

Air Force Office of Scientific Research .,J‘.
b oed
FINAL

TECHNICAL REPORT

Theory and Experiments on Chemical Instabilities

John Ross, Principal investigator

Department of Chemistry
Stanford University
Stanford, California 94305

January 1, 1984 - March 30, 1985 ‘ -

85 12 06 132 '~




fa Sl i tnde Tg At S A Jun I T - . - —
PO R N D A DNl S A A e S Y PR el A it e Al et AN At daial it D ~ AR AR ~ Siat o it efuncy LA b M b a4 — AT TTYY TYIYIY¥
A - - . . - » . - . a - - Pt 2 S & Byt g4 ‘lﬂ

o}

4 L/Mf(aa/_«f@{é | NTH|
’_’, . o ~ CLASSIFICATION OFFTHIS PAGE - 6 I% -
& ¢ REPORT DOCUMENTATION PAGE
RT SECURITY CLASSIFICATION 1b RESTRICTIVE MARKINGS
N Unclassified
o 3TV CLASSIFICATION AUTHORITY 3 DISTRIBUTION/AVAILABILITY OF REPORT
Approved for publiz releas®}
: < SS:FICATION'DOWNGRADING SCHEDULE Unrestricted distributionunlimited, .-
- ‘ MNG ORGANIZATION REPORT NUMBERI(S) 5. MONITORING ORGANIZATION REPORT NUMBE R(S)
o) AFOSR.TR. 85-1001
™ < F PERFORMING ORGANIZATION b OFFICE SYMBOL |78 NAME OF MONITORING ORGANIZATION
. nf r n_i r < (if appiicadie
Stanford Unive sity AFOSR /B8 /,/c
Department of Chemistry ] :
' DRESS (City Stage apd ZIF Code) 76 ADODRESS (City. State and ZIP Code)
<&ESntord, California 94305 E¥4g.” 419
.. . Bolling AFB DC 20332
John Ross, Professor (Principal Investigator) g
B NAME OF FUNDING/SPONSORING 8o OFFICE SYMBOL |9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER O
CRGANIZATION {1f applicable’ . .
AFOSR Ne FYobas — 84 -C—0030
Bc ADCRESS (City. State and ZIP Coae) 10 SOURCE OF F UNDING NOS
B]ng 410 PROGRAM PROJECT TASK WORK UNIT
Bolling AFB DC 20332 ELEMENT NO. NO. NO NO
11T TTLE .llnn'ua( Sn:unr) Claunf.ralaon.; Theory aﬂd Exper‘i- b //02 F 2 30 '3 B/
zents on Chemical Instabilities

12 PERSONAL THORI(S)

05 T
13a. TYPE OF REPCRT 13b. TIME COVERED ]14 DATE OF REPORT (Yr Mo., Doy} 15 PAGE COUNT
Technical o | lrrom1/1/84  103/30/85,  6/30/85 21

16 SUPPLEMENTARY NOTATION

|7___ o CCSATI CODES 18 SUBJECT TERMS (Conlinue on reverse if nccessary and identify by block number)
. J-f€0 | GROuP Sue GR Chemical instabilities, chemical waves, resonance in
- - ] oscillatory reactions.

19 ABSTRACT /Cuntinue or riverse 1f necessa and «dentlify by block number)

Progress is reported on experiments and theoretical studies of chemical instabilities

including chemical waves, photo-illuminated thermal, chemical reactions; critical slowing ——
down, periodic precipitation processes, resonance phenomena in 0scil jons,
rate of entropy production in systems far from equilibrium. ' I i R

BEEETE L | ELECTE ae

: : | - DECO9 1985

- AR D SR

Blis fite COF 5

20 DISTRIBUTION'AVAILABILITY OF ABSTRACT 2Y ABRSTRACT SECURITY CLASSIFICATION

UNCLASSIF-ED/UNLIMITED X SAME AS RPT L DTiC usé RS (J Unclassified
228 NAME OF RESPONSIBLE INDIVIDUAL 220 TELEPHONE NUMBER 22¢ OFFICE SYMBOL

zﬁnr.‘udr Area Code/

52767°1960 AFSC (AFOSR) \
<4 -

. DD FORM 1473, 83 APR £OTION OF 1 JAN 7315 OBSOLETE, ~— ALl e D] é,ég‘;‘ A L
-_ .. o T e B L R . Lo . e . . . .. . “.f"n‘.*.‘( f‘l.‘ﬂﬁ_c.l\‘fc..?l.l'\‘ Ap: Y_H'S pA.E; . '.-:?»..-

Dr. Frank Wodarczyk

B I T N I PR N R S et ST B N
. B CERE U U T CR S T et et e - " . = i 3 - T 3 : : ' . 5 N i
PP, PRI R PR PO PO AP W v

- . oS- ST e T - Rl I




Substantial progress has been made in both experimentation and
theoretical studies of chemical instabilities.
I. Experiments on Chemical Instabilities
A. Chemical Waves

We have reported in detail the first instrumentation study of

chemical waves in the Belousov-Zhabotinsky reaction. Measurements are
presented of velocities, amplitudes and profiles in space and time of
chemical waves in this system for various temperatures, depths of L__..J
solution, and in initial reactant concentrations. The measurements are
made in a thin layer of a quiescent, but excitable solution by means of
light absorption by ferroin, the tris (1,10-phenanthroline) ferrous sulfate

complex. An extended light beam is directed through the reaction solution

in a petri dish and a part of the transmitted beam is directed onto a R
reticon. Propagating wave profiles are recorded on this linear photodiode \

S
array with a spatial resolution of 50 . The determinations of velocity —

corroborate previous experimental findings. New resuits include




constants in the relaxation of the wave profile; trends in wave amplitude
with variation of initial reactant concentrations and age of the reaction
mixture; wave velocity as a function of temperature, and solution depth;
and measurements of wave annihilation. Observations of additional

structure include the onset of mosaic structure, that is the transition

from a homogeneous to an inhomogeneous state due to the passage of the
wave, and initiation spikes. The experimental verification of the
constancy of velocity and profile is important for comparison with theory
and for application in the important field of nerve conduction. This work

has been published in the Journal of Chemical Physics (198).

B. Photo-illuminated Thermal Chemical Reactions

We have investigated the dimer-monomer equilibrium, 5206F2 =

2503F. On illumination of this system with light absorbed by SOsF only,

multiple stationary states occur. In prior work we have measured the R
stable stationary states and observed chemical hysteresis. By means of an
external feedback ioop, in which the transmitted light is detected and that T’—!
signal is fed through a delayed circuit into a device which controls the ‘\
light entering the system, we can then increase the number of variables in ’\""!
the system such that the unstable stationary state of the original system 3
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can be stabilized. In this way we have measured the unstable stationary
state and have shown that transitions from one branch of stable stationary
states to the other occur only at marginal stability points. The
implication of this result is important for theory in that it shows that the
effect of fluctuations, always present, is very small except at marginal
stability points. It is important to emphasize that stabilization of the
unstable stationary state occurs without affecting the location of the
unstable stationary state in any way. In this system we have also been
able to measure oscillatory states and have predicted the presence of
chaos. This work has been published in the Journal of Chemical Physics
(191, 193).

We have also studied extensively the photo-illuminated thermal

chemical system of orthocresolpthalein, weak acid in water in the

presence of a buffer. The irradiation of such systems leads to multiple (p h
(U]

stationary states and we have traced out the absence and the presence of “

) ' i . Accesion For
multiple stationary states as a function of temperature and as a function  }— —“—‘#'4;;;-;5

g
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+ of pH. Measurements are consistent with a simple theory analogous to EJI \ 1‘:xozt¢x%d

X Soashcavon .

that presented in Refs. 191, 193. We have used the technigue of an : ) o
external feedback loop to stabilize the unstable stationary states in this | :a,—n_;
system without affecting their location in parameter space. We then o A‘:E'p;?;é:’f"‘-

proceeded to measure the relaxation from unstable stationary states in
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! the autonomous system to stable stationary states and measured in detafl

" the occurrence of critical slowing down of the kinetics in the marginal

{ stability points both within and without the region of multi-stability.

. This work has been written up and is being submitted shortly for
publication (204, 206).

i Consider the orthocresolpthalein system discussed in the previous

paragraph in stationary state. By a suitable external perturbation it is
possible to induce a smali part of this system of one to another of the

stable stationary states by means of a perturbation 1aser. In doing so it is

DAY WA
. . v, . Kl . .

possible to generate the propagation of a travelling front in the system
and we measured such front propagation. Measurements are qualitatively
similar to predictions of a simple theory based on reaction and diffusion.
This work has been written up and is being submitted for publication

(205).

C. Periodic Precipitation Processes.
Research is continuing in the area of periodic precipitation processes,
also known as Liesegang rings. We have made measurements of the

temporal and spatial developments of such bands, and the intervening

spaces devoid of precipitate, by means of ion-specific electrodes, gravi-

metric analysis and absorption measurements. We have used our one-




3k
dimensional reticon system to measure the temporal and spatial develop- ,
ment of bands in quantitative detail. Part of this work is being written up t o
in preparation for publication in the Journal of Chemical Physics.

|
D. Resonance Phenomena in Oscillatory reactions o

[ We are studying oscillatory chemical reactions by means of external :4
periodic perturbations. One such reaction is the combustion of acetalde- i

i hyde in the lower temperature regions (400-700%) and the other is the “

hydrolysis of an epoxide in aqueous solution. In the gaseous combustion

system we have measured resonance responses, amplitude and change of g.j-;t-f;:

B L B
I

phase throughout an entrainment band. We have made measurements in

regions of frequency of external perturbation in which the system has a
bi-periodic response and have analyzed that response by means of next '
phase maps. This technique shows that the relatively complex

’ multi-dimensional combustion System can be reduced effectively to a
one-dimensional map. This work will be written up in the next month and

. submitted for publication.

. E. Review Article

| We have written an invited review of our experimental work and part —T
of our theoretical work which is being published in Berichte der

)

................................................
.................................................................
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Bunsengeselishaft (201)

{l. Theory of Chemical Instability
A. Chemical Waves
We consider propagating fronts and stationary patterns in chemical

reaction-diffusion systems with nonlinear rate mechanisms maintained
far from equilibrium. We study analytically and numerically the
dependence on diffusion coefficients of the direction of propagation of the
concentration profile which is obtained when two homogeneous steady
states are placed in contact under identical constraints. We analyze the
possible concentration profiles in a two-variable system with two stable
stationary states for various values of diffusion coefficients and reaction
time scales, and show that the directton of propagation depends on the
diffusion coefficients. Finally, we show that a stationary pattern can
develop behind a propagating concentration profile. We show that the
pattern is very similar to that observed in our experiments on chemical
waves. This work has been published in the Journal of Chemical Physics
(196).

B. Periodic Precipitation Processes

1. Theory of Ostwald Ripening. The theory of Ostwald ripening is

extended to include the dependence on the volume fraction of the minority
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phase. The size distribution function for droplets of the minority phase
and the power laws of the time dependences are derived for the late
stages of phase separation. The asymptotic distribution function is found
to be independent of initial conditions but does depend on the equilibrium
volume fraction associated with a given quench. We show that the average
radius grows as t1/3 and the density of droplets decays as t=1. The
growth law and the amplitudes for these temporal power laws deviate
from their values in the limit of zero volume fraction as the square root of
the volume fraction. The effects of competition among droplets causes
the distribution to broaden and to increase the coarsening rate. This work
has been published in the Journal of Chemical Physics (190).

2. Theory of Ostwald Ripening for Open Systems. Diffusion-
controlled coarsening (Ostwald ripening) of a precipitate is analyzed for
the case of an open system, immersed in a reservoir of constant solute
concentration. Equivalence of the evolution of such open systems and
closed systems studied previously is established in the limit of infinite
systems. The cause of this equivalence is screening of the bulk of the
system from the reservoir by diffusive interactions between the
precipitated particles. The applicability to large, but finite systems is
discussed. This work has been submitted for pubtication in the Journal of

Chemical Physics (203).
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C. Rate of Entropy Production in Systems Far from Equilibrium

A suggestion has been made in the literature that an isolated system
evolves in time in such a way that the rate of entropy production of the
entire system is maximized along the allowed trajectory in concentration
space. We investigated this suggestion and showed by some counter-
examples, two theoretical arguments and one experimental case, that
suggestion cannot hold generally. This work has been published in the

Journal of Chemical Physics (195).

D. Review Article

We have written a review (45 printed pages) on the effect of external
periodic perturbations on chemical systems including systems in
stationary states, oscilliatory systems and multiple periodic systems. We
do not discuss the case of chaos. The review includes the topics of
entrainment of oscillatory systems by external periodic perturbations,
transitions from entrained to non-entrained responses, critical slowing
down at such transitions, the generation of new limit cycles by suitable
combinations of sinusoidal terms of external periodic perturbations, the
effect of noise on such systems, and phase locking. The review has been

published in a book (197).

......................................................................................
.........................................................................
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